
7 Arrays and ArrayLists

Begin at the beginning, … and
go on till you come to the end:
then stop.
—Lewis Carroll

Now go, write it before them in
a table, and note it in a book.
—Isaiah 30:8

To go beyond is as wrong as to
fall short.
—Confucius l

O b j e c t i v e s
In this chapter you’ll learn:

� What arrays are.
� To use arrays to store data in

and retrieve data from lists
and tables of values.

� To declare arrays, initialize
arrays and refer to individual
elements of arrays.

� To iterate through arrays with
the enhanced for statement.

� To pass arrays to methods.
� To declare and manipulate

multidimensional arrays.
� To use variable-length

argument lists.
� To read command-line

arguments into a program.
� To perform common array

manipulations with the
methods of class Arrays.

� To use class ArrayList to
manipulate a dynamically
resizable array-like data
structure.
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7.1 Introduction 241

7.1 Introduction
This chapter introduces data structures—collections of related data items. Arrays are data
structures consisting of related data items of the same type. Arrays make it convenient to
process related groups of values. Arrays remain the same length once they’re created, al-
though an array variable may be reassigned such that it refers to a new array of a different
length. We study data structures in depth in Chapters 20–22.

After discussing how arrays are declared, created and initialized, we present practical
examples that demonstrate common array manipulations. We introduce Java’s exception-
handling mechanism and use it to allow a program to continue executing when the pro-
gram attempts to access an array element that does not exist. We also present a case study
that examines how arrays can help simulate the shuffling and dealing of playing cards in a
card-game application. We introduce Java’s enhanced for statement, which allows a pro-
gram to access the data in an array more easily than does the counter-controlled for state-
ment presented in Section 5.3. We enhance the GradeBook case study from Chapters 3–
5. In particular, we use arrays to enable the class to maintain a set of grades in memory and
analyze student grades from multiple exams. We show how to use variable-length argu-
ment lists to create methods that can be called with varying numbers of arguments, and
we demonstrate how to process command-line arguments in method main. Next, we
present some common array manipulations with static methods of class Arrays from the
java.util package.

Although commonly used, arrays have limited capabilities. For instance, you must
specify an array’s size, and if at execution time you wish to modify it, you must do so man-
ually by creating a new array. At the end of this chapter, we introduce one of Java’s prebuilt
data structures from the Java API’s collection classes. These offer greater capabilities than
traditional arrays. They’re reusable, reliable, powerful and efficient. We focus on the
ArrayList collection. ArrayLists are similar to arrays but provide additional function-
ality, such as dynamic resizing—they automatically increase their size at execution time to
accommodate additional elements.

7.1 Introduction
7.2 Arrays
7.3 Declaring and Creating Arrays
7.4 Examples Using Arrays
7.5 Case Study: Card Shuffling and

Dealing Simulation
7.6 Enhanced for Statement
7.7 Passing Arrays to Methods
7.8 Case Study: Class GradeBookUsing

an Array to Store Grades
7.9 Multidimensional Arrays

7.10 Case Study: Class GradeBookUsing
a Two-Dimensional Array

7.11 Variable-Length Argument Lists
7.12 Using Command-Line Arguments
7.13 Class Arrays
7.14 Introduction to Collections and Class

ArrayList

7.15 (Optional) GUI and Graphics Case
Study: Drawing Arcs

7.16 Wrap-Up

Summary | Self-Review Exercises | Answers to Self-Review Exercises | Exercises |
Special Section: Building Your Own Computer | Making a Difference
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242 Chapter 7 Arrays and ArrayLists

7.2 Arrays
An array is a group of variables (called elements or components) containing values that all
have the same type. Arrays are objects, so they’re considered reference types. As you’ll soon
see, what we typically think of as an array is actually a reference to an array object in mem-
ory. The elements of an array can be either primitive types or reference types (including
arrays, as we’ll see in Section 7.9). To refer to a particular element in an array, we specify
the name of the reference to the array and the position number of the element in the array.
The position number of the element is called the element’s index or subscript.

Figure 7.1 shows a logical representation of an integer array called c. This array con-
tains 12 elements. A program refers to any one of these elements with an array-access
expression that includes the name of the array followed by the index of the particular ele-
ment in square brackets ([]). The first element in every array has index zero and is some-
times called the zeroth element. Thus, the elements of array c are c[0], c[1], c[2] and so
on. The highest index in array c is 11, which is 1 less than 12—the number of elements
in the array. Array names follow the same conventions as other variable names.

An index must be a nonnegative integer. A program can use an expression as an index.
For example, if we assume that variable a is 5 and variable b is 6, then the statement

adds 2 to array element c[11]. An indexed array name is an array-access expression, which
can be used on the left side of an assignment to place a new value into an array element.

Let’s examine array c in Fig. 7.1 more closely. The name of the array is c. Every array
object knows its own length and stores it in a length instance variable. The expression

Fig. 7.1 | A 12-element array.

c[ a + b ] += 2;

Common Programming Error 7.1
An index must be an int value or a value of a type that can be promoted to int—namely,
byte, short or char, but not long; otherwise, a compilation error occurs.
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7.3 Declaring and Creating Arrays 243

c.length accesses array c’s length field to determine the length of the array. Even though
the length instance variable of an array is public, it cannot be changed because it’s a
final variable. This array’s 12 elements are referred to as c[0], c[1], c[2], …, c[11]. The
value of c[0] is -45, the value of c[1] is 6, the value of c[2] is 0, the value of c[7] is 62
and the value of c[11] is 78. To calculate the sum of the values contained in the first three
elements of array c and store the result in variable sum, we would write

To divide the value of c[6] by 2 and assign the result to the variable x, we would write

7.3 Declaring and Creating Arrays
Array objects occupy space in memory. Like other objects, arrays are created with keyword
new. To create an array object, you specify the type of the array elements and the number
of elements as part of an array-creation expression that uses keyword new. Such an expres-
sion returns a reference that can be stored in an array variable. The following declaration
and array-creation expression create an array object containing 12 int elements and store
the array’s reference in array variable c:

This expression can be used to create the array shown in Fig. 7.1. When an array is created,
each element of the array receives a default value—zero for the numeric primitive-type el-
ements, false for boolean elements and null for references. As you’ll soon see, you can
provide nondefault initial element values when you create an array.

Creating the array in Fig. 7.1 can also be performed in two steps as follows:

In the declaration, the square brackets following the type indicate that c is a variable that
will refer to an array (i.e., the variable will store an array reference). In the assignment state-
ment, the array variable c receives the reference to a new array of 12 int elements.

A program can create several arrays in a single declaration. The following declaration
reserves 100 elements for b and 27 elements for x:

When the type of the array and the square brackets are combined at the beginning of the
declaration, all the identifiers in the declaration are array variables. In this case, variables b
and x refer to String arrays. For readability, we prefer to declare only one variable per dec-
laration. The preceding declaration is equivalent to:

sum = c[ 0 ] + c[ 1 ] + c[ 2 ];

x = c[ 6 ] / 2;

int[] c = new int[ 12 ];

int[] c; // declare the array variable
c = new int[ 12 ]; // create the array; assign to array variable

Common Programming Error 7.2
In an array declaration, specifying the number of elements in the square brackets of the
declaration (e.g., int[12] c;) is a syntax error.

String[] b = new String[ 100 ], x = new String[ 27 ];

String[] b = new String[ 100 ]; // create array b
String[] x = new String[ 27 ]; // create array xIS
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244 Chapter 7 Arrays and ArrayLists

When only one variable is declared in each declaration, the square brackets can be
placed either after the type or after the array variable name, as in:

A program can declare arrays of any type. Every element of a primitive-type array con-
tains a value of the array’s declared element type. Similarly, in an array of a reference type,
every element is a reference to an object of the array’s declared element type. For example,
every element of an int array is an int value, and every element of a String array is a ref-
erence to a String object.

7.4 Examples Using Arrays
This section presents several examples that demonstrate declaring arrays, creating arrays,
initializing arrays and manipulating array elements.

Creating and Initializing an Array
The application of Fig. 7.2 uses keyword new to create an array of 10 int elements, which
are initially zero (the default for int variables). Line 8 declares array—a reference capable
of referring to an array of int elements. Line 10 creates the array object and assigns its ref-
erence to variable array. Line 12 outputs the column headings. The first column contains
the index (0–9) of each array element, and the second column contains the default value
(0) of each array element.

Good Programming Practice 7.1
For readability, declare only one variable per declaration. Keep each declaration on a sep-
arate line, and include a comment describing the variable being declared.

String b[] = new String[ 100 ]; // create array b
String x[] = new String[ 27 ]; // create array x

Common Programming Error 7.3
Declaring multiple array variables in a single declaration can lead to subtle errors. Con-
sider the declaration int[] a, b, c;. If a, b and c should be declared as array variables,
then this declaration is correct—placing square brackets directly following the type indi-
cates that all the identifiers in the declaration are array variables. However, if only a is
intended to be an array variable, and b and c are intended to be individual int variables,
then this declaration is incorrect—the declaration int a[], b, c; would achieve the de-
sired result.

1 // Fig. 7.2: InitArray.java
2 // Initializing the elements of an array to default values of zero.
3
4 public class InitArray
5 {
6 public static void main( String[] args )
7 {
8
9

10

Fig. 7.2 | Initializing the elements of an array to default values of zero. (Part 1 of 2.)

int[] array; // declare array named array

array = new int[ 10 ]; // create the array object
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7.4 Examples Using Arrays 245

The for statement in lines 15–16 outputs the index number (represented by counter)
and the value of each array element (represented by array[counter]). The loop-control
variable counter is initially 0—index values start at 0, so using zero-based counting allows
the loop to access every element of the array. The for’s loop-continuation condition uses
the expression array.length (line 15) to determine the length of the array. In this
example, the length of the array is 10, so the loop continues executing as long as the value
of control variable counter is less than 10. The highest index value of a 10-element array
is 9, so using the less-than operator in the loop-continuation condition guarantees that the
loop does not attempt to access an element beyond the end of the array (i.e., during the
final iteration of the loop, counter is 9). We’ll soon see what Java does when it encounters
such an out-of-range index at execution time.

Using an Array Initializer
You can create an array and initialize its elements with an array initializer—a comma-sep-
arated list of expressions (called an initializer list) enclosed in braces. In this case, the array
length is determined by the number of elements in the initializer list. For example,

creates a five-element array with index values 0–4. Element n[0] is initialized to 10, n[1]
is initialized to 20, and so on. When the compiler encounters an array declaration that in-
cludes an initializer list, it counts the number of initializers in the list to determine the size
of the array, then sets up the appropriate new operation “behind the scenes.”

The application in Fig. 7.3 initializes an integer array with 10 values (line 9) and dis-
plays the array in tabular format. The code for displaying the array elements (lines 14–15)
is identical to that in Fig. 7.2 (lines 15–16).

11
12 System.out.printf( "%s%8s\n", "Index", "Value" ); // column headings
13
14
15
16
17 } // end main
18 } // end class InitArray

Index Value
0 0
1 0
2 0
3 0
4 0
5 0
6 0
7 0
8 0
9 0

int[] n = { 10, 20, 30, 40, 50 };

Fig. 7.2 | Initializing the elements of an array to default values of zero. (Part 2 of 2.)

// output each array element's value
for ( int counter = 0; counter < array.length; counter++ )

System.out.printf( "%5d%8d\n", counter, array[ counter ] );
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246 Chapter 7 Arrays and ArrayLists

Calculating the Values to Store in an Array
The application in Fig. 7.4 creates a 10-element array and assigns to each element one of
the even integers from 2 to 20 (2, 4, 6, …, 20). Then the application displays the array in
tabular format. The for statement at lines 12–13 calculates an array element’s value by
multiplying the current value of the control variable counter by 2, then adding 2.

1 // Fig. 7.3: InitArray.java
2 // Initializing the elements of an array with an array initializer.
3
4 public class InitArray
5 {
6 public static void main( String[] args )
7 {
8
9

10
11 System.out.printf( "%s%8s\n", "Index", "Value" ); // column headings
12
13 // output each array element's value
14 for ( int counter = 0; counter < array.length; counter++ )
15 System.out.printf( "%5d%8d\n", counter, array[ counter ] );
16 } // end main
17 } // end class InitArray

Index Value
0 32
1 27
2 64
3 18
4 95
5 14
6 90
7 70
8 60
9 37

Fig. 7.3 | Initializing the elements of an array with an array initializer.

1 // Fig. 7.4: InitArray.java
2 // Calculating the values to be placed into the elements of an array.
3
4 public class InitArray
5 {
6 public static void main( String[] args )
7 {
8
9

10
11 // calculate value for each array element
12 for ( int counter = 0; counter < array.length; counter++ )
13

Fig. 7.4 | Calculating the values to be placed into the elements of an array. (Part 1 of 2.)

// initializer list specifies the value for each element
int[] array = { 32, 27, 64, 18, 95, 14, 90, 70, 60, 37 };

final int ARRAY_LENGTH = 10; // declare constant
int[] array = new int[ ARRAY_LENGTH ]; // create array

array[ counter ] = 2 + 2 * counter;
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7.4 Examples Using Arrays 247

Line 8 uses the modifier final to declare the constant variable ARRAY_LENGTH with the
value 10. Constant variables must be initialized before they’re used and cannot be modi-
fied thereafter. If you attempt to modify a final variable after it’s initialized in its declara-
tion, the compiler issues an error message like

If an attempt is made to access the value of a final variable before it’s initialized, the
compiler issues an error message like

Summing the Elements of an Array
Often, the elements of an array represent a series of values to be used in a calculation. If,
for example, they represent exam grades, a professor may wish to total the elements of the

14
15 System.out.printf( "%s%8s\n", "Index", "Value" ); // column headings
16
17 // output each array element's value
18 for ( int counter = 0; counter < array.length; counter++ )
19 System.out.printf( "%5d%8d\n", counter, array[ counter ] );
20 } // end main
21 } // end class InitArray

Index Value
0 2
1 4
2 6
3 8
4 10
5 12
6 14
7 16
8 18
9 20

cannot assign a value to final variable variableName

variable variableName might not have been initialized

Good Programming Practice 7.2
Constant variables also are called named constants. They often make programs more
readable than programs that use literal values (e.g., 10)—a named constant such as
ARRAY_LENGTH clearly indicates its purpose, whereas a literal value could have different
meanings based on its context.

Common Programming Error 7.4
Assigning a value to a constant variable after it has been initialized is a compilation error.

Common Programming Error 7.5
Attempting to use a constant before it’s initialized is a compilation error.

Fig. 7.4 | Calculating the values to be placed into the elements of an array. (Part 2 of 2.)
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248 Chapter 7 Arrays and ArrayLists

array and use that sum to calculate the class average for the exam. The GradeBook examples
in Figs. 7.14 and 7.18 use this technique.

Figure 7.5 sums the values contained in a 10-element integer array. The program
declares, creates and initializes the array at line 8. The for statement performs the calcu-
lations. [Note: The values supplied as array initializers are often read into a program rather
than specified in an initializer list. For example, an application could input the values from
a user or from a file on disk (as discussed in Chapter 17, Files, Streams and Object Serial-
ization). Reading the data into a program (rather than “hand coding” it into the program)
makes the program more reusable, because it can be used with different sets of data.]

Using Bar Charts to Display Array Data Graphically
Many programs present data to users in a graphical manner. For example, numeric values
are often displayed as bars in a bar chart. In such a chart, longer bars represent proportion-
ally larger numeric values. One simple way to display numeric data graphically is with a
bar chart that shows each numeric value as a bar of asterisks (*).

Professors often like to examine the distribution of grades on an exam. A professor
might graph the number of grades in each of several categories to visualize the grade dis-
tribution. Suppose the grades on an exam were 87, 68, 94, 100, 83, 78, 85, 91, 76 and 87.
They include one grade of 100, two grades in the 90s, four grades in the 80s, two grades
in the 70s, one grade in the 60s and no grades below 60. Our next application (Fig. 7.6)
stores this grade distribution data in an array of 11 elements, each corresponding to a cat-
egory of grades. For example, array[0] indicates the number of grades in the range 0–9,
array[7] the number of grades in the range 70–79 and array[10] the number of 100
grades. The GradeBook classes later in the chapter (Figs. 7.14 and 7.18) contain code that
calculates these grade frequencies based on a set of grades. For now, we manually create
the array with the given grade frequencies.

1 // Fig. 7.5: SumArray.java
2 // Computing the sum of the elements of an array.
3
4 public class SumArray
5 {
6 public static void main( String[] args )
7 {
8 int[] array = { 87, 68, 94, 100, 83, 78, 85, 91, 76, 87 };
9 int total = 0;

10
11
12
13
14
15 System.out.printf( "Total of array elements: %d\n", total );
16 } // end main
17 } // end class SumArray

Total of array elements: 849

Fig. 7.5 | Computing the sum of the elements of an array.

// add each element's value to total
for ( int counter = 0; counter < array.length; counter++ )

total += array[ counter ];
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7.4 Examples Using Arrays 249

The application reads the numbers from the array and graphs the information as a bar
chart. It displays each grade range followed by a bar of asterisks indicating the number of
grades in that range. To label each bar, lines 16–20 output a grade range (e.g., "70-79: ")
based on the current value of counter. When counter is 10, line 17 outputs 100 with a
field width of 5, followed by a colon and a space, to align the label "100: " with the other
bar labels. The nested for statement (lines 23–24) outputs the bars. Note the loop-con-
tinuation condition at line 23 (stars < array[counter]). Each time the program reaches
the inner for, the loop counts from 0 up to array[counter], thus using a value in array

1 // Fig. 7.6: BarChart.java
2 // Bar chart printing program.
3
4 public class BarChart
5 {
6 public static void main( String[] args )
7 {
8 int[] array = { 0, 0, 0, 0, 0, 0, 1, 2, 4, 2, 1 };
9

10 System.out.println( "Grade distribution:" );
11
12 // for each array element, output a bar of the chart
13 for ( int counter = 0; counter < array.length; counter++ )
14 {
15 // output bar label ( "00-09: ", ..., "90-99: ", "100: " )
16 if ( counter == 10 )
17 System.out.printf( "%5d: ", 100 );
18 else
19 System.out.printf( "%02d-%02d: ",
20 counter * 10, counter * 10 + 9 );
21
22
23
24
25
26 System.out.println(); // start a new line of output
27 } // end outer for
28 } // end main
29 } // end class BarChart

Grade distribution:
00-09:
10-19:
20-29:
30-39:
40-49:
50-59:
60-69: *
70-79: **
80-89: ****
90-99: **

100: *

Fig. 7.6 | Bar chart printing program.

// print bar of asterisks
for ( int stars = 0; stars < array[ counter ]; stars++ )

System.out.print( "*" );
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250 Chapter 7 Arrays and ArrayLists

to determine the number of asterisks to display. In this example, no students received a
grade below 60, so array[0]–array[5] contain zeroes, and no asterisks are displayed next
to the first six grade ranges. In line 19, the format specifier %02d indicates that an int value
should be formatted as a field of two digits. The 0 flag in the format specifier displays a
leading 0 for values with fewer digits than the field width (2).

Using the Elements of an Array as Counters
Sometimes, programs use counter variables to summarize data, such as the results of a sur-
vey. In Fig. 6.7, we used separate counters in our die-rolling program to track the number
of occurrences of each side of a six-sided die as the program rolled the die 6,000,000 times.
An array version of this application is shown in Fig. 7.7.

