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http://www.eecs.yorku.ca/~jackie

Required: Review Tutorials on OOP in Java |soxo:

Current slides are cross-referenced throughout this review
tutorials on Java OOP:

https://www.eecs.yorku.ca/~jackie/teaching/
tutorials/index.html#refurbished store



https://www.eecs.yorku.ca/~jackie/teaching/tutorials/index.html#refurbished_store
https://www.eecs.yorku.ca/~jackie/teaching/tutorials/index.html#refurbished_store

Optional: Tutorial Videos to Help You Revie

¢ Link to Tutorial Series:
https://www.eecs.yorku.ca/~jackie/teaching/
tutorials/index.html#java from scratch w2l
o Week 1: Eclipse work environment
o Week 2c, 2d, 2e: Debugger in Eclipse
o Weeks 2, 3: Programming/Debugging Conditionals
o Weeks 4, 5: Programming/Debugging Arrays and Loops
o Weeks 6, 7, 8: Classes and Objects

¢ iPad Notes: https://www.eecs.yorku.ca/~jackie/

teaching/tutorials/notes/EECS1022%520Tutorial%s
20on%s20Java.pdf


https://www.eecs.yorku.ca/~jackie/teaching/tutorials/index.html#java_from_scratch_w21
https://www.eecs.yorku.ca/~jackie/teaching/tutorials/index.html#java_from_scratch_w21
https://www.eecs.yorku.ca/~jackie/teaching/tutorials/notes/EECS1022%20Tutorial%20on%20Java.pdf
https://www.eecs.yorku.ca/~jackie/teaching/tutorials/notes/EECS1022%20Tutorial%20on%20Java.pdf
https://www.eecs.yorku.ca/~jackie/teaching/tutorials/notes/EECS1022%20Tutorial%20on%20Java.pdf
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Required: Written Notes to Review

e Inferring Classes/Methods from JUnit Tests:
https://www.eecs.yorku.ca/~jackie/teaching/
lectures/2025/F/EECS2030/notes/EECS2030 F25
Inferring Classes from JUnit.pdf

e Declaring and Manipulating Reference-Typed, Multi-Valued
Attributes: https://www.eecs.yorku.ca/~jackie/
teaching/lectures/2025/F/EECS2030/notes/
EECS2030 FZ25 Tracing PointCollectorTester.pdf



https://www.eecs.yorku.ca/~jackie/teaching/lectures/2025/F/EECS2030/notes/EECS2030_F25_Inferring_Classes_from_JUnit.pdf
https://www.eecs.yorku.ca/~jackie/teaching/lectures/2025/F/EECS2030/notes/EECS2030_F25_Inferring_Classes_from_JUnit.pdf
https://www.eecs.yorku.ca/~jackie/teaching/lectures/2025/F/EECS2030/notes/EECS2030_F25_Inferring_Classes_from_JUnit.pdf
https://www.eecs.yorku.ca/~jackie/teaching/lectures/2025/F/EECS2030/notes/EECS2030_F25_Tracing_PointCollectorTester.pdf
https://www.eecs.yorku.ca/~jackie/teaching/lectures/2025/F/EECS2030/notes/EECS2030_F25_Tracing_PointCollectorTester.pdf
https://www.eecs.yorku.ca/~jackie/teaching/lectures/2025/F/EECS2030/notes/EECS2030_F25_Tracing_PointCollectorTester.pdf
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Learning Outcomes

Understand:
¢ Object Orientation

e Classes as Templates:

o attributes, constructors, (accessor and mutator) methods
o use of this

Objects as Instances:

o use of new
o the dot notation, method invocations
o reference aliasing

Reference-Typed Attributes: Single-Valued vs. Multi-Valued
Non-Static vs. Static Variables
Helper Methods



Separation of Concerns: App/Tester vs. Mo
e In EECS1022/EECS1021:
o Model Component: One or More Java Classes
e.g., Person vs. SMS, Student, CourseRecord
o Another Java class that “manipulates” the model class(es)
e Controller (e.g., BMIActivity, LEDController). Effects?

Visualized at a connected physical device (e.g., tablet, LED lightbulbs)
o Tester (e.g., PersonTester, BankTester). Effects?
Seen (as textual outputs) at console

Asserting expected vs. actual Values in JUnit tests
e In Java:

o We may define more than one classes.

o Each class may contain more than one methods.
Object-Oriented Programming (OOP) in Java:
o Use classes to define templates

o Use objects to instantiate classes

o At runtime, create objects and call methods on objects, to simulate
interactions between real-life entities.




Object Orientation:
Observe, Model, and Execute

Compile-Time: Classes Run-Time: Objects

Real World: Entities (dofinitions of templates) . tione of

class Person { Person Person
Entities: String name; name | “Jim" name | “Jonathan”
im. jonath double weight; S - 0 " 0
jm. jonathan. . double height; jim | weight jonathan | Weight
! Execute height | 1.80 height 1.80

class Potint {
double x;
double y;

Point Point
x | 2 g x | A
[ s y | =

}

Entities:
p1(2,3), p2(-1,-2), ...

o Study this tutorial videg that walks you through the idea of
object orientation .

o We observe how real-world entities behave.

o We model the common attributes and behaviour of a set of
entities in a single class.

o We execute the program by creating instances of classes, which
interact in a way analogous to that of real-world entities.


https://www.youtube.com/watch?v=y7qOhn6Ep4A&index=15&t=4s&list=PL5dxAmCmjv_7WvY_QnJrcPczM_KjABxBn
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Oblect'oriented Progl‘ammlng (OOP) LASSONDE

¢ In real life, lots of entities exist and interact with each other.
e.g., People gain/lose weight, marry/divorce, or get older.
e.g., Cars move from one point to another.
e.g., Clients initiate transactions with banks.
e Entities:
o Possess attributes;
o Exhibit bebaviour; and
o Interact with each other.
e Goals: Solve problems programmatically by
o Classifying entities of interest
Entities in the same class share common attributes and bebaviour.
o Manipulating data that represent these entities
Each entity is represented by specific values.
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OO Thinking: Templates vs. Instances (1.1) |xssono:

Points on a two-dimensional plane are identified by their signed

distances from the X- and Y-axises. A point may move

arbitrarily towards any direction on the plane. Given two points,

we are often interested in knowing the distance between them.
¢ A template called Point defines the common

o attributes (e.g., x, vy) [~ nouns]

o behaviour (e.g., move up, get distance from) [~ verbs]
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OO Thinking: Templates vs. Instances (1.2) |ssoxo:

e A template (e.g., class Point) defines what's shared by a set
of related entities (i.e., 2-D points).
o Common attributes (x, y)
o Common behaviour (move left, move up)

e Each template may be instantiated as multiple instances,
each with instance-specific values for attributes x and v:
o Point instance p1 is located at (3,4)
o Point instance p2 is located at (-4,-3)

¢ Instances of the same template may exhibit distinct behaviour.

o When p1 moves up for 1 unit, it will end up being at (3,5)
o When p2 moves up for 1 unit, it will end up being at (-4, -2)

o Then, p1’s distance from origin: [V32 +52]
o Then, p2’s distance from origin: [V (-4)2 + (-2)3]
[
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OO Thinking: Templates vs. Instances (2.1) |xssono:

A person is a being, such as a human, that has certain
attributes and behaviour constituting personhood: a person
ages and grows on their heights and weights.

¢ A template called Person defines the common
o attributes (e.g., age, weight, height) [~ nouns]
o behaviour (e.g., get older, gain weight) [~ verbs]
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OO Thinking: Templates vs. Instances (2.2) |xssoxo:

e A template (e.g., class Person) defines what's shared by a
set of related entities (i.e., persons).
o Common attributes (age, weight, height)
o Common behaviour (get older, lose weight, grow taller)

e Each template may be instantiated as multiple instances,
each with instance-specific values for attributes age, weight,
and height.

o Person instance jimis
50-years old, 1.8-meters tall and 80-kg heavy

o Person instance jonathan is

65-years old, 1.73-meters tall and 90-kg heavy

¢ Instances of the same template may exhibit distinct behaviour.

o When jim gets older, he becomes 51
o When jonathan gets older, he becomes 66.
o jim's BMI is based on his own height and weight [1 5 |

o jonathan’s BMIis based on his own height and weight
x|

[v73 732]
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OOP: Classes N Templates :A§SONDE

In Java, you use a class to define a femplate that enumerates
attributes that are common to a set of entities of interest.

public class Person {
private int age;
private String nationality;
private double weight;
private double height;

}

public class Point {
private double x;
private double y;

}
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Java Data Types (1) LASSONDE

A (data) type denotes a set of related runtime values.

1. Primitive Types
o Integer Type

e int [set of 32-bit integers]
e long [set of 64-bit integers]
o Floating-Point Number Type
e double [set of 64-bit FP numbers]
o Character Type
e char [set of single characters]
o Boolean Type
e boolean [set of true and false]
2. Reference Type : Complex Type with Attributes and Methods
o String [set of references to character sequences]
o Person [set of references to Person objects]
o Point [set of references to Point objects]
o Scanner [set of references to Scanner objects]
EZotan
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Java Data Types (2)

¢ A variable that is declared with a type but uninitialized is

implicitly assigned with its default value .
o Primitive Type

e int i; [ 0 is implicitly assigned to i]
e double d; [ 0.0 isimplicitly assigned to d]
e boolean b; [ faise is implicitly assigned to b]
o Reference Type
e String s; [ null is implicitly assigned to s]
e Person jim; [ null is implicitly assigned to jim]
e Point pl; [ null is implicitly assigned to p1]
e Scanner input; [ null is implicitly assigned to input]

e You can use a primitive variable that is uninitialized.
Make sure the default value is what you want!

e Calling a method on a uninitialized reference variable crashes
your program. [ NullPointerException ]

Always initialize reference variables!
[evaan ]
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OOP: Methods (1 .1) LASSONDE

e A method is a named block of code, reusable via its name.

m

T1 p1

{

T\b
2 P2
. . ——> RT
/* implementation of method m */
— "}

Ty pn

e The Header of a method consists of:
o Return type [ RT (which can be void) ]

o Name of method [m]
o Zero or more parameter names [p1, P2, ..., Pn]
o The corresponding parameter types [Th, T2, ..., Th]

* A call to method m has the form: m(ay, a,...,an)
Types of argument values ay, ao, ..., a, must match the the
corresponding parameter types Ty, To, ..., Th.
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OOP: Methods (1.2) ’4%

e In the body of the method, you may

o Declare new local variables (whose scope is within that method).
o Use or change values of attributes.
o Use values of parameters, if any.

public class Person {

private String nationality;

public void changeNationality (String newNationality) {
nationality = newNationality; } }

Call a method, with a context object , by passing arguments.

public class PersonTester {

public static void main(String[] args) {
Person jim = new Person (50, "British");
Person jonathan = new Person (60,
jim.changeNationality ("Korean") ;
jonathan.changeNationality ("Korean"); }

"Canadian") ;

}




e
OOP: Methods (2)

Each class c defines a list of methods.
o A method mis a named block of code.

We reuse the code of method m by calling it on an object ob
of class C.
For each method call ob+.m(...):
o ob7j is the context object of type C
o mis a method defined in class C
o We intend to apply the code effect of method m to object ob .
€e.g., jim.getOlder () VS. jonathan.getOlder ()
e.g., pl.moveUp (3) VS. p2.moveUp (3)
All objects of class c share the same definition of method m.
However:
-~ Each object may have distinct attribute values.

.. Applying the same definition of method m has distinct effects.
EEGE



.
OOP: Methods (3)

1.

Constructor

o Same name as the class. No return type. /nitializes attributes.
o Called with the new keyword.

o e.g., Person jim = new Person (50, "British");

2. Mutator
o Changes (re-assigns) attributes
o void return type
o Cannot be used when a value is expected
o e.g.,double h = jim.setHeight (78.5) isillegal!
3. Accessor
o Uses attributes for computations (without changing their values)
o Any return type other than void
o An explicit return statement (typically at the end of the method)
returns the computation result to where the method is being used.
e.g., double bmi = jim.getBMI();
e.g.,println(pl.getDistanceFromOrigin()) ;
aEan
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OOP: Class Constructors (1.1)

e The purpose of defining a class is to be able to create
instances out of it.

e To instantiate a class, we use one of its constructors .

¢ A constructor

o declares input parameters
o uses input parameters to initialize some or all of its attributes

20 of 90}
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OOP: Class Constructors (1.2) LASSONDE

For each class, you may define one or more constructors :

Names of all constructors must match the class name.
No return types need to be specified for constructors.
Overloaded constructor have distinct lists of parameter types.

[e]

[e]

o

® Person(String n), Person(String n, int age) v
e Person(String n, int age),Person(int age, String n) v
® Person(String £fN, int age),Person(String 1N, int id) X

o

Each parameter that is used to initialize an attribute must have a
matching type.

The body of each constructor specifies how some or all
attributes may be initialized.

[e]
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OOP: Class Constructors (2.1)

public class Point {
private double x;
private double y;

public Point (double initX, double initY) {
x = 1InitX;
y = 1nity;

}

public Point (char axis, double distance) {
if (axis == 'x') { x = distance; }

else if (axis == 'y’) { y = distance; }
else { /* Error: invalid axis

}

«/ '}

_
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OOP: Class Constructors (2.2)

public class Person {

private int age;

private String nationality;

private double weight;

private double height;

public Person(int initAge, String initNat) {
age = initAge;
nationality = initNat;

}

public Person (double initlW, double initH) {
weight = initWh;
height = initH;

}

public Person(int initAge,

String initNat,

double initW, double initH) ({

S g 19 o4
/* 1nitialize all attr

ibutes using the parameters
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Visualizing Objects at Runtime (1)

¢ To trace a program with sophisticated manipulations of objects,
it’s critical for you to visualize how objects are:
o Created using constructors
Person jim = new Person (50, "British", 80, 1.8);
o Inquired using accessor methods
double bmi = jim.getBMI () ;
o Modified using mutator methods
jim.gainWeightBy (10) ;
 To visualize an object:

o Draw a|rectangle box |to represent contents of that object:

o indicates the name of class from which the object is instantiated.
e | Left column |enumerates names of attributes of the instantiated class.
¢ | Right column |fills in values of the corresponding attributes.

o Draw m for variable(s) that store the object’s address .




Visualizing Objects at Runtime (2.1) "éggow

After calling a constructor to create an object:

Person jim = new Person (50, "British", 80, 1.8);

Person

age 50
jim nationality “British”
weight 80
height 1.8




Visualizing Objects at Runtime (2.2) ‘,4220

After calling an accessor to inquire about context object 5 im:

double bmi = jim.getBMI();

e Contents of the object pointed to by jim remain intact.
¢ Retuned value € 8)2 of jim.getBMI () stored in variable bmi.

Person
(’ age 50

jim nationality “British”
weight 80
height 1.8




Visualizing Objects at Runtime (2.3) ‘,4220

After calling a mutator to modify the state of context object jim:

jim.gainWeightBy (10);

e Contents of the object pointed to by jim change.
* Address of the object remains unchanged.
= jim points to the same object!

Person
(' age 50

Jjim nationality “British”
weight ww 90
height 1.8




Visualizing Objects at Runtime (2.4) ‘,4220

After calling the same accessor to inquire the modified state of
context object jim:

bmi = jim.getBMI();

¢ Contents of the object pointed to by jim remain intact.

 Retuned value % of §im.getBMI () stored in variable bmi.

Person
(‘ age 50

jim nationality “British”
weight SS90
height 1.8




Object Creation (1.1)

Point pl = new Point (2, 4);

1. RHS (Source) of Assignment: new Point (2, 4) creates
a new Point object in memory.

Point
X
y

2. LHS (Target) of Assignment: Point pl declares a variable
that is meant to store the address of some Point object.

3. Assignment: Executing = stores new object’s address in p1.

Point
S —
pl Yy

29 of 9()




Object Creation (1.2)

et ae o

Person jim =

new Person (50,

"British");

1. RHS (Source) of Assignment: new person (50, "British")
creates a new Person object in memory.

nationality

weight
height

Person
50
“British”
0.0
0.0

2. LHS (Target) of Assignment: roint jim declares a variable
that is meant to store the address of some Person object.

3. Assignment: Executing =

stores new object’s address in jim.

—

Jjim

nationality

Person
50
“British”
0.0
0.0

weight




Object Creation (2)

Point pl = new Point (2, 4);
System.out.println(pl);

Point@677327b6

By default, the address stored in p1 gets printed.
Instead, print out attributes separately:

System.out.println(" (" + pl.getX()+", "+pl.get¥Y() + ")");
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OOP: Object Creation (3.1.1)

A constructor may only initialize some attributes and leave others
uninitialized.

public class PointTester {
public static void main(Stringl[] args) {
Point pl = new Point (3, 4);
Point p2 = new Point (-3 -2);
Point p3 = new Point('x', 5);
Point p4 = new Point('y’', -7);
}

}




OOP: Object Creation (3.1.2)

Point pl = new Point(3, 4)

Person

Point p3 = new Point(‘x’, 5)

=
pl Yy
=
p3 Yy

Person

Point p2 = new Point(-3, -2)

(5

p2

Person

X

y

Point p4 = new Point(‘y’, -7)

(‘

p4

Person
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OOP: Object Creation (3.2.1)

A constructor may only initialize some attributes and leave others
uninitialized.

public class PersonTester {

public static void main(String[] args) {
/* initialize age and nationality only #*/
Person jim = new Person(50, "BRI");
/#* initialize age and nationality only #*/
Person jonathan = new Person (65, "CAN");
/#* initialize weight and height only */
Person alan = new Person (75, 1.80);
/* initialize all attributes of a person */

Person mark = new Person(40, "CAN", 69, 1.78);

_



OOP: Object Creation (3.2.2)

Person jim = new Person(50, “BRI”)

Person

Jim nationality “BRI” jonathan
weight
height

Person alan = new Person(75, 1.80)

Person

alan nationality null mark
weight
height

35 of

Person jonathan = new Person(65, “CAN”)

Person

“CAN”

Person mark = new Person(40, “CAN”, 69, 1.78)

Person

nationality “CAN"
weight
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OOP: Object Creation (4)

¢ When using the constructor, pass valid argument values:
o The type of each argument value must match the corresponding
parameter type.
o e.g., Person (50, "BRI") matches
Person(int initAge, String initNationality)
o e.g., Point (3, 4) matches
Point (double initX, double initY)
e When creating an instance, uninitialized attributes implicitly get
assigned the default values .

o Set uninitialized attributes properly later using mutator methods

Person jim = new Person (50, "British");
jim.setWeight (85);
jim.setHeight (1.81);
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OOP: The Dot Notation (1)

¢ A binary operator:
o LHS an object
o RHS an attribute or a method
e Given a variable of some reference type that is not null:
o We use a dot to retrieve any of its attributes .
Analogous to ’s in English
€.0., jim.nationality means jim’s nationality
o We use a dot to invoke any of its mutator methods , in order to
change values of its attributes.
€.0., jim.changeNationality ("CAN") changes the
nationality attribute of jim
o We use a dot to invoke any of its accessor methods , in order to
use the result of some computation on its attribute values.
e.g., jim.getBMI () computes and returns the BMI calculated
based on jim’s weight and height
o Return value of an accessor method must be stored in a variable.

e.g., double jimBMI = Jjim.getBMI
e ] ] g 0
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The this Reference (1) LASSONDE
e Each class may be instantiated to multiple objects at runtime.

public class Point {
private double x; private double y;
public void moveUp (double units) { y += units; }

}

e Each time when we call a method of some class, using the dot
notation, there is a specific farget/context object.

Point pl = new Point (2, 3);
new Point (4, 6);
5);
1) ;

Point p2 =
pl.movelUp (3.
p2.moveUp (4

AWN =

o pl and p2 are called the call targets or context objects .

o Lines 3 and 4 apply the same definition of the moveUp method.

o But how does Java distinguish the change to p1 .y versus the
change to p2.vy?

_
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The this Reference (2)

¢ In the method definition, each atiribute has an implicit this

which refers to the context object in a call to that method.

public class Point {
private double x;
private double y;
public Point (double newX, double newY) ({
this.x = newX;
this.y newy;
}
public void moveUp (double units) {
this.y = this.y + units;
}
t

e Each time when the class definition is used to create a new

Point object, the this reference is substituted by the name of

the new object.
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The this Reference (3) y

o After we create p1 as an instance of Point

Point pl = new Point (2, 3);

e When invoking p1 .moveUp (3.5), a version of moveUp that is
specific to p1 will be used:

public class Point {
private double x;
private double y;
public Point (double newX, double newY) {
pl .x = newX;

pl .y = newY;

}

public void moveUp (double units) {
pl .y = pl.y + units;

}
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The this REference (4) :A§SONDE

o After we create p2 as an instance of Point

Point p2 = new Point (4, 6);

e When invoking p2 .moveUp (4.7), a version of moveUp that is
specific to p2 will be used:

public class Point {
private double x;
private double y;
public Point (double newX, double newY) {
p2 .x = newX;

p2 .y = newy;

}

public void moveUp (double units) {
p2 .y = p2.y + units;

Eiofan
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The this Reference (5) LASSONDE

The this reference can be used to disambiguate when the
names of input parameters clash with the names of class

attributes.

public class Point {
private double x;
private double y;
public Point (double x, double y) {
this.x = x;
this.y = y;
}
public void setX(double x) {
this.x = x;
}
public void setY(double y) {
this.y = y;
}
}
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The this Reference (6.1): Common Error |issonoe

The following code fragment compiles but is problematic:

public class Person {
private String name;
private int age;
public Person(String name, int age) {
name = name;
age = age;
}
public void setAge(int age) {
age = age;
}
t

— O OVWoONOOOPA~WN =

—_

o Why? [ variable shadowing ]
Target (LHS) of the assignment (L5) refers to parameter name (L4).
o Fix?
EZotan
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The this Reference (6.2): Common Error |.ssono:

Always remember to use this when input parameter names
clash with class attribute names.

public class Person {
private String name;
private int age;
public Person(String name, int age) ({
this.name = name;
this.age = age;
}
public void setAge(int age) {
this.age = age;
}
}
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OOP: Mutator Methods fiéégésom

e These methods change values of attributes.
e We call such methods mutators (with void return type).

public class Person {

public void gainWeight (double units) ({
this.weight = this.weight + units;
}
t

public class Point {

public void moveUp () {
this.y = this.y + 1;
}
}
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OOP: Accessor Methods

e These methods return the result of computation based on
attribute values.
e We call such methods accessors (with non-void return type).

public class Person {

public double getBMI() {
double bmi = this.height / (this.weight = this.weight)
return bmi;

b}

public class Point {

public double getDistanceFromOrigin() {
double dist =
Math.sqgrt (this.x » this.x + this.y » this.y);
return dist;

b}
|




OOP: MethOd Ca"S :A%SONDE

1 iPoint pl = new Point (3, 4); “
2 ‘Point p2 = new Point (-4, -3); ‘
3 ‘ System.out.println(pl. getDistanceFromOrigin() ); ‘
4 ‘ System.out.println(p2. getDistanceFromOrigin() ); ‘
5 ‘pl. moveUp (1) ; ‘
6 ‘p2. movelUp (1) ; ‘
7 ‘ System.out.println(pl. getDistanceFromOrigin () ); ‘
8 ‘ System.out.println(p2. getDistanceFromOrigin() ); ‘
L i

* Lines 1 and 2 create two different instances of Point

* Lines 3 and 4: invoking the same accessor method on two different
instances returns distinct values

® Lines 5 and 6: invoking the same mutator method on two different instances
results in independent changes

® Lines 3 and 7: invoking the same accessor method on the same instance
may return distinct values, why? Line 5

See the lecture recording on tracing the above program here.
EZaofsn


https://www.youtube.com/watch?v=bIV_sLN0yiU&list=PL5dxAmCmjv_72mk1biVOf19Zf8qVMPrNg&index=6
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OOP: Use of Mutator vs. Accessor Methods | assonoe

e Calls to mutator methods cannot be used as values.

