
EECS2030 Fall 2022
Advanced Object-Oriented Programming

Lecture Notes

Instructor: Jackie Wang



Lecture 1 - Sep. 7

Syllabus & Review on OOP

Object Orientation  
Classes vs. Objects on Eclipse
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Lecture 2 - Sep. 12

Review on OOP

Object Orientation  
Classes, Objects, Methods



- Lab0 Part 1
  + Eclipse: Your Machine vs. RemoteLabs
+ Tutorial Videos
+ PDF guides:
* Inferring Java Classes from JUnit Tests
* Programming Pattern: Array Attributes

- Scheduled Lab this Week: Optional Q&A
- Office Hours

est . #
\

✓ £account
→

Reading:uptodidecT.



console_apps

model

junit_tests

use

use

Separation of Concerns

- Classes & Methods
- Methods 
  * constructors
  * accessors: return statements
  * mutators: no return statements
  * containing no print statements

- Expected vs. Actual Values
- Methods
  * calling methods from model
  * assertions
  * containing no print statements

- main method (entry point of execution)
  * reading inputs from keyboard
  * calling methods from model
  * producing outputs to console (print)
  * containing no return statements

l



attributes : should be private

methods : I. helper methods : private
2. to be called by other classes :

public



class Person { class Person{

attributes atts.
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}
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Observe-Model-Execute Process

Entities:
Attributes:
Changes:
Inquiries:
Template:

Entities:
Attributes:
Changes:
Inquiries:
Template:
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Modelling: from Entities to Classes

Example 1

Example 2

Identify Critical Nouns & Verbs
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Object Oriented Programming (OOP)
- Templates (compile-time Java classes)
+ attributes (common around instances)
+ methods
* constructors
* accessors/getters
* mutators/setters

+ Eclipse: Refactoring
- Instances/Entities (runtime objects)
+ instance-specific attribute values
+ calling constructor to create objects
+ using the “dot notation”, with the right contexts, to:
* get attribute values
* call accessors or mutators 



Constructors not using this Keyword
model

console

memory 
(sequence of bytes)

- Default Constructor?
- Parameters vs. Arguments
- Reference Variables
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Lecture 3 - Sep. 14

Review on OOP

Object Orientation  
Tracing OO Programs, Aliasing, Arrays



- Lab0 Part 1 Due Soon
- Lab0 Part 2 Released on Tuesday
- Lab1 to be released on Friday

✓
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Constructors not using this Keyword
model

console

memory 
(sequence of bytes)

- Default Constructor?
- Parameters vs. Arguments
- Reference Variables

JUnit
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class Point {
   Point(double x, double y) {…}

   double getDistanceFrom(Point other) {…}
   
   void move(char direction, double units) {…}
}

class PointTester {
   static void main(String[] args) {
      Point p1 = new Point(2.5, -3.6);
      Point p2 = new Point(-4.8, 5.9);
      double dist1 = p1.getDistanceFrom(p2);
      double dist2 = p2.getDistanceFrom(p1);
      p1.move(‘R’, 7.6);
   }
}

Parameters vs. Arguments

Template Definition

Method Usages
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Constructors not using this Keyword

model

Question
- What if names of parameter & attribute are the same?
- implicit “this”
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Tracing OO Code: Visualizing Objects Slides 24 - 28



Effects of Creating New Objects JUnit

model

- Variable Shadowing
- Visualizing Objects
- Context Object 
- this
- dot notation
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Accessors/Getters

model
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Primitive

Copying Primitive vs. Reference Values

Reference

Slide 50
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Exercise Peroni] persons
] stores the beginning address ofthe array

each index d- the Gray stoves the address of some Person object
name
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Lecture 4 - Sep. 19

Review on OOP

Tracing OO Programs, Aliasing, Arrays
Attributes/Parameters/Return Types
Anonymous Objects



Announcements
- Lab1 released (scheduled lab sessions & office hours)
- Lab0 Part 2 Due on Friday
- WrittenTest1 
  (make sure you try logging into eClass in WSC)
- ProgTest1
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Exercise Peroni] persons
] stores the beginning address ofthe array

each index d- the away stoves the address of some Person object
""
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Exercise Peroni] persons
I;→ stores the beginning address ofthe array

each index of the away stoves the address of some Person object
name
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Accessors/Getters vs. Mutators/Setters
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Object Oriented Programming (OOP)
- Templates (compile-time Java classes)
+ attributes (common around instances)
+ methods
* constructors
* accessors/getters
* mutators/setters

+ Eclipse: Refactoring
- Instances/Entities (runtime objects)
+ instance-specific attribute values
+ calling constructor to create objects
+ using the “dot notation”, with the right contexts, to:
* get attribute values
* call accessors or mutators 

-



Use of Accessors vs. Mutators

class Person {
   void setWeight(double weight) { … }
   double getBMI() { … }
}

Slide 48
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Method Parameters Slide 49
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Reference-Typed Return Values

public class PointTester {
   public static void main(String[] args) {
      Point p1 = new Point(2.5, -3.6);
      p1.moveUp(7.8);
      Point p2 = p1.movedUpBy(6.4);
      System.out.println(p1 == p2);
   }
}

x

y

Slide 53
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Slide 56 - 58Anonymous Objects