Figure 7.7 uses the array frequency (line 10) to count the occurrences of each side of
the die. The single statement in line 14 of this program replaces lines 23–46 of Fig. 6.7. Line
14 uses the random value to determine which frequency element to increment during
each iteration of the loop. The calculation in line 14 produces random numbers from 1 to
6, so the array frequency must be large enough to store six counters. However, we use a
seven-element array in which we ignore frequency[0]—it’s more logical to have the face
value 1 increment frequency[1] than frequency[0]. Thus, each face value is used as an

1 // Fig. 7.7: RollDie.java
2 // Die-rolling program using arrays instead of switch.
3 import java.util.Random;
4
5 public class RollDie
6 {
7 public static void main( String[] args )
8 {
9 Random randomNumbers = new Random(); // random number generator

10 int[] frequency = new int[ 7 ]; // array of frequency counters
11
12 // roll die 6,000,000 times; use die value as frequency index
13 for ( int roll = 1; roll <= 6000000; roll++ )
14
15
16 System.out.printf( "%s%10s\n", "Face", "Frequency" );
17
18 // output each array element's value
19 for ( int face = 1; face < frequency.length; face++ )
20 System.out.printf( "%4d%10d\n", face, frequency[ face ] );
21 } // end main
22 } // end class RollDie

Face Frequency
1 999690
2 999512
3 1000575
4 999815
5 999781
6 1000627

Fig. 7.7 | Die-rolling program using arrays instead of switch.

++frequency[ 1 + randomNumbers.nextInt( 6 ) ];
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7.4 Examples Using Arrays 251

index for array frequency. In line 14, the calculation inside the square brackets evaluates
first to determine which element of the array to increment, then the ++ operator adds one
to that element. We also replaced lines 50–52 from Fig. 6.7 by looping through array fre-

quency to output the results (lines 19–20).

Using Arrays to Analyze Survey Results
Our next example uses arrays to summarize data collected in a survey. Consider the fol-
lowing problem statement:

Twenty students were asked to rate on a scale of 1 to 5 the quality of the food in the
student cafeteria, with 1 being “awful” and 5 being “excellent.” Place the 20 responses
in an integer array and determine the frequency of each rating.

This is a typical array-processing application (Fig. 7.8). We wish to summarize the num-
ber of responses of each type (that is, 1–5). Array responses (lines 9–10) is a 20-element
integer array containing the students’ survey responses. The last value in the array is inten-
tionally an incorrect response (14). When a Java program executes, array element indices
are checked for validity—all indices must be greater than or equal to 0 and less than the
length of the array. Any attempt to access an element outside that range of indices results
in a runtime error that’s known as an ArrayIndexOutOfBoundsException. At the end of
this section, we’ll discuss the invalid response value, demonstrate array bounds checking
and introduce Java’s exception-handling mechanism, which can be used to detect and
handle an ArrayIndexOutOfBoundsException.

1 // Fig. 7.8: StudentPoll.java
2 // Poll analysis program.
3
4 public class StudentPoll
5 {
6 public static void main( String[] args )
7 {
8 // student response array (more typically, input at runtime)
9 int[] responses = { 1, 2, 5, 4, 3, 5, 2, 1, 3, 3, 1, 4, 3, 3, 3,

10 2, 3, 3, 2, 14 };
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

Fig. 7.8 | Poll analysis program. (Part 1 of 2.)

int[] frequency = new int[ 6 ]; // array of frequency counters

// for each answer, select responses element and use that value
// as frequency index to determine element to increment
for ( int answer = 0; answer < responses.length; answer++ )
{

try
{

++frequency[ responses[ answer ] ];
} // end try
catch ( ArrayIndexOutOfBoundsException e )
{

System.out.println( e );
System.out.printf( " responses[%d] = %d\n\n",

answer, responses[ answer ] );
} // end catch

} // end for
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252 Chapter 7 Arrays and ArrayLists

The frequency Array
We use the six-element array frequency (line 11) to count the number of occurrences of
each response. Each element is used as a counter for one of the possible types of survey
responses—frequency[1] counts the number of students who rated the food as 1, fre-
quency[2] counts the number of students who rated the food as 2, and so on.

Summarizing the Results
The for statement (lines 15–27) reads the responses from the array responses one at a
time and increments one of the counters frequency[1] to frequency[5]; we ignore fre-
quency[0] because the survey responses are limited to the range 1–5. The key statement
in the loop appears in line 19. This statement increments the appropriate frequency coun-
ter as determined by the value of responses[answer].

Let’s step through the first few iterations of the for statement:

• When the counter answer is 0, responses[answer] is the value of responses[0]
(that is, 1—see line 9). In this case, frequency[responses[answer]] is interpret-
ed as frequency[1], and the counter frequency[1] is incremented by one. To
evaluate the expression, we begin with the value in the innermost set of brackets
(answer, currently 0). The value of answer is plugged into the expression, and the
next set of brackets (responses[answer]) is evaluated. That value is used as the
index for the frequency array to determine which counter to increment (in this
case, frequency[1]).

• The next time through the loop answer is 1, responses[answer] is the value of
responses[1] (that is, 2—see line 9), so frequency[responses[answer]] is in-
terpreted as frequency[2], causing frequency[2] to be incremented.

• When answer is 2, responses[answer] is the value of responses[2] (that is, 5—
see line 9), so frequency[responses[answer]] is interpreted as frequency[5],
causing frequency[5] to be incremented, and so on.

28
29 System.out.printf( "%s%10s\n", "Rating", "Frequency" );
30
31 // output each array element's value
32 for ( int rating = 1; rating < frequency.length; rating++ )
33 System.out.printf( "%6d%10d\n", rating, frequency[ rating ] );
34 } // end main
35 } // end class StudentPoll

java.lang.ArrayIndexOutOfBoundsException: 14
responses[19] = 14

Rating Frequency
1 3
2 4
3 8
4 2
5 2

Fig. 7.8 | Poll analysis program. (Part 2 of 2.)
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Regardless of the number of responses processed in the survey, only a six-element array (in
which we ignore element zero) is required to summarize the results, because all the correct
response values are between 1 and 5, and the index values for a six-element array are 0–5.
In the program’s output, the Frequency column summarizes only 19 of the 20 values in
the responses array—the last element of the array responses contains an incorrect re-
sponse that was not counted.

Exception Handling: Processing the Incorrect Response
An exception indicates a problem that occurs while a program executes. The name “excep-
tion” suggests that the problem occurs infrequently—if the “rule” is that a statement nor-
mally executes correctly, then the problem represents the “exception to the rule.”
Exception handling enables you to create fault-tolerant programs that can resolve (or
handle) exceptions. In many cases, this allows a program to continue executing as if no
problems were encountered. For example, the StudentPoll application still displays re-
sults (Fig. 7.8), even though one of the responses was out of range. More severe problems
might prevent a program from continuing normal execution, instead requiring the pro-
gram to notify the user of the problem, then terminate. When the JVM or a method de-
tects a problem, such as an invalid array index or an invalid method argument, it throws
an exception—that is, an exception occurs.

The try Statement
To handle an exception, place any code that might throw an exception in a try statement
(lines 17–26). The try block (lines 17–20) contains the code that might throw an excep-
tion, and the catch block (lines 21–26) contains the code that handles the exception if one
occurs. You can have many catch blocks to handle different types of exceptions that might
be thrown in the corresponding try block. When line 19 correctly increments an element
of the frequency array, lines 21–26 are ignored. The braces that delimit the bodies of the
try and catch blocks are required.

Executing the catch Block
When the program encounters the value 14 in the responses array, it attempts to add 1

to frequency[14], which is outside the bounds of the array—the frequency array has only
six elements. Because array bounds checking is performed at execution time, the JVM gen-
erates an exception—specifically line 19 throws an ArrayIndexOutOfBoundsException to
notify the program of this problem. At this point the try block terminates and the catch

block begins executing—if you declared any variables in the try block, they’re now out of
scope and are not accessible in the catch block.

The catch block declares a type (IndexOutOfRangeException) and an exception
parameter (e). The catch block can handle exceptions of the specified type. Inside the
catch block, you can use the parameter’s identifier to interact with a caught exception
object.

Error-Prevention Tip 7.1
When writing code to access an array element, ensure that the array index remains greater
than or equal to 0 and less than the length of the array. This helps prevent ArrayIndex-
OutOfBoundsException in your program.
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254 Chapter 7 Arrays and ArrayLists

toStringMethod of the Exception Parameter
When lines 21–26 catch the exception, the program displays a message indicating the
problem that occurred. Line 23 implicitly calls the exception object’s toString method to
get the error message that is stored in the exception object and display it. Once the message
is displayed in this example, the exception is considered handled and the program contin-
ues with the next statement after the catch block’s closing brace. In this example, the end
of the for statement is reached (line 27), so the program continues with the increment of
the control variable in line 15. We use exception handling again in Chapter 8, and
Chapter 11 presents a deeper look at exception handling.

7.5 Case Study: Card Shuffling and Dealing Simulation
The examples in the chapter thus far have used arrays containing elements of primitive
types. Recall from Section 7.2 that the elements of an array can be either primitive types
or reference types. This section uses random-number generation and an array of reference-
type elements, namely objects representing playing cards, to develop a class that simulates
card shuffling and dealing. This class can then be used to implement applications that play
specific card games. The exercises at the end of the chapter use the classes developed here
to build a simple poker application.

We first develop class Card (Fig. 7.9), which represents a playing card that has a face
(e.g., "Ace", "Deuce", "Three", …, "Jack", "Queen", "King") and a suit (e.g., "Hearts",
"Diamonds", "Clubs", "Spades"). Next, we develop the DeckOfCards class (Fig. 7.10),
which creates a deck of 52 playing cards in which each element is a Card object. We then
build a test application (Fig. 7.11) that demonstrates class DeckOfCards’s card shuffling
and dealing capabilities.

Class Card
Class Card (Fig. 7.9) contains two String instance variables—face and suit—that are
used to store references to the face name and suit name for a specific Card. The constructor
for the class (lines 10–14) receives two Strings that it uses to initialize face and suit.
Method toString (lines 17–20) creates a String consisting of the face of the card, the
String " of " and the suit of the card. Card’s toString method can be invoked explicitly
to obtain a string representation of a Card object (e.g., "Ace of Spades"). The toString

method of an object is called implicitly when the object is used where a String is expected
(e.g., when printf outputs the object as a String using the %s format specifier or when
the object is concatenated to a String using the + operator). For this behavior to occur,
toString must be declared with the header shown in Fig. 7.9.

1 // Fig. 7.9: Card.java
2 // Card class represents a playing card.
3
4 public class Card
5 {
6 private String face; // face of card ("Ace", "Deuce", ...)
7 private String suit; // suit of card ("Hearts", "Diamonds", ...)
8

Fig. 7.9 | Card class represents a playing card. (Part 1 of 2.)
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7.5 Case Study: Card Shuffling and Dealing Simulation 255

Class DeckOfCards
Class DeckOfCards (Fig. 7.10) declares as an instance variable a Card array named deck

(line 7). An array of a reference type is declared like any other array. Class DeckOfCards
also declares an integer instance variable currentCard (line 8) representing the next Card
to be dealt from the deck array and a named constant NUMBER_OF_CARDS (line 9) indicating
the number of Cards in the deck (52).

9 // two-argument constructor initializes card's face and suit
10 public Card( String cardFace, String cardSuit )
11 {
12 face = cardFace; // initialize face of card
13 suit = cardSuit; // initialize suit of card
14 } // end two-argument Card constructor
15
16
17
18
19
20
21 } // end class Card

1 // Fig. 7.10: DeckOfCards.java
2 // DeckOfCards class represents a deck of playing cards.
3 import java.util.Random;
4
5 public class DeckOfCards
6 {
7
8 private int currentCard; // index of next Card to be dealt (0-51)
9 private static final int NUMBER_OF_CARDS = 52; // constant # of Cards

10 // random number generator
11 private static final Random randomNumbers = new Random();
12
13 // constructor fills deck of Cards
14 public DeckOfCards()
15 {
16
17
18
19
20
21 currentCard = 0; // set currentCard so first Card dealt is deck[ 0 ]
22
23
24
25
26
27 } // end DeckOfCards constructor
28

Fig. 7.10 | DeckOfCards class represents a deck of playing cards. (Part 1 of 2.)

Fig. 7.9 | Card class represents a playing card. (Part 2 of 2.)

// return String representation of Card
public String toString()
{

return face + " of " + suit;
} // end method toString

private Card[] deck; // array of Card objects

String[] faces = { "Ace", "Deuce", "Three", "Four", "Five", "Six",
"Seven", "Eight", "Nine", "Ten", "Jack", "Queen", "King" };

String[] suits = { "Hearts", "Diamonds", "Clubs", "Spades" };

deck = new Card[ NUMBER_OF_CARDS ]; // create array of Card objects

// populate deck with Card objects
for ( int count = 0; count < deck.length; count++ )

deck[ count ] =
new Card( faces[ count % 13 ], suits[ count / 13 ] );
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256 Chapter 7 Arrays and ArrayLists

DeckOfCards Constructor
The class’s constructor instantiates the deck array (line 20) with NUMBER_OF_CARDS (52) el-
ements. The elements of deck are null by default, so the constructor uses a for statement
(lines 24–26) to fill the deck with Cards. The loop initializes control variable count to 0

and loops while count is less than deck.length, causing count to take on each integer val-
ue from 0 to 51 (the indices of the deck array). Each Card is instantiated and initialized
with two Strings—one from the faces array (which contains the Strings "Ace" through
"King") and one from the suits array (which contains the Strings "Hearts", "Dia-

monds", "Clubs" and "Spades"). The calculation count % 13 always results in a value from
0 to 12 (the 13 indices of the faces array in lines 16–17), and the calculation count / 13

always results in a value from 0 to 3 (the four indices of the suits array in line 18). When
the deck array is initialized, it contains the Cards with faces "Ace" through "King" in order
for each suit ("Hearts" then "Diamonds" then "Clubs" then "Spades"). We use arrays of
Strings to represent the faces and suits in this example. In Exercise 7.34, we ask you to
modify this example to use arrays of enumeration constants to represent the faces and suits.

DeckOfCardsMethod shuffle
Method shuffle (lines 30–46) shuffles the Cards in the deck. The method loops through
all 52 Cards (array indices 0 to 51). For each Card, a number between 0 and 51 is picked

29 // shuffle deck of Cards with one-pass algorithm
30 public void shuffle()
31 {
32 // after shuffling, dealing should start at deck[ 0 ] again
33 currentCard = 0; // reinitialize currentCard
34
35 // for each Card, pick another random Card (0-51) and swap them
36 for ( int first = 0; first < deck.length; first++ )
37 {
38 // select a random number between 0 and 51
39 int second = randomNumbers.nextInt( NUMBER_OF_CARDS );
40
41 // swap current Card with randomly selected Card
42
43
44
45 } // end for
46 } // end method shuffle
47
48 // deal one Card
49 public Card dealCard()
50 {
51 // determine whether Cards remain to be dealt
52 if ( )
53 return deck[ currentCard++ ]; // return current Card in array
54 else
55 return null; // return null to indicate that all Cards were dealt
56 } // end method dealCard
57 } // end class DeckOfCards

Fig. 7.10 | DeckOfCards class represents a deck of playing cards. (Part 2 of 2.)

Card temp = deck[ first ];
deck[ first ] = deck[ second ];
deck[ second ] = temp;

currentCard < deck.length
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7.5 Case Study: Card Shuffling and Dealing Simulation 257

randomly to select another Card. Next, the current Card object and the randomly selected
Card object are swapped in the array. This exchange is performed by the three assignments
in lines 42–44. The extra variable temp temporarily stores one of the two Card objects be-
ing swapped. The swap cannot be performed with only the two statements

If deck[first] is the "Ace" of "Spades" and deck[second] is the "Queen" of "Hearts",
after the first assignment, both array elements contain the "Queen" of "Hearts" and the
"Ace" of "Spades" is lost—hence, the extra variable temp is needed. After the for loop ter-
minates, the Card objects are randomly ordered. A total of only 52 swaps are made in a
single pass of the entire array, and the array of Card objects is shuffled!

[Note: It’s recommended that you use a so-called unbiased shuffling algorithm for real
card games. Such an algorithm ensures that all possible shuffled card sequences are equally
likely to occur. A popular unbiased shuffling algorithm is the Fisher-Yates algorithm.]

DeckOfCardsMethod dealCard
Method dealCard (lines 49–56) deals one Card in the array. Recall that currentCard in-
dicates the index of the next Card to be dealt (i.e., the Card at the top of the deck). Thus,
line 52 compares currentCard to the length of the deck array. If the deck is not empty
(i.e., currentCard is less than 52), line 53 returns the “top” Card and postincrements cur-
rentCard to prepare for the next call to dealCard—otherwise, null is returned. Recall
from Chapter 3 that null represents a “reference to nothing.”

Shuffling and Dealing Cards
Figure 7.11 demonstrates class DeckOfCards (Fig. 7.10). Line 9 creates a DeckOfCards ob-
ject named myDeckOfCards. The DeckOfCards constructor creates the deck with the 52
Card objects in order by suit and face. Line 10 invokes myDeckOfCards’s shuffle method
to rearrange the Card objects. Lines 13–20 deal all 52 Cards and print them in four col-
umns of 13 Cards each. Line 16 deals one Card object by invoking myDeckOfCards’s deal-
Card method, then displays the Card left justified in a field of 19 characters. When a Card
is output as a String, the Card’s toString method (lines 17–20 of Fig. 7.9) is implicitly
invoked. Lines 18–19 start a new line after every four Cards.

deck[ first ] = deck[ second ];
deck[ second ] = deck[ first ];

1 // Fig. 7.11: DeckOfCardsTest.java
2 // Card shuffling and dealing.
3
4 public class DeckOfCardsTest
5 {
6 // execute application
7 public static void main( String[] args )
8 {
9 DeckOfCards myDeckOfCards = new DeckOfCards();

10 myDeckOfCards.shuffle(); // place Cards in random order
11

Fig. 7.11 | Card shuffling and dealing. (Part 1 of 2.)IS
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258 Chapter 7 Arrays and ArrayLists

7.6 Enhanced for Statement
The enhanced for statement iterates through the elements of an array without using a
counter, thus avoiding the possibility of “stepping outside” the array. We show how to use
the enhanced for statement with the Java API’s prebuilt data structures (called collections)
in Section 7.14. The syntax of an enhanced for statement is:

where parameter has a type and an identifier (e.g., int number), and arrayName is the array
through which to iterate. The type of the parameter must be consistent with the type of
the elements in the array. As the next example illustrates, the identifier represents succes-
sive element values in the array on successive iterations of the loop.