o e.g., System.out.println(jim.setWeight (78.5)); X
o e.g.,double w = jim.setWeight (78.5); X
o e.g., jim.setWeight (78.5); v

e Calls to accessor methods should be used as values.

o e.g., jim.getBMI();
o e.g., System.out.println (jim.getBMI()) ; e
o e.g.,,double w = jim.getBMI(); v

X




S
OOP: Method Parameters

e Principle 1: A constructor needs an input parameter for
every attribute that you wish to initialize.

e.g., Person (double w, double h) VS.
Person (String fName, String lName)

¢ Principle 2: A mutator method needs an input parameter for
every attribute that you wish to modify.

e.g., InPoint, void moveToXAxis () VS.
void moveUp (double unit)

e Principle 3: An accessor method needs input parameters if
the attributes alone are not sufficient for the intended
computation to complete.

e.g., In Point, double getDistFromOrigin () VS.
double getDistFrom(Point other)

_
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OOP: Reference Aliasing (1) ¥

LASSONDE

/|

1 |int 1 = 3;
2 |int j = 1; System.out.println(i == 7j);/*truex/
3 |int k = 3; System.out.println(k == 1 && k == 7J);/*truex/
o Line 2 copies the number stored in 1 to j.
o After Line 4, i, j, k refer to three separate integer placeholder,
which happen to store the same value 3.
1 | Point pl = new Point (2, 3);
2 |pPoint p2 = pl; System.out.println(pl == p2);/*truex/
3 | Point p3 = new Point (2, 3);
4 | Systme.out.println(p3 == pl || p3 == p2);/+falsex/
5 | Systme.out.println(p3.x == pl.x && p3.y == pl.y);/+truex/
6 | Systme.out.println(p3.x == p2.x && p3.y == p2.y);/+truex/
o Line 2 copies the address stored in p1 to p2.
o Both p1 and p2 refer to the same object in memory!
o p3, whose contents are same as pl and p2, refer to a different
object in memory.
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OOP: Reference Aliasing (2.1) LASSONDE

Problem: Consider assignments to primitive variables:

1 |int i1 = 1;
2 |int i2 = 2;
3 |int i3 = 3;
4 |int[] numbersl = {11, i2, 1i3};
5 |int[] numbers2 = new int [numbersl.length];
6 |for(int i = 0; i < numbersl.length; 1 ++) {
7 numbers2(1] = numbersl[i];
8 |}
9 | numbersl[0] = 4;
10 | System.out.println(numbersl[0]);
11 | System.out.println(numbers2[0]);
Efotan
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OOP: Reference Aliasing (2.2) LASSONDE

Exercise: Consider assignments to reference variables:

1 Person alan = new Person("Alan");

2 | Person mark = new Person("Mark");

3 | Person tom = new Person("Tom");

4 | Person jim = new Person("Jim");

5 | Person|[] personsl = {alan, mark, tom};

6 |Person[] persons2 = new Person|[personsl.length];
7 |for(int i = 0; i < personsl.length; i ++) {

8 persons2[i] = personsl[i]; }

9

personsl1[0].setAge(70);

10 | System.out.println(jim.getAge());

11 | System.out.println(alan.getAge());

12 | System.out.println(persons2[0].getAge());
18 | persons1[0] = jim;
14 | persons1[0].setAge
15 | System.out.println
16 | System.out.println
17 | System.out.println

75) ;

jim.getAge());
alan.getAge());
persons2[0] .getAge());

See the lecture recording on tracing the above program here.


https://www.youtube.com/watch?v=jz--KP0Sf14&list=PL5dxAmCmjv_72mk1biVOf19Zf8qVMPrNg&index=9

Java Data Types (3.1)

e An attribute may store the reference to another object.

public class Person { private Person spouse; }

Methods may take as parameters references to other objects.

public class Person {
public void marry(Person other) { ... } }

Return values from methods may be references to objects.

public class Point {
public void moveUp(double i) { this.y = this.y + i; }
Point movedUpBy (double i) {
Point np = new Point(this.x, this.y);
np.moveUp (1) ;
return np;
}
}

See the lecture recording on tracing the above program here.



https://www.youtube.com/watch?v=zLd86l5WbFU&list=PL5dxAmCmjv_7n9WdC3CgEaCOwStJkf4MH&index=3

/|

Java Data Types (3.2.1)
An attribute may be multi-valued, reference-typed
e.g., of type Point [] , storing references to Point objects.

1 |public class PointCollector {

2 private Point[] points; private int nop; /+ number of points x/
3 public PointCollector() { this.points = new Point[100]; }

4 public void addPoint (double x, double y) {

5 this.points[this.nop] = new Point(x, y); this.nop++; }

6 public Point[] getPointsInQuadrantI() {

7 Point[] ps = new P01nt[th.'|.s nop]

8 int count = 0; /* 1 r of points ou I %/

9 for(int i = 0; i < this.nop; 1++) {

10 Point p = this.points[il];

11 if (p.getX() > 0 && p.getY() > 0) { psl[count] = p; count++; }|}
12 ‘ Point[] qlP01nts = new Point[count]; ‘
13 /* ps cor 1s null if count < nop */

14 for (int 1 0; 1 < count; i++) { glPoints[i] = psl[i] }

15 return glPoints ;

-
2]

Required Reading: Point and PointCollector



https://www.eecs.yorku.ca/~jackie/teaching/lectures/2025/F/EECS2030/notes/EECS2030_F25_Tracing_PointCollectorTester.pdf

/|

Java Data Types (3.2.2) LASSONDE

1 |public class PointCollectorTester {

2 public static void main(String[] args) {

3 PointCollector pc = new PointCollector();

4 System.out.println(pc.getNumberOfPoints ()); /+ 0 */
5 pc.addPoint (3, 4);

6 System.out.println (pc.getNumberOfPoints ()); /+ 1 */
7 pc.addPoint (-3, 4);

8 System.out.println (pc.getNumberOfPoints ()); /+ 2 */
9 pc.addPoint (-3, -4);

10 System.out.println (pc.getNumberOfPoints()); /* 3 */
11 pc.addPoint (3, -4);

12 System.out.println (pc.getNumberOfPoints()); /+ 4 */
13 Point[] ps = pc.getPointsInQuadrantI();

14 System.out.println(ps.length); /+ 1 x/

15 System.out.println (" (" +

16 ps[0].getX() + ", " + ps[0].getY() + ")"); /% (3, 4) */
17 }

18 |}

See the lecture recording on tracing the above program here.


https://www.youtube.com/watch?v=2v1q9TAwUYM&list=PL5dxAmCmjv_7n9WdC3CgEaCOwStJkf4MH&index=4

Anonymous Objects (1)
¢ What's the difference between these two fragments of code?

1 |double square (double x) {

2 double sgr = x * X; ; doxtz::]:rnsci{ua*rex(‘do}uble o

3 return sqr; } ’

After L2, the result of x * x:
o LHS: it can be reused (without recalculating) via the name sqr.
o RHS: it is not stored anywhere and returned right away.

e Same principles applies to objects:

1 | Person getP(String n ]
g ( g n | 1 |Person getP(String n) {
2 Person p = new Person(n) ;
2 return new Person(n) ; }
3 return p; }

new Person(n) is an object whose address is not stored in a variable.

o LHS: L2 stores the address of this anonymous object in p.
o RHS: L2 returns the address of this anonymous object directly.

_
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Anonymous Objects (2.1)

LASSONDE

Anonymous objects can also be used as assignment sources
or argument values:

class Member
private Order[] orders;
private int noo;
/% constructor ommitted x/
public void addOrder (Order o) {
this.orders[this.noo] = o;
this.noo++;
}
public void addOrder (String n,
this. addOrder( new Order (n,

double p, double qg) {
p, q));

lementation:

* tnls.oraers(this.nooi = new Order (n, p, q); noo ++;
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Anonymous Objects (2.2) LASSONDE

One more example on using anonymous objects:

public class MemberTester {
public static void main(String[] args) {
Member m = new Member ("Alan");
Order o = new Order ("Americano", 4.7, 3);
m.addOrder (o) ;
m.addOrder ( new Order ("Cafe Latte", 5.1, 4) );
}
}
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The this Reference (7.1): Exercise

Consider the person class

public class Person {
private String name;
private Person spouse;
public Person(String name) {
this.name = name;
}
}

How do you implement a mutator method marry which marries
the current Person object to an input Person object?



-
—

The this Reference (7.2): Exercise
public void marry(Person other) {
if (this.spouse != null || other.spouse !'= null) {
/#* Error: both must be single */
}
else { this.spouse = other; other.spouse = this; }
}

When we call jim.marry (elsa): this is substituted by the
context object jim, and other by the argument e1sa.

public void marry(Person Othefr elsa) {

jim.spouse = elsa;
elsa.spouse = jim;

}

_




OOP: The Dot Notation (2)

/|

LASSONDE

e LHS of dot can be more complicated than a variable :

o It can be a path that brings you to an object

public class Person {
private String name; /* public acces

}

sor: name ()
private Person spouse;/* public accessor: spouse ()

*/

o Say we have Person jim = new Person ("Jim Davies")

o Inquire about jim’s name? [jim.name ()]
o Inquire about jim's spouse’s name? [jim.spouse () .name ()]
o Butwhat if jimis single (i.e., jim.spouse () == null)?

Calling jim. spouse () .name () will cause NullPointerException!!

o Quesion. Assuming that:

e jimis not single. [ jim.spouse ()

'= null]

e The marriage is mutual. [ jim.spouse () .spouse () == jim]

What does jim.spouse () .spouse () .name () mean?

Answer. jim.name ()
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OOP: Helper Methods (1) LASSONDE

o After you complete and test your program, feeling confident that
it is correct, you may find that there are lots of repetitions.

¢ When similar fragments of code appear in your program, we
say that your code “smells”

* We may eliminate repetitions of your code by:
o Factoring out recurring code fragments into a new method.
o This new method is called a helper method :

e You can replace every occurrence of the recurring code fragment by a
call to this helper method, with appropriate argument values.

e Thatis, we reuse the body implementation, rather than repeating it
over and over again, of this helper method via calls to it.

e This process is called refactoring of your code:
Modify the code structure without compromising correctness.
See the lecture recording on helper methods here.



https://www.youtube.com/watch?v=uQu9bywfLlA&list=PL5dxAmCmjv_5h2HGWcCghusPOzypREiXG&index=6

/|

OOP: Helper (Accessor) Methods (2.1)

public class PersonCollector {
private Person|[] ps;
private final int MAX = 100; /x max # of persons to store =
private int nop; /~

mber of persons */

public PersonCollector() {
this.ps = new Person[MAX];

}

public void addPerson(Person p) {
this.ps[this.nop] = p;
this.nop++;

boolean personExists (String n)
t

N JA11h T
String n, double w)

9 (
void changeHeightOf (String n, double h)




N
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OOP: Helper (Accessor) Methods (2.2.1)

public class PersonCollector {
/% ps, MAX, nop, PersonCollector(), addPerson */
public boolean personExists(String n)
boolean found = false;
for(int i = 0; 1 < nop; i ++) {
if (ps[i].getName () .equals (n))
return found;

}
public void changeWeightOf (String n,

for(int i = 0; 1 < nop; 1 ++) {
if(ps[i].getName () .equals (n))

{
{ found = true; } }

double w) {
{ psli].setWeight(w); } }

}
public void changeHeightOf (String n, double h) {

for(int i = 0; 1 < nop; i ++) {
if (psli].getName() .equals(n)) { psli].setHeight(h); } }

_




I

OOP: Helper (Accessor) Methods (2.2.2)

public class PersonCollector {/#* code smells:repetitions! x*

addPerson */

/* ps, MAX, nop, PersonCollector(),
public boolean personExists( String n) {
boolean found = false;
for(int i = 0; i < nop; 1 ++) {
if(ps[i].getName () .equals(n)) { found = true; } }
return found;

}
| public void changeWeightOf( String n, double w) {

for(int i = 0; i < nop; i ++) { ‘
if (ps[i].getName ().equals(n)) { ps[i] .setWeight (w);} }

}
public void changeHeightOf( String n,

for(int i = 0; 1 < nop; i ++) { ‘
if (ps[i].getName ().equals(n)) { ps[i] .setHeight(h);} }

double h) {

}

o]
e
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OOP: Helper (Accessor) Methods (2.3)

public class PersonCollector { /# Code Smell Eliminated */
addPerson */

/* ps, MAX, nop, PersonCollector(),

private int indexOf (String n) { /# Helper Methods */

int 1 = -1;
for(int j = 0; j < nop; j ++) {
if(ps[j].getName() .equals(n)) { 1 = j; }

}

return i; /+ —-1 if
}
public boolean personExists(String n) {

return this.indexOf (n) >= 0; }
public void changeWeightOf (String n, double w) {

int i = indexOf (n); if(i >= 0) { psli].setWeight (w); }
}
public void changeHeightOf (String n, double h) {

int i = indexOf (n); if(i >= 0) { psli].setHeight (h); }

}

_
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OOP: Helper (Accessor) Methods (3.1)

Problems:
¢ A point class with x and y coordinate values.
e Accessor double getDistanceFromOrigin().

p.getDistanceFromOrigin () returns the distance
between p and (0, 0).

e Accessor double getDistancesTo (Point pl, Point p2).

p.getDistancesTo (pl, p2) returns the sum of distances
between p and p1, and between p and p2.

e Accessor double getTriDistances (Point pl, Point p2).

p.getDistancesTo (pl, p2) returnsthe sum of distances
between p and p1, between p and p2, and between p1 and p2.



OOP: Helper (Accessor) Methods (3.2)

/|

LASSONDE

class Point { /* code smells:repetitions! %/
double x; double y;

double getDistanceFromOrigin () {

double getDistancesTo (Point pl, Point p2) {
return
Math.sqgrt (Math.pow(this.x - pl.x, 2) + Math.pow(y - pl.y,
+
Math.sqgrt (Math.pow(this.x - p2.x, 2) + Math.pow(y - p2.y,

double getTriDistances (Point pl, Point p2) {

return
Math.sqgrt (Math.pow(this.x - pl.x, 2) + Math.pow(y - pl.y,
+
Math.sqgrt (Math.pow(this.x - p2.x, 2) + Math.pow(y - p2.y,
+

Math.sqgrt (Math.pow(pl.x - p2.x, 2) + Math.pow(pl.y - p2.y,

}

return Math.sqgrt (Math.pow(this.x - 0, 2) + Math.pow(this.y - 0, 2));

2)) i




OOP: Helper (Accessor) Methods (3.3) 4%

¢ The code pattern

Math.sqgrt (Math.pow(... — ..., 2) + Math.pow(... — ..., 2))

is written down explicitly every time we need to use it.

e Create a helper method out of it, with the right parameter and
return types:

double getDistanceFrom(double otherX, double otherY) {
return Math.sqrt (
Math.pow(ohterX - this.x, 2)
+

Math.pow(otherY - this.y, 2));

_
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OOP: Helper (Accessor) Methods (3.4)

public class Point { /#* Code Smell Eliminated */
private double x; private double y;
double getDistanceFrom(double otherX, double otherY) {
return Math.sqrt (Math.pow(ohterX — this.x, 2) +
Math.pow(otherY - this.y, 2));
}
double getDistanceFromOrigin () {
return this.getDistanceFrom(0, 0);
}
double getDistancesTo (Point pl, Point p2) {
return this.getDistanceFrom(pl.x, pl.y) +
this.getDistanceFrom(p2.x, p2.y);
}
double getTriDistances (Point pl, Point p2) {
return this.getDistanceFrom(pl.x, pl.y) +
this.getDistanceFrom(p2.x, p2.y) +
pl.getDistanceFrom(p2.x, p2.y)




\n,
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OOP: Helper (Mutator) Methods (4.1)

public class Student {

private String name;

private double balance;

public Student (String n, double b) {

name = nj;
balance = b;

Jouble val)

o

void receiveScholarship (

al)

void payLi

void payCafeCoupons (dou
nsfer (Student other, double val)

void trans !
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OOP: Helper (Mutator) Methods (4.2.1)

public class Student {
/* name, balance, Student (String n, double b) #*/
public void receiveScholarship(double val) {
balance = balance + val;

}

public void payLibraryOverdue (double val) {
balance = balance - val;

}

public void payCafeCoupons (double val) {
balance = balance - val;

}
public void transfer(Student other, double val) {

balance = balance - val;
other.balance = other.balance + val;
}
}
ZZat3nl



OOP: Helper (Mutator) Methods (4.2.2)

public class Student { /* code smells:repetitions! x*/
/

=) C+110ent (St / ] 1b1 e
ce, Student (String n, double b) */

/% name, bala
public void receiveScholarship(double val) {
balance = balance + val;

}
public void payLibraryOverdue (double val) {

balance = balance — val;

}
public void payCafeCoupons (double val) {

balance = balance — val;

}
public void transfer(Student other, double val) {

balance = balance — val;
balance = other.balance + val;




OOP: Helper (Mutator) Methods (4.3)

publlc class Student { /#* Code Smell Ellmlnated */

Q lent (

‘ publlc void dep051t (double Val) {

e, balance, b) */

/* Helper Method x/
balance =

}

‘ public void withdraw (double val) {

balance + val;

/* Helper Method x/

‘ other. deposit (val);

balance = balance - valj;
}
‘ public void receiveScholarship(double val) { this. deposit (val); H
‘ public void payLibraryOverdue (double val) { this. withdraw (val); }
public void payCafeCoupons (double val) { this. withdraw (val)
public void transfer(Student other, double val) {
|  this. withdraw (val);

}
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Static Variables (1) LASSONDE

public class Account {
private int id;
private String owner;
public int getID() { return this.id; }
public Account (int id, String owner) {
this.id = id;
this.owner = owner;

}

class AccountTester {
Account accl = new Account(l, "Jim");
Account acc2 = new Account (2, "Jeremy");
System.out.println(accl.getID() != acc2.getID());
t

But, managing the unique id’s manually is error-prone !
i)



Static Variables (2) fAféésésonos

class Account {
private static int globalCounter = 1 ;

| |
private int id; String owner;
public Account (String owner) {

| |
| |

this.id = globalCounter ;
globalCounter ++ ;
this.owner = owner; } }

class AccountTester {

Account accl = new Account ("Jim");
Account acc2 = new Account ("Jeremy") ;
System.out.println(accl.getID() != acc2.getID()); }

o Each instance of a class (e.g., acc1, acc2) has a local copy of
each attribute or instance variable (e.g., id).
e Changing acc1.id does not affect acc2.id.

o A static variable (e.g., globalCounter) belongs to the class.
o Allinstances of the class share a single copy of the static variable.

e Change to globalCounter via accl is also visible to acc2.
ZEotan
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Statlc Variables (3) LASSONDE

’public class Account { ‘
private static int globalCounter = 1 ;
private int id; private String owner;
public Account (String owner) {
this.id = globalCounter ;
globalCounter ++ ;
this.owner = owner;

b}

e Static variable globalCounter is not instance-specific like
instance variable (i.e., attribute) id is.
e To access a static variable:
o No context object is needed.
o Use of the class name suffices, e.g., Account .globalCounter.
e Each time Account’s constructor is called to create a new
instance, the increment effect is visible to all existing objects
of Account.
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Static Variables (4.1): Common Error

public class Client {

private Account[] accounts;

private static int numberOfAccounts = 0;

public void addAccount (Account acc) {
accounts[this.numberOfAccounts] = acc;
this.numberOfAccounts ++;

b}

public class ClientTester {
Client bill = new Client ("Bill");
Client steve = new Client ("Steve");
Account accl = new Account();
Account acc2 = new Account();

bill.addAccount (accl);
tAccounts () [0] */

/+* correctly added to bill.getAc
steve.addAccount (acc2) ;
/+ mistakenly added to steve.getAccounts () [1]! */

}
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Static Variables (4.2): Common Error

e Attribute numberOfAccounts should not be declared as
static as its value should be specific to the client object.
e If it were declared as static, then every time the

addAccount method is called, although on different objects,
the increment effect of numberofAccounts will be visible to

all client objects.
e Here is the correct version:

public class Client {
private Account[] accounts;
private int numberOfAccounts;
public void addAccount (Account acc) |
accounts[this.numberOfAccounts] = acc;
this.numberOfAccounts ++;
}
}

Z9 of 90}
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Static Variables (5.1): Common Error

public class Bank {
private string branchName;
public String getBrachName() { return this.branchName; }
private static int nextAccountNumber = 0;
public static String getInfo() {
nextAccountNumber++;
return this.branchName + nextAccountNumber;

O©oOo~NOOOR~WN =

e Non-static method cannot be referenced from a static context

e Line 5 declares that we can call the method get Info without
instantiating an object of the class Bank.

e However, in Line 7, the static method references a non-static
attribute, for which we must instantiate a Bank object.
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Static Variables (5.2): Common Error

public class Bank {
private String branchName;
public String getBrachName() { return this.branchName; }
private static int nextAccountNumber = 0O;
public static String getInfo() {
nextAccountNumber++;
return this.branchName + nextAccountNumber;

O©CoONOOTA~WN =

}
e TocallgetInfo (), no instances of Bank are required:

Bank .getInfo();

e Contradictorily, to access branchName, a context object is
required:

Bank b = new Bank(); b.setBranch("Songdo IBK");
System.out.println( b .getBranchName()) ;
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Static Variables (5.3): Common Error

There are two possible ways to fix:

1. Remove all uses of non-static variables (i.e., branchName) in
the static method (i.e., get Info).

2. Declare branchName as a static variable.

o This does not make sense.
-~ branchName should be a value specific to each Bank instance.
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: Helper (Mutator) Methods (4.2.

: Helper (Mutator) Methods (4.
[Static Variables (1)
[Static Variables (2)
[Static Variables (3)
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[Static Variables (4.1): Common Error|
[Static Variables (4.2): Common Error|
[Static Variables (5.1): Common Error
[Static Variables (5.2): Common Error|
[Static Variables (5.3): Common Error|
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Learning Outcomes

This module is designed to help you learn about:

e Caller vs. Callee in a Method Invocation

Error Handling via Console Message

The Catch-or-Specify Requirement

Example: To Handle or Not to Handle?

Error Handling via Exceptions

What to Do When an Exception is Thrown at Runtime
More Examples on Exception Handling
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Caller vs. Callee

e Within the body implementation of a method ({... }), we may
call other methods.

class C1 {
void ml() {

}
}

o0 WM =

C2 o = new C2();
o.m2(); /+*

St ic tvpe of ¢
static type orf o

e From Line 4, we say:
o Method c1.m1 (i.e., method m1 from class Cc1) is the caller of

method c2.m2.

o Method c2.mz2 is the callee of method C1.m1.

3.of 39
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Stack of Method Calls

e Execution of a Java project staris from the main method of
some class (e.g., CircleTester, BankApplication).

e Each line of method call involves the execution of that method’s
body implementation

o That method’s body implementation may also involve method
calls, which may in turn involve more method calls, and etc.

o ltis typical that we end up with a chain of method calls !
o We visualize this chain of method calls as a call stack .

For example:
e Account.withdraw [top of stack; latest called]
e Bank.withdrawFrom
e BankApplication.main [bottom of stack; earliest called]
o The closer a method is to the fop of the call stack, the /ater its call
was made.