Figure 7.12 uses the enhanced for statement (lines 12–13) to sum the integers in an
array of student grades. The enhanced for’s parameter is of type int, because array con-
tains int values—the loop selects one int value from the array during each iteration. The
enhanced for statement iterates through successive values in the array one by one. The
statement’s header can be read as “for each iteration, assign the next element of array to
int variable number, then execute the following statement.” Thus, for each iteration, iden-
tifier number represents an int value in array. Lines 12–13 are equivalent to the following
counter-controlled repetition used in lines 12–13 of Fig. 7.5 to total the integers in array,
except that counter cannot be accessed in the enhanced for statement:

12 // print all 52 Cards in the order in which they are dealt
13 for ( int i = 1; i <= 52; i++ )
14 {
15 // deal and display a Card
16 System.out.printf( "%-19s", myDeckOfCards.dealCard() );
17
18 if ( i % 4 == 0 ) // output a newline after every fourth card
19 System.out.println();
20 } // end for
21 } // end main
22 } // end class DeckOfCardsTest

Six of Spades Eight of Spades Six of Clubs Nine of Hearts
Queen of Hearts Seven of Clubs Nine of Spades King of Hearts
Three of Diamonds Deuce of Clubs Ace of Hearts Ten of Spades
Four of Spades Ace of Clubs Seven of Diamonds Four of Hearts
Three of Clubs Deuce of Hearts Five of Spades Jack of Diamonds
King of Clubs Ten of Hearts Three of Hearts Six of Diamonds
Queen of Clubs Eight of Diamonds Deuce of Diamonds Ten of Diamonds
Three of Spades King of Diamonds Nine of Clubs Six of Hearts
Ace of Spades Four of Diamonds Seven of Hearts Eight of Clubs
Deuce of Spades Eight of Hearts Five of Hearts Queen of Spades
Jack of Hearts Seven of Spades Four of Clubs Nine of Diamonds
Ace of Diamonds Queen of Diamonds Five of Clubs King of Spades
Five of Diamonds Ten of Clubs Jack of Spades Jack of Clubs

for ( parameter : arrayName )
statement

for ( int counter = 0; counter < array.length; counter++ )
total += array[ counter ];

Fig. 7.11 | Card shuffling and dealing. (Part 2 of 2.)
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7.7 Passing Arrays to Methods 259

The enhanced for statement simplifies the code for iterating through an array. Note,
however, that the enhanced for statement can be used only to obtain array elements—it cannot
be used to modify elements. If your program needs to modify elements, use the traditional
counter-controlled for statement.

The enhanced for statement can be used in place of the counter-controlled for state-
ment whenever code looping through an array does not require access to the counter indi-
cating the index of the current array element. For example, totaling the integers in an array
requires access only to the element values—the index of each element is irrelevant. How-
ever, if a program must use a counter for some reason other than simply to loop through
an array (e.g., to print an index number next to each array element value, as in the exam-
ples earlier in this chapter), use the counter-controlled for statement.

7.7 Passing Arrays to Methods
This section demonstrates how to pass arrays and individual array elements as arguments
to methods. To pass an array argument to a method, specify the name of the array without
any brackets. For example, if array hourlyTemperatures is declared as

then the method call

passes the reference of array hourlyTemperatures to method modifyArray. Every array
object “knows” its own length (via its length field). Thus, when we pass an array object’s
reference into a method, we need not pass the array length as an additional argument.

For a method to receive an array reference through a method call, the method’s
parameter list must specify an array parameter. For example, the method header for
method modifyArray might be written as

1 // Fig. 7.12: EnhancedForTest.java
2 // Using the enhanced for statement to total integers in an array.
3
4 public class EnhancedForTest
5 {
6 public static void main( String[] args )
7 {
8 int[] array = { 87, 68, 94, 100, 83, 78, 85, 91, 76, 87 };
9 int total = 0;

10
11
12
13
14
15 System.out.printf( "Total of array elements: %d\n", total );
16 } // end main
17 } // end class EnhancedForTest

Total of array elements: 849

Fig. 7.12 | Using the enhanced for statement to total integers in an array.

double[] hourlyTemperatures = new double[ 24 ];

modifyArray( hourlyTemperatures );

// add each element's value to total
for ( int number : array )

total += number;
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260 Chapter 7 Arrays and ArrayLists

indicating that modifyArray receives the reference of a double array in parameter b. The
method call passes array hourlyTemperature’s reference, so when the called method uses
the array variable b, it refers to the same array object as hourlyTemperatures in the caller.

When an argument to a method is an entire array or an individual array element of a
reference type, the called method receives a copy of the reference. However, when an argu-
ment to a method is an individual array element of a primitive type, the called method
receives a copy of the element’s value. Such primitive values are called scalars or scalar
quantities. To pass an individual array element to a method, use the indexed name of the
array element as an argument in the method call.

Figure 7.13 demonstrates the difference between passing an entire array and passing
a primitive-type array element to a method. Notice that main invokes static methods
modifyArray (line 19) and modifyElement (line 30) directly. Recall from Section 6.4 that
a static method of a class can invoke other static methods of the same class directly.

void modifyArray( double[] b )

1 // Fig. 7.13: PassArray.java
2 // Passing arrays and individual array elements to methods.
3
4 public class PassArray
5 {
6 // main creates array and calls modifyArray and modifyElement
7 public static void main( String[] args )
8 {
9 int[] array = { 1, 2, 3, 4, 5 };

10
11 System.out.println(
12 "Effects of passing reference to entire array:\n" +
13 "The values of the original array are:" );
14
15 // output original array elements
16 for ( int value : array )
17 System.out.printf( " %d", value );
18
19
20 System.out.println( "\n\nThe values of the modified array are:" );
21
22 // output modified array elements
23 for ( int value : array )
24 System.out.printf( " %d", value );
25
26 System.out.printf(
27 "\n\nEffects of passing array element value:\n" +
28 "array[3] before modifyElement: %d\n", array[ 3 ] );
29
30
31 System.out.printf(
32 "array[3] after modifyElement: %d\n", array[ 3 ] );
33 } // end main
34

Fig. 7.13 | Passing arrays and individual array elements to methods. (Part 1 of 2.)

modifyArray( array ); // pass array reference

modifyElement( array[ 3 ] ); // attempt to modify array[ 3 ]
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7.7 Passing Arrays to Methods 261

The enhanced for statement at lines 16–17 outputs the five int elements of array.
Line 19 invokes method modifyArray, passing array as an argument. Method modify-

Array (lines 36–40) receives a copy of array’s reference and uses the reference to multiply
each of array’s elements by 2. To prove that array’s elements were modified, lines 23–24
output the five elements of array again. As the output shows, method modifyArray dou-
bled the value of each element. We could not use the enhanced for statement in lines 38–
39 because we’re modifying the array’s elements.

Figure 7.13 next demonstrates that when a copy of an individual primitive-type array
element is passed to a method, modifying the copy in the called method does not affect the
original value of that element in the calling method’s array. Lines 26–28 output the value
of array[3] before invoking method modifyElement. Remember that the value of this ele-
ment is now 8 after it was modified in the call to modifyArray. Line 30 calls method mod-

ifyElement and passes array[3] as an argument. Remember that array[3] is actually one
int value (8) in array. Therefore, the program passes a copy of the value of array[3].
Method modifyElement (lines 43–48) multiplies the value received as an argument by 2,
stores the result in its parameter element, then outputs the value of element (16). Since
method parameters, like local variables, cease to exist when the method in which they’re
declared completes execution, the method parameter element is destroyed when method
modifyElement terminates. When the program returns control to main, lines 31–32
output the unmodified value of array[3] (i.e., 8).

35
36
37
38
39
40
41
42
43
44
45
46
47
48
49 } // end class PassArray

Effects of passing reference to entire array:
The values of the original array are:

1 2 3 4 5

The values of the modified array are:
2 4 6 8 10

Effects of passing array element value:
array[3] before modifyElement: 8
Value of element in modifyElement: 16
array[3] after modifyElement: 8

Fig. 7.13 | Passing arrays and individual array elements to methods. (Part 2 of 2.)

// multiply each element of an array by 2
public static void modifyArray( int[] array2 )
{

for ( int counter = 0; counter < array2.length; counter++ )
array2[ counter ] *= 2;

} // end method modifyArray

// multiply argument by 2
public static void modifyElement( int element )
{

element *= 2;
System.out.printf(

"Value of element in modifyElement: %d\n", element );
} // end method modifyElement
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Notes on Passing Arguments to Methods
The preceding example demonstrated how arrays and primitive-type array elements are
passed as arguments to methods. We now take a closer look at how arguments in general
are passed to methods. Two ways to pass arguments in method calls in many programming
languages are pass-by-value and pass-by-reference (also called call-by-value and call-by-
reference). When an argument is passed by value, a copy of the argument’s value is passed
to the called method. The called method works exclusively with the copy. Changes to the
called method’s copy do not affect the original variable’s value in the caller.

When an argument is passed by reference, the called method can access the argu-
ment’s value in the caller directly and modify that data, if necessary. Pass-by-reference
improves performance by eliminating the need to copy possibly large amounts of data.

Unlike some other languages, Java does not allow you to choose pass-by-value or pass-
by-reference—all arguments are passed by value. A method call can pass two types of values
to a method—copies of primitive values (e.g., values of type int and double) and copies
of references to objects. Objects themselves cannot be passed to methods. When a method
modifies a primitive-type parameter, changes to the parameter have no effect on the orig-
inal argument value in the calling method. For example, when line 30 in main of Fig. 7.13
passes array[3] to method modifyElement, the statement in line 45 that doubles the value
of parameter element has no effect on the value of array[3] in main. This is also true for
reference-type parameters. If you modify a reference-type parameter so that it refers to
another object, only the parameter refers to the new object—the reference stored in the
caller’s variable still refers to the original object.

Although an object’s reference is passed by value, a method can still interact with the
referenced object by calling its public methods using the copy of the object’s reference.
Since the reference stored in the parameter is a copy of the reference that was passed as an
argument, the parameter in the called method and the argument in the calling method
refer to the same object in memory. For example, in Fig. 7.13, both parameter array2 in
method modifyArray and variable array in main refer to the same array object in memory.
Any changes made using the parameter array2 are carried out on the object that array
references in the calling method. In Fig. 7.13, the changes made in modifyArray using
array2 affect the contents of the array object referenced by array in main. Thus, with a
reference to an object, the called method can manipulate the caller’s object directly.

7.8 Case Study: Class GradeBook Using an Array to
Store Grades
Previous versions of class GradeBook process a set of grades entered by the user, but do not
maintain the individual grade values in instance variables of the class. Thus, repeat calcu-
lations require the user to reenter the same grades. One way to solve this problem would
be to store each grade entered in an individual instance of the class. For example, we could
create instance variables grade1, grade2, …, grade10 in class GradeBook to store 10 stu-

Performance Tip 7.1
Passing arrays by reference makes sense for performance reasons. If arrays were passed by
value, a copy of each element would be passed. For large, frequently passed arrays, this
would waste time and consume considerable storage for the copies of the arrays.
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dent grades. But this would make the code to total the grades and determine the class av-
erage cumbersome, and the class would not be able to process any more than 10 grades at
a time. We solve this problem by storing grades in an array.

Storing Student Grades in an Array in Class GradeBook
Class GradeBook (Fig. 7.14) uses an array of ints to store several students’ grades on a sin-
gle exam. This eliminates the need to repeatedly input the same set of grades. Array grades
is declared as an instance variable (line 7), so each GradeBook object maintains its own set
of grades. The constructor (lines 10–14) has two parameters—the name of the course and
an array of grades. When an application (e.g., class GradeBookTest in Fig. 7.15) creates a
GradeBook object, the application passes an existing int array to the constructor, which
assigns the array’s reference to instance variable grades (line 13). The grades array’s size
is determined by the length of the array that’s passed to the constructor. Thus, a Grade-

Book object can process a variable number of grades. The grade values in the passed array
could have been input from a user or read from a file on disk (as discussed in Chapter 17).
In our test application, we initialize an array with grade values (Fig. 7.15, line 10). Once
the grades are stored in instance variable grades of class GradeBook, all the class’s methods
can access the elements of grades as often as needed to perform various calculations.

Method processGrades (lines 37–51) contains a series of method calls that output a
report summarizing the grades. Line 40 calls method outputGrades to print the contents
of the array grades. Lines 134–136 in method outputGrades use a for statement to
output the students’ grades. A counter-controlled for must be used in this case, because
lines 135–136 use counter variable student’s value to output each grade next to a partic-
ular student number (see output in Fig. 7.15). Although array indices start at 0, a professor
would typically number students starting at 1. Thus, lines 135–136 output student + 1 as
the student number to produce grade labels "Student 1: ", "Student 2: ", and so on.

1 // Fig. 7.14: GradeBook.java
2 // GradeBook class using an array to store test grades.
3
4 public class GradeBook
5 {
6 private String courseName; // name of course this GradeBook represents
7
8
9 // two-argument constructor initializes courseName and grades array

10 public GradeBook( String name, )
11 {
12 courseName = name; // initialize courseName
13
14 } // end two-argument GradeBook constructor
15
16 // method to set the course name
17 public void setCourseName( String name )
18 {
19 courseName = name; // store the course name
20 } // end method setCourseName

Fig. 7.14 | GradeBook class using an array to store test grades. (Part 1 of 4.)

private int[] grades; // array of student grades

int[] gradesArray

grades = gradesArray; // store grades
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21
22 // method to retrieve the course name
23 public String getCourseName()
24 {
25 return courseName;
26 } // end method getCourseName
27
28 // display a welcome message to the GradeBook user
29 public void displayMessage()
30 {
31 // getCourseName gets the name of the course
32 System.out.printf( "Welcome to the grade book for\n%s!\n\n",
33 getCourseName() );
34 } // end method displayMessage
35
36 // perform various operations on the data
37 public void processGrades()
38 {
39 // output grades array
40
41
42 // call method getAverage to calculate the average grade
43 System.out.printf( "\nClass average is %.2f\n", );
44
45 // call methods getMinimum and getMaximum
46 System.out.printf( "Lowest grade is %d\nHighest grade is %d\n\n",
47 , );
48
49 // call outputBarChart to print grade distribution chart
50
51 } // end method processGrades
52
53 // find minimum grade
54 public int getMinimum()
55 {
56 int lowGrade = grades[ 0 ]; // assume grades[ 0 ] is smallest
57
58
59
60
61
62
63
64
65
66 return lowGrade; // return lowest grade
67 } // end method getMinimum
68
69 // find maximum grade
70 public int getMaximum()
71 {
72 int highGrade = grades[ 0 ]; // assume grades[ 0 ] is largest
73

Fig. 7.14 | GradeBook class using an array to store test grades. (Part 2 of 4.)

outputGrades();

getAverage()

getMinimum() getMaximum()

outputBarChart();

// loop through grades array
for ( int grade : grades )
{

// if grade lower than lowGrade, assign it to lowGrade
if ( grade < lowGrade )

lowGrade = grade; // new lowest grade
} // end for
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74 // loop through grades array
75 for ( int grade : grades )
76 {
77 // if grade greater than highGrade, assign it to highGrade
78 if ( grade > highGrade )
79 highGrade = grade; // new highest grade
80 } // end for
81
82 return highGrade; // return highest grade
83 } // end method getMaximum
84
85 // determine average grade for test
86 public double getAverage()
87 {
88 int total = 0; // initialize total
89
90
91
92
93
94 // return average of grades
95 return (double) total / ;
96 } // end method getAverage
97
98 // output bar chart displaying grade distribution
99 public void outputBarChart()
100 {
101 System.out.println( "Grade distribution:" );
102
103 // stores frequency of grades in each range of 10 grades
104 int[] frequency = new int[ 11 ];
105
106
107
108
109
110 // for each grade frequency, print bar in chart
111 for ( int count = 0; count < frequency.length; count++ )
112 {
113 // output bar label ( "00-09: ", ..., "90-99: ", "100: " )
114 if ( count == 10 )
115 System.out.printf( "%5d: ", 100 );
116 else
117 System.out.printf( "%02d-%02d: ",
118 count * 10, count * 10 + 9 );
119
120 // print bar of asterisks
121 for ( int stars = 0; stars < frequency[ count ]; stars++ )
122 System.out.print( "*" );
123
124 System.out.println(); // start a new line of output
125 } // end outer for
126 } // end method outputBarChart

Fig. 7.14 | GradeBook class using an array to store test grades. (Part 3 of 4.)

// sum grades for one student
for ( int grade : grades )

total += grade;

grades.length

// for each grade, increment the appropriate frequency
for ( int grade : grades )

++frequency[ grade / 10 ];
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Method processGrades next calls method getAverage (line 43) to obtain the average
of the grades in the array. Method getAverage (lines 86–96) uses an enhanced for state-
ment to total the values in array grades before calculating the average. The parameter in
the enhanced for’s header (e.g., int grade) indicates that for each iteration, the int vari-
able grade takes on a value in the array grades. The averaging calculation in line 95 uses
grades.length to determine the number of grades being averaged.

Lines 46–47 in method processGrades call methods getMinimum and getMaximum to
determine the lowest and highest grades of any student on the exam, respectively. Each of
these methods uses an enhanced for statement to loop through array grades. Lines 59–
64 in method getMinimum loop through the array. Lines 62–63 compare each grade to
lowGrade; if a grade is less than lowGrade, lowGrade is set to that grade. When line 66 exe-
cutes, lowGrade contains the lowest grade in the array. Method getMaximum (lines 70–83)
works similarly to method getMinimum.

Finally, line 50 in method processGrades calls method outputBarChart to print a
distribution chart of the grade data using a technique similar to that in Fig. 7.6. In that
example, we manually calculated the number of grades in each category (i.e., 0–9, 10–19,
…, 90–99 and 100) by simply looking at a set of grades. In this example, lines 107–108
use a technique similar to that in Figs. 7.7 and 7.8 to calculate the frequency of grades in
each category. Line 104 declares and creates array frequency of 11 ints to store the fre-
quency of grades in each grade category. For each grade in array grades, lines 107–108
increment the appropriate element of the frequency array. To determine which element
to increment, line 108 divides the current grade by 10 using integer division. For example,
if grade is 85, line 108 increments frequency[8] to update the count of grades in the
range 80–89. Lines 111–125 next print the bar chart (see Fig. 7.15) based on the values
in array frequency. Like lines 23–24 of Fig. 7.6, lines 121–122 of Fig. 7.14 use a value in
array frequency to determine the number of asterisks to display in each bar.

Class GradeBookTest That Demonstrates Class GradeBook
The application of Fig. 7.15 creates an object of class GradeBook (Fig. 7.14) using the int
array gradesArray (declared and initialized in line 10). Lines 12–13 pass a course name
and gradesArray to the GradeBook constructor. Line 14 displays a welcome message, and
line 15 invokes the GradeBook object’s processGrades method. The output summarizes
the 10 grades in myGradeBook.

127
128 // output the contents of the grades array
129 public void outputGrades()
130 {
131 System.out.println( "The grades are:\n" );
132
133
134
135
136
137 } // end method outputGrades
138 } // end class GradeBook

Fig. 7.14 | GradeBook class using an array to store test grades. (Part 4 of 4.)

// output each student's grade
for ( int student = 0; student < grades.length; student++ )

System.out.printf( "Student %2d: %3d\n",
student + 1, grades[ student ] );
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Software Engineering Observation 7.1
A test harness (or test application) is responsible for creating an object of the class being
tested and providing it with data. This data could come from any of several sources. Test
data can be placed directly into an array with an array initializer, it can come from the
user at the keyboard, it can come from a file (as you’ll see in Chapter 17), or it can come
from a network (as you’ll see in Chapter 27). After passing this data to the class’s
constructor to instantiate the object, the test harness should call upon the object to test its
methods and manipulate its data. Gathering data in the test harness like this allows the
class to manipulate data from several sources.

1 // Fig. 7.15: GradeBookTest.java
2 // GradeBookTest creates a GradeBook object using an array of grades,
3 // then invokes method processGrades to analyze them.
4 public class GradeBookTest
5 {
6 // main method begins program execution
7 public static void main( String[] args )
8 {
9

10
11
12 GradeBook myGradeBook = new GradeBook(
13 "CS101 Introduction to Java Programming", );
14 myGradeBook.displayMessage();
15 myGradeBook.processGrades();
16 } // end main
17 } // end class GradeBookTest

Welcome to the grade book for
CS101 Introduction to Java Programming!

The grades are:

Student 1: 87
Student 2: 68
Student 3: 94
Student 4: 100
Student 5: 83
Student 6: 78
Student 7: 85
Student 8: 91
Student 9: 76
Student 10: 87

Class average is 84.90
Lowest grade is 68
Highest grade is 100

Fig. 7.15 | GradeBookTest creates a GradeBook object using an array of grades, then invokes
method processGrades to analyze them. (Part 1 of 2.)

// array of student grades
int[] gradesArray = { 87, 68, 94, 100, 83, 78, 85, 91, 76, 87 };

gradesArray
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268 Chapter 7 Arrays and ArrayLists

7.9 Multidimensional Arrays
Multidimensional arrays with two dimensions are often used to represent tables of values
consisting of information arranged in rows and columns. To identify a particular table ele-
ment, we must specify two indices. By convention, the first identifies the element’s row and
the second its column. Arrays that require two indices to identify a particular element are
called two-dimensional arrays. (Multidimensional arrays can have more than two dimen-
sions.) Java does not support multidimensional arrays directly, but it does allow you to
specify one-dimensional arrays whose elements are also one-dimensional arrays, thus
achieving the same effect. Figure 7.16 illustrates a two-dimensional array named a that
contains three rows and four columns (i.e., a three-by-four array). In general, an array with
m rows and n columns is called an m-by-n array.

Every element in array a is identified in Fig. 7.16 by an array-access expression of the
form a[row][column]; a is the name of the array, and row and column are the indices that
uniquely identify each element in array a by row and column number. The names of the
elements in row 0 all have a first index of 0, and the names of the elements in column 3 all
have a second index of 3.

Grade distribution:
00-09:
10-19:
20-29:
30-39:
40-49:
50-59:
60-69: *
70-79: **
80-89: ****
90-99: **

100: *

Fig. 7.16 | Two-dimensional array with three rows and four columns.

Fig. 7.15 | GradeBookTest creates a GradeBook object using an array of grades, then invokes
method processGrades to analyze them. (Part 2 of 2.)

Row 0

Row 1

Row 2

Column index
Row index
Array name

a[ 0 ][ 0 ]

a[ 1 ][ 0 ]

a[ 2 ][ 0 ]

a[ 0 ][ 1 ]

a[ 1 ][ 1 ]

a[ 2 ][ 1 ]

a[ 0 ][ 2 ]

a[ 1 ][ 2 ]

a[ 2 ][ 2 ]

a[ 0 ][ 3 ]

Column 0 Column 1 Column 2 Column 3

a[ 1 ][ 3 ]

a[ 2 ][ 3 ]

IS
B

N
1-256-30256-2

JavaTM: How to Program, Ninth Edition, by Paul Deitel and Harvey Deitel. Published by Prentice Hall. Copyright © 2012 by Pearson Education, Inc.



7.9 Multidimensional Arrays 269

Arrays of One-Dimensional Arrays
Like one-dimensional arrays, multidimensional arrays can be initialized with array initial-
izers in declarations. A two-dimensional array b with two rows and two columns could be
declared and initialized with nested array initializers as follows:

The initial values are grouped by row in braces. So 1 and 2 initialize b[0][0] and b[0][1],
respectively, and 3 and 4 initialize b[1][0] and b[1][1], respectively. The compiler
counts the number of nested array initializers (represented by sets of braces within the out-
er braces) to determine the number of rows in array b. The compiler counts the initializer
values in the nested array initializer for a row to determine the number of columns in that
row. As we’ll see momentarily, this means that rows can have different lengths.

Multidimensional arrays are maintained as arrays of one-dimensional arrays. There-
fore array b in the preceding declaration is actually composed of two separate one-dimen-
sional arrays—one containing the values in the first nested initializer list { 1, 2 } and one
containing the values in the second nested initializer list { 3, 4 }. Thus, array b itself is an
array of two elements, each a one-dimensional array of int values.

Two-Dimensional Arrays with Rows of Different Lengths
The manner in which multidimensional arrays are represented makes them quite flexible.
In fact, the lengths of the rows in array b are not required to be the same. For example,

creates integer array b with two elements (determined by the number of nested array ini-
tializers) that represent the rows of the two-dimensional array. Each element of b is a ref-
erence to a one-dimensional array of int variables. The int array for row 0 is a one-
dimensional array with two elements (1 and 2), and the int array for row 1 is a one-di-
mensional array with three elements (3, 4 and 5).

Creating Two-Dimensional Arrays with Array-Creation Expressions
A multidimensional array with the same number of columns in every row can be created
with an array-creation expression. For example, the following lines declare array b and as-
sign it a reference to a three-by-four array:

In this case, we use the literal values 3 and 4 to specify the number of rows and number of
columns, respectively, but this is not required. Programs can also use variables to specify
array dimensions, because new creates arrays at execution time—not at compile time. As with
one-dimensional arrays, the elements of a multidimensional array are initialized when the
array object is created.

A multidimensional array in which each row has a different number of columns can
be created as follows:

The preceding statements create a two-dimensional array with two rows. Row 0 has five
columns, and row 1 has three columns.

int[][] b = { { 1, 2 }, { 3, 4 } };

int[][] b = { { 1, 2 }, { 3, 4, 5 } };

int[][] b = new int[ 3 ][ 4 ];

int[][] b = new int[ 2 ][ ]; // create 2 rows
b[ 0 ] = new int[ 5 ]; // create 5 columns for row 0
b[ 1 ] = new int[ 3 ]; // create 3 columns for row 1
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Two-Dimensional Array Example: Displaying Element Values
Figure 7.17 demonstrates initializing two-dimensional arrays with array initializers and us-
ing nested for loops to traverse the arrays (i.e., manipulate every element of each array).
Class InitArray’s main declares two arrays. The declaration of array1 (line 9) uses nested
array initializers of the same length to initialize the first row to the values 1, 2 and 3, and
the second row to the values 4, 5 and 6. The declaration of array2 (line 10) uses nested
initializers of different lengths. In this case, the first row is initialized to two elements with
the values 1 and 2, respectively. The second row is initialized to one element with the value
3. The third row is initialized to three elements with the values 4, 5 and 6, respectively.

1 // Fig. 7.17: InitArray.java
2 // Initializing two-dimensional arrays.
3
4 public class InitArray
5 {
6 // create and output two-dimensional arrays
7 public static void main( String[] args )
8 {
9

10
11
12 System.out.println( "Values in array1 by row are" );
13 outputArray( array1 ); // displays array1 by row
14
15 System.out.println( "\nValues in array2 by row are" );
16 outputArray( array2 ); // displays array2 by row
17 } // end main
18
19 // output rows and columns of a two-dimensional array
20 public static void outputArray( )
21 {
22
23
24
25
26
27
28
29
30
31 } // end method outputArray
32 } // end class InitArray

Values in array1 by row are
1 2 3
4 5 6

Values in array2 by row are
1 2
3
4 5 6

Fig. 7.17 | Initializing two-dimensional arrays.

int[][] array1 = { { 1, 2, 3 }, { 4, 5, 6 } };
int[][] array2 = { { 1, 2 }, { 3 }, { 4, 5, 6 } };

int[][] array

// loop through array's rows
for ( int row = 0; row < array.length; row++ )
{

// loop through columns of current row
for ( int column = 0; column < array[ row ].length; column++ )

System.out.printf( "%d ", array[ row ][ column ] );

System.out.println(); // start new line of output
} // end outer for
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Lines 13 and 16 call method outputArray (lines 20–31) to output the elements of
array1 and array2, respectively. Method outputArray’s parameter—int[][] array—
indicates that the method receives a two-dimensional array. The for statement (lines 23–
30) outputs the rows of a two-dimensional array. In the loop-continuation condition of
the outer for statement, the expression array.length determines the number of rows in
the array. In the inner for statement, the expression array[row].length determines the
number of columns in the current row of the array. The inner for statement’s condition
enables the loop to determine the exact number of columns in each row.

Common Multidimensional-Array Manipulations Performed with for Statements
Many common array manipulations use for statements. As an example, the following for

statement sets all the elements in row 2 of array a in Fig. 7.16 to zero:

We specified row 2; therefore, we know that the first index is always 2 (0 is the first row,
and 1 is the second row). This for loop varies only the second index (i.e., the column in-
dex). If row 2 of array a contains four elements, then the preceding for statement is equiv-
alent to the assignment statements

The following nested for statement totals the values of all the elements in array a:

These nested for statements total the array elements one row at a time. The outer for

statement begins by setting the row index to 0 so that the first row’s elements can be totaled
by the inner for statement. The outer for then increments row to 1 so that the second row
can be totaled. Then, the outer for increments row to 2 so that the third row can be to-
taled. The variable total can be displayed when the outer for statement terminates. In
the next example, we show how to process a two-dimensional array in a similar manner
using nested enhanced for statements.

7.10 Case Study: Class GradeBook Using a Two-
Dimensional Array
In Section 7.8, we presented class GradeBook (Fig. 7.14), which used a one-dimensional
array to store student grades on a single exam. In most semesters, students take several ex-
ams. Professors are likely to want to analyze grades across the entire semester, both for a
single student and for the class as a whole.

for ( int column = 0; column < a[ 2 ].length; column++)
a[ 2 ][ column ] = 0;

a[ 2 ][ 0 ] = 0;
a[ 2 ][ 1 ] = 0;
a[ 2 ][ 2 ] = 0;
a[ 2 ][ 3 ] = 0;

int total = 0;

for ( int row = 0; row < a.length; row++ )
{

for ( int column = 0; column < a[ row ].length; column++ )
total += a[ row ][ column ];

} // end outer for
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Storing Student Grades in a Two-Dimensional Array in Class GradeBook
Figure 7.18 contains a GradeBook class that uses a two-dimensional array grades to store the
grades of a number of students on multiple exams. Each row of the array represents a single
student’s grades for the entire course, and each column represents the grades of all the stu-
dents who took a particular exam. Class GradeBookTest (Fig. 7.19) passes the array as an ar-
gument to the GradeBook constructor. In this example, we use a ten-by-three array for ten
students’ grades on three exams. Five methods perform array manipulations to process the
grades. Each method is similar to its counterpart in the earlier one-dimensional array version
of GradeBook (Fig. 7.14). Method getMinimum (lines 52–70) determines the lowest grade of
any student for the semester. Method getMaximum (lines 73–91) determines the highest
grade of any student for the semester. Method getAverage (lines 94–104) determines a par-
ticular student’s semester average. Method outputBarChart (lines 107–137) outputs a grade
bar chart for the entire semester’s student grades. Method outputGrades (lines 140–164)
outputs the array in a tabular format, along with each student’s semester average.

1 // Fig. 7.18: GradeBook.java
2 // GradeBook class using a two-dimensional array to store grades.
3
4 public class GradeBook
5 {
6 private String courseName; // name of course this grade book represents
7
8
9 // two-argument constructor initializes courseName and grades array

10 public GradeBook( String name, )
11 {
12 courseName = name; // initialize courseName
13
14 } // end two-argument GradeBook constructor
15
16 // method to set the course name
17 public void setCourseName( String name )
18 {
19 courseName = name; // store the course name
20 } // end method setCourseName
21
22 // method to retrieve the course name
23 public String getCourseName()
24 {
25 return courseName;
26 } // end method getCourseName
27
28 // display a welcome message to the GradeBook user
29 public void displayMessage()
30 {
31 // getCourseName gets the name of the course
32 System.out.printf( "Welcome to the grade book for\n%s!\n\n",
33 getCourseName() );
34 } // end method displayMessage
35

Fig. 7.18 | GradeBook class using a two-dimensional array to store grades. (Part 1 of 4.)

private int[][] grades; // two-dimensional array of student grades

int[][] gradesArray

grades = gradesArray; // store grades

IS
B

N
1-256-30256-2

JavaTM: How to Program, Ninth Edition, by Paul Deitel and Harvey Deitel. Published by Prentice Hall. Copyright © 2012 by Pearson Education, Inc.



7.10 Case Study: Class GradeBook Using a Two-Dimensional Array 273

36 // perform various operations on the data
37 public void processGrades()
38 {
39 // output grades array
40 outputGrades();
41
42 // call methods getMinimum and getMaximum
43 System.out.printf( "\n%s %d\n%s %d\n\n",
44 "Lowest grade in the grade book is", getMinimum(),
45 "Highest grade in the grade book is", getMaximum() );
46
47 // output grade distribution chart of all grades on all tests
48 outputBarChart();
49 } // end method processGrades
50
51 // find minimum grade
52 public int getMinimum()
53 {
54 // assume first element of grades array is smallest
55 int lowGrade = grades[ 0 ][ 0 ];
56
57
58
59
60
61
62
63
64
65
66
67
68
69 return lowGrade; // return lowest grade
70 } // end method getMinimum
71
72 // find maximum grade
73 public int getMaximum()
74 {
75 // assume first element of grades array is largest
76 int highGrade = grades[ 0 ][ 0 ];
77
78 // loop through rows of grades array
79 for ( int[] studentGrades : grades )
80 {
81 // loop through columns of current row
82 for ( int grade : studentGrades )
83 {
84 // if grade greater than highGrade, assign it to highGrade
85 if ( grade > highGrade )
86 highGrade = grade;
87 } // end inner for
88 } // end outer for

Fig. 7.18 | GradeBook class using a two-dimensional array to store grades. (Part 2 of 4.)

// loop through rows of grades array
for ( int[] studentGrades : grades )
{

// loop through columns of current row
for ( int grade : studentGrades )
{

// if grade less than lowGrade, assign it to lowGrade
if ( grade < lowGrade )

lowGrade = grade;
} // end inner for

} // end outer for
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89
90 return highGrade; // return highest grade
91 } // end method getMaximum
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106 // output bar chart displaying overall grade distribution
107 public void outputBarChart()
108 {
109 System.out.println( "Overall grade distribution:" );
110
111 // stores frequency of grades in each range of 10 grades
112 int[] frequency = new int[ 11 ];
113
114
115
116
117
118
119
120
121 // for each grade frequency, print bar in chart
122 for ( int count = 0; count < frequency.length; count++ )
123 {
124 // output bar label ( "00-09: ", ..., "90-99: ", "100: " )
125 if ( count == 10 )
126 System.out.printf( "%5d: ", 100 );
127 else
128 System.out.printf( "%02d-%02d: ",
129 count * 10, count * 10 + 9 );
130
131 // print bar of asterisks
132 for ( int stars = 0; stars < frequency[ count ]; stars++ )
133 System.out.print( "*" );
134
135 System.out.println(); // start a new line of output
136 } // end outer for
137 } // end method outputBarChart
138
139 // output the contents of the grades array
140 public void outputGrades()
141 {

Fig. 7.18 | GradeBook class using a two-dimensional array to store grades. (Part 3 of 4.)

// determine average grade for particular set of grades
public double getAverage( int[] setOfGrades )
{

int total = 0; // initialize total

// sum grades for one student
for ( int grade : setOfGrades )

total += grade;

// return average of grades
return (double) total / setOfGrades.length;

} // end method getAverage

// for each grade in GradeBook, increment the appropriate frequency
for ( int[] studentGrades : grades )
{

for ( int grade : studentGrades )
++frequency[ grade / 10 ];

} // end outer for
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Methods getMinimum and getMaximum
Methods getMinimum, getMaximum, outputBarChart and outputGrades each loop
through array grades by using nested for statements—for example, the nested enhanced
for statement from the declaration of method getMinimum (lines 58–67). The outer en-
hanced for statement iterates through the two-dimensional array grades, assigning suc-
cessive rows to parameter studentGrades on successive iterations. The square brackets
following the parameter name indicate that studentGrades refers to a one-dimensional
int array—namely, a row in array grades containing one student’s grades. To find the
lowest overall grade, the inner for statement compares the elements of the current one-
dimensional array studentGrades to variable lowGrade. For example, on the first iteration
of the outer for, row 0 of grades is assigned to parameter studentGrades. The inner en-
hanced for statement then loops through studentGrades and compares each grade value
with lowGrade. If a grade is less than lowGrade, lowGrade is set to that grade. On the sec-
ond iteration of the outer enhanced for statement, row 1 of grades is assigned to stu-

dentGrades, and the elements of this row are compared with variable lowGrade. This
repeats until all rows of grades have been traversed. When execution of the nested state-
ment is complete, lowGrade contains the lowest grade in the two-dimensional array.
Method getMaximum works similarly to method getMinimum.

Method outputBarChart
Method outputBarChart in Fig. 7.18 is nearly identical to the one in Fig. 7.14. However,
to output the overall grade distribution for a whole semester, the method here uses nested
enhanced for statements (lines 115–119) to create the one-dimensional array frequency

142 System.out.println( "The grades are:\n" );
143 System.out.print( " " ); // align column heads
144
145 // create a column heading for each of the tests
146 for ( int test = 0; test < grades[ 0 ].length; test++ )
147 System.out.printf( "Test %d ", test + 1 );
148
149 System.out.println( "Average" ); // student average column heading
150
151 // create rows/columns of text representing array grades
152 for ( int student = 0; student < grades.length; student++ )
153 {
154 System.out.printf( "Student %2d", student + 1 );
155
156 for ( int test : grades[ student ] ) // output student's grades
157 System.out.printf( "%8d", test );
158
159 // call method getAverage to calculate student's average grade;
160 // pass row of grades as the argument to getAverage
161
162 System.out.printf( "%9.2f\n", average );
163 } // end outer for
164 } // end method outputGrades
165 } // end class GradeBook

Fig. 7.18 | GradeBook class using a two-dimensional array to store grades. (Part 4 of 4.)

double average = getAverage( grades[ student ] );
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based on all the grades in the two-dimensional array. The rest of the code in each of the
two outputBarChart methods that displays the chart is identical.

Method outputGrades
Method outputGrades (lines 140–164) uses nested for statements to output values of the
array grades and each student’s semester average. The output (Fig. 7.19) shows the result,
which resembles the tabular format of a professor’s physical grade book. Lines 146–147
print the column headings for each test. We use a counter-controlled for statement here
so that we can identify each test with a number. Similarly, the for statement in lines 152–
163 first outputs a row label using a counter variable to identify each student (line 154).
Although array indices start at 0, lines 147 and 154 output test + 1 and student + 1, re-
spectively, to produce test and student numbers starting at 1 (see Fig. 7.19). The inner for
statement (lines 156–157) uses the outer for statement’s counter variable student to loop
through a specific row of array grades and output each student’s test grade. An enhanced
for statement can be nested in a counter-controlled for statement, and vice versa. Finally,
line 161 obtains each student’s semester average by passing the current row of grades (i.e.,
grades[student]) to method getAverage.

Method getAverage
Method getAverage (lines 94–104) takes one argument—a one-dimensional array of test
results for a particular student. When line 161 calls getAverage, the argument is
grades[student], which specifies that a particular row of the two-dimensional array
grades should be passed to getAverage. For example, based on the array created in
Fig. 7.19, the argument grades[1] represents the three values (a one-dimensional array of
grades) stored in row 1 of the two-dimensional array grades. Recall that a two-dimension-
al array is one whose elements are one-dimensional arrays. Method getAverage calculates
the sum of the array elements, divides the total by the number of test results and returns
the floating-point result as a double value (line 103).