4 of 39
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Error Reporting via Consoles: Circles (1)  |iassonoe

O©CoONOO O hWN =

class Circle {
double radius;
Circle() { /» radius defaults to 0 x/ }
void setRadius (double r) {

if (r < 0) { System.out.println( "Invalid radius." ); }
else { radius = r; }

}

double getArea() { return radius * radius x 3.14; }

}

* A negative radius is considered as an invalid input value to
method setRadius.
e What if the caller of Circle.setRadius passes a negative
value for r?
o An error message is printed to the console (Line 5) to warn the
caller of setRadius.

o However, printing an error message to the console does not force

the caller of setRadius to stop and handle invalid values of r.

b.of 39
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Error Reporting via Consoles: Circles (2)  |iassonoe

NS WD =

class CircleCalculator {
public static void main(String[] args) {
Circle ¢ = new Circle();
c.setRadius( -10);
double area = c.getAreal();
System.out.println("Area: " + area);
}
}

e L4: circleCalculator.mainis caller of circle.setRadius

* A negative radius is passed to setRadius in Line 4.

e The execution always flows smoothly from Lines 4 to Line 5,
even when there was an error message printed from Line 4.

e |t is not feasible to check if there is any kind of error message
printed to the console right after the execution of Line 4.

¢ Solution: A way to force circlecalculator.main, caller of
Ccircle.setRadius, to realize that things might go wrong.

= When things do go wrong, immediate actions are needed.



Error Reporting via Consoles: Bank (1)
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EASSONDE
class Account {
int id; double balance;
Account (int id) { this.id = id; /#* balance defaults to 0 */ }
void deposit (double a) {
‘ if (a < 0) { System.out.println( "Invalid deposit." ); }
else { balance += a; }
}
void withdraw(double a) {
| if (a < 0 || balance — a < 0) {
System.out.println( "Invalid withdraw." ); }
else { balance -= a; }
}
}
* A negative deposit or withdraw amount is invalid.
e When an error occurs, a message is printed to the console.
* However, printing error messages does not force the caller of

Account.deposit Or Account.withdraw to stop and
handle invalid values of a.
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Error Reporting via Consoles: Bank (2) LASSONDE
class Bank {
Account|[] accounts; int numberOfAccounts;
Bank (int id) { ... }
void withdrawFrom(int id, double a) {
for(int i = 0; i < numberOfAccounts; 1 ++) {
if (accounts[i].id == 1id) {

accounts|[i] .withdraw( a ) ;

—00VWoo~NOOR~WN =

—_

e L7: Bank.withdrawFromis caller of Account.withdraw
e What if in Line 7 the value of a is negative?
Error message [ Invalid withdraw]printed from method
Account . withdraw to console.
e Impossible to force Bank.withdrawFrom, the caller of

Account . withdraw, t0 stop and handle invalid values of a.
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Error Reporting via Consoles: Bank (3) LASSONDE

class BankApplication ({
pubic static void main(String[] args) {

Scanner input = new Scanner (System.in);
Bank b = new Bank(); Account accl = new Account (23);
b.addAccount (accl);
double a = input.nextDouble();
b.withdrawFrom (23, a);
System.out.println("Transaction Completed.");

©Co~NOOOaR~WN =

o There is a chain of method calls:
o BankApplication.main calls Bank.withdrawFrom
¢ Bank.withdrawFrom calls Account.withdraw.
o The actual update of balance occurs at the Account class.
o What if in Line 7 the value of a is negative?
] Invalid withdraw \ printed from Bank.withdrawFrom,
originated from Account . withdraw to console.
e However, impossible to stop BankApplication.main from
continuing to execute Line 8, printing Transaction Completed.
o Solution: Define error checking only once and let it propagate.
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What is an Exception?

e An exception is an event, which

o occurs during the execution of a program

o disrupts the normal flow of the program’s instructions
e When an error occurs within a method:

o the method throws an exception:

o first creates an exception object
e then hands it over to the runtime system

o the exception object contains information about the error:
e type [e.g., NegativeRadiusException]
o the state of the program when the error occurred



What to Do When an Exception Is Thrown? (130

o After a method throws an exception, the runtime system

searches the corresponding call stack for a method that
contains a block of code to handle the exception.
o This block of code is called an exception handler .
¢ An exception handler is appropriate if the type of the exception object
thrown matches the fype that can be handled by the handler.
o The exception handler chosen is said to caich the exception.
o The search goes from the top to the bottom of the call stack:
¢ The method in which the error occurred is searched first.
e The exception handler is not found in the current method being
searched = Search the method that calls the current method, and etc.
¢ When an appropriate handler is found, the runtime system passes the
exception to the handler.
o The runtime system searches all the methods on the call stack
without finding an appropriate exception handler
= The program terminates and the exception object is directly

“thrown” to the console!



What to Do When an Exception Is Thrown? (23 oo

throws an
exception

forwards/
propagates
an exception

catches an
exception

Method where error occurred and an
exception object thrown
(top of call stack)

Method without an exception handler

> method call

method call

<
N

Method with an exception handler

main method
(bottom of call stack)

method call




The Catch or Specify Requirement (1)

Code (e.g., a method call) that might throw certain exceptions
must be enclosed by one of the two ways:

1. The “Catch” Solution: A try statement that caiches and
handles the exception

(without propagating that exception to the method’s caller ).

main(...) |
Circle ¢ = new Circle();
try
c.setRadius (-10);
}

catch (NegativeRaidusException e) {

}

_
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The Catch or Specify Requirement (2)

Code (e.g., a method call) that might throw certain exceptions
must be enclosed by one of the two ways:
2. The “Specify” Solution: A method that specifies as part of its
header that it may (or may not) throw the exception
(which will be thrown to the method’s caller for handling).

class Bank {
Account[] accounts; /% attribute */
void withdraw (double amount)
throws InvalidTransactionException {

accounts|[i] .withdraw(amount) ;
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Example: to Handle or Not to Handle? (1.1) |.assonoe
Consider the following three classes:

class A {
ma(int 1) {
if(i < 0) {
else { /+
bl

class B {
mb(int 1) |
A oa = new A();
oa.ma(i); /* Error occurs 1f 1 < 0 #*/

bl

class Tester {
public static void main(String[] args) {
Scanner input = new Scanner (System.in);
int i = input.nextInt();
B ob = new B();
ob.mb(1i); /* Where can the error be handled? x*/

bl

_
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Example: to Handle or Not to Handle? (1.2) |.assonoe

* We assume the following kind of error for negative values:

class NegValException extends Exception {
NegValException(String s) { super(s); }
}

¢ The above kind of exception may be thrown by calling A . ma.

* We will see three kinds of possibilities of handling this
exception:
Version 1:
Handle it in B.mb
Version 2:
Pass it from B.mb and handle it in Tester.main
Version 3:
Pass it from B.mb, then from Tester.main, then throw it to the
console.
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Example: to Handle or Not to Handle? (2.1) |.assonoe
Version 1: Handle the exception in B. mb.

class A {
a(int i) throws NegValException {
if(i < 0) { throw new NegValException("Error."); }
else { /# Do s */ '}

bl

class B {
mb (int 1) {
A oa = new A();
try { oca.ma(i); }
catch (NegValException nve) { /x Do something. +*/ }

bl

class Tester {
public static void main(String[] args) {

Scanner input = new Scanner (System.in);

int i = input.nextInt();

B ob = new B();

ob.mb(1); /* Error, 1if any, would have been handled in B.mb. */

b}
[ivarsac]




Example: to Handle or Not to Handle? (2.2)

EASSONDE
Version 1: Handle the exception in B.mb.
Method A.ma causes an error and an
NegValException object is thrown
throws an method call
exception
Method B.mb chooses to handle the error
catches an right away using a try-catch block.
exception
method call
Method Tester.main method
need not worry about this error.
18 of 30



Example: to Handle or Not to Handle? (3.1)

/|

Version 2: Handle the exception in Tester.main.

class A {
a(int i) throws NegValException {
if(i < 0) { throw new NegValException("Error.");

Do
Do s

else { /»

bl

}

class B {
mb (int i) throws NegValException {
A oa = new A();
oa.ma(1i);

bl

class Tester {

public static void main(String[] args) {
Scanner input = new Scanner (System.in);
int i = input.nextInt();
B ob = new B();
try { ob.mb(i); }
catch (NegValException nve)

bl




Example: to Handle or Not to Handle? (3.2)

EASSONDE
Version 2: Handle the exception in Tester .main.
Method A.ma causes an error and an
NegValException object is thrown
throws an method call
exception
Method B.mb chooses not to handle the
forwards/ error and propagates it
propagates to its caller (i.e., Tester.main).
an exception
method call

catches an
exception

~

Method Tester.main method
chooses to handle this error, so that
this NegValException is not
propagated further.




/|

Example: to Handle or Not to Handle? (4.1) |.assonoe
Version 3: Handle in neither of the classes.

class A {
ma (int i) throws NegValException {
if(i < 0) { throw new NegValException("Error."); }
else { /x Do s t g. *x/}
bl

class B {
mb(int i) throws NegValException {
A oa = new A();
oa.ma(i);

bl

class Tester {
public static void main(String[] args) throws NegValException {
Scanner input = new Scanner (System.in);

int i = input.nextInt();
B ob = new B();
ob.mb(1);

bl

21 of 39




Example: to Handle or Not to Handle? (4.2)

EASSONDE
Version 3: Handle in neither of the classes.
Method A.ma causes an error and an
NegValException object is thrown
throws an method call
exception
Method B.mb chooses not to handle the
forwards/ _error anq propagates it .
propagates to its caller (i.e., Tester.main).
an exception
method call
Method Tester.main method
forwards/ chooses not to handle the error, so that
propagates - L
an exception this NegVa_llExceptlon is propagated
further (i.e., thrown to console).

_



Error Reporting via Exceptions: Circles (1) |assonoe

public class InvalidRadiusException extends Exception {
public InvalidRadiusException(String s) {
super (s) ;
}
}

e A new kind of Exception: InvalidRadiusException

¢ For any method that can have this kind of error, we declare at
that method’s header that it may throw an
InvalidRaidusException object.
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Error Reporting via Exceptions: Circles (2) |uassono:

class Circle {

double radius;

Circle() { /* radius defaults to 0 =/ }

void setRadius(double r) throws InvalidRadiusException {
if (r < 0) {

throw new InvalidRadiusException("Negative radius.");

}
else { radius = r; }

}

double getArea() { return radius * radius x= 3.14; }

e As part of the header of setRadius, we declare that it may
throw an InvalidRadiusException object at runtime.

e Any method that calls setRadius will be forced to
deal with this potential error .
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Error Reporting via Exceptions: Circles (3) |.assonoe

O©CoOo~NOOAWN =

—_
N = o

class CircleCalculatorl {
public static void main(String[] args) {
Circle ¢ = new Circle();

try {
c.setRadius (-10);
double area = c.getAreal();
System.out.println("Area: " + area);

}
catch (InvalidRadiusException e) |
System.out.println(e);
}
b}l

e Line 5 is forced to be wrapped within a fry-catch block, since it
may throw an InvalidRadiusException object.

e [fan InvalidRadiusException object is thrown from Line
6, then the normal flow of execution is interrupted and we go to
the catch block starting from Line 9.




Error Reporting via Exceptions: Circles (4)

et ae o

Exercise: Extend CircleCalculatorl: repeatedly prompt

for a new radius value until a valid one is entered (i.e., the

InvalidRadiusException does not occur).

Enter a radius:

-5

Radius -5.0 is invalid, try again!
Enter a radius:

-1

Radius -1.0 is invalid, try again!
Enter a radius:

5

Circle with radius 5.0 has area: 78.5




Error Reporting via Exceptions: Circles (5)
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1 |public class CircleCalculator2 {
2 public static void main(String[] args) {
3 Scanner input = new Scanner(System.in);
4 ‘ boolean inputRadiusIsValid = false; ‘
5 | while (!inputRadiusIsvalid) { |
6 System.out.println("Enter a radius:");
7 double r = input.nextDouble();
8 Circle ¢ = new Circle();
9 try { c.setRadius(r);
10 ‘ inputRadiusIsValid = true; ‘
11 System.out.print ("Circle with radius " + r);
12 System.out.println(" has area: "+ c.getArea()); }
13 ‘ catch (InvalidRadiusException e) { print("Try again!"); } ‘
14 ‘ oy ‘
L 1
e At L7, if the user’s input value is:
o Non-Negative: L8 — L12. [ inputRadiusIsValid set frue]

o Negative: L8, L9, L13. [ inputRadiusIsValid remains false ]
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Error Reporting via Exceptions: Bank (1)  |assonoe

public class InvalidTransactionException extends Exception {
public InvalidTransactionException(String s) {
super (s) ;
}
}

¢ A new kind of Exception:
InvalidTransactionException

¢ For any method that can have this kind of error, we declare at
that method’s header that it may throw an
InvalidTransactionException object.

P8 of 39



Error Reporting via Exceptions: Bank (2)

/|

class Account {
int id; double balance;

Account () { /# balance defaults to 0 x*/ }
void withdraw(double a) throws InvalidTransactionException {
if (a < 0 || balance - a < 0) {

else { balance —-= a; }
}
}

throw new InvalidTransactionException("Invalid withdraw.");

}

¢ As part of the header of withdraw, we declare that it may
throw an InvalidTransactionException object at
runtime.

e Any method that calls withdraw will be forced to
deal with this potential error .



Error Reporting via Exceptions: Bank (3)

/|

class Bank {
Account|[] accounts; int numberOfAccounts;
Account (int id) { ... }
void withdraw(int id, double a)
throws InvalidTransactionException {
for(int i = 0; 1 < numberOfAccounts; 1 ++) {
if (accounts[i].id == 1id) {
accounts|[i] .withdraw(a) ;
}

} /#* end for */ } /% end withdraw =/ }

e As part of the header of withdraw, we declare that it may
throw an InvalidTransactionException object.

* Any method that calls withdraw will be forced to
deal with this potential error .

* We are propagating the potential error for the right party (i

BankApplication) to handle.

..,



Error Reporting via Exceptions: Bank (4)
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class BankApplication {
pubic static void main(String[] args) {
Bank b = new Bank();
Account accl = new Account (23);
b.addAccount (accl) ;
Scanner input = new Scanner(System.in);
double a = input.nextDouble();
try {
b.withdraw (23, a);
System.out.println(accl.balance); }
catch (InvalidTransactionException e) {
System.out.println(e); } } }

O©CoOo~NOOAWN =

—_
)

—_
N

e Lines 9 is forced to be wrapped within a try-catch block, since
it may throw an InvalidTransactionException object.

e [fan InvalidTransactionException objectis thrown from
Line 9, then the normal flow of execution is interrupted and we

go to the catch block starting from Line 11.
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\n,

More Examples (1) LASSONDE

double r = ...;
double a = ...;
try{

Bank b = new Bank();
b.addAccount (new Account (34));
b.deposit (34, 100);
b.withdraw (34, a);
Circle ¢ = new Circle();
c.setRadius(r);
System.out.println(r.getArea());
}
catch (NegativeRadiusException e) {
System.out.println(r + " is not a valid radius value.");
e.printStackTrace();
}
catch (InvalidTransactionException e) {
System.out.println(r + " is not a valid transaction value.");
e.printStackTrace();

}
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More Example (2.1) LASSONDE

The Integer class supports a method for parsing Strings:

public static int parseInt (String s)
throws NumberFormatException

e.g., Integer.parselnt ("23") returns 23

€.0., Integer.parseInt ("twenty-three") throws a
NumberFormatException

Write a fragment of code that prompts the user to enter a string
(using nextLine from Scanner) that represents an integer.

If the user input is not a valid integer, then prompt them to enter
again.
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More Example (2.2) LASSONDE

\n,

Scanner input = new Scanner (System.in);

boolean validInteger = false;

while (!validInteger) {
System.out.println("Enter an integer:");
String userInput = Input.nextLine();
try {

int userInteger = Integer.parselnt (userInput);
validInteger = true;

}

catch (NumberFormatException e) {
System.out.println(userInput + " is not a valid integer.");

/* alse */
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Beyond this lecture. ..

¢ Practice creating a new excepftion class upon a method
throwing it in the body of implementation (e.g.,
InvalidRadiusException,
InvalidTransactionException).

e Play with the source code:
o ExceptionsCircleAndBank.zip
o ExceptionsToHandleOrNotToHandle.zip
Tip. Change input values so as to explore, in Eclipse debugger,

possible (normal vs. abnormal) execution paths .
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Learning Outcomes LASSONDE

This module is designed to help you learn about:

e Testing the Solution to a Bounded Counter Problem

Deriving Test Cases for a Bounded Variable

Application of Normal vs. Disrupted Execution Flows
Intention of a Test: Exceptions Expected vs. Not Expected

Test Driven Development (TDD) via Regression Testing
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Motivating Example: Two Types of Errors (1).assonoe

Consider two kinds of exceptions for a counter:

public class ValueTooLargeException extends Exception {
ValueTooLargeException(String s) { super(s); }

}

public class ValueTooSmallException extends Exception {
ValueTooSmallException(String s) { super(s); }

}

Any thrown object instantiated from these two exception
classes must be handled ( catch-or-specify requirement ):

o Either specify in the method header/API

(i.e., propagate it to the immediate caller in the call stack)
o Or handle itin a[ t ry-catch | block



Motivating Example: Two Types of Errors (2).assonoe

Approach 1 — Specify: Indicate in the method header/API that

a specific exception might be thrown.
Example 1: Method that throws the exception

-
—

class CI1 {
void ml (int x) throws ValueTooSmallException ({

if(x < 0) |
throw new ValueTooSmallException("val " + x);
}
}
}

Example 2: Method that calls another which throws the exception

class C2 {

Cl cl;
void m2(int x) throws ValueTooSmallException {

cl.ml(x);
}
}
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Motivating Example: Two Types of Errors (3).assonoe

Approach 2 — Catch: Handle the thrown exception(s) in a
try-catch block.

class C3 {
public static void main(String[] args) {
Scanner input = new Scanner(System.in);

int x = input.nextInt();
C2 c2 = new c2();
try {

c2.m2(x);

}
catch (ValueTooSmallException e) { ... }




A Simple Counter (1)
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Consider a class for keeping track of an integer counter value:

public class Counter {
public final static int MAX VALUE
public final static int MIN_VALUE
private int value;
public Counter() {
this.value = Counter.MIN_VALUE;
}
public int getValue() {
return value;
}

Il
o

/+* more later! =/

I
w

o Access private attribute value using public accessor getValue.
o Two class-wide (i.e., static) constants (i.e., £inal) for lower and

upper bounds of the counter value.

o Initialize the counter value to its lower bound.

o | Requirement|:

The counter value must be within its lower and upper bounds.
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Exceptional Scenarios

e Sound Software Engineering Practice:
Design a test strategy even before code is completed.
¢ Q: Possible exceptional scenarios for such a counter?

o An attempt to increment above the counter’s upper bound.
o An attempt to decrement below the counter’s lower bound.




A Simple Counter (2) LASSONDE

/* class Counter #*/
public void increment () throws ValueTooLargeException {
if (value == Counter.MAX VALUE) {
throw new ValueTooLargeException("value is " + value);
}
else { value ++; }

}

public void decrement () throws ValueTooSmallException {

if (value == Counter.MIN VALUE) {

throw new ValueTooSmallException("value is " + value);
}
else { value ——; }

}
}

o Change the counter value via two mutator methods.
o Changes on the counter value may frigger an exception:
o Attempt to increment when counter already reaches its maximum.
« Attempt to decrement when counter already reaches its minimum.
Baf23



Components of a Test

e Manipulate the relevant object(s).
e.g., Initialize a counter object c, then call c. increment ().
e.g., Initialize a counter object c, then call c. decrement ().
e What do you expect to happen ?
e.g., value of counter is such that Counter. MIN.VALUE + 1
e.g., ValueTooSmallException is thrown
* What does your program actually produce ?

e.g., call c.getvalue () to find out.
e.9., Use a try—catch block to find out (to be discussed!).

e Atest:
o Passes if expected outcome occurs.
o Fails if expected outcome does not occur.
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Why JUnit? :A%SONDE

e Automate the testing of correctness of your Java classes.

¢ Derive the list of tests. Transform it into a JUnit Test Class.

» JUnit tests are callers/clients of your classes. Each test may:

o Either attempt to use a method in a legal way (i.e., satisfying its
precondition), and report:

o Success if the result is as expected
e Failure if the result is not as expected
o Or attempt to use a method in an illegal way (i.e., not satisfying
its precondition), and report:
e Success if the expected exception
(e.g., ValueTooSmallException) OCCUrS.
e Failure if the expected exception does not occur.
* Regression Testing : Any change introduced to your
software must not compromise its established correctness.



Test-Driven Development (TDD) LASSONDE
fix the Java class under test
‘ when some test fails
extend, maintaij

Java Classes
(e.g., Counter)

derive

(re-)run as JUnit
Junit test case Framework

y

JUnit Test Case
(e.g., TestCounter)

1 when all tests pass

add more tests

Maintain a collection of tests which define the correctness of your
Java class under development (CUD):

¢ Derive and run tests as soon as your CUD is testable .
i.e., A Java class is testable when defined with method signatures.
o Red bar reported: Fix the class under test (CUT) until green bar.
o Green bar reported: Add more tests and Fix CUT when necessary.
[iofa2|
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How to Use JUnit: Packages

Step 1:
o In Eclipse, create a Java project ExampleTestingCounter
o Separation of concerns :
o Group classes for implementation (i.e., Counter)
into package implementation.

o Group classes classes for testing (to be created)
into package tests.

v '17‘1 ExampleTestingCounter
P =)\ JRE System Library [JavaSE-1.8]
v iﬁ? src
¥ i implementation
» [J) Counter.java
> m ValueToolLargeException.java
> D ValueTooSmallException.java

£H tests




How to Use JUnit: New JUnit Test Case (1) |cassonoe

Step 2: Create a new JUnit Test Case in tests package.

¥ (2 ExampleTestingUtilityClasses
» =\ JRE System Library [JavaSE-1.8]
v (B src
v £ implementation
» [J] Counter.java
= tests

New » 2% Java Project
o i
Open in New Window [ Project...
Open Type Hierarchy : F4 # Package
Show In XBW > @ Class
[ Copy 8C @ Interface
E5 Copy Qualified Name @ Enum
(& Paste %v | @ Annotation
% Delete ®| 9 Source Folder
148 Java Working Set
ARemcve from Context % Folder
Build Path : » :; File
Source A= [£ Untitled Text File
Refactor T > p
[ Task
2 Import... JUnit Test Case

Create one JUnit Test Case to test one Java class only.

= If you have n Java classes to test, create n JUnit test cases.
[z



How to Use JUnit: New JUnit Test Case (2) |.assonoe

Step 3: Select the version of JUnit (JUnit 4); Enter the name of
test case (TestCounter); Finish creating the new test case.

[ ] o New JUnit Test Case
JUnit Test Case
Select the name of the new JUnit test case. You have the options to specify E:
the class under test and on the next page, to select methods to be tested. L=l
New Junit 3 test| © New Junit 4 test
Source folder: | ExampleTestingUtilityClasses/src Browse...
Package: tests Browse...
Neme: -
Superclass: java.lang Object Browse.
Which method stubs would you lke to create?
setUpBeforeClass()  tearDownAfterClass()
setUp() tearDown()
Do you want to add comments? (Configure templates and default value here)
Generate comments |
Browse...

Class under test:

® Cancel @ [



S
How to Use JUnit: Adding JUnit Library  [sono:

Upon creating the very first test case, you will be prompted to
add the JUnit library to your project’s build path.

o @® New JUnit Test Case

1 JUnit 4 is not on the build path. Do you want to add it?

Not now
Open the build path property page

o Perform the following action:

=\ Add JUnit 4 library to the build path

Cancel @
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How to Use JUnit: Generated Test Case LASSONDE

[J] TestCounter.java 32
1 package tests;
2=import static org.junit.Assert.*;
3 import org.junit.Test;
4 public class TestCounter {
5 @Test
6 | public void test() {
7 fail("Not yet implemented™);
8 3
91
o Lines 6 — 8: test is just an ordinary mutator method that has a
one-line implementation body.
o Line 5 is critical: Prepend the tag @Test verbatim, requiring that
the method is to be treated as a JUnit test.
= When TestCounter is run as a JUnit Test Case, only those
methods prepended by the @Test tags will be run and reported.
o Line 7: By default, we deliberately fail the test with a message
“Not yet implemented”.