Class GradeBookTest That Demonstrates Class GradeBook
Figure 7.19 creates an object of class GradeBook (Fig. 7.18) using the two-dimensional ar-
ray of ints named gradesArray (declared and initialized in lines 10–19). Lines 21–22 pass
a course name and gradesArray to the GradeBook constructor. Lines 23–24 then invoke
myGradeBook’s displayMessage and processGrades methods to display a welcome mes-
sage and obtain a report summarizing the students’ grades for the semester, respectively.

1 // Fig. 7.19: GradeBookTest.java
2 // GradeBookTest creates GradeBook object using a two-dimensional array
3 // of grades, then invokes method processGrades to analyze them.
4 public class GradeBookTest
5 {
6 // main method begins program execution
7 public static void main( String[] args )
8 {

Fig. 7.19 | GradeBookTest creates GradeBook object using a two-dimensional array of grades,
then invokes method processGrades to analyze them. (Part 1 of 2.)
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9
10
11
12
13
14
15
16
17
18
19
20
21 GradeBook myGradeBook = new GradeBook(
22 "CS101 Introduction to Java Programming", );
23 myGradeBook.displayMessage();
24 myGradeBook.processGrades();
25 } // end main
26 } // end class GradeBookTest

Welcome to the grade book for
CS101 Introduction to Java Programming!

The grades are:

Test 1 Test 2 Test 3 Average
Student 1 87 96 70 84.33
Student 2 68 87 90 81.67
Student 3 94 100 90 94.67
Student 4 100 81 82 87.67
Student 5 83 65 85 77.67
Student 6 78 87 65 76.67
Student 7 85 75 83 81.00
Student 8 91 94 100 95.00
Student 9 76 72 84 77.33
Student 10 87 93 73 84.33

Lowest grade in the grade book is 65
Highest grade in the grade book is 100

Overall grade distribution:
00-09:
10-19:
20-29:
30-39:
40-49:
50-59:
60-69: ***
70-79: ******
80-89: ***********
90-99: *******

100: ***

Fig. 7.19 | GradeBookTest creates GradeBook object using a two-dimensional array of grades,
then invokes method processGrades to analyze them. (Part 2 of 2.)

// two-dimensional array of student grades
int[][] gradesArray = { { 87, 96, 70 },

{ 68, 87, 90 },
{ 94, 100, 90 },
{ 100, 81, 82 },
{ 83, 65, 85 },
{ 78, 87, 65 },
{ 85, 75, 83 },
{ 91, 94, 100 },
{ 76, 72, 84 },
{ 87, 93, 73 } };

gradesArray
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7.11 Variable-Length Argument Lists
With variable-length argument lists, you can create methods that receive an unspecified
number of arguments. A type followed by an ellipsis (...) in a method’s parameter list
indicates that the method receives a variable number of arguments of that particular type.
This use of the ellipsis can occur only once in a parameter list, and the ellipsis, together
with its type, must be placed at the end of the parameter list. While you can use method
overloading and array passing to accomplish much of what is accomplished with variable-
length argument lists, using an ellipsis in a method’s parameter list is more concise.

Figure 7.20 demonstrates method average (lines 7–16), which receives a variable-
length sequence of doubles. Java treats the variable-length argument list as an array whose
elements are all of the same type. Hence, the method body can manipulate the parameter
numbers as an array of doubles. Lines 12–13 use the enhanced for loop to walk through
the array and calculate the total of the doubles in the array. Line 15 accesses num-

bers.length to obtain the size of the numbers array for use in the averaging calculation.
Lines 29, 31 and 33 in main call method average with two, three and four arguments,
respectively. Method average has a variable-length argument list (line 7), so it can average
as many double arguments as the caller passes. The output shows that each call to method
average returns the correct value.

1 // Fig. 7.20: VarargsTest.java
2 // Using variable-length argument lists.
3
4 public class VarargsTest
5 {
6 // calculate average
7 public static double average( )
8 {
9 double total = 0.0; // initialize total

10
11 // calculate total using the enhanced for statement
12
13
14
15 return total / ;
16 } // end method average
17
18 public static void main( String[] args )
19 {
20 double d1 = 10.0;
21 double d2 = 20.0;
22 double d3 = 30.0;
23 double d4 = 40.0;
24
25 System.out.printf( "d1 = %.1f\nd2 = %.1f\nd3 = %.1f\nd4 = %.1f\n\n",
26 d1, d2, d3, d4 );
27
28 System.out.printf( "Average of d1 and d2 is %.1f\n",
29 );

Fig. 7.20 | Using variable-length argument lists. (Part 1 of 2.)

double... numbers

for ( double d : numbers )
total += d;

numbers.length

average( d1, d2 )
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7.12 Using Command-Line Arguments
It’s possible to pass arguments from the command line (these are known as command-line
arguments) to an application by including a parameter of type String[] (i.e., an array of
Strings) in the parameter list of main, exactly as we’ve done in every application in the
book. By convention, this parameter is named args. When an application is executed us-
ing the java command, Java passes the command-line arguments that appear after the
class name in the java command to the application’s main method as Strings in the array
args. The number of command-line arguments is obtained by accessing the array’s length
attribute. Common uses of command-line arguments include passing options and file
names to applications.

Our next example uses command-line arguments to determine the size of an array, the
value of its first element and the increment used to calculate the values of the array’s
remaining elements. The command

passes three arguments, 5, 0 and 4, to the application InitArray. Command-line argu-
ments are separated by white space, not commas. When this command executes, InitAr-
ray’s main method receives the three-element array args (i.e., args.length is 3) in which
args[0] contains the String "5", args[1] contains the String "0" and args[2] contains
the String "4". The program determines how to use these arguments—in Fig. 7.21 we
convert the three command-line arguments to int values and use them to initialize an ar-
ray. When the program executes, if args.length is not 3, the program prints an error mes-
sage and terminates (lines 9–12). Otherwise, lines 14–32 initialize and display the array
based on the values of the command-line arguments.

30 System.out.printf( "Average of d1, d2 and d3 is %.1f\n",
31 );
32 System.out.printf( "Average of d1, d2, d3 and d4 is %.1f\n",
33 );
34 } // end main
35 } // end class VarargsTest

d1 = 10.0
d2 = 20.0
d3 = 30.0
d4 = 40.0

Average of d1 and d2 is 15.0
Average of d1, d2 and d3 is 20.0
Average of d1, d2, d3 and d4 is 25.0

Common Programming Error 7.6
Placing an ellipsis indicating a variable-length argument list in the middle of a parameter
list is a syntax error. An ellipsis may be placed only at the end of the parameter list.

java InitArray 5 0 4

Fig. 7.20 | Using variable-length argument lists. (Part 2 of 2.)

average( d1, d2, d3 )

average( d1, d2, d3, d4 )
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Line 16 gets args[0]—a String that specifies the array size—and converts it to an
int value that the program uses to create the array in line 17. The static method
parseInt of class Integer converts its String argument to an int.

1 // Fig. 7.21: InitArray.java
2 // Initializing an array using command-line arguments.
3
4 public class InitArray
5 {
6 public static void main( )
7 {
8 // check number of command-line arguments
9 if ( )

10 System.out.println(
11 "Error: Please re-enter the entire command, including\n" +
12 "an array size, initial value and increment." );
13 else
14 {
15 // get array size from first command-line argument
16
17 int[] array = new int[ arrayLength ]; // create array
18
19 // get initial value and increment from command-line arguments
20
21
22
23
24
25
26
27 System.out.printf( "%s%8s\n", "Index", "Value" );
28
29 // display array index and value
30 for ( int counter = 0; counter < array.length; counter++ )
31 System.out.printf( "%5d%8d\n", counter, array[ counter ] );
32 } // end else
33 } // end main
34 } // end class InitArray

java InitArray
Error: Please re-enter the entire command, including
an array size, initial value and increment.

java InitArray 5 0 4
Index Value

0 0
1 4
2 8
3 12
4 16

Fig. 7.21 | Initializing an array using command-line arguments. (Part 1 of 2.)

String[] args

args.length != 3

int arrayLength = Integer.parseInt( args[ 0 ] );

int initialValue = Integer.parseInt( args[ 1 ] );
int increment = Integer.parseInt( args[ 2 ] );

// calculate value for each array element
for ( int counter = 0; counter < array.length; counter++ )

array[ counter ] = initialValue + increment * counter;
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Lines 20–21 convert the args[1] and args[2] command-line arguments to int

values and store them in initialValue and increment, respectively. Lines 24–25 calcu-
late the value for each array element.

The output of the first execution shows that the application received an insufficient
number of command-line arguments. The second execution uses command-line argu-
ments 5, 0 and 4 to specify the size of the array (5), the value of the first element (0) and
the increment of each value in the array (4), respectively. The corresponding output shows
that these values create an array containing the integers 0, 4, 8, 12 and 16. The output
from the third execution shows that the command-line arguments 8, 1 and 2 produce an
array whose 8 elements are the nonnegative odd integers from 1 to 15.

7.13 Class Arrays
Class Arrays helps you avoid reinventing the wheel by providing static methods for
common array manipulations. These methods include sort for sorting an array (i.e., ar-
ranging elements into increasing order), binarySearch for searching an array (i.e., deter-
mining whether an array contains a specific value and, if so, where the value is located),
equals for comparing arrays and fill for placing values into an array. These methods are
overloaded for primitive-type arrays and for arrays of objects. Our focus in this section is
on using the built-in capabilities provided by the Java API. Chapter 19, Searching, Sorting
and Big O, shows how to implement your own sorting and searching algorithms, which
are of great interest to computer-science researchers and students.

Figure 7.22 uses Arrays methods sort, binarySearch, equals and fill, and shows
how to copy arrays with class System’s static arraycopy method. In main, line 11 sorts
the elements of array doubleArray. The static method sort of class Arrays orders the
array’s elements in ascending order by default. We discuss how to sort in descending order
later in the chapter. Overloaded versions of sort allow you to sort a specific range of ele-
ments. Lines 12–15 output the sorted array.

java InitArray 8 1 2
Index Value

0 1
1 3
2 5
3 7
4 9
5 11
6 13
7 15

1 // Fig. 7.22: ArrayManipulations.java
2 // Arrays class methods and System.arraycopy.
3 import java.util.Arrays;
4

Fig. 7.22 | Arrays class methods. (Part 1 of 3.)

Fig. 7.21 | Initializing an array using command-line arguments. (Part 2 of 2.)
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5 public class ArrayManipulations
6 {
7 public static void main( String[] args )
8 {
9 // sort doubleArray into ascending order

10 double[] doubleArray = { 8.4, 9.3, 0.2, 7.9, 3.4 };
11
12 System.out.printf( "\ndoubleArray: " );
13
14 for ( double value : doubleArray )
15 System.out.printf( "%.1f ", value );
16
17 // fill 10-element array with 7s
18 int[] filledIntArray = new int[ 10 ];
19
20 displayArray( filledIntArray, "filledIntArray" );
21
22 // copy array intArray into array intArrayCopy
23 int[] intArray = { 1, 2, 3, 4, 5, 6 };
24 int[] intArrayCopy = new int[ intArray.length ];
25
26 displayArray( intArray, "intArray" );
27 displayArray( intArrayCopy, "intArrayCopy" );
28
29 // compare intArray and intArrayCopy for equality
30
31 System.out.printf( "\n\nintArray %s intArrayCopy\n",
32 ( b ? "==" : "!=" ) );
33
34 // compare intArray and filledIntArray for equality
35
36 System.out.printf( "intArray %s filledIntArray\n",
37 ( b ? "==" : "!=" ) );
38
39 // search intArray for the value 5
40
41
42 if ( location >= 0 )
43 System.out.printf(
44 "Found 5 at element %d in intArray\n", location );
45 else
46 System.out.println( "5 not found in intArray" );
47
48 // search intArray for the value 8763
49
50
51 if ( location >= 0 )
52 System.out.printf(
53 "Found 8763 at element %d in intArray\n", location );
54 else
55 System.out.println( "8763 not found in intArray" );
56 } // end main
57

Fig. 7.22 | Arrays class methods. (Part 2 of 3.)

Arrays.sort( doubleArray );

Arrays.fill( filledIntArray, 7 );

System.arraycopy( intArray, 0, intArrayCopy, 0, intArray.length );

boolean b = Arrays.equals( intArray, intArrayCopy );

b = Arrays.equals( intArray, filledIntArray );

int location = Arrays.binarySearch( intArray, 5 );

location = Arrays.binarySearch( intArray, 8763 );
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Line 19 calls static method fill of class Arrays to populate all 10 elements of
filledIntArray with 7s. Overloaded versions of fill allow you to populate a specific
range of elements with the same value. Line 20 calls our class’s displayArray method
(declared at lines 59–65) to output the contents of filledIntArray.

Line 25 copies the elements of intArray into intArrayCopy. The first argument
(intArray) passed to System method arraycopy is the array from which elements are to
be copied. The second argument (0) is the index that specifies the starting point in the
range of elements to copy from the array. This value can be any valid array index. The
third argument (intArrayCopy) specifies the destination array that will store the copy. The
fourth argument (0) specifies the index in the destination array where the first copied ele-
ment should be stored. The last argument specifies the number of elements to copy from
the array in the first argument. In this case, we copy all the elements in the array.

Lines 30 and 35 call static method equals of class Arrays to determine whether all
the elements of two arrays are equivalent. If the arrays contain the same elements in the
same order, the method returns true; otherwise, it returns false.

Lines 40 and 49 call static method binarySearch of class Arrays to perform a
binary search on intArray, using the second argument (5 and 8763, respectively) as the
key. If value is found, binarySearch returns the index of the element; otherwise, bina-
rySearch returns a negative value. The negative value returned is based on the search key’s
insertion point—the index where the key would be inserted in the array if we were per-
forming an insert operation. After binarySearch determines the insertion point, it
changes its sign to negative and subtracts 1 to obtain the return value. For example, in
Fig. 7.22, the insertion point for the value 8763 is the element with index 6 in the array.
Method binarySearch changes the insertion point to –6, subtracts 1 from it and returns
the value –7. Subtracting 1 from the insertion point guarantees that method binarySearch

returns positive values (>= 0) if and only if the key is found. This return value is useful for
inserting elements in a sorted array. Chapter 19 discusses binary searching in detail.

58 // output values in each array
59 public static void displayArray( int[] array, String description )
60 {
61 System.out.printf( "\n%s: ", description );
62
63 for ( int value : array )
64 System.out.printf( "%d ", value );
65 } // end method displayArray
66 } // end class ArrayManipulations

doubleArray: 0.2 3.4 7.9 8.4 9.3
filledIntArray: 7 7 7 7 7 7 7 7 7 7
intArray: 1 2 3 4 5 6
intArrayCopy: 1 2 3 4 5 6

intArray == intArrayCopy
intArray != filledIntArray
Found 5 at element 4 in intArray
8763 not found in intArray

Fig. 7.22 | Arrays class methods. (Part 3 of 3.)

IS
B

N
1-

25
6-

30
25

6-
2

JavaTM: How to Program, Ninth Edition, by Paul Deitel and Harvey Deitel. Published by Prentice Hall. Copyright © 2012 by Pearson Education, Inc.



284 Chapter 7 Arrays and ArrayLists

7.14 Introduction to Collections and Class ArrayList
The Java API provides several predefined data structures, called collections, used to store
groups of related objects. These classes provide efficient methods that organize, store and
retrieve your data without requiring knowledge of how the data is being stored. This re-
duces application-development time.

You’ve used arrays to store sequences of objects. Arrays do not automatically change
their size at execution time to accommodate additional elements. The collection class
ArrayList<T> (from package java.util) provides a convenient solution to this problem—
it can dynamically change its size to accommodate more elements. The T (by convention) is
a placeholder—when declaring a new ArrayList, replace it with the type of elements that
you want the ArrayList to hold. This is similar to specifying the type when declaring an
array, except that only nonprimitive types can be used with these collection classes. For example,

declares list as an ArrayList collection that can store only Strings. Classes with this
kind of placeholder that can be used with any type are called generic classes. Additional
generic collection classes and generics are discussed in Chapters 20 and 21, respectively.
Figure 7.23 shows some common methods of class ArrayList<T>.

Figure 7.24 demonstrates some common ArrayList capabilities. Line 10 creates a
new empty ArrayList of Strings with a default initial capacity of 10 elements. The
capacity indicates how many items the ArrayList can hold without growing. ArrayList
is implemented using an array behind the scenes. When the ArrayList grows, it must
create a larger internal array and copy each element to the new array. This is a time-con-

Common Programming Error 7.7
Passing an unsorted array to binarySearch is a logic error—the value returned is unde-
fined.

ArrayList< String > list;

Method Description

add Adds an element to the end of the ArrayList.

clear Removes all the elements from the ArrayList.

contains Returns true if the ArrayList contains the specified element; otherwise,
returns false.

get Returns the element at the specified index.

indexOf Returns the index of the first occurrence of the specified element in the
ArrayList.

remove Overloaded. Removes the first occurrence of the specified value or the ele-
ment at the specified index.

size Returns the number of elements stored in the ArrayList.

trimToSize Trims the capacity of the ArrayList to current number of elements.

Fig. 7.23 | Some methods and properties of class ArrayList<T>.
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suming operation. It would be inefficient for the ArrayList to grow each time an element
is added. Instead, it grows only when an element is added and the number of elements is
equal to the capacity—i.e., there’s no space for the new element.

1 // Fig. 7.24: ArrayListCollection.java
2 // Generic ArrayList<T> collection demonstration.
3 import java.util.ArrayList;
4
5 public class ArrayListCollection
6 {
7 public static void main( String[] args )
8 {
9 // create a new ArrayList of Strings with an initial capacity of 10

10 ArrayList< String > items = new ArrayList< String >();
11
12 items.add( "red" ); // append an item to the list
13 items.add( 0, "yellow" ); // insert the value at index 0
14
15 // header
16 System.out.print(
17 "Display list contents with counter-controlled loop:" );
18
19 // display the colors in the list
20 for ( int i = 0; i < items.size(); i++ )
21 System.out.printf( " %s", items.get( i ) );
22
23 // display colors using foreach in the display method
24 display( items,
25 "\nDisplay list contents with enhanced for statement:" );
26
27 items.add( "green" ); // add "green" to the end of the list
28 items.add( "yellow" ); // add "yellow" to the end of the list
29 display( items, "List with two new elements:" );
30
31 items.remove( "yellow" ); // remove the first "yellow"
32 display( items, "Remove first instance of yellow:" );
33
34 items.remove( 1 ); // remove item at index 1
35 display( items, "Remove second list element (green):" );
36
37 // check if a value is in the List
38 System.out.printf( "\"red\" is %sin the list\n",
39 items.contains( "red" ) ? "": "not " );
40
41 // display number of elements in the List
42 System.out.printf( "Size: %s\n", items.size() );
43 } // end main
44
45 // display the ArrayList's elements on the console
46 public static void display( ArrayList< String > items, String header )
47 {
48 System.out.print( header ); // display header

Fig. 7.24 | Generic ArrayList<T> collection demonstration. (Part 1 of 2.)IS
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The add method adds elements to the ArrayList (lines 12–13). The add method with
one argument appends its argument to the end of the ArrayList. The add method with
two arguments inserts a new element at the specified position. The first argument is an
index. As with arrays, collection indices start at zero. The second argument is the value to
insert at that index. The indices of all subsequent elements are incremented by one.
Inserting an element is usually slower than adding an element to the end of the ArrayList

Lines 20–21 display the items in the ArrayList. The size method returns the
number of elements currently in the ArrayList. ArrayLists method get (line 21) obtains
the element at a specified index. Lines 24–25 display the elements again by invoking
method display (defined at lines 46–55). Lines 27–28 add two more elements to the
ArrayList, then line 29 displays the elements again to confirm that the two elements were
added to the end of the collection.

The remove method is used to remove an element with a specific value (line 31). It
removes only the first such element. If no such element is in the ArrayList, remove does
nothing. An overloaded version of the method removes the element at the specified index
(line 34). When an element is removed, the indices of all elements after the removed ele-
ment decrease by one.

Line 39 uses the contains method to check if an item is in the ArrayList. The con-
tains method returns true if the element is found in the ArrayList, and false otherwise.
The method compares its argument to each element of the ArrayList in order, so using
contains on a large ArrayList can be inefficient. Line 42 displays the ArrayList’s size.

7.15 (Optional) GUI and Graphics Case Study: Drawing
Arcs
Using Java’s graphics features, we can create complex drawings that would be more tedious
to code line by line. In Figs. 7.25–7.26, we use arrays and repetition statements to draw a
rainbow by using Graphics method fillArc. Drawing arcs in Java is similar to drawing
ovals—an arc is simply a section of an oval.

49
50 // display each element in items
51 for ( String item : items )
52 System.out.printf( " %s", item );
53
54 System.out.println(); // display end of line
55 } // end method display
56 } // end class ArrayListCollection

Display list contents with counter-controlled loop: yellow red
Display list contents with enhanced for statement: yellow red
List with two new elements: yellow red green yellow
Remove first instance of yellow: red green yellow
Remove second list element (green): red yellow
"red" is in the list
Size: 2

Fig. 7.24 | Generic ArrayList<T> collection demonstration. (Part 2 of 2.)
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Figure 7.25 begins with the usual import statements for creating drawings (lines 3–
5). Lines 10–11 declare and create two new color constants—VIOLET and INDIGO. As you
may know, the colors of a rainbow are red, orange, yellow, green, blue, indigo and violet.
Java has predefined constants only for the first five colors. Lines 15–17 initialize an array
with the colors of the rainbow, starting with the innermost arcs first. The array begins with
two Color.WHITE elements, which, as you’ll soon see, are for drawing the empty arcs at the
center of the rainbow. The instance variables can be initialized when they’re declared, as
shown in lines 10–17. The constructor (lines 20–23) contains a single statement that calls
method setBackground (which is inherited from class JPanel) with the parameter
Color.WHITE. Method setBackground takes a single Color argument and sets the back-
ground of the component to that color.

1 // Fig. 7.25: DrawRainbow.java
2 // Demonstrates using colors in an array.
3 import java.awt.Color;
4 import java.awt.Graphics;
5 import javax.swing.JPanel;
6
7 public class DrawRainbow extends JPanel
8 {
9 // define indigo and violet

10 private final static Color VIOLET = new Color( 128, 0, 128 );
11 private final static Color INDIGO = new Color( 75, 0, 130 );
12
13 // colors to use in the rainbow, starting from the innermost
14 // The two white entries result in an empty arc in the center
15 private Color[] colors =
16 { Color.WHITE, Color.WHITE, VIOLET, INDIGO, Color.BLUE,
17 Color.GREEN, Color.YELLOW, Color.ORANGE, Color.RED };
18
19 // constructor
20 public DrawRainbow()
21 {
22 setBackground( Color.WHITE ); // set the background to white
23 } // end DrawRainbow constructor
24
25 // draws a rainbow using concentric arcs
26 public void paintComponent( Graphics g )
27 {
28 super.paintComponent( g );
29
30 int radius = 20; // radius of an arc
31
32 // draw the rainbow near the bottom-center
33 int centerX = getWidth() / 2;
34 int centerY = getHeight() - 10;
35
36 // draws filled arcs starting with the outermost
37 for ( int counter = colors.length; counter > 0; counter-- )
38 {

Fig. 7.25 | Drawing a rainbow using arcs and an array of colors. (Part 1 of 2.)
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Line 30 in paintComponent declares local variable radius, which determines the
radius of each arc. Local variables centerX and centerY (lines 33–34) determine the loca-
tion of the midpoint on the base of the rainbow. The loop at lines 37–46 uses control vari-
able counter to count backward from the end of the array, drawing the largest arcs first
and placing each successive smaller arc on top of the previous one. Line 40 sets the color
to draw the current arc from the array. The reason we have Color.WHITE entries at the
beginning of the array is to create the empty arc in the center. Otherwise, the center of the
rainbow would just be a solid violet semicircle. [Note: You can change the individual colors
and the number of entries in the array to create new designs.]

The fillArc method call at lines 43–45 draws a filled semicircle. Method fillArc

requires six parameters. The first four represent the bounding rectangle in which the arc
will be drawn. The first two of these specify the coordinates for the upper-left corner of
the bounding rectangle, and the next two specify its width and height. The fifth parameter
is the starting angle on the oval, and the sixth specifies the sweep, or the amount of arc to
cover. The starting angle and sweep are measured in degrees, with zero degrees pointing
right. A positive sweep draws the arc counterclockwise, while a negative sweep draws the
arc clockwise. A method similar to fillArc is drawArc—it requires the same parameters
as fillArc, but draws the edge of the arc rather than filling it.

Class DrawRainbowTest (Fig. 7.26) creates and sets up a JFrame to display the
rainbow. Once the program makes the JFrame visible, the system calls the paintCompo-

nent method in class DrawRainbow to draw the rainbow on the screen.

39 // set the color for the current arc
40 g.setColor( colors[ counter - 1 ] );
41
42 // fill the arc from 0 to 180 degrees
43 g.fillArc( centerX - counter * radius,
44 centerY - counter * radius,
45 counter * radius * 2, counter * radius * 2, 0, 180 );
46 } // end for
47 } // end method paintComponent
48 } // end class DrawRainbow

1 // Fig. 7.26: DrawRainbowTest.java
2 // Test application to display a rainbow.
3 import javax.swing.JFrame;
4
5 public class DrawRainbowTest
6 {
7 public static void main( String[] args )
8 {
9 DrawRainbow panel = new DrawRainbow();

10 JFrame application = new JFrame();
11
12 application.setDefaultCloseOperation( JFrame.EXIT_ON_CLOSE );

Fig. 7.26 | Creating JFrame to display a rainbow. (Part 1 of 2.)

Fig. 7.25 | Drawing a rainbow using arcs and an array of colors. (Part 2 of 2.)
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GUI and Graphics Case Study Exercise
7.1 (Drawing Spirals) In this exercise, you’ll draw spirals with methods drawLine and drawArc.

a) Draw a square-shaped spiral (as in the left screen capture of Fig. 7.27), centered on the
panel, using method drawLine. One technique is to use a loop that increases the line
length after drawing every second line. The direction in which to draw the next line
should follow a distinct pattern, such as down, left, up, right.

b) Draw a circular spiral (as in the right screen capture of Fig. 7.27), using method
drawArc to draw one semicircle at a time. Each successive semicircle should have a larger
radius (as specified by the bounding rectangle’s width) and should continue drawing
where the previous semicircle finished.

7.16 Wrap-Up
This chapter began our introduction to data structures, exploring the use of arrays to store
data in and retrieve data from lists and tables of values. The chapter examples demonstrated

13 application.add( panel );
14 application.setSize( 400, 250 );
15 application.setVisible( true );
16 } // end main
17 } // end class DrawRainbowTest

Fig. 7.27 | Drawing a spiral using drawLine (left) and drawArc (right).

Fig. 7.26 | Creating JFrame to display a rainbow. (Part 2 of 2.)
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how to declare an array, initialize an array and refer to individual elements of an array. The
chapter introduced the enhanced for statement to iterate through arrays. We used excep-
tion handling to test for ArrayIndexOutOfBoundsExceptions that occur when a program
attempts to access an array element outside the bounds of an array. We also illustrated how
to pass arrays to methods and how to declare and manipulate multidimensional arrays. Fi-
nally, the chapter showed how to write methods that use variable-length argument lists and
how to read arguments passed to a program from the command line.

We introduced the ArrayList<T> generic collection, which provides all the function-
ality and performance of arrays, along with other useful capabilities such as dynamic
resizing. We used the add methods to add new items to the end of an ArrayList and to
insert items in an ArrayList. The remove method was used to remove the first occurrence
of a specified item, and an overloaded version of remove was used to remove an item at a
specified index. We used the size method to obtain number of items in the ArrayList.

We continue our coverage of data structures in Chapter 20, Generic Collections.
Chapter 20 introduces the Java Collections Framework, which uses generics to allow you
to specify the exact types of objects that a particular data structure will store. Chapter 20
also introduces Java’s other predefined data structures. The Collections API provides class
Arrays, which contains utility methods for array manipulation. Chapter 20 uses several
static methods of class Arrays to perform such manipulations as sorting and searching
the data in an array. You’ll be able to use some of the Arrays methods discussed in
Chapter 20 after reading the current chapter, but some of the Arrays methods require
knowledge of concepts presented later in the book. Chapter 21 presents the topic of
generics, which provide the means to create general models of methods and classes that can
be declared once, but used with many different data types. Chapter 22, Custom Generic
Data Structures, shows how to build dynamic data structures, such as lists, queues, stacks
and trees, that can grow and shrink as programs execute.

We’ve now introduced the basic concepts of classes, objects, control statements,
methods, arrays and collections. In Chapter 8, we take a deeper look at classes and objects.

Summary
Section 7.1 Introduction
• Arrays (p. 241) are fixed-length data structures consisting of related data items of the same type.

Section 7.2 Arrays
• An array is a group of variables (called elements or components; p. 242) containing values that

all have the same type. Arrays are objects, so they’re considered reference types.

• A program refers to any one of an array’s elements with an array-access expression (p. 242) that
includes the name of the array followed by the index of the particular element in square brackets
([]; p. 242).

• The first element in every array has index zero (p. 242) and is sometimes called the zeroth ele-
ment.

• An index must be a nonnegative integer. A program can use an expression as an index.

• An array object knows its own length and stores this information in a length instance variable
(p. 242).
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Section 7.3 Declaring and Creating Arrays
• To create an array object, specify the array’s element type and the number of elements as part of

an array-creation expression (p. 243) that uses keyword new.

• When an array is created, each element receives a default value—zero for numeric primitive-type
elements, false for boolean elements and null for references.

• In an array declaration, the type and the square brackets can be combined at the beginning of the
declaration to indicate that all the identifiers in the declaration are array variables.

• Every element of a primitive-type array contains a variable of the array’s declared type. Every el-
ement of a reference-type array is a reference to an object of the array’s declared type.

Section 7.4 Examples Using Arrays
• A program can create an array and initialize its elements with an array initializer (p. 245).

• Constant variables (p. 247) are declared with keyword final, must be initialized before they’re
used and cannot be modified thereafter.

• When a Java program executes, the JVM checks array indices to ensure that they’re greater than
or equal to 0 and less than the array’s length. If a program uses an invalid index, Java generates
an exception (p. 253) to indicate that an error occurred in the program at execution time.

• When a program is executed, array element indices are checked for validity—all indices must be
greater than or equal to 0 and less than the length of the array. If an attempt is made to use an in-
valid index to access an element, an ArrayIndexOutOfRangeException (p. 253) exception occurs.

• An exception indicates a problem that occurs while a program executes. The name “exception”
suggests that the problem occurs infrequently—if the “rule” is that a statement normally executes
correctly, then the problem represents the “exception to the rule.”

• Exception handling (p. 253) enables you to create fault-tolerant programs.

• To handle an exception, place any code that might throw an exception (p. 253) in a try statement.

• The try block (p. 253) contains the code that might throw an exception, and the catch block
(p. 253) contains the code that handles the exception if one occurs.

• You can have many catch blocks to handle different types of exceptions that might be thrown in
the corresponding try block.

• When a try block terminates, any variables declared in the try block go out of scope.

• A catch block declares a type and an exception parameter. Inside the catch block, you can use
the parameter’s identifier to interact with a caught exception object.

• An exception object’s toString method returns the exception’s error message.

Section 7.5 Case Study: Card Shuffling and Dealing Simulation
• The toString method of an object is called implicitly when the object is used where a String is

expected (e.g., when printf outputs the object as a String using the %s format specifier or when
the object is concatenated to a String using the + operator).

Section 7.6 Enhanced for Statement
• The enhanced for statement (p. 258) allows you to iterate through the elements of an array or a

collection without using a counter. The syntax of an enhanced for statement is:

for ( parameter : arrayName )
statement

where parameter has a type and an identifier (e.g., int number), and arrayName is the array
through which to iterate.IS
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• The enhanced for statement cannot be used to modify elements in an array. If a program needs
to modify elements, use the traditional counter-controlled for statement.

Section 7.7 Passing Arrays to Methods
• When an argument is passed by value, a copy of the argument’s value is made and passed to the

called method. The called method works exclusively with the copy.

• When an argument is passed by reference (p. 262), the called method can access the argument’s
value in the caller directly and possibly modify it.

• All arguments in Java are passed by value. A method call can pass two types of values to a meth-
od—copies of primitive values and copies of references to objects. Although an object’s reference
is passed by value (p. 262), a method can still interact with the referenced object by calling its
public methods using the copy of the object’s reference.

• To pass an object reference to a method, simply specify in the method call the name of the vari-
able that refers to the object.

• When you pass an array or an individual array element of a reference type to a method, the called
method receives a copy of the array or element’s reference. When you pass an individual element
of a primitive type, the called method receives a copy of the element’s value.

• To pass an individual array element to a method, use the indexed name of the array.

Section 7.9 Multidimensional Arrays
• Multidimensional arrays with two dimensions are often used to represent tables of values con-

sisting of information arranged in rows and columns.

• A two-dimensional array (p. 268) with m rows and n columns is called an m-by-n array. Such an
array can be initialized with an array initializer of the form

arrayType[][] arrayName = { { row1 initializer }, { row2 initializer }, ... };

• Multidimensional arrays are maintained as arrays of separate one-dimensional arrays. As a result,
the lengths of the rows in a two-dimensional array are not required to be the same.

• A multidimensional array with the same number of columns in every row can be created with an
array-creation expression of the form

arrayType[][] arrayName = new arrayType[ numRows ][ numColumns ];

Section 7.11 Variable-Length Argument Lists
• An argument type followed by an ellipsis (...; p. 278) in a method’s parameter list indicates that

the method receives a variable number of arguments of that particular type. The ellipsis can occur
only once in a method’s parameter list. It must be at the end of the parameter list.

• A variable-length argument list (p. 278) is treated as an array within the method body. The num-
ber of arguments in the array can be obtained using the array’s length field.

Section 7.12 Using Command-Line Arguments
• Passing arguments to main (p. 279) from the command line is achieved by including a parameter

of type String[] in the parameter list of main. By convention, main’s parameter is named args.

• Java passes command-line arguments that appear after the class name in the java command to
the application’s main method as Strings in the array args.

Section 7.13 Class Arrays
• Class Arrays (p. 281) provides static methods that peform common array manipulations, in-

cluding sort to sort an array, binarySearch to search a sorted array, equals to compare arrays
and fill to place items in an array.
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• Class System’s arraycopy method (p. 281) enables you to copy the elements of one array into
another.

Section 7.14 Introduction to Collections and Class ArrayList
• The Java API’s collection classes provide efficient methods that organize, store and retrieve data

without requiring knowledge of how the data is being stored.

• An ArrayList<T> (p. 284) is similar to an array, but can be dynamically resized.

• The add method (p. 286) with one argument appends an element to the end of an ArrayList.

• The add method with two arguments inserts a new element at a specified position in an ArrayList.

• The size method (p. 286) returns the number of elements currently in an ArrayList.

• The remove method with a reference to an object as an argument removes the first element that
matches the argument’s value.

• The remove method with an integer argument removes the element at the specified index, and
all elements above that index are shifted down by one.

• The contains method returns true if the element is found in the ArrayList, and false otherwise.

Self-Review Exercises
7.1 Fill in the blank(s) in each of the following statements:

a) Lists and tables of values can be stored in .
b) An array is a group of (called elements or components) containing values that

all have the same .
c) The allows you to iterate through the elements in an array without using a

counter.
d) The number used to refer to a particular array element is called the element’s .
e) An array that uses two indices is referred to as a(n) array.
f) Use the enhanced for statement to walk through double array numbers.
g) Command-line arguments are stored in .
h) Use the expression to receive the total number of arguments in a command

line. Assume that command-line arguments are stored in String[] args.
i) Given the command java MyClass test, the first command-line argument is .
j) A(n) in the parameter list of a method indicates that the method can receive

a variable number of arguments.

7.2 Determine whether each of the following is true or false. If false, explain why.
a) An array can store many different types of values.
b) An array index should normally be of type float.
c) An individual array element that’s passed to a method and modified in that method will

contain the modified value when the called method completes execution.
d) Command-line arguments are separated by commas.

7.3 Perform the following tasks for an array called fractions:
a) Declare a constant ARRAY_SIZE that’s initialized to 10.
b) Declare an array with ARRAY_SIZE elements of type double, and initialize the elements to 0.
c) Refer to array element 4.
d) Assign the value 1.667 to array element 9.
e) Assign the value 3.333 to array element 6.
f) Sum all the elements of the array, using a for statement. Declare the integer variable x

as a control variable for the loop.

7.4 Perform the following tasks for an array called table:IS
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a) Declare and create the array as an integer array that has three rows and three columns.
Assume that the constant ARRAY_SIZE has been declared to be 3.

b) How many elements does the array contain?
c) Use a for statement to initialize each element of the array to the sum of its indices. As-

sume that the integer variables x and y are declared as control variables.

7.5 Find and correct the error in each of the following program segments:
a) final int ARRAY_SIZE = 5;

ARRAY_SIZE = 10;

b) Assume int[] b = new int[ 10 ];

for ( int i = 0; i <= b.length; i++ )

b[ i ] = 1;

c) Assume int[][] a = { { 1, 2 }, { 3, 4 } };

a[ 1, 1 ] = 5;

Answers to Self-Review Exercises
7.1 a) arrays. b) variables, type. c) enhanced for statement. d) index (or subscript or position
number). e) two-dimensional. f) for ( double d : numbers ). g) an array of Strings, called args by
convention. h) args.length. i) test. j) ellipsis (...).

7.2 a) False. An array can store only values of the same type.
b) False. An array index must be an integer or an integer expression.
c) For individual primitive-type elements of an array: False. A called method receives and

manipulates a copy of the value of such an element, so modifications do not affect the
original value. If the reference of an array is passed to a method, however, modifications
to the array elements made in the called method are indeed reflected in the original. For
individual elements of a reference type: True. A called method receives a copy of the
reference of such an element, and changes to the referenced object will be reflected in
the original array element.

d) False. Command-line arguments are separated by white space.

7.3 a) final int ARRAY_SIZE = 10;

b) double[] fractions = new double[ ARRAY_SIZE ];

c) fractions[ 4 ]

d) fractions[ 9 ] = 1.667;

e) fractions[ 6 ] = 3.333;

f) double total = 0.0;

for ( int x = 0; x < fractions.length; x++ )

total += fractions[ x ];

7.4 a) int[][] table = new int[ ARRAY_SIZE ][ ARRAY_SIZE ];

b) Nine.
c) for ( int x = 0; x < table.length; x++ )

for ( int y = 0; y < table[ x ].length; y++ )

table[ x ][ y ] = x + y;

7.5 a) Error: Assigning a value to a constant after it has been initialized.
Correction: Assign the correct value to the constant in a final int ARRAY_SIZE

declaration or declare another variable.
b) Error: Referencing an array element outside the bounds of the array (b[10]).