How to Use JUnit: Running Test Case LASSONDE

Step 4: Run the TestCounter class as a JUnit Test.

¥ (=2 ExampleTestingUtilityClasses New >
» mi\ JRE System Library [JavaSE-1.8]
v [ src Open F3
> £ implementation Open With »
v ffi tests Open Type Hierarchy Fa
S I o
»> &\ JUnit 4
[ Copy %C
E5 Copy Qualified Name
[ Paste 8V
& Delete ®
Remove from Context
Build Path >
Source X3S >
Refactor X®8T »
g Import...
£ Export...
References >
Declarations » 1 Bl console 52

Ition] /Library/Java/JavaVirtualMachines/jdk1.
" Refresh F5

Assign Working Sets...

Coverage As >

Run As » 1 JUnit Te XBXT
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How to Use JUnit: Generating Test Report |.ssonoe

A report is generated after running all tests (i.e., methods
prepended with @Test) in TestCounter.

[# Package Explor | gu Junit 3¢ 5= outine = B

¢ oablEE QR EHY T
Finished after 0.032 seconds

Runs:  1/1 B Errors: 0 B Failures: 1

"V fi.tests.TestCounter [Runner: JUnit 4] (0.003 s)

3 test (0.003 s)
= Failure Trace 3F

J; java.lang.AssertionError: Not yet implemented
m = at tests.TestCounter.test(TestCounter.java:11)
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How to Use JUnit: Interpreting Test Report | assonoe

* A test is a method prepended with the @Test tag.
e The result of running a test is considered:
o Failure if either
e an assertion failure (e.g., caused by fail, assertTrue,
assertEquals) OCCUIS
e an unexpected exception (e.g., NullPointerException,
ArrayIndexOutOfBoundException) thrown
o Success if neither assertion failures nor (unexpected)
exceptions occur.
e After running all tests:
o A green bar means that all tests succeed.
= Keep challenging yourself if more tests may be added.
o A red bar means that at least one test fails.
= Keep fixing the class under test and re-running all tests, until
you receive a green bar.

¢ Question: What is the easiest way to making test a success?

Answer: Delete the call fail ("Not yet implemented").
ESof22|
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How to Use JUnit: Revising Test Case

1J] TestCounter.java 3%
package tests;
import static org.junit.Assert.*;
import org.junit.Test;
public class TestCounter {
@Test
public void test() {
// fail("Not yet implemented");
1

=

N oA W

0 oo

}

Now, the body of test simply does nothing.
= Neither assertion failures nor exceptions will occur.
= The execution of test will be considered as a success.

-+ There is currently only one test in TestCounter.
.. We will receive a green bar!
Caution: test which passes at the moment is not useful at all!



HOW tO Use JUnIt: Re'Runnlng TeSt Case :Agsgrigg

A new report is generated after re-running all tests (i.e.,
methods prepended with @Test) in TestCounter.

[£ Package Explor gfu JUnit 82 |G= Outlne = O

e L5 @ EHy ¥
Finished after 0.017 seconds

Runs: 1/1 B Errors: O B Failures: 0

¥ Fj-]tests.TestCounter [Runner: JUnit 4] (0.000 s)
el test (0.000 )

= S
= Failure Trace o4




How to Use JUnit: Common Assertions
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® void
® void
® void
® void
® void

® void

assertNull (Object o)

assertEquals (int expected, int actual)

assertEquals (double exp, double act, double epsilon)
assertArrayEquals (expected, actuals)

assertTrue (boolean condition)

fail (String message)
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JUnit Assertions: Examples (1)
Consider the following class:

public class Point {
private int x; private int y;
public Point(int x, int y) { this.x = x; this.y = y; }
public int getX() { return this.x; }
public int getY() { return this.y; }
}

Then consider these assertions. Do they pass or fail?

Point p;

assertNull (p); V

assertTrue (p == null);

assertFalse(p != null);

assertEquals (3, p.getX()); x /x Nul */

P new Point (3, 4);

assertNull (p) ; X

assertTrue (p == null); X

assertFalse(p != null); x

assertEquals (3, p.getX()); V

assertTrue (p.getX() == 3 && p.getY() == 4); N
E3ota2
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JUnit Assertions: Examples (2)

» Consider the following class:

public class Circle {
private double radius;
public Circle(double radius) { this.radius = radius; }
public int getArea() { return 3.14 * radius * radius; }

}

e How do we test c.getArea () ?
o Mathematically: 3.4 x 3.4 x 3.14 = 36.2984
o However, base-10 numbers cannot be represented perfectly in
the binary format.
o When comparing fractional numbers, allow some folerance :

36.2984 - 0.01 < c.getArea() < 36.2984 + 0.01
e Then consider these assertions. Do they pass or fail?

Circle ¢ = new Circle(3.4);
assertEquals (36.2984, c.getArea(), 0.01);




More JUnit Assertion Methods

LASS

ONDE

method name / parameters

description

assertTrue (test)
assertTrue("message", test)

Causes this test method to fail if the given boolean
test is not true.

assertFalse (fest)
assertFalse("message", test)

Causes this test method to fail if the given boolean
test is not faise.

assertEquals (expectedValue, value)
assertEquals ("message", expectedValue, value)

Causes this test method to fail if the given two values
are not equal to each other. (For objects, it uses the
equals method to compare them.) The first of the two
values is considered to be the result that you expect;
the second is the actual result produced by the class
under test.

assertNotEquals (valuel, value2)
assertNotEquals("message", valuel, value2)

Causes this test method to fail if the given two values
are equal to each other. (For objects, it uses the
equals method to compare them.)

assertNull (value)
assertNull("message", value)

Causes this test method to fail if the given value is
not nuii.

assertNotNull (value)
assertNotNull("message", value)

Causes this test method to fail if the given value is
null.

assertSame (expectedValue, value)
assertSame("message", expectedValue, value)
assertNotSame (valuel, value2)
assertNotSame( "message", valuel, value2)

Identical to assertEquals and assertNotEquals respectively,
except that for objects, it uses the operator rather
than the equais method to compare them. (The difference
is that two objects that have the same state might be
equals to each other, but not == to each other. An
object is only == to itself.)

fail()
fail("message")

Causes this test method to fail.
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Testing Strategy LASSONDE

e What is the complete list of cases for testing Counter?

c.getValue () H c.increment () [ c.decrement ()

ValueTooSmall

ValueToolLarge
e Let’s turn the two cases in the 1st row into two JUnit tests:
o Test for the green cell succeeds if:

o No failures and exceptions occur; and
e The new counter value is 1.

o Tests for red cells succeed if the expected exceptions occur
(ValueTooSmallException & ValueTooLargeException).



Testing: Correct vs. Incorrect Imp.
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e The real value of a test is:

o Not only to reaffirm when your implementation is correct,
o But also to reject when your implementation is incorrect.

e What if the method decrement was implemented incorrectly?

class Counter {

public void decrement () throws ValueTooSmallException {
if (value < Counter.MIN_VALUE) {
throw new ValueTooSmallException ("value is " + value);
}
else { value ——; }
}
}

* A “good” test should reject such an incorrect implementation.
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Test Case 1: Increment from Min (1)

@Test
public void testIncAfterCreation() {
Counter ¢ = new Counter();
assertEquals (Counter.MIN_VALUE, c.getValue());
try {
c.lncrement () ;
assertEquals (1, c.getValue());
}

catch(ValueTooLargeException e) {

©Co~NoOOhr~WN =

/* Exception is not expected to be thrown. */

—_
)

fail ("ValueTooLargeExceptlon is not expected.");

—_
w N

}

® | 3setsc.valueto 0.
® Line 6 requires a try-catch block - potential valueTooLargeException

® Lines 4,7 11 are all assertions:
o Lines 4 & 7 assert that c. get Value () returns the expected values.
o Line 11: an assertion failure -.- unexpected ValueTooLargeException

® Line 7 can be rewritten as assertTrue (1 == c.getValue()).



Test Case 1: Increment from Min (2)
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@Test
public void testIncAfterCreation() {
Counter ¢ = new Counter();
assertEquals (Counter.MIN_VALUE, c.getValue());
try {
c.lncrement () ;
assertEquals (1, c.getValue());
}
catch (ValueTooLargeException e) |

/+ Exception 1is not expected to be thrown. x/

©Co~NoOOh~rWN =

—_
- o

fail ("ValueTooLargeException is not expected.");

—_
w N

At L6, if method decrement is implemented:

o Correctly = avalueTooLargeException does not occur.
= Execution continues to L7, L8, L13, then the program terminates.
o Incorrectly = an unexpected ValueTooLargeException OCCUrS.

= Execution jumps to L9, L10 — L11, then the test program terminates.



Test Case 2: Decrement from Min (1)
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©oONOOORAWN—=

—_
N = o

@Test
public void testDecFromMinValue() {
Counter ¢ = new Counter();
assertEquals (Counter.MIN_VALUE, c.getValue());
try {
c.decrement () ;
fail ("ValueTooSmallException is expected.");

}

catch (ValueTooSmallException e) |
/* Exception is expected to be thrown. =/
}

}

® | 3setsc.valueto 0.

® Line 6 requires a try-catch block -.- potential ValueTooSmallException

® Lines 4 & 7 are both assertions:

o Lines 4 asserts that c. getValue () returns the expected value (i.e.,

Counter.MIN_VALUE).

o Line 7: an assertion failure - expected ValueTooSmallException notthrown



Test Case 2: Decrement from Min (2)
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©ooNOOUAWN =

—_
N = o

@Test
public void testDecFromMinValue () {
Counter ¢ = new Counter();
assertEquals (Counter.MIN_VALUE, c.getValue());
try {
c.decrement () ;
fail ("ValueTooSmallException is expected.");
}
catch (ValueTooSmallException e) |
/+ Exception is expected to be thrown. */
}
}

At L6, if method decrement is implemented:

o Correctly = avalueTooLargeException OCCUrS.
= Execution jumps to L9, L10 — L12, then the program terminates.

o Incorrectly = expected ValueTooLargeException does not occur.

= Execution continues to L7, then the test program terminates.
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Test Case 3: Increment from Max

1 | @Test

2 |public void testIncFromMaxValue() {

3 Counter ¢ = new Counter();

4 try {

5 c.increment (); c.increment(); c.increment();

6 }

7 catch (ValueTooLargeException e) {

8 fail ("ValueToolargeException was thrown unexpectedly.");

9 }

10 assertEquals (Counter.MAX_VALUE, c.getValue());

11 try {

12 c.increment () ;

13 fail ("ValueTooLargeException was NOT thrown as expected.");
14 }

15 catch (ValueTooLargeExceptlon e) {

16 /* Do nothing: ValueTooLargeException thrown as expected. x/
17 }

18 |}

o L4—-L9: a VTLE is not expected; L11 —17: a VTLE is expected.
Bz
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Exercise: Console Tester vs. JUnit Test

Q. Can this console tester work like the JUnit test test IncFromMaxValue does?

1 public class CounterTester {

2 public static void main(String[] args) {

3 Counter ¢ = new Counter();

4 println("Current val: " + c.getValue());

5 try {

6 c.increment(); c.increment(); c.increment();

7 println("Current val: " + c.getValue());

8 }

9 catch (ValueTooLargeException e) {

10 println("Error: ValueTooLargeException thrown unexpectedly.");
11 }

12 try {

13 c.increment () ;

14 println("Error: ValueTooLargeException NOT thrown.");
15 } /# end of inner try #*/

16 catch (ValueTooLargeException e) {

17 println("Success: ValueToolLargeException thrown.");
18 }

19 }

20 } o]

A. Say one of the first 3 c. increment () mistakenly throws VTLE.
® After L10 is executed, flow of execution still continues to L12.

® This allows the 4th c. increment to be executed!



Exercise: Combining catch Blocks?
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O©CoOo~NOOAWN =

—_
W = O

Q: Can we rewrite test IncFromMaxValue to:

@Test

public void testIncFromMaxValue() {
Counter c¢c = new Counter();
try {

c.increment () ;
c.increment () ;
c.increment () ;
assertEquals (Counter.MAX VALUE, c.getValue());
c.increment () ;

fail ("ValueToolargeException was NOT thrown as expected.");

}

catch (ValueTooLargeException e) { }

}

No!

At Line 12, we would not know which line throws the VTLE:
o If it was any of the calls in L5 — L7, then it's not right.

o If it was L9, then it’s right.
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Using Loops in JUnit Test Cases

\n,

Loops can make it effective on generating test cases:

1 QTest

2 public void testIncDecFromMiddleValues() {

3 Counter ¢ = new Counter();

4 try {

5 for (int i = Counter.MIN_VALUE; i < Counter.MAX_ VALUE; i ++) {
6 int currentValue = c.getValue();

7 c.increment () ;

8 assertEquals (currentValue + 1, c.getValue());

9 }

10 for (int i = Counter.MAX VALUE; i > Counter.MIN_VALUE; i --) {
11 int currentValue = c.getValue();

12 c.decrement () ;

13 assertEquals (currentValue - 1, c.getValue());

14 }

15 }

16 catch (ValueTooLargeException e) {

17 fail ("ValueTooLargeException is thrown unexpectedly");
18 }

19 catch (ValueTooSmallException e) {

20 fail ("ValueTooSmallException is thrown unexpectedly");
21 }

22 }
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ExerCises LASSONDE

1. Run all 8 tests and make sure you receive a green bar.
2. Now, introduction an error to the implementation: Change the
line value ++in Counter.increment to —-.

o Re-run all 8 tests and you should receive a red bar. [ Why? ]
o Undo error injections & Re-Run all 8 tests. [ What happens? ]



Resources ITA§SCE2[\££BNE

o Official Site of JUnit 4:
http://junit.org/junitd/
¢ API of JUnit assertions:
http://Junit.sourceforge.net/javadoc/org/junit/Assert.html
e Another JUnit Tutorial example:

https://courses.cs.washington.edu/courses/cseld3/11wi/

eclipse—tutorial/junit.shtml



http://junit.org/junit4/
http://junit.sourceforge.net/javadoc/org/junit/Assert.html
https://courses.cs.washington.edu/courses/cse143/11wi/eclipse-tutorial/junit.shtml
https://courses.cs.washington.edu/courses/cse143/11wi/eclipse-tutorial/junit.shtml

/|

Beyond this lecture. ..

Play with the source code ExampleTestingCounter.zip
Tip. Change input values so as to explore, in Eclipse debugger,

possible (normal vs. abnormal) execution paths .
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Learning Outcomes

This module is designed to help you learn about:

e Call by Value: Primitive vs. Reference Argument Values
Object equality: To Override or Not to Override

Asserting Object Equality: assertSame VS. assertEquals
Short-Circuit Effect (SCE): s & vs. | |

Equality for Array-, Reference-Typed Attributes
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Call by Value (1)

¢ Consider the general form of a call to some mutator method
m, with context object co and argument value arg:

o Argument variable arg is not passed directly to the method call.
o Instead, argument variable arg is passed indirectly: a copy of
the value stored in arg is made and passed to the method call.

e What can be the type of variable arg? [ Primitive or Reference ]
o arg is primitive type (e.g., int, char, boolean, elc.):
Call by Value : Copy of arg’s stored value
(e.g., 2, 3, true) is made and passed.
o arg is reference type (e.g., String, Point, Person, elc.):
Call by Value : Copy of arg’s stored reference/address
(e.g., Point@5ch0d902) is made and passed.



-
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Ca" by Value (2.1) LASSONDE

For illustration, let's assume the following variant of the Point
class:

public class Point {
private int x;
private int y;
public Point(int x, int y) {
this.x = x;
this.y = y;
}
public int getX() { return this.x; }
public int getY() { return this.y; }
public void moveVertically(int y){ this.y += y; }
public void moveHorizontally(int x){ this.x += x; }




Call by Value (2.2.1)
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public class Util ({
void reassignInt (int j) {
j=3+1;}
void reassignRef (Point q)

g = np; }

void changeViaRef (Point q)
g.moveHorizontally(3);
g.moveVertically(4); } }

{

Point np = new Point (6, 8);

{

ONO O~ WN =

@Test
public void testCallByVal() {
Util u = new Util();

int i = 10;
assertTrue (i == 10);
u.reassignlInt (1) ;
assertTrue (i == 10);

e Before the mutator call at L6, primitive variable i stores 10.

* When executing the mutator call at L6, due to call by value , a

copy of variable i is made.
i + 1 is only effective on this copy, not
the original variable i itself.

= The assignment i =

o .. After the mutator call at L6, variable i still stores 10.



.
Call by Value (2.2.2)

After reassignInt

Before reassignint H During reassignInt ‘




/|

Ca" by Value (2.3.1) LASSONDE

. } 1 | @Test
pub%lc class'Utll ? ) 2 |public void testCallByRef_ 1() {

void reassignInt (int j) { 3 Util u - new Util():

i = 9 + 1 ’

J I %’ ! ) 4 Point p = new Point (3, 4);
void reassignRef (Point q) { 5 Point refOfPBefore = p;

Point np = new Point (6, 8); 6 1. reassignRef (p) ; !

? = npi } . . 7 assertTrue (p == refOfPBefore);
void changeViaRef (Point q) { 8 assertTrue (p.getX() == 3);

g.moveHorizontally(3); 9 assertTrue (p.getY() == 4);

0

g.moveVertically(4); } }

—_

}

e Before the mutator call at L6, reference variable p stores the address of
some Point object (whose x is 3 and y is 4).
* When executing the mutator call at L6, due to call by value , a

copy of address stored in p is made.
= The assignment p = np is only effective on this copy, not the original
variable p itself.
e . After the mutator call at L6, variable p still stores the original address (i.e.,
same as refOfPBefore).



S
Call by Value (2.3.2)

Before reassignRef H During reassignRef H After reassignRef

Point
=
P y
(—» Point P y q Point
x x
13 i q y
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Call by Value (2.4.1) LASSONDE

. ) 1 | @Test
pub%lc class'Utll ? ) 2 |public void testCallByRef_ 2() {
void reassignInt (int j) { 3 Util u - new Util():
i = 7 + . ’
J =7 lf ) , 4 Point p = new Point (3, 4);
void reassignRef (Point q) { 5 Point refOfPBefore = p;
Point np = new Point (6, 8); 6 2. changeViaRef (p) ; ;
g = np; } 7 : —
. . , assertTrue (p == refOfPBefore);
void changeViaRef (Point q) { 8 assertTrue(g getx() — o) ; ;
g.moveHorizontally(3); 9 assertTrue (p.getY() == 8);
0

g.moveVertically(4); } }

—_

® Before the mutator call at L6, reference variable p stores the address of
some Point object (whose x is 3 and y is 4).

® When executing the mutator call at L6, due to call by value , a
copy of address stored in p is made. [Alias: p and g store same address.]

= g.moveHorizontally impacts the same object referenced by p and q.

e .. After the mutator call at L6, variable p still stores the original address (i.e.,
same as refOfPBefore), but its x and y values have been modified via g.



.
Call by Value (2.4.2)

Before changeviaRef During changeViaRef After changeViaRef

p

I I
pr— = —l=
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Equality (1) LASSONDE
e Recall that
o A primitive variable stores a primitive value.
e.g., double dl = 7.5; double d2 = 7.5;
o A reference variable stores the address to some object (rather
than storing the object itself).
e.g., Point pl = new Point (2, 3) assignsto pl the
address of the new Point object
e.g0., Point p2 = new Point (2, 3) assignsto p2 the
address of another new Point object
e The binary operator == may be applied to compare:

o Primitive variables: their values are compared
e.g., d1 == d2 evaluates to true
o Reference variables: the addresses they store are compared
(rather than comparing contents of the objects they refer to)
e.g.,pl == p2 evaluates to false because p1 and p2 are
addresses of different objects, even if their contents are identical.
[iEmas |
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Eq uality (2.1) LASSONDE

e Implicitly:
o Every class is a child/sub class of the Object class.
o The Object class is the parent/super class of every class.
e There is a useful accessor method that every class inherits
from the Object class:
o ’public boolean equals (Object ob37) ‘
¢ Indicates whether some other object obj is “equal to” this one.
e The default definition inherited from Object:
public boolean equals (Object obj) {
return (this == obj);

}

e.g., Say pl and p2 are of type Point V1
in which the equals method is not redefined/overridden,
then pl.equals (p2) boils down to (p1 == p2).

o Very often when you define new classes, you want to

redefine / override the inherited definition of equals.

e
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Equality (2.2): Common Error LASSONDE

int 1 = 10;
int j = 12;
boolean sameValue = i.equals(j);

Compilation Error

The equals method is only applicable to reference types.
Fix
Write i == 7 instead.
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Eq uality (3) :A%SONDE

public class PointV1 ({

private int x; private int y;

public PointVli(int x, int y) { this.x = x; this.y = y; }
}

String s = " (2, 3)";

PointV1l pl = new PointV1(2, 3);
PointVl p2 = new PointV1(2, 3);
PointV1l p3 = new PointV1(4, 6);

System.out.println(pl == p2); /+* false */
System.out.println(p2 == p3); /* false x/
System.out.println(pl ));
System.out.println(pl.equals (null)); /* false x*/
System.out.println(pl ) /
System.out.println(pl )

(p2 )

System.out.println

- O OWoO~NOOOAWN =

—_

p
P

e The equals method is not explicitly redefined/overridden in class
Point V1 = The default version inherited from class Object is called.
e.g., Executing pl.equals (null) boils downto (p1 == null).

e To compare contents of Point V1 objects, redefine/override equals.

e
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Equality (4-1 ) LASSONDE

To compare contents rather than addresses, override equals.

public class PointV2 {
private int x; private int y;
public boolean equals (Object obj) {
if (this == obj) { return true; }
if(obj == null) { return false; }
if (this.getClass() != obj.getClass()) { return false; }
PointV2 other = (PointV2) obj;
return this.x == other.x && this.y == other.y;
}
}
1 String s = "(2, 3)";
2 PointV2 pl = new PointV2(2, 3);
3 PointV2 p2 = new PointV2(2, 3);
4 PointV2 p3 = new PointV2(4, 6);
5 System.out. println(pl == p2);
6 System.out. P
7 | System.out. (p
8 System.out. (n
9 System.out. (s
10 | System.out. (p.
11 System.out. (p
5otz
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Eq uality (4-2) :A%SONDE

e When making a method call p.equals (o) :

o Say variable p is declared of type Point V2

o Variable o can be declared of any type (e.g., Point V2, String)
¢ We define p and o as equal if:

o Either p and o refer to the same object;

o Or:
e o does not store the null address.
¢ p and o at runtime point to objects of the same type.
e The x and y coordinates are the same.

¢ Q: Inthe equals method of Point, why is there no such a line:

class PointV2 {
public boolean equals (Object obj) {
if (this == null) { return false; }

A:lf thiswas null, a NullPointerException would have

occurred, preventing the body of equals from being executed.
1w
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Equality (4.3)

public class PointV2 {

1

2 public boolean equals (Object obj) {

3 .

4 if (this.getClass() != obj.getClass()) { return false; }
5 PointV2 other = (PointV2) obj;

6 return this.x == other.x && this.y == other.y;

7

8

O | Object obj |at L2 declares a parameter obj of type Object.

at L5 declares a variable p of type Point v2.

We call such types declared at compile time as sfatic type.

o Applicable attributes/methods callable upon a variable depends on its static type.
e.g., We may only call the small list of methods defined in Object
class on obj, which does not include x and y (specific to Point v2).

If we are certain that an object’s “actual” type is different from its static type, then

we can cast it.

e.g., Giventhat this.getClass () == obj.getClass (), we are
sure that obj is also a Point, so we can cast it to Point V2.

o The cast| (PointV2) ob7j |creates an alias of obj, upon which (or upon its alias

such as other) more methods can be invoked.
EZatzd




Equality (5)
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Two notions of equality for variables of reference types:

* Reference Equality : use == to compare addresses

e QObject Equality : define equals method to compare contents

PointV2 pl
PointV2 p2
PointV2 p3
System.out
System.out
System.out
System.out
System.out
System.out

O©Co~NOOOR~WN =

= new PointV2(3, 4);
= new PointV2(3, 4);
= new PointV2(4, 5);

.println(pl == pl);
.println(pl

.println(pl == p2);
.printlin(pl.equals (p2));
.println(p2 == p3);
.println(p2.equals (p3));

.equals (pl));

/* true #*/

/* true =/
/* false %/

/* true x/
/+ false */

/x false %/

e Being reference-equal implies being object-equal.

e Being object-equal does not imply being reference-equal.

EEofx]
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ReqUirementS Of equals LASSONDE

Given that reference variables x, y, z are not null:

- x.equals(null)

o Reflexive :
x.equals(x)

e Symmetric
x.equals(y) < y.equals(x)

o Transitive

x.equals(y) A y.equals(z) = x.equals(z)

APl of equals
iEews asi)


https://docs.oracle.com/javase/8/docs/api/java/lang/Object.html#equals-java.lang.Object-
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Equality in JUnit (1.1) LASSONDE

e assertSame(expl, exp2)
o Passes if expl and exp2 are references to the same object
~ assertTrue(expl == exp2)
~ assertFalse(expl = exp2)

PointV1l pl = new PointVI1(3, 4);
PointV1l p2 = new PointVI1(3, 4);
PointVl p3 = pl;

assertSame (pl1, p3); V
assertSame (p2, p3); X

e assertEquals(expl, exp?2)

o w ’ expl == exp? |if expl and exp2 are primitive type
int i = 10;
int j = 20;
assertEquals (i, j); X
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Equality in JUnit (1.2)

e assertEquals(expl, exp2)
expl.equals(exp?) ‘ if expl and exp2 are reference type

Case 1: If equals is not explicitly overridden in exp1’s dynamic type
~ assertSame(expl, exp?2)

o w

PointV1l pl = new PointVI1(3,
PointV1l p2 = new PointV1(3,
PointV2 p3 = new PointV2(3,
assertEquals (pl, p2); X /o0
assertEquals (p2, p3); x /% ' ¢

Case 2: If equals is explicitly overridden in exp1’s dynamic type
~ expl.equals (exp2)

PointVl pl = new PointVI1(3,
PointVl p2 = new PointVI1(3,
PointV2 p3 = new PointV2(3,

assertEquals (pl, p2); x /+*
assertEquals (p2, p3); x /+#
assertEquals (p3, p2); x /+#

e




Equality in JUnit (2)
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\n,

LASSONDE

@Test
public void testEqualityOfPointVI() {

PointVl pl = new PointV1(3, 4); PointV2 p2

assertFalse (p2 equals (pl) )

new PointV2(3,

PointVl pl = new PointV1(3, 4); PointVl p2 = new PointV1i(3, 4);
assertFalse (pl == p2); assertFalse(p2 == pl);
me (pl, p2); same (p2, pl); */ /+* both £ *

assertFalse (pl.equals (p2) ); assertFalse (p2. equals (pl) )
assertTrue (pl.getX() == p2.getX() && pl.getY() == p2.get¥());

}

@Test

public void testEqualityOfPointV2() {
PointV2 p3 = new PointV2(3, 4); PointV2 p4 = new PointV2(3, 4);
assertFalse (p3 == p4); assertFalse(pd == p3);

* sertS 3, p4); ertSame (p4, p3); */ /* both fail #,
assertTrue (p3.equals (p4) ) ; assertTrue (p4.equals (p3));
assertEquals (p3, p4); assertEquals (p4, p3);

}
@Test
public void testEqualityOfPointVlandPointv2() |




Equality (6-1 ) LASSONDE
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Exercise: Persons are equal if names and measures are equal.

©CoONOO A WN =

public class Person {
private String firstName; private String lastName;
private double weight; private double height;
public boolean equals (Object obj) {

if (this == obj) { return true; }
if (obj == null || this.getClass() != obj.getClass()) { return false; }
Person other = (Person) obj;
return
this.weight == other.weight
&& this.height == other.height

&& this.firstName.equals (other. firstName)
&& this.lastName.equals (other.lastName) ;
}
}

Q: At L6, will we get a NullPointerException if obj is null?
A: No - Short-Circuit Effect of | |

objisnull, then obj == null evaluates to true

= no need to evaluate the RHS
The left operand obj == null acts as a guard constraint for the

right operand this.getClass () != obj.getClass ().

e



Eq uality (6-2) LASSONDE
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O©CoONOO A WN =

Exercise: Persons are equal if names and measures are equal.

public class Person {
private String firstName; private String lastName;
private double weight; private double height;
public boolean equals (Object obj) {

if (this == obj) { return true; }
if (obj == null || this.getClass() != obj.getClass()) { return false; }
Person other = (Person) obj;
return
this.weight == other.weight
&& this.height == other.height

&& this.firstName.equals (other. firstName)
&& this.lastName.equals (other.lastName) ;

Q: At L6, if swapping the order of two operands of disjunction:
this.getClass () != obj.getClass() || obj == null
Will we get a NullPointerException if obj is null?

A: Yes - Evaluation of operands is from left to right.



Equality (6.3) LASSONDE
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-
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Exercise: Persons are equal if names and measures are equal.

public class Person {
private String firstName; private String lastName;
private double weight; private double height;
public boolean equals (Object obj) {

if (this == obj) { return true; }
if (obj == null || this.getClass() != obj.getClass()) { return false; }
Person other = (Person) obj;
return
this.weight == other.weight
&& this.height == other.height

&& this. firstName.equals (other. firstName)
&& this.lastName.equals (other.lastName) ;

Q: At L11 & L12, where is the equals method defined?

A: The equals method overridden in the string class.

When implementing the equals method for your own class, reuse
the equals methods overridden in other classes wherever possible.
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Eq uality (6-4) LASSONDE

Person collectors are equal if containing equal lists of persons.

class PersonCollector {
private Person[] persons;
private int nop; /= imber of pe
public PersonCollector() { ... }
public void addPerson(Person p) { ... }
public int getNop() { return this.nop; }
public Person[] getPersons() { ... }

Redefine/Override the equals method in PersonCollector.

1 public boolean equals (Object obj) {

2 if (this == obj) { return true; }

3 if (obj == null || this.getClass() != obj.getClass()) { return false; }
4 PersonCollector other = (PersonCollector) obj;

5 boolean equal = false;

6 if (this.nop == other.nop) {

7 equal = true;

8 for(int i = 0; equal && 1 < this.nop; i ++) {

9 equal = this.persons[i].equals (other.persons[i]);
10 }

11 }

12 return equal;
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Equality in JUnit (3) LASSONDE

\n,

@Test

public void testPersonCollector() {
Person pl = new Person("A", "a", 180, 1.8);
Person p2 = new Person("A", "a", 180, 1.8);
Person p3 = new Person("B", "b", 200, 2.1);
Person p4 = p3;
assertFalse (pl p2); assertTrue(pl.equals(p2));
assertTrue (p3 == pd); assertTrue (p3.equals(p4));
PersonCollector pcl = new PersonCollector();
PersonCollector pc2 = new PersonCollector();
assertFalse (pcl == pc2); assertTrue(pcl.equals(pc2));
pcl.addPerson(pl);
assertFalse (pcl.equals (pc2));
pc2.addPerson(p2);
assertFalse (pcl.getPersons() [0] == pc2.getPersons() [0]);
assertTrue (pcl.getPersons() [0] .equals (pc2.getPersons () [0]));
assertTrue (pcl.equals (pc2));
pcl.addPerson(p3);
pc2.addPerson(p4) ;
assertTrue (pcl.getPersons (
assertTrue (pcl.getPersons (

[1] == pc2.getPersons()[1])

) i
) [1] .equals (pc2.getPersons() [1]));

assertTrue (pcl.equals (pc2));

pcl.addPerson(new Person("A", "a", 175, 1.75));
pc2.addPerson(new Person("A", "a", 165, 1.55));
assertFalse (pcl.getPersons () =

assertFalse (pcl.getPersons ()
assertFalse (pcl.equals (pc2));

] == pc2.getPersons() [2])

[2 ;
[2] .equals (pc2.getPersons () [2]));
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Beyond this lecture. ..

e Play with the source code
ExampleEqualityPointsPersons.zip

Tip. Use the debugger to step into executing the
various versions of equals method.

¢ Go back to your Review Tutorial: Extend the Product, Entry,
and RefurbishedStore classes by overridden versions of
the equals method.
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Learning Outcomes

This module is designed to help you learn about:
¢ Alternative designs to inheritance
¢ Using inheritance for code reuse
o Static Types, Expectations, Dynamic Types
e Polymorphism
(variable assignments, method arguments & return values)
e Dynamic Binding
o Type Casting

[ AS &R
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Why Inheritance: A Motivating Example  |sono:

Problem: A student management system stores data about
students. There are two kinds of university students: resident
students and non-resident students. Both kinds of students
have a name and a list of registered courses. Both kinds of
students are restricted to register for no more than 10 courses.
When calculating the tuition for a student, a base amount is first
determined from the list of courses they are currently registered
(each course has an associated fee). For a non-resident
student, there is a discount rate applied to the base amount to
waive the fee for on-campus accommodation. For a resident
student, there is a premium rate applied to the base amount to
account for the fee for on-campus accommodation and meals.
Tasks: Write Java classes that satisfy the above problem
statement. At runtime, each type of student must be able to

register a course and calculate their tuition fee.
rmen]
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Why Inheritance: A Motivating Example  |sono:

Problem: A student management system stores data about
students. There are two kinds of university students: resident
students and non-resident students. Both kinds of students
have a name and a list of registered courses. Both kinds of
students are restricted to register for no more than 10 courses.
When calculating the tuition for a student, a base amount is first
determined from the list of courses they are currently registered
(each course has an associated fee). For a non-resident
student, there is a discount rate applied to the base amount to
waive the fee for on-campus accommodation. For a resident
student, there is a premium rate applied to the base amount to
account for the fee for on-campus accommodation and meals.
Tasks: Write Java classes that satisfy the above problem
statement. At runtime, each type of student must be able to

register a course and calculate their tuition fee.
Cenmen]



No Inheritance: ResidentStudent Class
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LASSONDE

public class ResidentStudent {
private String name;
private Course[] courses; private int noc;
private double premiumRate; /* ass

public ResidentStudent (String name) {
this.name = name;
this.courses = new Course[l0];

}

public void register(Course c) |
this.courses[this.noc] = c;
this.noc ++;

}

public double getTuition() {
double tuition = 0;
for(int i = 0; i < this.noc; 1 ++) {

tuition += this.courses[i]. fee;

}

‘ return tuition * this. premiumRate ;

- 1




No Inheritance: NonResidentStudent Clas

public class NonResidentStudent {
private String name;
private Course[] courses; private int noc;
private double discountRate; /* a

9]
0]

public NonResidentStudent (String name) {
this.name = name;
this.courses = new Course[1l0];

}

public void register(Course c) {
this.courses[this.noc] = c¢;
this.noc ++;

}

public double getTuition() {
double tuition = 0;
for(int i = 0; i < this.noc; 1 ++) {

tuition += this.courses[i]. fee;

}

return tuition * this. discountRate ;

Bt



/|

No Inheritance: Testing Student Classes  |.ssono:

public class Course {
private String title; private double fee;
public Course(String title, double fee) ({
this.title = title; this.fee = fee;

}

public class StudentTester {
public static void main(String[] args) {

Course cl = new Course("EECS2030", 500.00); /=
Course c2 = new Course ("EECS3311", 500.00); /= I
ResidentStudent jim = new ResidentStudent("J. Davis");
jim.setPremiumRate (1.25);
jim.register(cl); jim.register(c2);
NonResidentStudent jeremy = new NonResidentStudent ("J. Gibbons")
jeremy.setDiscountRate(0.75);

jeremy.register(cl); jeremy.register(c2);
System.out.println("Jim pays " + jim.getTuition());
System.out.println("Jeremy pays " + jeremy.getTuition());
}
}
Zoiiin



No Inheritance: ‘i’ésgsom

Issues with the Student Classes

¢ Implementations for the two student classes seem to work.
But can you see any potential problems with it?

Hint. Maintenance of code
e The code of the two student classes share a lot in common.
o Duplicates of code make it hard to maintain your software!
o This means that when there is a change of policy on the common

part, we need modify more than one places.
o This violates the so-called single-choice design principle.

e
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No Inheritance: Maintainability of Code (1) |assonoe

What if the way for registering a course changes?
e.g.,

public void register(Course c) throws TooManyCoursesException {
if (this.noc >= MAX ALLOWANCE) {
throw new TooManyCoursesException("Too many courses");
}
else {
this.courses[this.noc] = c¢;
this.noc ++;
}
}

Changes needed for register method in both student classes!

Bt
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No Inheritance: Maintainability of Code (2) |.

What if the way for calculating the base tuition changes?
e.g.,

public double getTuition() {
double tuition = 0;
for(int i = 0; i < this.noc; 1 ++) {
tuition += this.courses([1i]. fee;

}

/x .

can pe p e or

Oor aiscoun

return tuition * inflationRate * ...;

Changes needed for get Tuition method in both student classes!




No Inheritance: 5
A Collection of Various Kinds of Students

How can we define a class StudentManagement System that
contains a list of resident and non-resident students?

public class StudentManagementSystem {
private ResidentStudent|[] rss;
private NonResldsntStudent[] nrss;
private int nors; /x number of res
private int nonrs; umber of nor de S dents #
public void addRS(ResidentStudent rs){ rss|[nors]=rs; nors++; }
public void addNRS (NonResidentStudent nrs){ nrss[nonrs]=nrs;nonrs++; }
public void registerAll (Course c) |
for (int 1 0; i < nors; 1 ++) { rss[i].register(c); }
for (int 1 0; i < nonrs; 1 ++) { nrss[i].register(c); }
}
}

But what if we later on introduce more kinds of students?
Very inconvenient to handle each list of students separately!

[ polymorphic collection of students|

e




Visibility: Project, Packages, Classes
CollectionOfStuffs
animal [ ot ]
[ Dog ]
furniture [Chair ]
[ Desk ]
shape [ Circle ]
[ Square ]
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Visibility of Classes

Only one modifier for declaring visibility of classes: public.
Use of private is forbidden for declaring a class.
e.g.,

Visibility of a class may be declared using a modifier,
indicating that it is accessible:

private class Chair‘ is not allowed!!

1. Across classes within its residing package [ no modifier ]
e.g., Declare ’ class Chair { ... } ‘
2. Across packages [ public ]

e.g., Declare ’ public class Chair { ... } ‘

Consider class chair which resides in:

o package furniture
o project CollectionOfStuffs

[ KE&ED)|



Visibility of Classes: Across All Classes "
Within the Resident Package (no modifier)

CollectionOfStuffs

animal [ Cat ]
[ Dog ]
ALV [ class Chair ]
[ Desk ]
shape [ Circle ]
[ Square ]




Visibility of Classes: Across All Classes ‘o
Within the Resident Package (no modifier)

CollectionOfStuffs

animal
Cat

Dog

furniture public class Chair

Desk

Circle

Square




Visibility of Attributes/Methods:

Using Modifiers to Define Scopes

® Two modifiers for declaring visibility of attributes/methods: public and private
® Visibility of an attribute or a method may be declared using a modifier,
indicating that it is accessible:
1. Within its residing class (most restrictive) [ private ]
e.g., Declare attribute | private int 1i;

e.g., Declare method | private void m(){}; ‘
2. Across classes within its residing package [ no modifier ]

e.g., Declare attribute
e.g., Declare method | void m(){};

3. Across packages (least restrictive) [ public]

e.g., Declare attribute | public int i;

e.g., Declare method ’ public void m(){}; ‘
® Consider attributes i and m residing in:

Class chair; Package furniture; Project CollectionOfStuffs.
[xnEsn)|



Visibility of Attr./Meth.: Across All Methods ML
Within the Resident Class (private)

CollectionOfStuffs

animal [ cat ]

[ Dog ]

furniture Chair private i, m
[ Desk ]

shape [ Circle ]

[ Square ]




Visibility of Attr./Meth.: Across All Classes “L
Within the Resident Package (no modifier)

CollectionOfStuffs

animal (cat )
( Dog )|
furniture (crar )
( Desk )
shape ( circle )
G )




Visibility of Attr./Meth.: Across All Packageslissoms
Within the Resident Project (public)

CollectionOfStuffs

animal
Cat

Dog

furni
urniture Chair public i, m

Desk

Circle

Square




Use of the protected Modifier :

e private attributes are not inherited to subclasses.

¢ package-level attributes (i.e., with no modifier) and
project-level attributes (i.e., public) are inherited.

e What if we want attributes to be:
o visible to sub-classes outside the current package, but still
o invisible to other non-sub-classes outside the current package?
Use protected!

PO of 110



Visibility of Attr./Meth.: Across All Methods Mé
Same Package and Sub-Classes (protected)

CollectionOfStuffs

animal
Cat

Chair  protected i, m

furniture

BubbleChair

Desk

shape RockingChair

Circle

I

Square




Visibility of Attributes/Methods LASSONDE

w CLass PACKAGE SUBCLASS SUBCLASS NON-SUBGCLASS
modifier (same pkg) (different pkg) (across Project)

public

protected

no modifier

private

For the rest of this lecture, for simplicity, we assume that:
All relevant parent/child classes are in the same package .
= Attributes with no modifiers (package-level visibility) suffice.
= Methods with no modifiers (package-level visibility) suffice.



Inheritance Architecture

Student

extends
extends

ResidentStudent NonResidentStudent




Inheritance: The student Parent/Super Cla

T
class Student {
String name;
Course[] courses; int noc;
Student (String name) {
this.name = name;
this.courses = new Course[1l0];
}
void register(Course c) {
this.courses[this.noc] = ¢;
this.noc ++;
}
double getTuition() {
double tuition = 0;
for(int i = 0; i < this.noc; 1 ++) {
tuition += this.courses[1i]. fee;
}
return tuition; /* base a

}




Inheritance:
The ResidentStudent Child/Sub Class

T
‘class ResidentStudent extends Student {

double premiumRate; /* there’s a mutator method for this x/ ‘

ResidentStudent (Strlng name) { super (name); }

rited */

/;\ regis
double getTu1tlon() {
double base = super.getTuition();

od 1is

‘ return base x premiumRate ;

OO NOOOhW N =

e L1 declares that ResidentStudent inherits all attributes and
methods (except constructors) from Student.

e There is no need to repeat the register method

e Use of super in L3 is as if calling Student (name)

e Use of super in L6 returns what getTuition () in Student returns.

e Use super to refer to attributes/methods defined in the super class:

super.name,’super.register(c)L
_




Inheritance:
The NonResidentStudent Child/Sub Class

class NonResidentStudent extends Student {
double discountRate; /+ there’s a mutator method for this */
* register method is inherited */

double getTu1tlon() {
double base = super.getTuition();
return base » discountRate ;

}

©CoOoNOOCOaR~WN =

—

T 1
NonR651dentStudent (String name) { super (name); }

e L1 declares that NonResidentStudent inherits all attributes and
methods (except constructors) from Student.

e There is no need to repeat the register method

e Use of super in L3 is as if calling Student (name)

e Use of super in L6 returns what getTuition () in Student returns.

o Use super to refer to attributes/methods defined in the super class:

super.name,’super.register(c)L
_




Inheritance Architecture Revisited

et ae o

extends

Student

ResidentStudent

extends

NonResidentStudent

e The class that defines the common attributes and methods is
called the parent or super class.

e Each “extended” class is called a child or sub class.
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Using Inheritance for Code Reuse

Inheritance in Java allows you to:

o Define common atiributes and methods in a separate class.
e.g., the student class
o Define an “extended” version of the class which:
e inherits definitions of all attributes and methods
e.g., name, courses, noc
e.g., register
e.g., base amount calculation in getTuition
This means code reuse and elimination of code duplicates!
e defines new attributes and methods if necessary
e.g., setPremiumRate for ResidentStudent
e.g., setDiscountRate for NonResidentStudent
o redefines/overrides methods if necessary
e.g., compounded tuition for ResidentStudent
e.g., discounted tuition for NonResidentStudent

_
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Visualizing Parent/Child Objects (1) LASSONDE

e A child class inherits all non-private attributes from its parent
class.

= A child instance has at least as many attributes as an
instance of its parent class.

Consider the following instantiations:

Student s = new Student ("Stella");
ResidentStudent rs = new ResidentStudent ("Rachael");
NonResidentStudent nrs = new NonResidentStudent ("Nancy") ;

» How will these initial objects look like?

P9 of 110}



Visualizing Parent/Child Objects (2) LASSONDE

(—’ Student
“Stella”
s

numberOfCourses 0 1 8 9

registeredCourses ‘ null ‘ null ‘ ‘ null ‘ null ‘

(—’ ResidentStudent
“Rachael”
rs
numberOfCourses 0 1 8 9
registeredCourses null ‘ null ‘ ‘ null ‘ null ‘
premiumRate
(—’ NonResidentStudent
“Nancy”
nrs
numberOfCourses 0 1 8 9
registeredCourses null ‘ null ‘ ‘ null ‘ null ‘

discountRate



TeStIng the TWO StUdent SUb-C|aSSGS LASSONDE

public class StudentTester {

public static void main(String[] args) {
Course cl = new Course("EECS2030", 500.00); /+ titl
Course c2 = new Course ("EECS3311", 500.00); /# title and fee #/
ResidentStudent jim = new ResidentStudent("J. Davis");
jim.setPremiumRate (1.25);
jim.register(cl); jim.register(c2);
NonResidentStudent jeremy = new NonResidentStudent ("J. Gibbons")
jeremy.setDiscountRate(0.75);
jeremy.register(cl); jeremy.register(c2);
System.out.println("Jim pays " + jim.getTuition());
System.out.println("Jeremy pays " + jeremy.getTuition());

¢ The software can be used in the exact same way as before
(because we did not modify method headers).

e But now the internal structure of code has been made
maintainable using inheritance .

e



Inheritance Architecture:
Static Types & Expectations

Student(String name) String name
void register(Course c) Student Course[] courses /* registered courses (rcs) */
double getTuition() int noc /* number of courses */

<

/% new attributes, new methods */ /% new attributes, new methods */
ResidentStudent(String name) ResidentStudent NonResidentStudent | |\ °nResidentStudent(String name)
double premiumRate double discountRate

void setPremiumRate(double r) void setDiscountRate(double r)

/* redefined/overridden methods */

/* redefined/overridden methods */
double getTuition()

double getTuition()

Student s = new Student ("Stella");
ResidentStudent rs = new ResidentStudent ("Rachael");
NonResidentStudent nrs = new NonResidentStudent ("Nancy") ;

l H name l rcs l noc l reg l getT H pr l setPR H dr l setDR

S. v X
rs. v v X
nrs. v X Vv

BXofiin



Polymorphism: Intuition (1)

/|

LASSONDE

1 |Student s = new Student ("Stella");
2 |ResidentStudent rs = new ResidentStudent ("Rachael");
3 | rs.setPremiumRate (1.25);
4 |s = rs; /+ Is
5 |rs = s; /* Is
e Which one of L4 and L5 is valid? Which one is invalid?
e Hints:

o L1: What kind of address can s store? [ student ]

.. The context object s is expected to be used as:
e s.register (eecs2030) and s.getTuition ()

o L2: What kind of address can rs store? [ResidentStudent ]

.. The context object rs is expected to be used as:

e rs.register (eecs2030) and rs.getTuition ()

e rs.setPremiumRate (1.50) [increase premium rate]

[kEEED|



Polymorphism: Intuition (2) ¥

g~ wn =

Student s = new Student ("Stella");
ResidentStudent rs = new ResidentStudent ("Rachael");
rs.setPremiumRate (1.25);

rs = s (L5) should be /nva//d

Student s

nnnnnnnn

Since rs is declared of type Resident Student a subsequent

call rs.setPremiumRate (1.50) can be expected.

rsis now pointing to a Student object.