Correction: Change the <= operator to <.
c) Error: Array indexing is performed incorrectly.

Correction: Change the statement to a[ 1 ][ 1 ] = 5;.
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Exercises
7.6 Fill in the blanks in each of the following statements:

a) One-dimensional array p contains four elements. The names of those elements are
, , and .

b) Naming an array, stating its type and specifying the number of dimensions in the array
is called the array.

c) In a two-dimensional array, the first index identifies the of an element and the
second index identifies the of an element.

d) An m-by-n array contains rows, columns and elements.
e) The name of the element in row 3 and column 5 of array d is .

7.7 Determine whether each of the following is true or false. If false, explain why.
a) To refer to a particular location or element within an array, we specify the name of the

array and the value of the particular element.
b) An array declaration reserves space for the array.
c) To indicate that 100 locations should be reserved for integer array p, you write the dec-

laration
p[ 100 ];

d) An application that initializes the elements of a 15-element array to zero must contain
at least one for statement.

e) An application that totals the elements of a two-dimensional array must contain nested
for statements.

7.8 Write Java statements to accomplish each of the following tasks:
a) Display the value of element 6 of array f.
b) Initialize each of the five elements of one-dimensional integer array g to 8.
c) Total the 100 elements of floating-point array c.
d) Copy 11-element array a into the first portion of array b, which contains 34 elements.
e) Determine and display the smallest and largest values contained in 99-element floating-

point array w.

7.9 Consider a two-by-three integer array t.
a) Write a statement that declares and creates t.
b) How many rows does t have?
c) How many columns does t have?
d) How many elements does t have?
e) Write access expressions for all the elements in row 1 of t.
f) Write access expressions for all the elements in column 2 of t.
g) Write a single statement that sets the element of t in row 0 and column 1 to zero.
h) Write individual statements to initialize each element of t to zero.
i) Write a nested for statement that initializes each element of t to zero.
j) Write a nested for statement that inputs the values for the elements of t from the user.
k) Write a series of statements that determines and displays the smallest value in t.
l) Write a single printf statement that displays the elements of the first row of t.
m) Write a statement that totals the elements of the third column of t. Do not use repetition.
n) Write a series of statements that displays the contents of t in tabular format. List the

column indices as headings across the top, and list the row indices at the left of each row.

7.10 (Sales Commissions) Use a one-dimensional array to solve the following problem: A com-
pany pays its salespeople on a commission basis. The salespeople receive $200 per week plus 9% of
their gross sales for that week. For example, a salesperson who grosses $5000 in sales in a week re-
ceives $200 plus 9% of $5000, or a total of $650. Write an application (using an array of counters)IS
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that determines how many of the salespeople earned salaries in each of the following ranges (assume
that each salesperson’s salary is truncated to an integer amount):

a) $200–299
b) $300–399
c) $400–499
d) $500–599
e) $600–699
f) $700–799
g) $800–899
h) $900–999
i) $1000 and over

Summarize the results in tabular format.

7.11 Write statements that perform the following one-dimensional-array operations:
a) Set the 10 elements of integer array counts to zero.
b) Add one to each of the 15 elements of integer array bonus.
c) Display the five values of integer array bestScores in column format.

7.12 (Duplicate Elimination) Use a one-dimensional array to solve the following problem:
Write an application that inputs five numbers, each between 10 and 100, inclusive. As each number
is read, display it only if it’s not a duplicate of a number already read. Provide for the “worst case,”
in which all five numbers are different. Use the smallest possible array to solve this problem. Display
the complete set of unique values input after the user enters each new value.

7.13 Label the elements of three-by-five two-dimensional array sales to indicate the order in
which they’re set to zero by the following program segment:

for ( int row = 0; row < sales.length; row++ )
{

for ( int col = 0; col < sales[ row ].length; col++ )
{

sales[ row ][ col ] = 0;
}

}

7.14 (Variable-Length Argument List)Write an application that calculates the product of a series
of integers that are passed to method product using a variable-length argument list. Test your meth-
od with several calls, each with a different number of arguments.

7.15 (Command-Line Arguments) Rewrite Fig. 7.2 so that the size of the array is specified by the
first command-line argument. If no command-line argument is supplied, use 10 as the default size
of the array.

7.16 (Using the Enhanced for Statement)Write an application that uses an enhanced for state-
ment to sum the double values passed by the command-line arguments. [Hint: Use the static

method parseDouble of class Double to convert a String to a double value.]

7.17 (Dice Rolling) Write an application to simulate the rolling of two dice. The application
should use an object of class Random once to roll the first die and again to roll the second die. The
sum of the two values should then be calculated. Each die can show an integer value from 1 to 6, so
the sum of the values will vary from 2 to 12, with 7 being the most frequent sum, and 2 and 12 the
least frequent. Figure 7.28 shows the 36 possible combinations of the two dice. Your application
should roll the dice 36,000,000 times. Use a one-dimensional array to tally the number of times
each possible sum appears. Display the results in tabular format.
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7.18 (Game of Craps) Write an application that runs 1,000,000 games of craps (Fig. 6.8) and
answers the following questions:

a) How many games are won on the first roll, second roll, …, twentieth roll and after the
twentieth roll?

b) How many games are lost on the first roll, second roll, …, twentieth roll and after the
twentieth roll?

c) What are the chances of winning at craps? [Note: You should discover that craps is one
of the fairest casino games. What do you suppose this means?]

d) What is the average length of a game of craps?
e) Do the chances of winning improve with the length of the game?

7.19 (Airline Reservations System) A small airline has just purchased a computer for its new au-
tomated reservations system. You’ve been asked to develop the new system. You’re to write an ap-
plication to assign seats on each flight of the airline’s only plane (capacity: 10 seats).

Your application should display the following alternatives: Please type 1 for First Class and
Please type 2 for Economy. If the user types 1, your application should assign a seat in the first-
class section (seats 1–5). If the user types 2, your application should assign a seat in the economy
section (seats 6–10). Your application should then display a boarding pass indicating the person’s
seat number and whether it’s in the first-class or economy section of the plane.

Use a one-dimensional array of primitive type boolean to represent the seating chart of the
plane. Initialize all the elements of the array to false to indicate that all the seats are empty. As
each seat is assigned, set the corresponding element of the array to true to indicate that the seat is
no longer available.

Your application should never assign a seat that has already been assigned. When the economy
section is full, your application should ask the person if it’s acceptable to be placed in the first-class
section (and vice versa). If yes, make the appropriate seat assignment. If no, display the message
"Next flight leaves in 3 hours."

7.20 (Total Sales) Use a two-dimensional array to solve the following problem: A company has
four salespeople (1 to 4) who sell five different products (1 to 5). Once a day, each salesperson passes
in a slip for each type of product sold. Each slip contains the following:

a) The salesperson number
b) The product number
c) The total dollar value of that product sold that day

Thus, each salesperson passes in between 0 and 5 sales slips per day. Assume that the information
from all the slips for last month is available. Write an application that will read all this information for
last month’s sales and summarize the total sales by salesperson and by product. All totals should be
stored in the two-dimensional array sales. After processing all the information for last month, dis-
play the results in tabular format, with each column representing a salesperson and each row repre-

Fig. 7.28 | The 36 possible sums of two dice.
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senting a particular product. Cross-total each row to get the total sales of each product for last month.
Cross-total each column to get the total sales by salesperson for last month. Your output should
include these cross-totals to the right of the totaled rows and to the bottom of the totaled columns.

7.21 (Turtle Graphics) The Logo language made the concept of turtle graphics famous. Imagine
a mechanical turtle that walks around the room under the control of a Java application. The turtle
holds a pen in one of two positions, up or down. While the pen is down, the turtle traces out shapes
as it moves, and while the pen is up, the turtle moves about freely without writing anything. In this
problem, you’ll simulate the operation of the turtle and create a computerized sketchpad.

Use a 20-by-20 array floor that’s initialized to zeros. Read commands from an array that con-
tains them. Keep track of the current position of the turtle at all times and whether the pen is cur-
rently up or down. Assume that the turtle always starts at position (0, 0) of the floor with its pen
up. The set of turtle commands your application must process are shown in Fig. 7.29.

Suppose that the turtle is somewhere near the center of the floor. The following “program”
would draw and display a 12-by-12 square, leaving the pen in the up position:

2
5,12
3
5,12
3
5,12
3
5,12
1
6
9

As the turtle moves with the pen down, set the appropriate elements of array floor to 1s. When the
6 command (display the array) is given, wherever there’s a 1 in the array, display an asterisk or any
character you choose. Wherever there’s a 0, display a blank.

Write an application to implement the turtle graphics capabilities discussed here. Write several
turtle graphics programs to draw interesting shapes. Add other commands to increase the power of
your turtle graphics language.

7.22 (Knight’s Tour) An interesting puzzler for chess buffs is the Knight’s Tour problem, origi-
nally proposed by the mathematician Euler. Can the knight piece move around an empty chess-
board and touch each of the 64 squares once and only once? We study this intriguing problem in
depth here.

Command Meaning

1 Pen up

2 Pen down
3 Turn right

4 Turn left

5,10 Move forward 10 spaces (replace 10 for a different number of spaces)
6 Display the 20-by-20 array

9 End of data (sentinel)

Fig. 7.29 | Turtle graphics commands.
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The knight makes only L-shaped moves (two spaces in one direction and one space in a per-
pendicular direction). Thus, as shown in Fig. 7.30, from a square near the middle of an empty
chessboard, the knight (labeled K) can make eight different moves (numbered 0 through 7).

a) Draw an eight-by-eight chessboard on a sheet of paper, and attempt a Knight’s Tour by
hand. Put a 1 in the starting square, a 2 in the second square, a 3 in the third, and so on.
Before starting the tour, estimate how far you think you’ll get, remembering that a full
tour consists of 64 moves. How far did you get? Was this close to your estimate?

b) Now let’s develop an application that will move the knight around a chessboard. The
board is represented by an eight-by-eight two-dimensional array board. Each square is
initialized to zero. We describe each of the eight possible moves in terms of its horizon-
tal and vertical components. For example, a move of type 0, as shown in Fig. 7.30, con-
sists of moving two squares horizontally to the right and one square vertically upward.
A move of type 2 consists of moving one square horizontally to the left and two squares
vertically upward. Horizontal moves to the left and vertical moves upward are indicated
with negative numbers. The eight moves may be described by two one-dimensional ar-
rays, horizontal and vertical, as follows:

horizontal[ 0 ] = 2 vertical[ 0 ] = -1
horizontal[ 1 ] = 1 vertical[ 1 ] = -2
horizontal[ 2 ] = -1 vertical[ 2 ] = -2
horizontal[ 3 ] = -2 vertical[ 3 ] = -1
horizontal[ 4 ] = -2 vertical[ 4 ] = 1
horizontal[ 5 ] = -1 vertical[ 5 ] = 2
horizontal[ 6 ] = 1 vertical[ 6 ] = 2
horizontal[ 7 ] = 2 vertical[ 7 ] = 1

Let the variables currentRow and currentColumn indicate the row and column,
respectively, of the knight’s current position. To make a move of type moveNumber,
where moveNumber is between 0 and 7, your application should use the statements

currentRow += vertical[ moveNumber ];
currentColumn += horizontal[ moveNumber ];

Write an application to move the knight around the chessboard. Keep a counter
that varies from 1 to 64. Record the latest count in each square the knight moves to.
Test each potential move to see if the knight has already visited that square. Test every
potential move to ensure that the knight does not land off the chessboard. Run the
application. How many moves did the knight make?

Fig. 7.30 | The eight possible moves of the knight.
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c) After attempting to write and run a Knight’s Tour application, you’ve probably devel-
oped some valuable insights. We’ll use these insights to develop a heuristic (i.e., a com-
mon-sense rule) for moving the knight. Heuristics do not guarantee success, but a
carefully developed heuristic greatly improves the chance of success. You may have ob-
served that the outer squares are more troublesome than the squares nearer the center
of the board. In fact, the most troublesome or inaccessible squares are the four corners.

Intuition may suggest that you should attempt to move the knight to the most trou-
blesome squares first and leave open those that are easiest to get to, so that when the
board gets congested near the end of the tour, there will be a greater chance of success.

We could develop an “accessibility heuristic” by classifying each of the squares
according to how accessible it is and always moving the knight (using the knight’s L-
shaped moves) to the most inaccessible square. We label a two-dimensional array
accessibility with numbers indicating from how many squares each particular
square is accessible. On a blank chessboard, each of the 16 squares nearest the center is
rated as 8, each corner square is rated as 2, and the other squares have accessibility
numbers of 3, 4 or 6 as follows:

2 3 4 4 4 4 3 2
3 4 6 6 6 6 4 3
4 6 8 8 8 8 6 4
4 6 8 8 8 8 6 4
4 6 8 8 8 8 6 4
4 6 8 8 8 8 6 4
3 4 6 6 6 6 4 3
2 3 4 4 4 4 3 2

Write a new version of the Knight’s Tour, using the accessibility heuristic. The
knight should always move to the square with the lowest accessibility number. In case
of a tie, the knight may move to any of the tied squares. Therefore, the tour may begin
in any of the four corners. [Note: As the knight moves around the chessboard, your
application should reduce the accessibility numbers as more squares become occupied.
In this way, at any given time during the tour, each available square’s accessibility num-
ber will remain equal to precisely the number of squares from which that square may
be reached.] Run this version of your application. Did you get a full tour? Modify the
application to run 64 tours, one starting from each square of the chessboard. How
many full tours did you get?

d) Write a version of the Knight’s Tour application that, when encountering a tie between
two or more squares, decides what square to choose by looking ahead to those squares
reachable from the “tied” squares. Your application should move to the tied square for
which the next move would arrive at a square with the lowest accessibility number.

7.23 (Knight’s Tour: Brute-Force Approaches) In part (c) of Exercise 7.22, we developed a solu-
tion to the Knight’s Tour problem. The approach used, called the “accessibility heuristic,” generates
many solutions and executes efficiently.

As computers continue to increase in power, we’ll be able to solve more problems with sheer
computer power and relatively unsophisticated algorithms. Let’s call this approach “brute-force”
problem solving.

a) Use random-number generation to enable the knight to walk around the chessboard (in
its legitimate L-shaped moves) at random. Your application should run one tour and
display the final chessboard. How far did the knight get?

b) Most likely, the application in part (a) produced a relatively short tour. Now modify your
application to attempt 1000 tours. Use a one-dimensional array to keep track of the num-
ber of tours of each length. When your application finishes attempting the 1000 tours, it
should display this information in neat tabular format. What was the best result?
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c) Most likely, the application in part (b) gave you some “respectable” tours, but no full
tours. Now let your application run until it produces a full tour. [Caution: This version
of the application could run for hours on a powerful computer.] Once again, keep a ta-
ble of the number of tours of each length, and display this table when the first full tour
is found. How many tours did your application attempt before producing a full tour?
How much time did it take?

d) Compare the brute-force version of the Knight’s Tour with the accessibility-heuristic
version. Which required a more careful study of the problem? Which algorithm was
more difficult to develop? Which required more computer power? Could we be certain
(in advance) of obtaining a full tour with the accessibility-heuristic approach? Could we
be certain (in advance) of obtaining a full tour with the brute-force approach? Argue the
pros and cons of brute-force problem solving in general.

7.24 (Eight Queens) Another puzzler for chess buffs is the Eight Queens problem, which asks the
following: Is it possible to place eight queens on an empty chessboard so that no queen is “attacking”
any other (i.e., no two queens are in the same row, in the same column or along the same diagonal)?
Use the thinking developed in Exercise 7.22 to formulate a heuristic for solving the Eight Queens
problem. Run your application. [Hint: It’s possible to assign a value to each square of the chessboard
to indicate how many squares of an empty chessboard are “eliminated” if a queen is placed in that
square. Each of the corners would be assigned the value 22, as demonstrated by Fig. 7.31. Once
these “elimination numbers” are placed in all 64 squares, an appropriate heuristic might be as fol-
lows: Place the next queen in the square with the smallest elimination number. Why is this strategy
intuitively appealing?]

7.25 (Eight Queens: Brute-Force Approaches) In this exercise, you’ll develop several brute-force
approaches to solving the Eight Queens problem introduced in Exercise 7.24.

a) Use the random brute-force technique developed in Exercise 7.23 to solve the Eight
Queens problem.

b) Use an exhaustive technique (i.e., try all possible combinations of eight queens on the
chessboard) to solve the Eight Queens problem.

c) Why might the exhaustive brute-force approach not be appropriate for solving the
Knight’s Tour problem?

d) Compare and contrast the random brute-force and exhaustive brute-force approaches.

7.26 (Knight’s Tour: Closed-Tour Test) In the Knight’s Tour (Exercise 7.22), a full tour occurs
when the knight makes 64 moves, touching each square of the chessboard once and only once. A
closed tour occurs when the 64th move is one move away from the square in which the knight start-

m

Fig. 7.31 | The 22 squares eliminated by placing a queen in the upper left corner.
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ed the tour. Modify the application you wrote in Exercise 7.22 to test for a closed tour if a full tour
has occurred.

7.27 (Sieve of Eratosthenes) A prime number is any integer greater than 1 that’s evenly divisible
only by itself and 1. The Sieve of Eratosthenes is a method of finding prime numbers. It operates as
follows:

a) Create a primitive-type boolean array with all elements initialized to true. Array ele-
ments with prime indices will remain true. All other array elements will eventually be
set to false.

b) Starting with array index 2, determine whether a given element is true. If so, loop
through the remainder of the array and set to false every element whose index is a mul-
tiple of the index for the element with value true. Then continue the process with the
next element with value true. For array index 2, all elements beyond element 2 in the
array that have indices which are multiples of 2 (indices 4, 6, 8, 10, etc.) will be set to
false; for array index 3, all elements beyond element 3 in the array that have indices
which are multiples of 3 (indices 6, 9, 12, 15, etc.) will be set to false; and so on.

When this process completes, the array elements that are still true indicate that the index is a prime
number. These indices can be displayed. Write an application that uses an array of 1000 elements to
determine and display the prime numbers between 2 and 999. Ignore array elements 0 and 1.

7.28 (Simulation: The Tortoise and the Hare) In this problem, you’ll re-create the classic race of
the tortoise and the hare. You’ll use random-number generation to develop a simulation of this
memorable event.

Our contenders begin the race at square 1 of 70 squares. Each square represents a possible
position along the race course. The finish line is at square 70. The first contender to reach or pass
square 70 is rewarded with a pail of fresh carrots and lettuce. The course weaves its way up the side
of a slippery mountain, so occasionally the contenders lose ground.

A clock ticks once per second. With each tick of the clock, your application should adjust the
position of the animals according to the rules in Fig. 7.32. Use variables to keep track of the posi-
tions of the animals (i.e., position numbers are 1–70). Start each animal at position 1 (the “starting
gate”). If an animal slips left before square 1, move it back to square 1.

Generate the percentages in Fig. 7.32 by producing a random integer i in the range 1 ≤ i ≤10.
For the tortoise, perform a “fast plod” when 1 ≤ i ≤ 5, a “slip” when 6 ≤ i ≤ 7 or a “slow plod”
when 8 ≤ i ≤10. Use a similar technique to move the hare.