Then, what would happen to rs. setPremiumRate (1.50)7?
CRASH - rs.premiumRate is undefined!!




Polymorphism: Intuition (3) L

LASSONDE
1 |Student s = new Student ("Stella");
2 |ResidentStudent rs = new ResidentStudent ("Rachael");
3 | rs.setPremiumRate (1.25);
4 |s = rs; /+ Is d? */
5 |rs =s; /* Is d? */
s = rs (L4) should be valid:
Student s —
\:gmmamn: ] l -1 1
Residentstuﬁ
¢ Since s is declared of type student, a subsequent call
s.setPremiumRate (1.50) is never expected.
* sis now pointing to a ResidentStudent object.
e Then, what would happento s.getTuition ()?
OK -+ s.premiumRate is never directly used!!




Dynamic Binding: Intuition (1)

/|

1
2
3
4
5
6
7
8

’Course eecs2030 = new Course("EECS2030",

Student s;

rs.setPremiumRate (1.25);
nrs.setDiscountRate(0.75);

100.0);

ResidentStudent rs = new ResidentStudent ("Rachael");
NonResidentStudent nrs = new NonResidentStudent ("Nancy");
rs.register(eecs2030);

nrs.register(eecs2030);

|

s = rs; System.out.println( s .getTuition()); /*
s = nrs; System.out.println( s .getTuition()); /+*
After s = rs (L7), s points to @ ResidentStudent oObject.

= Calling s .getTuition () applies the premiumRate.

ResidentStudent rs Residentstudent

name
/ registeredCourses

Student s

o 1 2 28 29

NonResidentStudent nrs




Dynamic Binding: Intuition (2)

/|

1
2
3
4
5
6
7
8

’Course eecs2030 = new Course ("EECS2030", 100.0);

Student s;

nrs.setDiscountRate(0.75);
s = rs;

ResidentStudent rs = new ResidentStudent ("Rachael");
NonResidentStudent nrs = new NonResidentStudent ("Nancy");
rs.setPremiumRate (1.25); rs.register(eecs2030);

nrs.register(eecs2030);

System.out.println( s .getTuition()); /+*

|

S = nrs;

System.out.println( s .getTuition()); /+*

After s = nrs (L8), s points to @ NonResidentStudent object.
= Calling s .getTuition () appliesthe discountRate.

ResidentStudent rs

name
registeredCourses
numberOfCourses

premiumRate

Student s

ResidentStudent

o 1 2 28 29

NonResidentStudent nrs NonResidentStudent

registeredCourses

numberOfCourses l l
discountRate




Multi-Level Inheritance Architecture
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Multi-Level Inheritance Hierarchy: LASSONDE
Smart Phones

dial /* basic method */
surfWeb /* basic method */

SmartPhone

surfWeb /* overridden using safari */
facetime /* new method */

Android surfWeb /* overridden using firefox */

skype /* new method */

/* cinematic mode */
quickTake sideSync /* new method */

‘ IPhoneSE ‘ ‘ IPhone13Pro ‘ m

/* dual-matrix camera */
zoomage

| e || ; || s || s |
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Inheritance Forms a Type Hierarchy LASSONDE

e A (data) type denotes a set of related runtime values.
o Every class can be used as a type: the set of runtime objects.
e Use of inheritance creates a hierarchy of classes:
o (Implicit) Root of the hierarchy is 0bject.
o Each extends declaration corresponds to an upward arrow.
o The extends relationship is transitive: when A extends B and B
extends C, we say A indirectly extends C.
e.g., Every class implicitly extends the Object class.
e Ancestor vs. Descendant classes:
o The ancestor classes of a class A are: 2 itself and all classes that
A directly, or indirectly, extends.
A inherits all code (attributes and methods) from its ancestor classes.
.. A’s instances have a wider range of expected usages (i.e.,
attributes and methods) than instances of its ancestor classes.
o The descendant classes of a class A are: 2 itself and all classes
that directly, or indirectly, extends A.
e Code defined in 2 is inherited to all its descendant classes.




Inheritance Accumulates Code for Reuse  |.assonoe

® The lower a class is in the type hierarchy, the more code it accumulates
from its ancestor classes:
o A descendant class inherits all code from its ancestor classes.
o A descendant class may also:
o Declare new attributes
¢ Define new methods
o Redefine / Override inherited methods
® Consequently:
o When being used as context objects ,
instances of a class’ descendant classes have a wider range of
expected usages (i.e., attributes and methods).
o Given a reference variable, expected to store the address of an object of
a particular class, we may substitute it with ( re-assign it to) an object of
any of its descendant classes.
o e.g., When expecting a SmartPhone object, we may
substitute it with either a ITPhonel3Pro or a Samsung object.
o Justification: A descendant class contains at least as many methods
as defined in its ancestor classes (but not vice versal).

e




/|

Static Types Determine Expectations
* A reference variable’s static type is what we declare it to be.

o declares jim’'s ST as Student.

o ] SmartPhone myPhone \ declares myPhone’s ST as SmartPhone.

o The static type of a reference variable never changes .

e For a reference variable v, its static type defines the
expected usages of v as a context object .

e Amethod call v.m(...) is compilable if mis defined in .

o e.g., After declaring , we

e may call register and getTuition on jim

e may not call setPremiumRate (specific to a resident student) or
setDiscountRate (specific to a non-resident student) on jim

o e.g., After declaring ] SmartPhone myPhone \ we

e may call dial and surfiWleb on myPhone

e may not call facetime (specific to an I0S phone) or skype (specific
to an Android phone) on myPhone

EZofii0




Substitutions via Assignments LASSONDE

By declaring c1 v1, reference variable v1 will store the
address of an object “of class c1” at runtime.

By declaring c2 v2, reference variable 2 will store the
address of an object “of class c2” at runtime.

Assignment copies address stored in v2 into v1.

o v1 will instead point to wherever v2 is pointing to. [ object alias |
%

c1 vl \: ,
—_———————————»]
c2 v2 | ,

In such assignment vl = v2, we say that we substitute an
object of (sfatic) type c1 by an object of (static) type c2.
Substitutions are subject to rules!




/|

Rules of Substitution
When expecting an object of static type A:
o ltis safe to substitute it with an object whose static type is any
of the descendant class of a (including 2).

o .- Each descendant class of n, being the new substitute, is
guaranteed to contain all (non-private) attributes/methods defined in A.
¢ e.g., When expecting an 10s phone, you can substitute it with either
an IPhoneSE Or IPhonel3Pro.
o ltis unsafe to substitute it with an object whose static type is
any of the ancestor classes of A’s parent (excluding 2).
o - Class A may have defined new methods that do not exist in any of its
parent’s ancestor classes .
¢ e.g., When expecting 10s phone, unsafe to substitute it with a
SmartPhone - facetime not supported in Android phone.
o ltis also unsafe to substitute it with an object whose static type
is neither an ancestor nor a descendant of A.

¢ e.g., When expecting 10s phone, unsafe to substitute it with a
HuaweiP50Pro . facetime not supported in Android phone.
B2of530
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Reference Variable: Dynamic Type LASSONDE

A reference variable’s dynamic type is the type of object that
it is currently pointing to at runtime.
o The dynamic type of a reference variable may change

whenever we re-assign that variable to a different object.
o There are two ways to re-assigning a reference variable.




Visualizing Static Type vs. Dynamic Type |issono

(_’ ResidentStudent
name

Student s

“Rachael”

numberOfCourses

registeredCourses

premiumRate

e Each segmented box denotes a runtime object.

¢ Arrow denotes a variable (e.g., s) storing the object’s address.
Usually, when the context is clear, we leave the variable’s static
type implicit (Student).

¢ Title of box indicates type of runtime object, which denotes the

dynamic type of the variable (ResidentStudent).
BEGLII0



Reference Variable: e enDe

Changing Dynamic Type (1)

Re-assigning a reference variable to a newly-created object:

(e}

Substitution Principle ‘: the new object’s class must be a

descendant class of the reference variable’s static type.
°o e.g., ’ Student jim = new ResidentStudent(...) ‘
changes the dynamic type of jimto ResidentStudent.

o e.g., ’ jim = new NonResidentStudent(...) ‘
changes the dynamic type of jim to NonResidentStudent.

o e.g.,’ResidentStudent jeremy = new Student(...) ‘

is illegal because studnet is not a descendant class of the
static type of jeremy (i.e., ResidentStudent).

(v &En|



Reference Variable: e enDe

Changing Dynamic Type (2)
Re-assigning a reference variable v to an existing object that is

referenced by another variable other (i.e.,[v = other]):

Substitution Principle ‘: the static type of other must be a

o

descendant class of v's static type.
o e.g., Say we declare

Student jim = new Student(...);
ResidentStudent rs = new ResidentStudnet(...);
NonResidentStudnet nrs = new NonResidentStudent(...);

e | jim = rs v
changes the dynamic type of jim to the dynamic type of rs

e | jim = v
changes the dynamic type of jim to the dynamic type of nrs

e |rs = Jjim X

o}
=
n

® ' nrs = X

.
5 I
!



Polymorphism and Dynamic Binding (1) LASSONDE

e Polymorphism : An object variable may have “multiple

possible shapes” (i.e., allowable dynamic types).

o Consequently, there are multiple possible versions of each
method that may be called.

¢ e.g., A Student variable may have the dynamic type of Student,
ResidentStudent, or NonResidentStudent,

e This means that there are ‘ three possible versions ‘ of the
getTuition () that may be called.

e Dynamic binding : When a method m is called on an object

variable, the version of m corresponding to its “current shape”

(i.e., one defined in the dynamic type of m) will be called.

Student jim = new ResidentStudent (.. ),
jim.getTuition(); /* version in ResidentStudent =*/
jim = new NonResidentStudent(...);

jim.getTuition(); /* version in NonResidentStudent =*/
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Polymorphism and Dynamic Binding (2.1)  |ssonoe

class Student {...}
class ResidentStudent extends Student {...}
class NonResidentStudent extends Student {...}

class StudentTesterl {
public static void main(String[] args) {
Student jim = new Student ("J. Davis");
Reszdentstudent rs = new ResidentStudent ("J. Davis");
jim = rs; / * /
rs = jim; /~*

NonResidentStudnet nrs = new NonResidentStudent ("J. Davis");

/ /

jim = nrs; /* lec */
nrs = jim; /% */
}
}
ROof 110
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Polymorphism and Dynamic Binding (2.2) |.ssonoe

class Student {...}
class ResidentStudent extends Student {...}
class NonResidentStudent extends Student {...}

class StudentTester2 ({
public static void main(String[] args) {
Course eecs2030 = new Course ("EECS2030", 500.0);
Student jim = new Student ("J. Davis");
ResidentStudent rs = new ResidentStudent ("J. Davis");
rs.setPremiumRate(1.5);

‘ jim = rs ; ‘

NonResidentStudnet nrs = new NonResidentStudent ("J. Davis");
nrs.setDiscountRate(0.5);

‘ System.out.println( jim.getTuition() ); /* 750.0 =/

‘ jim = nrs ; ‘

‘ System.out.println( jim.getTuition() ); /* 250.0 +*/




Polymorphism and Dynamic Binding (3.1)  |ssonoe

dial /* basic method */
surfWeb /* basic method */

surfWeb /* overridden using safari */
facetime /* new method */

" surfWeb /* overridden using firefox */
Android
skype /* new method */

/* cinematic mode */
quickTake sideSync /* new method */

‘ IPhoneSE ‘ ‘ IPhone13Pro ‘ m

/* dual-matrix camera */
zoomage

‘ HuaweiPSoPro ‘ ‘ ; H ) H ‘
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Polymorphism and Dynamic Binding (3.2) |.assonoe

class SmartPhoneTestl {
public static void main(String[] args) {
SmartPhone myPhone;
IOS ip = new IPhoneSE();
Samsung ss = new GalaxyS21Plus();
myPhone = ip; /+ legal #*/
myPhone Ss; /* 1 ‘

IOS presentForHeeyeon;
presentForHeeyeon = ip; /+
presentForHeeyeon = ss; / *
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Polymorphism and Dynamic Binding (3.3) |.assonoe

class SmartPhoneTest2 {
public static void main(String[] args) {
SmartPhone myPhone;
IOS ip = new IPhonel3Pro();
myPhone = ip;

myPhone. surflieb (); /% version c

Samsung ss = new GalaxyS21();
myPhone = ss;
myPhone. surfWeb () ; /* version o
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Reference Type Casting: Motivation (1.1)  |ssonoe

1 Student jim = new ResidentStudent ("J. Davis");
2 | ResidentStudent rs = jim;
3 | rs.setPremiumRate(1.5);
® L1is /egal: ResidentStudent is a descendant class of the static type of
jim (i.e., Student).
® L2is jllegal: yim’'s ST (i.e., Student) is not a descendant class of rs’'s ST
(i.e., ResidentStudent).
Java compiler is unable to inferthat jim’'s dynamic type in L2 is

ResidentStudent!
® Force the Java compiler to believe so via a cast in L2:
’ ResidentStudent rs = (ResidentStudent) Jjim;

e The cast| (ResidentStudent) jim ‘ creates for jim a temporary alias
whose ST corresponds to the cast type (ResidentStudent).
e Alias rs of ST ResidentStudent is then created via an assignment.
Note. jim’'s ST always remains Student.
® dynamic binding : After the cast , L3 will execute the correct version of

setPremiumRate (.- DT of rs is ResidentStudent).

_




Reference Type Casting: Motivation (1.2)

/|

ST: ResidentStudent valid substitution ST: Student
—— — =
ResidentStudent rs = (ResidentStudent) jim ;

an alias whose ST is ResidentStudent

[e]

Variable rs is declared of static type (ST) ResidentStudent.
Variable §im is declared of ST Student.

The cast ] (ResidentStudent) jim \ creates for §im a temporary alias,
whose ST corresponds to the cast type (ResidentStudent).

= Such a cast makes the assignment valid.

-~ RHS’s ST (ResidentStudent) is a descendant of LHS’'s ST
(ResidentStudent).

= The assignment creates an alias rs with ST ResidentStudent.

No new object is created.
Only an alias rs with a different ST (ResidentStudent) is created.
o After the assignment, jim's ST remains Student.

o

o

[e]
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Reference Type Casting: Motivation (2.1)  |ssonoe

1 SmartPhone aPhone = new IPhonel3Pro();
2 | IPhonel3Pro forHeeyeon = aPhone;
3 | forHeeyeon. facetime (1.5);

® L1is /egal: IPhonel3Pro is a descendant class of the static type of
aPhone (i.e., SmartPhone).
® L2is jllegal: aPhone’s ST (i.e., SmartPhone) is nof a descendant class of
forHeeyeon’s ST (i.e., IPhonel3Pro).
Java compiler is unable to infer that aPhone’s dynamic type in L2 is

IPhonel3Prol
® Force the Java compiler to believe so via a cast in L2:
IPhonel3Pro forHeeyeon = (IPhonel3Pro) aPhone;

e The cast| (IPhone13Pro) aPhone ‘creates for aPhone a temporary alias

whose ST corresponds to the cast type (IPhone13Pro).
e Alias forHeeyeon of ST IPhonel3Pro is then created via an assignment.
Note. aPhone’s ST always remains SmartPhone.

® dynamic binding : After the cast , L3 will execute the correct version of

facetime (.- DT of forHeeyeon iS IPhonel3Pro).
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Reference Type Casting: Motivation (2.2)  |issonoe

ST: IPhonel3Pro valid substitution ST: SmartPhone
o P
IPhone13Pro forHeeyeon = (IPhonel3Pro) aPhone ;

an alias whose ST is IPhonel3Pro

o Variable forHeeyeon is declared of static type (ST) IPhonel3Pro.

o Variable aPhone is declared of ST SmartPhone.

o The cast ’ (IPhone13Pro) aPhone ‘ creates for aPhone a temporary alias,
whose ST corresponds to the cast type (IPhonel3Pro).

= Such a cast makes the assignment valid.
-+ RHS’s ST (1Phonel3Pro) is a descendant of LHS’s ST (IPhonel3Pro).

= The assignment creates an alias forHeeyeon with ST IPhonel3Pro.
o No new object is created.
Only an alias forHeeyeon with a different ST (IPhonel3Pro) is created.

o After the assignment, aPhone’s ST remains SmartPhone.



Type Cast: Named or Anonymous

/|

Named Cast: Use intermediate variable to store the cast result.

SmartPhone aPhone = new IPhonel3Pro();
IOS forHeeyeon = (IPhonel3Pro) aPhone;
forHeeyeon. facetime () ;

Anonymous Cast: Use the cast result directly.

SmartPhone aPhone = new IPhonel3Pro();
( (IPhonel3Pro) aPhone) .facetime();

_

Common Mistake:

SmartPhone aPhone = new IPhonel3Pro();

2 | (IPhonel3Pro) aPhone.facetime();
L2 z[ (IPhonel3Pro) (aPhone.facetime()) \: Call, then cast.
= This does not compile - facetime () is not declared in the
static type of aPhone (SmartPhone).



-
—

Notes on Type Cast (1)

LASSONDE

o Given variable v of static type ST,, itis compilable to cast
C ,aslong as C is an ancestor or descendant of ST,.
o Without cast, we can only call methods defined in ST, on v.
o Casting vto C creates for v an alias with ST C .
= All methods that are defined in C can be called.

v to

Android myPhone new GalaxySZlPlus()
/ ce n Android on

leSvnc
siqaeoync X

SmartPhone sp = (SmartPhone) myPhone;
. SmartPhone is an ancestor class of Android

X */

GalaxySZlPlus ga = (GalaxyS21Plus) myPhone,
- GalaxyS21Plus is a descendant class of Android

: widened to GalaxySZlPlus

wc v o#x/
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Reference Type Casting: Danger (1)
1 ’Student jim = new NonResidentStudent ("J. Davis");
2 ‘Residentstudent rs = (ResidentStudent) Jjim;

3 ‘rs.setPremiumRate(l.B);

e L1is /egal: NonResidentStudent is a descendant of the
static type of jim (Student).

e L2 is legal (where the cast type is ResidentStudent):
o cast type is descendant of jim’s ST (Student).
o cast type is descendant of rs’s ST (ResidentStudent).

e L3is legal - setPremiumRate isin rs’ ST
ResidentStudent.

e Java compiler is unable to infer that jim’s dynamic type in L2
is actually NonResidentStudent.

e Executing L2 will resultina ClassCastException.
-+ Attribute premiumRate (expected from a ResidentStudent)

is undefined on the NonResidentStudent object being cast.
ELaCm
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Reference Type Casting: Danger (2)
1 ’SmartPhone aPhone = new GalaxyS21Plus(); ‘
2 ‘IPhonel3Pro forHeeyeon = (IPhonel3Pro) aPhone; ‘

3 ‘ forHeeyeon.quickTake(); ‘

e L1is /egal: GalaxyS21P1lus is a descendant of the static
type of aPhone (SmartPhone).

e L2 is /egal (where the cast type is Iphone6sPlus):
o cast type is descendant of aPhone’s ST (SmartPhone).
o cast type is descendant of forHeeyeon’s ST (IPhonel3Pro).

e L3is legal - quickTake isin forHeeyeon’ ST
IPhonel3Pro.

e Java compiler is unable to infer that aPhone’s dynamic type in
L2 is actually GalaxyS21P1us.

e Executing L2 will resultina ClassCastException.
- Methods facetime, quickTake (expected from an
IPhone13Pro) is undefined on the GalaxyS21Plus object

eaRGing cast.
e
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Notes on Type Cast (2.1)

Given a variable v of static type ST, and dynamic type DT,:

o is compilable if c is ST,’s ancestor or descendant.
o Casting v to C’s ancestor/descendant narrows/widens expectations.

o However, being compilable does not guarantee runtime-error-free!

Galaxyszlplus is a descendant clas

hods declared

n GalaxyS21Plus

ga.sideSync v ox/

* Type castin L3 is compilable .

1 SmartPhone myPhone = new Samsung();

2 one 1s SmartPhone; DT of m o1 is Samsung x*/

3 = (GalaxyS21Plus) myPhone;

4 f SmartPhone
5

6

e Executing L3 will cause classCastException .

L3: myPhone’s DT Samsung cannot meet expectations of the
temporary ST GalaxyS21Plus (e.g., sideSync).
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Notes on Type Cast (2.2) ¥

Given a variable v of static type ST, and dynamic type DT,:

o is compilable if c is ST,’s ancestor or descendant.
o Casting v to C’s ancestor/descendant narrows/widens expectations.

o However, being compilable does not guarantee runtime-error-free!

1 SmartPhone myPhone = new Samsung();
2 |/+x ST of m one is SmartPhone; DT of m is Samsung x*/
3 | IPhonel3Pro ip = (IPhonel3Pro) myPhone;
4 | /+ C s OK -+ IPhonel3Pro is a descendant class of SmartPhone
5 ¢ W C nethods declared in IPhonel3Pro on ip
6 ‘ * ip.dial, ip.st b, ip time, N4
L

* Type castin L3 is compilable .

e Executing L3 will cause classCastException .

L3: myPhone’s DT Samsung cannot meet expectations of the
temporary ST IPhonel3Pro (e.9., quickTake).

_
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Notes on Type Cast (2.3)

A cast is compilable and runtime-error-free if C is
located along the ancestor path of DT,.

e.g., Given ’ Android myPhone = new Samsung();

o Cast myPhone to a class along the ancestor path of its DT
Samsung.

o Casting myPhone to a class with more expectations than its DT
Samsung (e.g., GalaxyS21P1lus) will cause
ClassCastException.

o Casting myPhone to a class irrelevant to its DT Samsung (e.g.,
HuaweiMate40Pro) will cause ClassCastException.




Required Reading:

Static Types, Dynamic Types, Casts

https://www.eecs.yorku.ca/~jackie/teaching/
lectures/2025/F/EECS2030/notes/EECS2030 F25
Notes Static Types Cast.pdf


https://www.eecs.yorku.ca/~jackie/teaching/lectures/2025/F/EECS2030/notes/EECS2030_F25_Notes_Static_Types_Cast.pdf
https://www.eecs.yorku.ca/~jackie/teaching/lectures/2025/F/EECS2030/notes/EECS2030_F25_Notes_Static_Types_Cast.pdf
https://www.eecs.yorku.ca/~jackie/teaching/lectures/2025/F/EECS2030/notes/EECS2030_F25_Notes_Static_Types_Cast.pdf
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Compilable Cast vs. Exception-Free Cast  |issono

class A { }

class B extends A
class C extends B
class D extends A

—_ -

}
}
}

B b new C();
D d (D) b;

After L1:

o STofbisB

o DT of bisC

Does L2 compile? [No]
-~ cast type D is neither an ancestor nor a descendant of b’s ST B

Would[D d = (D) ((A) b)|fix L2? [ YES]
-+ cast type D is an ancestor of b’s cast, temporary ST A

* ClassCastException when executing this fixed L2? [ YES ]

-+ cast type D is not an ancestor of b’s DT C
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Reference Type Casting: Runtime Check (1) f;féégésonos

’Student jim = new NonResidentStudent ("J. Davis");
‘if (jim instanceof ResidentStudent ) {

1 |
2 |
3 ‘ ResidentStudent rs = ( ResidentStudent ) jim; ‘
4 ‘ rs.setPremiumRate (1.5); ‘
5 |}

e L1is /egal: NonResidentStudent is a descendant class of
the static type of jim (i.e., Student).

e L2 checks if jim’s DT is a descendant of ResidentStudent.
FALSE - 5im’'s dynamic type is NonResidentStudent!
e L3is legal: jim’s cast type (i.e., ResidentStudent)is a
descendant class of rs’s ST (i.e., ResidentStudent).

e L3 will not be executed at runtime, hence no
ClassCastException, thanks to the check in L2!



Reference Type Casting: Runtime Check (2)|.ssonoe

SmartPhone aPhone = new GalaxyS21Plus();
if (aPhone instanceof IPhonel3Pro ) {

IOS forHeeyeon = ( IPhonel3Pro ) aPhone;
forHeeyeon. facetime () ;

}

aprwN =

e L1is /egal: GalaxyS21P1lus is a descendant class of the
static type of aPhone (i.e., SmartPhone).

e L2 checks if aPhone’s DT is a descendant of TPhonel3Pro.
FALSE - aPhone’s dynamic type is GalaxyS21Plus!
e L3is legal: aPhone’s cast type (i.e., TPhone13Pro)is a
descendant class of forHeeyeon’s static type (i.e., 103).

¢ L3 will not be executed at runtime, hence no
ClassCastException, thanks to the check in L2!
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NOteS on the instanceof Opel‘ator (1) LASSONDE

Given a reference variable v and a class ¢, you write

’v instanceof C‘

to check if the dynamic type of v, at the moment of being
checked, is a descendant class of C (so that| (C) v |is safe).

SmartPhone myPhone = new Samsung();
println(myPhone instanceof Andr01d),

/* true °° Samsung 1is a des ant of A id */
prlntln(myPhone instanceof Samsung),

/% true ** Samsung 1s a descendant of Samsung #*/
println(myPhone instanceof GalaxyS21);

/* false ' Samsung is not a descendant of GalaxyS21 */
println(myPhone instanceof IOS);

/* false * Samsung 1is not a descendant of IOS x/
println(myPhone 1nstanceof IPhone13Pro)

/+ false '’ Samsung 1s not a descer t of IPhonel3Pro */

= Samsung is the most specific type which myPhone can be
safely cast to.



Notes on the instanceof Opel‘ator (2) :A§SONDE

/|

Given a reference variable v and a class ¢,
|v instanceof C|checks if the dynamic type of v, at the
moment of being checked, is a descendant class of C.

SmartPhone myPhone = new Samsung();

/* ST of myPhone is SmartPhone; DT of n

if (myPhone instanceof Samsung) {
Samsung samsung = (Samsung) myPhone;

}

if (myPhone instanceof GalaxyS21Plus) {
GalaxyS21Plus galaxy = (GalaxyS21Plus)

}

if (myphone instanceof HuaweiMate40Pro)
Huawei hw = (HuaweiMate4OPro) myPhone;

}

0O OVWONOOOR~WN =

—_

is Samsung */

myPhone;

{

e L3 evaluates to frue.
e L6 and L9 evaluate to ralse.

[safe to cast]
[unsafe to cast]

This prevents L7 and L10, causing ClassCastException if

executed, from being executed.

e
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Static Types, Casts, Polymorphism (1.1)

class SmartPhone {
void dial() { ... }

}

class I0S extends SmartPhone {
void facetime() { ... }

}

class IPhonel3Pro extends IOS {
void quickTake() { ... }

}

T 1

1 SmartPhone sp = new IPhonel3Pro(); N
2 |sp.dial(); v

3 | sp.facetimel(); X

4 | sp.quickTake(); X

Static type of spis SmartPhone

= can only call methods defined in SmartPhone on sp
Loxsmsn |
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Static Types, Casts, Polymorphism (1.2)

class SmartPhone {
void dial() { ... }

}

class I0S extends SmartPhone {
void facetime() { ... }

}

class IPhonel3Pro extends IOS {
void quickTake() { ... }

}

1 I0OS ip = new IPhonel3Pro(); Vv
2 |ip.dial(); Ng

3 | ip.facetime(); v

4 | ip.quickTake(); X

Static type of ipis 10S

= can only call methods defined in T0s on ip
Lirmn |



/|

Static Types, Casts, Polymorphism (1.3)

class SmartPhone {
void dial() { ...}

}

class I0S extends SmartPhone {
void facetime() { ... }

}

class IPhonel3Pro extends IOS ({
void quickTake() { ...}

}

T 1

1 IPhonel3Pro ip6sp = new IPhonel3Pro(); v
2 | ip6sp.dial(); v

3 | ip6sp. facetime(); v

4 | ip6sp.quickTake(); Ng

Static type of ip6sp is IPhonel3Pro

= can call all methods defined in ITPhonel3Pro on jp6sp
ZGETEn



Static Types, Casts, Polymorphism (1.4)

class SmartPhone {
void dial() { ...}

}

class I0S extends SmartPhone {
void facetime() { ... }

}

class IPhonel3Pro extends IOS ({
void quickTake() { ...}

}

T

1 ‘ SmartPhone sp = new IPhonel3Pro(); v

2 | ( (IPhone13Pro) sp).dial(); v |

3 ‘( (IPhonel3Pro) sp).facetime(); ‘

4 ‘ ( (IPhonel3Pro) sp).quickTake(); N4 ‘
|

L

L4 is equivalent to the following two lines:

r
‘IPhonelSPro ip6bsp = (IPhonel3Pro) sp; ‘

‘ip6sp.quickTake();

[ aaaEEn)
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Static Types, Casts, Polymorphism (2)
Given a reference variable declaration
e |

(e]

Static type of reference variable v is class C

A method call is valid if mis a method defined in class C.
Despite the dynamic type of v, you are only allowed to call
methods that are defined in the static type C on v.

If you are certain that v’'s dynamic type can be expected more than
its static type, then you may use an insanceof check and a cast.

[e]

[e]

o

Course eecs2030 = new Course ("EECS2030", 500.0);
Student s = new ResidentStudent ("Jim");
s.register(eecs2030);

if (s instanceof ResidentStudent) ({

| ( (ResidentStudent) s).setPremiumRate(1.75); |

System.out.println(( (ResidentStudent) s).getTuition());
}

e EEn
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Polymorphism: Method Parameters (1)
1 |class StudentManagementSystem {

2 Student [] ss; /* ss[i] has static type Student =/ int c;

3 void addRS(Res:.dentStudent rs) { ssl[c] = rs; c ++; }

4 void addNRS (NonResidentStudent nrs) { ss[c] = nrs; c++; }

5 void addStudent (Student s) { ss[c] = s; c++; } }

e L3: ss[c] = rsisvalid. - RHS's ST ResidentStudent is a

descendant class of LHS’s ST student.
e Say we have a StudentManagementSystem object sms:
sms.addRS (o) ‘attempts the following assignment (recall call by

value), which replaces parameter rs by a copy of argument o:

o

’ rs = 0y
o Whether this argument passing is valid depends on o’s static type.
¢ In the signature of a method m, if the type of a parameter is
class c, then we may call method m by passing objects whose

static types are C’s descendants.

e
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Polymorphism: Method Parameters (2.1)  |.ssono:

In the studentManagementSystemTester:

Student sl = new Student();

Student s2 = new ResidentStudent () ;

Student s3 = new NonResidentStudent () ;

ResidentStudent rs = new ResidentStudent();
NonResidentStudent nrs = new NonResidentStudent () ;
StudentManagementSystem sms = new StudentManagementSystem();

sms.addRS (s1) ; X
sms.addRS (s2) ; X
sms.addRS (s3); x
sms.addRS(rs);

sms.addRS (nrs) ;

sms.addStudent (s
sms.addStudent (s
sms.addStudent (s
sms.addStudent (rs) ;
sms.addStudent (nrs) ;
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Polymorphism: Method Parameters (2.2)

In the studentManagementSystemTester:

Student s = new Student ("Stella");

/* s’ ST: Student; s’ DT: Student =/
StudentManagementSystem sms = new StudentManagementSystem() ;
sms.addRS(s); X

AW

o L4 compiles with a cast: [ sms.addrs ( (ResidentStudent) s) |

e Valid cast .- (ResidentStudent) is adescendantof s’ ST.
o Valid call -+ s’ temporary ST (ResidentStudent) is now a

descendant class of addRsS’s parameter rs’ ST (ResidentStudent).

o But, there willbe a ClassCastException atruntime!
+ s’ DT (Student) is not a descendant of ResidentStudent.
o We should have written:

if (s instanceof ResidentStudent) {
sms.addRS ( (ResidentStudent) s);
}

The instanceof expression will evaluate to false, meaning it is

unsafe to cast, thus preventing ClassCastException.
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Polymorphism: Method Parameters (2.3)

In the studentManagementSystemTester:

Student s = new NonResidentStudent ("Nancy");

/* s’ ST: Student; s’ DT: NonResidentStudent x/
StudentManagementSystem sms = new StudentManagementSystem() ;
sms.addRS (s); x

AW

o L4 compiles with a cast: [ sms.addrs ( (ResidentStudent) s) |
e Valid cast-- (ResidentStudent) is a descendant of s’ ST.
o Valid call -+ s’ temporary ST (ResidentStudent) is now a
descendant class of addRsS’s parameter rs’ ST (ResidentStudent).
o But, there willbe a ClassCastException atruntime!
s’ DT (NonResidentStudent) Ot descendant of residentstudent.
o We should have written:

if (s instanceof ResidentStudent) {
sms.addRS ( (ResidentStudent) s);
}
The instanceof expression will evaluate to false, meaning it is
unsafe to cast, thus preventing ClassCastException.
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Polymorphism: Method Parameters (2.4)

In the StudentManagementSystemTester:

Student s = new ResidentStudent ("Rachael");

/+* s’ ST: Student; s’ DT: ResidentStudent x/
StudentManagementSystem sms = new StudentManagementSystem() ;
sms.addRS (s); X

AW =

o L4 compiles with a cast: [ sms.addrs ( (ResidentStudent) s) |
e Valid cast-: (ResidentStudent) is adescendantof s’ ST.
o Valid call -+ s’ temporary ST (ResidentStudent) isS now a
descendant class of addRs’s parameter rs’ ST (ResidentStudent).
o And, there will be no ClassCastException atruntime!
.+ s’ DT (ResidentStudent) is descendant of residentstudent.
o We should have written:

if (s instanceof ResidentStudent) {
sms.addRS ( (ResidentStudent) s);
}

The instanceof expression will evaluate to frue, meaning it is
safe to cast.

e
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Polymorphism: Method Parameters (2.5)  |ssonoe

In the studentManagementSystemTester:

NonResidentStudent nrs = new NonRe51dentStudent(),

1St

sident

*/

Vl“\r‘\A St C
StudentManagementSystem sms = new StudentManagementSystem();
sms.addRS(nrs); X

A WND =

Will L4 with a cast compile?
sms.addRS ( (ResidentStudent) nrs)

NO -- (ResidentStudent) is not a descendant of nrs’s ST
(NonResidentStudent).

e



Why Inheritance:
A Polymorphic Collection of Students

How do you define a class StudentManagementSystem that
contains a list of resident and non-resident students?

class StudentManagementSystem {
Student[] students;
int numOfStudents;

void addStudent (Student s)
students[numOfStudents] = s;
numOfStudents ++;

}

void registerAll (Course c) {
for(int i = 0; 1 < numberOfStudents; 1 ++) {
students|[1i].register(c)




Polymorphism and Dynamic Binding: e sous
A Polymorphic Collection of Students (1)

1 | ResidentStudent rs = new ResidentStudent ("Rachael");

2 | rs.setPremiumRate(1.5);

3 | NonResidentStudent nrs = new NonResidentStudent ("Nancy");
4 | nrs.setDiscountRate(0.5);

5 StudentManagementSystem sms = new StudentManagementSystem() ;
6 | sms.addStudent ( rs ); /+ rphi

7 | sms.addStudent ( nrs ); /+ polj yé

8 | Course eecs2030 = new Course("EECS2030", 500.0);

9 | sms.registerAll (eecs2030);

10 | for(int i = 0; i < sms.numberOfStudents; i ++) {

11 /x I ic Bindi :

12 # / f getTuition will be called =/

13 ‘ System.out.println(sms.students[i]. getTuition() );




Polymorphism and Dynamic Binding: ‘issom
A Polymorphic Collection of Students (2)

At runtime, attribute is a polymorphic array:

e Static type of each item is as declared: Student

e Dynamic type of each item is a descendant of Student:
ResidentStudent, NonResidentStudent

99

StudentManagementSystem 0 1 2 3 4 5 6 7
(’ ss e [ nun | nun | nun | nun | nun | nun [ nun | nun ]

sms

“EECS52030"
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Polymorphism: Return Types (1) LASSONDE
1 |class StudentManagementSystem {

2 Student[] ss; int c;

3 void addStudent (Student s) { ss[ec] = s; c++; }

4 Student getStudent (int i) {

5 Student s = null;

6 if(i <0 || 1 >= ¢) {

7 throw new InvalidStudentIndexException("Invalid index.");
8 }

9 else {
10 s = ssl[i];
11 }
12 return s;
13 b}

L4: student is static type of get Student’s return value.
L10: ss[i]’s ST (student) is descendant of s’ ST (student).
Question: What can be the dynamic type of s after L10?
Answer: All descendant classes of Student.



Polymorphism: Return Types (2) LASSONDE

Course eecs2030 = new Course("EECS2030", 500);
ResidentStudent rs = new ResidentStudent ("Rachael");
rs.setPremiumRate(1.5); rs.register(eecs2030);
NonResidentStudent nrs = new NonResidentStudent ("Nancy") ;
nrs.setDiscountRate(0.5); nrs.register(eecs2030);
StudentManagementSystem sms = new StudentManagementSystem();
sms.addStudent (rs); sms.addStudent (nrs);
Student s = sms.getStudent(0) V"

-

static return type: Student

9 | print (s instanceof Student && s instanceof ResidentStudent); /*truex)

ONO O~ WN =

ot

<

=
o}
(0]
o]
L)
)
*
~

10 | print (s instanceof NonResidentStudent)~ /% false #/

11 ‘print( s.getTuition() ) sion in ResidentStudent called:750%/
12 | ResidentStudent rs2 = sms. getStudent(O) X

13 | s = sms.getStudent(1) e type of s? #/

.
static return type: Student
14 | print (s instanceof Student && s instanceof NonResidentStudent);/*trliex/

15 | print (s instanceof ReSLdentStudent), /* false */

16 ‘Print( s.getTuition() );/+Version in NonResidentStudent /

17 ’NonRe51dentStudent nrs2 = sms.getStudent (1); x ‘
BZofiin



Polymorphism: Return Types (3) LASSONDE

At runtime, attribute is a polymorphic array:
e Static type of each item is as declared: Student

e Dynamic type of each item is a descendant of Student:
ResidentStudent, NonResideniStudent

StudentManagementSystem 0 1 2 3 4 5 6 7 99
( ss s [ [ rur | own [ oo | oun | eun | nun | oun | aun |

sms c
sms.getStudent (0)

(—’ ResidentStudent (—>
“Rachael”

rs

sms.getStudent (1)

NonResidentStudent

0o 1 0o 1 8 9

numberOfCourses I8}

numberOfCourses [SSE
registeredCourses

registeredCourses

premiumRate discountRate

Course

title “EECS2030"
eecs2030
fee




Static Type vs. Dynamic Type: ‘issom
When to consider which?

e Whether or not Java code compiles depends only on the
static types of relevant variables.
-+ Inferring the dynamic type statically is an undecidable
problem that is inherently impossible to solve.
e The behaviour of Java code being executed at runtime (e.g.,

which version of method is called due to dynamic binding,
whether or not a ClassCastException will occur, etc.)
depends on the dynamic types of relevant variables.
= Best practice is to visualize how objects are created (by drawing
boxes) and variables are re-assigned (by drawing arrows).

_
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Summary: Type Checking Rules
I CODE | ConDITION TO BE TYPE CORRECT |
X =y Is y's ST a descendant of x's ST?

Is method m defined in x’'s ST?

x.m(y) Is y’'s ST a descendant of m’s parameter's ST?
Is method m defined in x’'s ST?
z = x.m(y) Is y’'s ST a descendant of m’'s parameter's ST?
Is ST of m’s return value a descendant of z's ST?
(C) y Is ¢ an ancestor or a descendant of y's ST?
x= () y Is ¢ an ancestor or a descendant of y's ST?

Is ¢ a descendant of x’s ST?

Is ¢ an ancestor or a descendant of y's ST?
x.m((C) vy) Is method m defined in x’s ST?

Is ¢ a descendant of m’s parameter’s ST?

Evenif| (c) y|compiles OK, there will be a runtime

ClassCastException if C is not an ancestor of y's DT!
Eofiin
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Root of the Java Class Hierarchy

e Implicitly:
o Every class is a child/sub class of the Object class.
o The oObject class is the parent/super class of every class.
e There are two useful accessor methods that every class
inherits from the Object class:
o boolean equals (Object other)

Indicates whether some other object is “equal to” this one.
e The default definition inherited from Object

boolean equals (Object other) {
return (this == other); }

o String toString()
Returns a string representation of the object.

» Very often when you define new classes, you want to
redefine / override the inherited definitions of equals and
toString.

e
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Overriding and Dynamic Binding (1) LASSONDE

Object is the common parent/super class of every class.

o Every class inherits the default version of equals
o Say a reference variable v has dynamic type D:
e Case 1 D overrides equals
= v.equals (...) invokes the overridden version in D
e Case 2 D does not override equals
Case 2.1 At least one ancestor classes of D override equals
= v.equals (...) invokes the overridden version in the closest
ancestor class
Case 2.2 No ancestor classes of D override equals
= v.equals (...) invokes default version inherited from Object.

o Same principle applies to the tostring method, and all
overridden methods in general.

B0
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Overriding and Dynamic Binding (2.1) L

Object

boolean equals (Object obj) {
return this == obj;

}

class C extends B {

S not ove

Object cI new C()
Object c2 = new C()
println(cl.equals(c

2));

L3 calls which version of
equals? [ Object ]



Overriding and Dynamic Binding (2.2) L

LASSONDE
boolean equals (Object obj) {
Object return this == obj; class 4 {
} LS 1 en+*/
—
" / ~iddenx*/
}
A class C extends B {
boolean equals (Object obj) {
Y W / verridden n */
}
— }
B
1 |Object cl = new C();
— 2 |Object c2 = new C();
3 |printin(cl.equals(c2));
boolean equals (Object obj) { L3 calls which version of
C /* overridden version */

}

equals? [c]




Overriding and Dynamic Binding (2.3)

Object

boolean equals (Object obj) {
return this == obj;
}

boolean equals (Object obj) {
/* overridden version */
}

class A {

class B extends A {
boolean equals(object Obj)

{

Object cl = new C();
Object c2 = new C();
printlin(cl.equals(c2));

L3 calls which version of

[B]

equals?




BehaViOUI‘ Of Inherlted toStrlng MethOd (1}LASSONDE

Point pl = new Point(2, 4);
System.out.println(pl);

Point@677327b6

e Implicitly, the toString method is called inside the print1ln
method.

e By default, the address stored in p1 gets printed.

e We need to redefine / override the tostring method,
inherited from the ob ject class, in the Point class.



Behaviour of Inherited toString Method (2).assonoe

class Point {

double x;
double y;
public String toString() {
return " (" + this.x + ", " + this.y + ")";

}
}

After redefining/overriding the t oSt ring method:

Point pl = new Point(2, 4);
System.out.println(pl);
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BehaViOUI‘ Of Inherlted toStrlng MethOd (3} LASSONDE

Exercise: Override the equals and toSt ring methods for
the ResidentStudent and NonResidentStudent classes.
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Beyond this lecture. .. LASSONDE

e Implement the inheritance hierarchy of Students and
reproduce all lecture examples.

e Implement the inheritance hierarchy of Smart Phones and
reproduce all lecture examples.
Hints. Pay attention to:
o Valid? Compiles?
o ClassCastException?

e Study the ExampleTypeCasts example: draw the
inheritance hierarchy and experiment with the various
substitutions and casts.

89 of 110}



Index (1) :Agsgurgig“s

[Cearning Outcomes]

[Why Inheritance: A Motivating Example|

(Why Inheritance: A Motivating Example|
NoInherit - - Class
No Inheri - - I
[No Tnheritance: Testing Student Classes]

No Inheritance: ]
Issues with the Student Classes|

[No Inheritance: Maintainability of Code (1)

[No Inheritance: Maintainability of Code (2)
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Index (2) :A§SCE>MF\ABNE

No Inheritance: ]
B Collecti FVar Kinds of Stud I

\Visibility: Project, Packages, Classes|

\Visibility of Classes|

\Visibility of Classes: Across All Classes |
|Within the Resident Package (no modifier)

\Visibility of Classes: Across All Classes |
IWithin the Resident Package (no modifier)|

\Visibility of Attributes/Methods: |
Esmg Modiftiers to Define Scopes|

\Visibility of Attr./Meth.: Across All Methods |
|Within the Resident Class (private)|

[ ESEED)



Index (3) :A§SCE>MF\ABNE

\Visibility of Attr./Meth.: Across All Classes |
|Within the Resident Package (no modifier)

|Visibility of Attr./Meth.: Across All Packages |
(Within the Resident Project (public)l

[Use of the protected Modifier
\Visibility of Attr./Meth.: Across All Methods |
IWithin the Resident Package and Sub-Classes (protected)

isibility of Attr./Met
Iohedi Architecture
Inheritance: The Student Parent/Super Class|
Inheritance: ]
lLhe ResidentStudent Child/Sub Class|

[ v rsEEn )



Index (4) :A%SCE)MI\ABME

Inheritance: ]
mt . Child/Sub Class

Inherit Architecture Revisited

[Using Inheritance for Code Reuse|

[Visualizing Parent/Child Objects (1)

|Visualizing Parent/Child Objects (2)|

[Testing the Two Student Sub-Classes|

Inheritance Architecture: |
[Static Types & Expectations]

Polymorphism: Intuition (1)

Polymorphism: Intuition (2)




Index (5) :Agsgurgig“s

Polymorphism: Intuition (3)

IDynamic Binding: Tntuition (1)

IDynamic Binding: Intuition (2)
Wil [Inherii Architeciurd

[Multi-Level Inheritance Hierarchy: |
Smart Phones|

Inheritance Forms a Type Hierarchy|
Inheritance Accumulates Code for Reusel
[Static Types Determine Expectations|

[Substitutions via Assignments|
o f Subshitution
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Index (6) :Agsgurgig“s

[Reference Variable: Dynamic Type

\Visualizing Static Type vs. Dynamic Type|

Beference Variable: |
[Changing Dynamic Type (1)

Beference Variable: |
[Changing Dynamic Type (2)

Polymorphism and Dynamic Binding (1)

Polymorphism and Dynamic Binding (2.7)
[Polymorphism and Dynamic Binding (2.2)|
Polymorphism and Dynamic Binding (3.1)f
[Polymorphism and Dynamic Binding (3.2)]
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Index (7) :A%SCE)MI\ABME

Polymorphism and Dynamic Binding (3.3)
[Reference Type Casting: Motivation (1.1)

[Reference Type Casting: Motivation (1.2)

[Reference Type Casting: Motivation (2.1)

[Reference Type Casting: Motivation (2.2)

IType Cast: Named or Anonymous|

[Notes on Type Cast (1)

Reference Type Casting: Danger (1)
Reference Type Casting: Danger (2)
Notes on Type Cast (2.7)
Notes on Type Cast (2.2)
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Index (8) :Agsgurgig“s

[Notes on Type Cast (2.3)
Required Reading: |
[Static_Types, Dynamic lypes, Casts|

[Compilable Cast vs. Exception-Free Casi

[Reference Type Casting: Runtime Check (1)

[Reference Type Casting: Runtime Check (2)

[Notes on the instanceof Operator (1)

[Notes on the instanceof Operator (2)

|Static Types, Casts, Polymorphism (1.1)|

IStatic Types, Casts, Polymorphism (1.2)|

|Static Types, Casts, Polymorphism (1.3)|

[rasEEn )



Index (9) :Agsgurgig“s

IStatic Types, Casts, Polymorphism (1.4)|

IStatic Types, Casts, Polymorphism (2)

Polymorphism: Method Parameters (1)

Polymorphism: Method Parameters (2.1)

Polymorphism: Method Parameters (2.2)

Polymorphism: Method Parameters (2.3)

Polymorphism: Method Parameters (2.4)

Polymorphism: Method Parameters (2.5)

IWhy Inheritance: |
|A Polymorphic Collection of Students|

[Polymorphism and Dynamic Binding: |
A Polymorphic Collection of Students (1)




Index (1 0) :_Agsgurgig“s

[Polymorphism and Dynamic Binding: |
|A Polymorphic Collection of Students (2)f

Polymorphism: Return Types (1)

Polymorphism: Return Types (2)

Polymorphism: Return Types (3)

[Static Type vs. Dynamic Type: |
T j id hich?