Animal Move type Percentage of the time Actual move

Tortoise Fast plod 50% 3 squares to the right

Slip 20% 6 squares to the left

Slow plod 30% 1 square to the right

Hare Sleep 20% No move at all

Big hop 20% 9 squares to the right

Big slip 10% 12 squares to the left

Small hop 30% 1 square to the right

Small slip 20% 2 squares to the left

Fig. 7.32 | Rules for adjusting the positions of the tortoise and the hare. IS
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Begin the race by displaying

BANG !!!!!
AND THEY'RE OFF !!!!!

Then, for each tick of the clock (i.e., each repetition of a loop), display a 70-position line showing
the letter T in the position of the tortoise and the letter H in the position of the hare. Occasionally,
the contenders will land on the same square. In this case, the tortoise bites the hare, and your appli-
cation should display OUCH!!! beginning at that position. All output positions other than the T, the
H or the OUCH!!! (in case of a tie) should be blank.

After each line is displayed, test for whether either animal has reached or passed square 70. If
so, display the winner and terminate the simulation. If the tortoise wins, display TORTOISE WINS!!!

YAY!!! If the hare wins, display Hare wins. Yuch. If both animals win on the same tick of the
clock, you may want to favor the tortoise (the “underdog”), or you may want to display It's a tie.
If neither animal wins, perform the loop again to simulate the next tick of the clock. When you’re
ready to run your application, assemble a group of fans to watch the race. You’ll be amazed at how
involved your audience gets!

Later in the book, we introduce a number of Java capabilities, such as graphics, images, ani-
mation, sound and multithreading. As you study those features, you might enjoy enhancing your
tortoise-and-hare contest simulation.

7.29 (Fibonacci Series) The Fibonacci series

0, 1, 1, 2, 3, 5, 8, 13, 21, …

begins with the terms 0 and 1 and has the property that each succeeding term is the sum of the two
preceding terms.

a) Write a method fibonacci( n ) that calculates the nth Fibonacci number. Incorporate
this method into an application that enables the user to enter the value of n.

b) Determine the largest Fibonacci number that can be displayed on your system.
c) Modify the application you wrote in part (a) to use double instead of int to calculate

and return Fibonacci numbers, and use this modified application to repeat part (b).

Exercises 7.30–7.33 are reasonably challenging. Once you’ve done them, you ought to
be able to implement most popular card games easily.
7.30 (Card Shuffling and Dealing)Modify the application of Fig. 7.11 to deal a five-card poker
hand. Then modify class DeckOfCards of Fig. 7.10 to include methods that determine whether a
hand contains

a) a pair
b) two pairs
c) three of a kind (e.g., three jacks)
d) four of a kind (e.g., four aces)
e) a flush (i.e., all five cards of the same suit)
f) a straight (i.e., five cards of consecutive face values)
g) a full house (i.e., two cards of one face value and three cards of another face value)

[Hint: Add methods getFace and getSuit to class Card of Fig. 7.9.]

7.31 (Card Shuffling and Dealing) Use the methods developed in Exercise 7.30 to write an ap-
plication that deals two five-card poker hands, evaluates each hand and determines which is better.

7.32 (Project: Card Shuffling and Dealing) Modify the application developed in Exercise 7.31
so that it can simulate the dealer. The dealer’s five-card hand is dealt “face down,” so the player can-
not see it. The application should then evaluate the dealer’s hand, and, based on the quality of the
hand, the dealer should draw one, two or three more cards to replace the corresponding number ofIS
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unneeded cards in the original hand. The application should then reevaluate the dealer’s hand.
[Caution: This is a difficult problem!]

7.33 (Project: Card Shuffling and Dealing) Modify the application developed in Exercise 7.32
so that it can handle the dealer’s hand automatically, but the player is allowed to decide which cards
of the player’s hand to replace. The application should then evaluate both hands and determine who
wins. Now use this new application to play 20 games against the computer. Who wins more games,
you or the computer? Have a friend play 20 games against the computer. Who wins more games?
Based on the results of these games, refine your poker-playing application. (This, too, is a difficult
problem.) Play 20 more games. Does your modified application play a better game?

7.34 (Project: Card Shuffling and Dealing)Modify the application of Figs. 7.9–7.11 to use Face
and Suit enumerations to represent the faces and suits of the cards. Declare each of these enumer-
ations as a public type in its own source-code file. Each Card should have a Face and a Suit instance
variable. These should be initialized by the Card constructor. In class DeckOfCards, create an array
of Faces that’s initialized with the names of the constants in the Face enumeration and an array of
Suits that’s initialized with the names of the constants in the Suit enumeration. [Note: When you
output an enumeration constant as a String, the name of the constant is displayed.]

Special Section: Building Your Own Computer
In the next several problems, we take a temporary diversion from the world of high-level language
programming to “peel open” a computer and look at its internal structure. We introduce machine-
language programming and write several machine-language programs. To make this an especially
valuable experience, we then build a computer (through the technique of software-based simula-
tion) on which you can execute your machine-language programs.

7.35 (Machine-Language Programming) Let’s create a computer called the Simpletron. As its
name implies, it’s a simple, but powerful, machine. The Simpletron runs programs written in the
only language it directly understands: Simpletron Machine Language (SML).

The Simpletron contains an accumulator—a special register in which information is put
before the Simpletron uses that information in calculations or examines it in various ways. All the
information in the Simpletron is handled in terms of words. A word is a signed four-digit decimal
number, such as +3364, -1293, +0007 and -0001. The Simpletron is equipped with a 100-word
memory, and these words are referenced by their location numbers 00, 01, …, 99.

Before running an SML program, we must load, or place, the program into memory. The first
instruction (or statement) of every SML program is always placed in location 00. The simulator
will start executing at this location.

Each instruction written in SML occupies one word of the Simpletron’s memory (and hence
instructions are signed four-digit decimal numbers). We shall assume that the sign of an SML instruc-
tion is always plus, but the sign of a data word may be either plus or minus. Each location in the Sim-
pletron’s memory may contain an instruction, a data value used by a program or an unused (and
hence undefined) area of memory. The first two digits of each SML instruction are the operation code
specifying the operation to be performed. SML operation codes are summarized in Fig. 7.33.

Operation code Meaning

Input/output operations:

final int READ = 10; Read a word from the keyboard into a specific location in
memory.

Fig. 7.33 | Simpletron Machine Language (SML) operation codes. (Part 1 of 2.)
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The last two digits of an SML instruction are the operand—the address of the memory location
containing the word to which the operation applies. Let’s consider several simple SML programs.

The first SML program (Fig. 7.34) reads two numbers from the keyboard and computes and
displays their sum. The instruction +1007 reads the first number from the keyboard and places it
into location 07 (which has been initialized to 0). Then instruction +1008 reads the next number
into location 08. The load instruction, +2007, puts the first number into the accumulator, and the
add instruction, +3008, adds the second number to the number in the accumulator. All SML arith-
metic instructions leave their results in the accumulator. The store instruction, +2109, places the result
back into memory location 09, from which the write instruction, +1109, takes the number and dis-
plays it (as a signed four-digit decimal number). The halt instruction, +4300, terminates execution.

The second SML program (Fig. 7.35) reads two numbers from the keyboard and determines
and displays the larger value. Note the use of the instruction +4107 as a conditional transfer of con-
trol, much the same as Java’s if statement.

Now write SML programs to accomplish each of the following tasks:
a) Use a sentinel-controlled loop to read 10 positive numbers. Compute and display their

sum.

final int WRITE = 11; Write a word from a specific location in memory to the
screen.

Load/store operations:

final int LOAD = 20; Load a word from a specific location in memory into the
accumulator.

final int STORE = 21; Store a word from the accumulator into a specific location in
memory.

Arithmetic operations:

final int ADD = 30; Add a word from a specific location in memory to the word
in the accumulator (leave the result in the accumulator).

final int SUBTRACT = 31; Subtract a word from a specific location in memory from the
word in the accumulator (leave the result in the accumula-
tor).

final int DIVIDE = 32; Divide a word from a specific location in memory into the
word in the accumulator (leave result in the accumulator).

final int MULTIPLY = 33; Multiply a word from a specific location in memory by the
word in the accumulator (leave the result in the
accumulator).

Transfer-of-control operations:

final int BRANCH = 40; Branch to a specific location in memory.

final int BRANCHNEG = 41; Branch to a specific location in memory if the accumulator is
negative.

final int BRANCHZERO = 42; Branch to a specific location in memory if the accumulator is
zero.

final int HALT = 43; Halt. The program has completed its task.

Operation code Meaning

Fig. 7.33 | Simpletron Machine Language (SML) operation codes. (Part 2 of 2.)
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b) Use a counter-controlled loop to read seven numbers, some positive and some negative,
and compute and display their average.

c) Read a series of numbers, and determine and display the largest number. The first num-
ber read indicates how many numbers should be processed.

7.36 (Computer Simulator) In this problem, you’re going to build your own computer. No,
you’ll not be soldering components together. Rather, you’ll use the powerful technique of software-
based simulation to create an object-oriented software model of the Simpletron of Exercise 7.35. Your
Simpletron simulator will turn the computer you’re using into a Simpletron, and you’ll actually be
able to run, test and debug the SML programs you wrote in Exercise 7.35.

When you run your Simpletron simulator, it should begin by displaying:

*** Welcome to Simpletron! ***
*** Please enter your program one instruction ***
*** (or data word) at a time. I will display ***
*** the location number and a question mark (?) ***

Location Number Instruction

00 +1007 (Read A)
01 +1008 (Read B)
02 +2007 (Load A)
03 +3008 (Add B)
04 +2109 (Store C)
05 +1109 (Write C)
06 +4300 (Halt)
07 +0000 (Variable A)
08 +0000 (Variable B)
09 +0000 (Result C)

Fig. 7.34 | SML program that reads two integers and computes their sum.

Location Number Instruction

00 +1009 (Read A)
01 +1010 (Read B)
02 +2009 (Load A)
03 +3110 (Subtract B)
04 +4107 (Branch negative to 07)
05 +1109 (Write A)
06 +4300 (Halt)
07 +1110 (Write B)
08 +4300 (Halt)
09 +0000 (Variable A)
10 +0000 (Variable B)

Fig. 7.35 | SML program that reads two integers and determines the larger.
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*** You then type the word for that location. ***
*** Type -99999 to stop entering your program. ***

Your application should simulate the memory of the Simpletron with a one-dimensional array mem-

ory that has 100 elements. Now assume that the simulator is running, and let’s examine the dialog
as we enter the program of Fig. 7.35 (Exercise 7.35):

00 ? +1009
01 ? +1010
02 ? +2009
03 ? +3110
04 ? +4107
05 ? +1109
06 ? +4300
07 ? +1110
08 ? +4300
09 ? +0000
10 ? +0000
11 ? -99999

Your program should display the memory location followed by a question mark. Each value to the
right of a question mark is input by the user. When the sentinel value -99999 is input, the program
should display the following:

*** Program loading completed ***
*** Program execution begins ***

The SML program has now been placed (or loaded) in array memory. Now the Simpletron exe-
cutes the SML program. Execution begins with the instruction in location 00 and, as in Java, con-
tinues sequentially, unless directed to some other part of the program by a transfer of control.

Use the variable accumulator to represent the accumulator register. Use the variable instruc-

tionCounter to keep track of the location in memory that contains the instruction being per-
formed. Use the variable operationCode to indicate the operation currently being performed (i.e.,
the left two digits of the instruction word). Use the variable operand to indicate the memory loca-
tion on which the current instruction operates. Thus, operand is the rightmost two digits of the
instruction currently being performed. Do not execute instructions directly from memory. Rather,
transfer the next instruction to be performed from memory to a variable called instructionRegis-

ter. Then “pick off” the left two digits and place them in operationCode, and “pick off ” the right
two digits and place them in operand. When the Simpletron begins execution, the special registers
are all initialized to zero.

Now, let’s “walk through” execution of the first SML instruction, +1009 in memory location
00. This procedure is called an instruction-execution cycle.

The instructionCounter tells us the location of the next instruction to be performed. We
fetch the contents of that location from memory by using the Java statement

instructionRegister = memory[ instructionCounter ];

The operation code and the operand are extracted from the instruction register by the statements

operationCode = instructionRegister / 100;
operand = instructionRegister % 100;

Now the Simpletron must determine that the operation code is actually a read (versus a write, a
load, and so on). A switch differentiates among the 12 operations of SML. In the switch state-
ment, the behavior of various SML instructions is simulated as shown in Fig. 7.36. We discuss
branch instructions shortly and leave the others to you.

When the SML program completes execution, the name and contents of each register as well
as the complete contents of memory should be displayed. Such a printout is often called a com-
puter dump (no, a computer dump is not a place where old computers go). To help you program
your dump method, a sample dump format is shown in Fig. 7.37. A dump after executing aIS
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Simpletron program would show the actual values of instructions and data values at the moment
execution terminated.

Let’s proceed with the execution of our program’s first instruction—namely, the +1009 in loca-
tion 00. As we’ve indicated, the switch statement simulates this task by prompting the user to enter
a value, reading the value and storing it in memory location memory[ operand ]. The value is then
read into location 09.

At this point, simulation of the first instruction is completed. All that remains is to prepare
the Simpletron to execute the next instruction. Since the instruction just performed was not a
transfer of control, we need merely increment the instruction-counter register as follows:

instructionCounter++;

This action completes the simulated execution of the first instruction. The entire process (i.e., the
instruction-execution cycle) begins anew with the fetch of the next instruction to execute.

Now let’s consider how the branching instructions—the transfers of control—are simulated.
All we need to do is adjust the value in the instruction counter appropriately. Therefore, the
unconditional branch instruction (40) is simulated within the switch as

instructionCounter = operand;

The conditional “branch if accumulator is zero” instruction is simulated as

if ( accumulator == 0 )
instructionCounter = operand;

Instruction Description

read: Display the prompt "Enter an integer", then input the integer and store it
in location memory[operand].

load: accumulator = memory[ operand ];

add: accumulator += memory[ operand ];

halt: This instruction displays the message
*** Simpletron execution terminated ***

Fig. 7.36 | Behavior of several SML instructions in the Simpletron.

REGISTERS:
accumulator +0000
instructionCounter 00
instructionRegister +0000
operationCode 00
operand 00

MEMORY:
0 1 2 3 4 5 6 7 8 9

0 +0000 +0000 +0000 +0000 +0000 +0000 +0000 +0000 +0000 +0000
10 +0000 +0000 +0000 +0000 +0000 +0000 +0000 +0000 +0000 +0000
20 +0000 +0000 +0000 +0000 +0000 +0000 +0000 +0000 +0000 +0000
30 +0000 +0000 +0000 +0000 +0000 +0000 +0000 +0000 +0000 +0000
40 +0000 +0000 +0000 +0000 +0000 +0000 +0000 +0000 +0000 +0000
50 +0000 +0000 +0000 +0000 +0000 +0000 +0000 +0000 +0000 +0000
60 +0000 +0000 +0000 +0000 +0000 +0000 +0000 +0000 +0000 +0000
70 +0000 +0000 +0000 +0000 +0000 +0000 +0000 +0000 +0000 +0000
80 +0000 +0000 +0000 +0000 +0000 +0000 +0000 +0000 +0000 +0000
90 +0000 +0000 +0000 +0000 +0000 +0000 +0000 +0000 +0000 +0000

Fig. 7.37 | A sample dump.
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At this point, you should implement your Simpletron simulator and run each of the SML
programs you wrote in Exercise 7.35. If you desire, you may embellish SML with additional fea-
tures and provide for these features in your simulator.

Your simulator should check for various types of errors. During the program-loading phase,
for example, each number the user types into the Simpletron’s memory must be in the range -9999

to +9999. Your simulator should test that each number entered is in this range and, if not, keep
prompting the user to re-enter the number until the user enters a correct number.

During the execution phase, your simulator should check for various serious errors, such as
attempts to divide by zero, attempts to execute invalid operation codes, and accumulator overflows
(i.e., arithmetic operations resulting in values larger than +9999 or smaller than -9999). Such seri-
ous errors are called fatal errors. When a fatal error is detected, your simulator should display an
error message, such as

*** Attempt to divide by zero ***
*** Simpletron execution abnormally terminated ***

and should display a full computer dump in the format we discussed previously. This treatment
will help the user locate the error in the program.

7.37 (Simpletron Simulator Modifications) In Exercise 7.36, you wrote a software simulation of
a computer that executes programs written in Simpletron Machine Language (SML). In this exer-
cise, we propose several modifications and enhancements to the Simpletron Simulator. In the exer-
cises of Chapter 22, we propose building a compiler that converts programs written in a high-level
programming language (a variation of Basic) to Simpletron Machine Language. Some of the follow-
ing modifications and enhancements may be required to execute the programs produced by the
compiler:

a) Extend the Simpletron Simulator’s memory to contain 1000 memory locations to en-
able the Simpletron to handle larger programs.

b) Allow the simulator to perform remainder calculations. This modification requires an
additional SML instruction.

c) Allow the simulator to perform exponentiation calculations. This modification requires
an additional SML instruction.

d) Modify the simulator to use hexadecimal rather than integer values to represent SML
instructions.

e) Modify the simulator to allow output of a newline. This modification requires an addi-
tional SML instruction.

f) Modify the simulator to process floating-point values in addition to integer values.
g) Modify the simulator to handle string input. [Hint: Each Simpletron word can be di-

vided into two groups, each holding a two-digit integer. Each two-digit integer repre-
sents the ASCII (see Appendix B) decimal equivalent of a character. Add a machine-
language instruction that will input a string and store the string, beginning at a specific
Simpletron memory location. The first half of the word at that location will be a count
of the number of characters in the string (i.e., the length of the string). Each succeeding
half-word contains one ASCII character expressed as two decimal digits. The machine-
language instruction converts each character into its ASCII equivalent and assigns it to
a half-word.]

h) Modify the simulator to handle output of strings stored in the format of part (g). [Hint:
Add a machine-language instruction that will display a string, beginning at a certain
Simpletron memory location. The first half of the word at that location is a count of the
number of characters in the string (i.e., the length of the string). Each succeeding half-
word contains one ASCII character expressed as two decimal digits. The machine-lan-
guage instruction checks the length and displays the string by translating each two-digit
number into its equivalent character.]IS
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Making a Difference
7.38 (Polling) The Internet and the web are enabling more people to network, join a cause, voice
opinions, and so on. The presidential candidates in 2008 used the Internet intensively to get out
their messages and raise money for their campaigns. In this exercise, you’ll write a simple polling
program that allows users to rate five social-consciousness issues from 1 (least important) to 10
(most important). Pick five causes that are important to you (e.g., political issues, global environ-
mental issues). Use a one-dimensional array topics (of type String) to store the five causes. To sum-
marize the survey responses, use a 5-row, 10-column two-dimensional array responses (of type
int), each row corresponding to an element in the topics array. When the program runs, it should
ask the user to rate each issue. Have your friends and family respond to the survey. Then have the
program display a summary of the results, including:

a) A tabular report with the five topics down the left side and the 10 ratings across the top,
listing in each column the number of ratings received for each topic.

b) To the right of each row, show the average of the ratings for that issue.
c) Which issue received the highest point total? Display both the issue and the point total.
d) Which issue received the lowest point total? Display both the issue and the point total.
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