Summary: Type Checking Rules|

[Root of the Java Class Hierarchy]
[Overriding and Dynamic Binding (1)
bverrldlng and Dynamic Binding (2.1)
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[Overriding and Dynamic Binding (2.2)]
Dverrldlng and Dynamic Binding (2.3)|
Behaviour of Inherited toString Method (1)
[Behaviour of Inherited toString Method (2)|
[Behaviour of Inherited toString Method (3)|

[Beyond this Tecture. . ]
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http://www.eecs.yorku.ca/~jackie

-
—

Learning Outcomes

This module is designed to help you learn about:

1. How to solve problems recursively

2. Example recursions on string and arrays

3. Some more advanced example (if time permitted)




Beyond this lecture . ..

et ae o

¢ Fantastic resources for sharpening your recursive skills for the

exam:

http://codingbat.com/java/Recursion—1

http://codingbat.com/java/Recursion—2

* The best approach to learning about recursion is via a
functional programming language:
Haskell Tutorial: https://www.haskell.org/tutorial/



http://codingbat.com/java/Recursion-1
http://codingbat.com/java/Recursion-2
https://www.haskell.org/tutorial/

/|

Recursion: Principle

e Recursion is useful in expressing solutions to problems that

can be recursively defined:

o Base Cases: Small problem instances immediately solvable.
o Recursive Cases:

e Large problem instances not immediately solvable.

e Solve by reusing solution(s) to strictly smaller problem instances.

e Similar idea learnt in high school: [ mathematical induction ]
¢ Recursion can be easily expressed programmatically in Java:

}

m (1) |
if (i =

else {

}

m (7);/+*

)

/

{ /* Dbase case: Ao S«

recursive call witn strictly smaller value

o In the body of a method m, there might be a call or calls to m itself.

o Each such self-call is said to be a recursive call .

o_Inside the execution of m(i), a recursive call m(j) must be that j < i.
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Tracing Method Calls via a Stack

* When a method is called, it is activated (and becomes active)
and pushed onto the stack.

¢ When the body of a method makes a (helper) method call, that
(helper) method is activated (and becomes active) and
pushed onto the stack.

= The stack contains activation records of all active methods.
o Top of stack denotes the’current point of execution ‘
o Remaining parts of stack are (temporarily) suspended.

¢ When entire body of a method is executed, stack is popped .

= The ’ current point of execution ‘ is returned to the new top
of stack (which was suspended and just became active).

¢ Execution terminates when the stack becomes empty .
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Recursion: Factorial (1)

» Recall the formal definition of calculating the n factorial:

ol - 1 ifn=0
ln(n=1)-(n-2)----- 3.2.1 ifn>1
e How do you define the same problem recursively?

1 ifn=0
n'=
n-(n-1)! ifnx>1

 To solve n!, we combine n and the solution to (n - 7)!.

I 1
int factorial (int n) {

int result;

if(n == 0) be 1se +/ result = 1; }
else { /+ rect ] se */
result = n = factorial (n — 1);

}

return result;
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Common Errors of Recursive Methods

¢ Missing Base Case(s).
r 1
‘int factorial (int n) { ‘

return n * factorial (n - 1); ‘

i

Base case(s) are meant as points of stopping growing the
runtime stack.
¢ Recursive Calls on Non-Smaller Problem Instances.

[ 1
int factorial (int n) { ‘

if(n == 0) {
else { /«x recursive case x/ return n x factorial (n); } ‘

/+ base case +/ return 1; }

i

Recursive calls on strictly smaller problem instances are
meant for moving gradually towards the base case(s).

¢ |In both cases, a StackOverflowException will be thrown.
[raracy,



Recursion: Factorial (2)

return 5 x 24 = 120

factorial(5)
factorial(4)

( factorial(3)
1=2
N
returnl x 1 =1

‘

return 4 x 6 = 24

AN

return 3 x 2 =106

return 2 x

return 1




Recursion: Factorial (3)

o When running factorial(5), a recursive call factorial(4) is made.
Call to factorial(5) suspended until factorial(4) returns a value.
o When running factorial(4), a recursive call factorial(3) is made.
Call to factorial(4) suspended until factorial(3) returns a value.

o factorial(0) returns 1 back to suspended call factorial(1).

o factorial(1) receives 1 from factorial(0), multiplies 1 to it, and
returns 1 back to the suspended call factorial(2).

o factorial(2) receives 1 from factorial(1), multiplies 2 to it, and
returns 2 back to the suspended call factorial(3).

o factorial(3) receives 2 from factorial(1), multiplies 3 to it, and
returns 6 back to the suspended call factorial(4).

o factorial(4) receives 6 from factorial(3), multiplies 4 to it, and
returns 24 back to the suspended call factorial(5).

o factorial(5) receives 24 from factorial(4), multiplies 5 to it, and
returns 120 as the result.
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Recursion: Factorial (4)

¢ When the execution of a method (e.g., factorial(5)) leads to a
nested method call (e.q., factorial(4)):
o The execution of the current method (i.e., factorial(5)) is
suspended, and a structure known as an activation record or

activation frame is created to store information about the
progress of that method (e.g., values of parameters and local
variables).

o The nested methods (e.qg., factorial(4)) may call other nested
methods (factorial(3)).

o When all nested methods complete, the activation frame of the
latest suspended method is re-activated, then continue its

execution.
e What kind of data structure does this activation-suspension
process correspond to? [ LIFO Stack ]
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Recursion: Fibonacci Sequence (1)

e Can you identify the pattern of a Fibonacci sequence?
F=1,1,2,3,5,8,13,21,34,55,89, ...

e Here is the formal, recursive definition of calculating the ny,
number in a Fibonacci sequence (denoted as Fj):
1 ifn=1
Fn=11 ifn=2
F}_1+>F}_2 ifn>2

I 1
int fib (int n) {
int result;
if(n == 1) { /# base case %/ result = 1; }
else if(n == 2) { /= > x/ result = 1; }
else { /% recursive 5
result = fib (n - 1) + fib (n - 2);
}

return result;

Ay



Recursion: Fibonacci Sequence (2)

£ib(5)
= { fib(5) = fib(4) + £ib(3); push(fib(5)); (£ib(5)); ac
fib(4) + fib(3)
= { fib(4) = £ib(3) + £ib(2); (£ib (4),
( fib(3) +£fib(2) )+ fib(3)
= { fib(3) = £fib(2) + fib(1); s nded: (£ib(3), )}

(( £fib(2) +£fib(1l) )+ £ib(2))+ £ib(3)

= { fib(2) returns 1; ed: (fib(3), fib(4),
((1+ fib(1) )+ fib(2 )+f1b(3)

= { fib(l) returns 1; 1: (£ib(3), fib(4),
((1+1)+£ib(2)) + £ib(3)

= { £ib(3) returns 1 + 1; pop(); sus
(2+ fib(2) )+ £fib(3)

= { fib(2) returns 1; st
(2+1) + £ib(3)

= { fib(4) returns 2 + 1; pop(); suspe
3+ fib(3)

= { fib(3) = fib(2) + fib(1);
3+ ( £ib(2) + fib(1))

= { fib(2) returns 1;
3+(1+ fib(1) )

= { fib(1) returns 1; s

(£ib(4),

ded: (fib(4), £ib(5));

(£ib(5)); acti

3+(1+1)
= { £fib(3) returns 1 + 1; pop() ; suspended: (fib(5)); active: fib(5) }
3+2

fib (5) returns 3 + 2;
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Java Library: String LASSONDE

public class StringTester {
public static void main(String[] args) {
String s = "abcd";
System out. prlntln(s lSEmpty()), /+ false */

racters 1in 1 ra
String t0 = s.substrlng(o, O);

System out.println(t@) / * x/

ge [0, 4) */

String tl S. substrlng(O, 4);
System.out. prlntln(tl) /* "a

“ters in index range |

String t2 = s.substrlng(l, 3);

System.out.println(t2); /* "bc" x/

String t3 = s.substring(0, 2) + s.substring(2, 4);

System.out.println(s.equals(t3)); /* true =*/

for(int i = 0; i < s.length(); 1 ++) {
System.out.print (s.charAt (1)) ;

}

System.out.println();

[13.0£37]
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Recursion: Palindrome (1) LASSONDE

Problem: A palindrome is a word that reads the same forwards
and backwards. Write a method that takes a string and
determines whether or not it is a palindrome.

System.out.println(isPalindrome("")); true
System.out.println(isPalindrome("a")); true
System.out.println(isPalindrome ("madan")) ; true
System.out.println(isPalindrome ("racecar")); true
System.out.println(isPalindrome("man")); false

Base Case 1: Empty string — Return frue immediately.
Base Case 2: String of length 1 — Return frue immediately.

Recursive Case: String of length >2 —

o 1st and last characters match, and
o the rest (i.e., middle) of the string is a palindrome .



-
—

Recursion: Palindrome (2) LASSONDE

T
boolean isPalindrome (String word) {
1f(word length() == 0 || word.length() == 1) {
'+ base case #*/
return true;
}
else {
/% rec e case #*/
char firstChar = word.charAt (0);
char lastChar = word.charAt (word.length() - 1);
String middle = word.substring (1, word.length() - 1);
return
firstchar == lastChar
&& 1sPalindrome (middle) ;
}
}
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Recursion: Reverse of String (1)

Problem: The reverse of a string is written backwards. Write a
method that takes a string and returns its reverse.

System.
System.
System.
System.
System.

out.

out
out

out.

out

println(reverseOf("")); VARV
.println(reverseOf ("a ")) "an
.println(reverseOf ("ab")); "ba"
println(reverseof('abc )); "cbha"
.println(reverseof ("abcd")); "dcba"

Base Case 1: Empty string — Return empty string.

Base Case 2: String of length 1 — Return that string.
Recursive Case: String of length >2 —

1) Head of string (i.e., first character)
2) Reverse of the tail of string (i.e., all but the first character)

Return the concatenation of 2) and 1).
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Recursion: Reverse of a String (2)

T
String reverseOf (String s) {

if(s.isEmpty()) { /~* case 1 */
return "";

}

else if (s.length() == 1) { /= I e case 2 */
return s;

}

ve case

else { /+ recu /
String tail = s.substring(l, s.length());
String reverseOfTail = reverseOf (tail);
char head = s.charAt(0);

return reverseOfTail + head;

}
}

e
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Recursion: Number of Occurrences (1)

Problem: Write a method that takes a string s and a character
c, then count the number of occurrences of c in s.

System.out.println(occurrencesOf ("", ’a’)),
System.out.println(occurrencesOf("a", "a’));
System.out.println(occurrencesOf ("b", "a’));
System.out.println(occurrencesof("baaba" ’
System.out.println(occurrencesOf ("baaba", '
( ’

4

i

a

b")
System.out.println(occurrencesOf ("baaba", c

~e NN
M
\

Base Case: Empty string — Return 0.

Recursive Case: String of length > 1 —
1) Head of s (i.e., first character)
2) Number of occurrences of c in the tail of s (i.e., all but the first
character)
If head is equal to c, return 1 + 2).
If head is not equal to c, return 0 + 2).

R
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Recursion: Number of Occurrences (2)

T

int occurrencesOf (String s, char c) {
if(s.isEmpty()) {
/% Base Case */
return 0;
}
else {
/#+ Recursive Case */
char head = s.charAt (0);
String tail = s.substring(l, s.length());
if (head == c) {
return 1 + occurrencesOf (tail, c);
}

else {

return 0 + occurrencesOf (tail, c);




/|

Making Recursive Calls on an Array LASSONDE
» Recursive calls denote solutions to smaller sub-problems.
» Naively, explicitly create a new, smaller array:

void m(int[] a) {
if(a.length == 0) { /+
else if (a.length == 1) /)
else {
int[] sub = new int[a.length - 1];
for(int i = [1]; i < a.length; i ++) { subli - 1] = alil; }
m(sub) } }

For efficiency, we pass the reference of the same array and
specify the range of indices to be considered:

void m(int[] a, int from, int to) {
if (from > to) { /* base c */ }
else if (from == to) { /= case */ }
l else { m(a, , to) } } J‘
e m(a, 0, a.length - 1) [ Initial call; entire array ]
e m(a, 1, a.length - 1) [ 1str.c. on array of size a.length—-1]

e m(a, a.length-1, a.length-1) [ Lastr.c. on array of size 1]
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Recursion: All Positive (1)
Problem: Determine if an array of integers are all positive.

;. /* true x/
2, 3, 4, 5})); /* true */
2, -3, 4, 5})); /+ false */

System.out.println(allPositive({})
System.out.println(allPositive ({1,
4

System.out.println(allPositive ({1l

Base Case: Empty array — Return frue immediately.

The base case is frue -.- we can not find a counter-example
(i.e., a number not positive) from an empty array.

Recursive Case: Non-Empty array —

o 1st element positive, and

o the rest of the array is all positive .

Exercise: Write a method boolean somePostive (int[]

a) which recursively returns true if there is some positive
number in a, and false if there are no positive numbers in a.
Hint: What to return in the base case of an empty array? [false]

-~ No witness (i.e., a positive number) from an empty array
Lamsacr]
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Recursion: All Positive (2)

’boolean allPositive(int[] a) { ‘
‘ return allPositiveHelper (a, 0, a.length - 1); ‘
}

‘boolean allPositiveHelper (int[] a, int from, int to) {
if (from > to) { /* base 2 /
return true;

}
else if (from == to) { /* base case 2: of ent */
return a[from] > 0;
}
else { /% recursive case #*,
return a[from] > 0 && allPositiveHelper (a, from + 1, to);
}

_
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Recursion: Is an Array Sorted? (1)

Problem: Determine if an array of integers are sorted in a
non-descending order.

System.out.println(isSorted({})); true
System.out.println(isSorted ({1, 2, 2, 3, 4})); true
System.out.println(isSorted ({1, 2, 2, 1, 3})); false

Base Case: Empty array — Return frue immediately.

The base case is frue -.- we can not find a counter-example
(i.e., a pair of adjacent numbers that are not sorted in a
non-descending order) from an empty array.

Recursive Case: Non-Empty array —

o 1st and 2nd elements are sorted in a non-descending order, and
o the rest of the array, starting from the 2nd element,

are sorted in a non-descending order .
BXof37
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Recursion: Is an Array Sorted? (2)

’boolean isSorted(int[] a) {
return isSortedHelper (a, 0, a.length - 1); ‘

}

‘boolean isSortedHelper (int[] a, int from, int to) ({

if (from > to) { /* base case 1: empty
return true;

}

else if (from == to) { /+ b case 2: r of */

return true;

}
else {
return al[from] <= al[from + 1]

&& 1sSortedHelper (a, from + 1, to);

_



Tower of Hanoi: Specification LASSONDE

e Given: A tower of 8 disks, initially
stacked in decreasing size on
one of 3 pegs

* Rules:

o Move only one disk at a time.
o Never move a larger disk onto a
smaller one.

e Problem: Transfer the entire
tower to one of the other pegs.




Tower of Hanoi: Lengend LASSONDE

Brahmins at a temple in Benares, India
have been carrying out movement of
“Sacred Tower of Brahma’,

consisting of sixty-four golden disks,
according to the same rules as in the
Tower of Hanoi game, and that

the completion of the tower would lead
to the end of the world.
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Tower of Hanoi: A Recursive Solution LASSONDE

The general, a recursive solution requires 3 steps:

1. Transfer the n - 1 smallest disks to a second peg.
2. Move the largest peg to the third peg (free of disks).
3. Transfer the n - 1 smallest disks back onto the largest disk.




Tower of Hanoi in Java (1)

/|

void towerOfHanoi (String[] disks) {
tohHelper (disks, 0, disks.length - 1, 1, 3);
}

if (from > to) { }

else if (from == to) {

print("move " + disks[to] + " from " + ori + " to " + des);
}
else {

int intermediate = 6 - ori — des;

tohHelper (disks, from, to - 1, ori, intermediate);
print("move " + disks[to] + " from " + ori + " to " + des);
‘ tohHelper (disks, from, to - 1, intermediate, des);

}
}

void tohHelper(String[] disks, int from, int to, int ori, int des) {

o ’tohHelper(disks, from, to, ori, des)‘lﬂOVGS(ﬂSkS
{disks[from], disks[from + 1],. .., disks[to]} from peg ori to peg des.

® Pegidsare 1, 2, and 3 = The intermediate one is 6 — ori — des.




Tower of Hanoi in Java (2)

Say ds (disks) is {A, B, C}, where A< B< C.

tohH(ds, 0,0, p1, p3) :{ Move A: pl to p3
—
{A}
tohH(ds, 0,1 ,p1,p2) = Move B: pl to p2
——
A8 tohH(ds, 0,0, p3, p2) :{ Mo Ae @9 o B2
—
{A}
tohH(ds, O, ,p1,p3) = Move C: pl to p3
—
{A,B,C} tohH(ds, 0,0, p2, p1) ={ Move A: p2 to pl
—
{A}
tohH(ds, 0,1 ,p2,p3) = Move B: p2 to p3
—
{A,B} tohH(ds, 0,0, p1, p3) :{ Move A: pl to p3
—
{A}
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Tower of Hanoi in Java (3) LASSONDE

™

towerOfHanio({A, B, C})
tohHelper({4, 8, C), 0, 2, p1, p3)

move C from p1 to p3

tohtelper({A, B, C), 0, 1, p1, p2) tohtielper({A, B, C}, 0, 1, p2, p3)

(ormin s oo omm)  (mesmnnios)  [meeinsgeamem) (@emonoosmm]  (mesmnmer) (v s oo o mm)

l
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Running Time: Tower of Hanoi (1) LASSONDE

e Generalize the problem by considering n disks.

e Let T(n) denote the number of moves required to to transfer n
disks from one to another under the rules.

¢ Recall the general solution pattern:
1. Transfer the n - 1 smallest disks to a second peg.
2. Move the largest peg to the third peg (free of disks).
3. Transfer the n - 1 smallest disks back onto the largest disk.

* We end up with the following recurrence relation that allows us
to compute T(n) for any n we like:

{ T(1) 1

T(n) 2.-T(n-1)+1 wheren>0

 To solve this recurrence relation, we study the pattern of T(n)

and observe how it reaches the base case(s).
BLazz
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Running Time: Tower of Hanoi (2) LASSONDE
T(n) = 2 xT(n-1)+ 1
—— ——
1 term 1 term
= 2x(2xT(n-2)+ 1)+1
—— ——
2 terms 2 terms
= 2x(2x(2xT(n=-3)+1)+1)+1
S~— S~—
3 terms 3 terms
T(n - (n-1))

——

2x(2x(2x(--x(2x TA) +1D)+..)+1)+1)+1

n-1 terms n-1 terms

2"+ (n-1)

~. T(n)is 0(2")



Tower of Hanoi: Lengend LASSONDE

Brahmins at a temple in Benares, India
have been carrying out movement of
“Sacred Tower of Brahma’,

consisting of sixty-four golden disks,
according to the same rules as in the
Tower of Hanoi game, and that

the completion of the tower would lead
to the end of the world.

Say one disk can be moved in one second.
Q. How long does it take to finish moving 64 disks (n = 64)?
A. 254 seconds «~ 585 billion years (>> 5 billion centries)!




Beyond this lecture . ..

* Recursions on Arrays: Lab Exercise from EECS2030-F19

¢ Notes on Recursion:

http://www.eecs.yorku.ca/~jackie/teaching/
lectures/2025/F/EECS2030/notes/EECS2030 F25
Notes Recursion.pdf

APl for string
https://docs.oracle.com/javase/8/docs/api/
Jjava/lang/String.html

Fantastic resources for sharpening your recursive skills for the
exam:

http://codingbat.com/java/Recursion—1
http://codingbat.com/Jjava/Recursion—2

The best approach to learning about recursion is via a
functional programming language:

Haskell Tutorial: https://www.haskell.org/tutorial/


http://www.eecs.yorku.ca/~jackie/teaching/lectures/2025/F/EECS2030/notes/EECS2030_F25_Notes_Recursion.pdf
http://www.eecs.yorku.ca/~jackie/teaching/lectures/2025/F/EECS2030/notes/EECS2030_F25_Notes_Recursion.pdf
http://www.eecs.yorku.ca/~jackie/teaching/lectures/2025/F/EECS2030/notes/EECS2030_F25_Notes_Recursion.pdf
https://docs.oracle.com/javase/8/docs/api/java/lang/String.html
https://docs.oracle.com/javase/8/docs/api/java/lang/String.html
http://codingbat.com/java/Recursion-1
http://codingbat.com/java/Recursion-2
https://www.haskell.org/tutorial/
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What You Learned (1)

e Procedural Programming in Java

o Exceptions
o Recursion (thinking, implementation, tracing)

o Data Structures

o Arrays
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What You Learned (2) E’A"éégésom

e Object-Oriented Programming in Java

o

O O O o

classes, attributes, objects, reference data types
methods: constructors, accessors, mutators, helpers
dot notation, context objects

aliasing

inheritance:

code reuse, single-choice principle, cohesion
expectations

rules of substitutions

static vs. dynamic types

polymorphism, dynamic binding

polymorphic method parameters

polymorphic collections

polymorphic method return types

compilable casts, ClassCastException, instanceof checks
method overriding and dynamic binding: e.g., equals



S
What You Learned (3)

¢ Integrated Development Environment (IDE): Eclipse
o Break Point and Debugger
o Unit Testing using JUnit
o Test Driven Development (TDD), Regression Testing




Optional Topics LASSONDE

https://www.eecs.yorku.ca/~Jjackie/teaching/
lectures/index.html#EECS2030 F21

e Generics [ Week 10 & 11 ]



https://www.eecs.yorku.ca/~jackie/teaching/lectures/index.html#EECS2030_F21
https://www.eecs.yorku.ca/~jackie/teaching/lectures/index.html#EECS2030_F21

Beyond this course... (1)

v R S RN
-2, ——
- ,f——u—c.,,,,,_z e Introduction to Algorithms (3rd
» Ed.) by Cormen, etc.
‘ e DS by DS, Algo. by Algo.:
‘ \ o Understand math analysis
4 ‘ o Read pseudo code
‘\ o Translate into Java code
AR R T o Write and pass JUnit tests
7 A £ G O RITH M S




Beyond this course. .. (2)

Design Patterns
Elements of Reusable
Object-Oriented Software

Erich Gamma
Richard Helm

Ps
>
S]
S)
%
e}
Z

e Design Patterns: Elements of
Reusable Object-Oriented
Software by Gamma, etc.

e Pattern by Pattern:

o Understand the problem

o Read the solution (not in Java)
o Translate into Java code
o Write and pass JUnit tests

Ralph Johnson
John Vlissides
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Wish You All the Best

What you have learned will be assumed in EECS2101.

e Logic is your friend: Learn/Review EECS1019/EECS1090.
Do not abandon Java during the break!!

Feel free to get in touch and let me know how you’re doing :D
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