Exercise
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Lecture 5 - Sep. 21

Review on OOP

More Advanced Use of this
Static Variables



Announcements
- Lab1 released (scheduled lab sessions & office hours)
- Lab0 Part 2 Due on Friday
- WrittenTest1 
  - make sure you try logging into eClass in WSC

- A guide and some practice questions released soon
- Programming Test 1 (60 to 65 min)

- Identical format as Lab1
- Number of starter tests will be smaller
- Guide, Practice Test, Mockup Test to be announced 
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Example: Reference to this

Person jim = new Person("Jim");
Person elsa = new Person("Elsa");
jim.marry(elsa);

Slide 59 - 60
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Managing Account IDs: Manual Slide 75
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Declaring Global Variables among Objects I
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Managing Account IDs: Automatic
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Lecture 6 - Sep. 26

Review on OOP, Exceptions

Static Variables: Common Error
Caller vs. Callee
Error Handling using Console Messages



Announcements
- Lab1 due at 2pm this Wednesday 
- WrittenTest1 
  - make sure you try logging into eClass in WSC

- A guide and some practice questions released
- Programming Test 1 (60 to 65 min)

- Identical format as Lab1
- Number of starter tests will be smaller
- Guide, Practice Test, Mockup Test to be announced 



Use of Static Variables: Common Error

• Branch

✓
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static
(solution 1)
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( solution 2)
.



Caller vs. Callee

- caller is the client using the service provided by another method.
- callee is the supplier providing the service to another method.

Q: Can a method be a caller and a callee simultaneously?

-
caller '¥-7context of calling m> font

o
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call stack

Visualizing a Call Chain using a Stack
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Error Handling via Console Messages: Circles

Caller?
Callee?

call stack

exits ☐
±

' "
°

✓I
can disrupt
<58<6
to continue

÷ caller to handle the error

"""""

(e.g. enter and"#). Circle;Éd,→ print error but would n¥ Stop the

<5 & <6
C.main

[ for error handling to be acceptable , these lines should here
n°-1 be allowed to continue.



Caller?
Callee?

caller calleecontext

Error Handling via Console Messages: Banks

call stackEp withdraw
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Practice Written Test 1
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Practice Written Test 1



Lecture 7 - Sep. 28

Exceptions

To Handle or Not to Handle?
Error Handling using Exceptions



Announcements
- Lab1 due at 2pm today (Wednesday) 
- WrittenTest1 
  - Marks to be released on Friday

- Visit my office hours to discuss questions if you wish
- Programming Test 1

- Guide & Practice Test to be released (bteo Thursday) 
- A Short Mockup Test to be arranged



Exception Handler
try {

*hc > {

5
catchc- {

i



What to Do When an Exception is Thrown: Call Stack

cake

cake faker
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caller

caller



Catch-or-Specify Requirement
to handle
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Example: To Handle or Not To Handle?
caller calleecontext

call
stack

b

f ma na
.
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B.mb

Tester .man



Version 1: 
Handle the Exception in B.mb
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Version 2:
Handle the Exception in Tester.main

→ ±
.jo 9""% catch

abnormal input : -10
→

• 0-10 specify
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Version 3:
Handle in Neither Classes on Call Stack

☐
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Lecture 8 - Oct. 3

Exceptions, TDD

Using Exceptions: Circles & Banks
Catching Multiple Exceptions
More Advanced Use of Exceptions



Announcements
- WrittenTest1 Marks Released
  - Visit my office hours to discuss questions if you wish
- Programming Test 1 (tomorrow, Tuesday)

- Guide & Practice Test released
- Arrange as many mock-up tests as you can

- Lab2 to be released shortly after PT1



Recap of Exceptions

- Catch-or-Specify Requirement

Normal Flow of Execution

 ... /* before, ouside try-catch block */
  try {
    o.m(...); /* may throw SomeException */
    ... / * rest of try-block */
  }
  catch (SomeException se) {
    ... /* rest of catch-block */
  }
  ... /* after, ouside try-catch block */

When the exception does not occur

Abnormal Flow of Execution

 ... /* before, ouside try-catch block */
  try {
    o.m(...); /* may throw SomeException */
    ... / * rest of try-block */
  }
  catch (SomeException se) {
    ... /* rest of catch-block */
  }
  ... /* after, ouside try-catch block */

When the exception occurs

I

→

I
'

✗ →I

→

-



Error Handling via Exceptions: Circles (Version 1)

Test Case 1:
User enters 10
Test Case 2:
User enters -5÷

⇒⇒haetgd→

.

i
? ⇒Hip"akfIJ"fp¥fy .

→

◦ Reaching;%%ÉfdI%¥É→•
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Test Case:
User enters -5
Then user enters 10

Error Handling via Exceptions: Circles (Version 2)

LIFT② TR1V①0

nasty
" case

⇒ . .is#:::i:::;::i!;*i.:jY-i.p.
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I →
""
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Test Case:
User enters -5000000

Account
id
bal.

23

acc1

accounts
noa

b Bank

0 1 … b.accounts.lenth - 11

0

Error Handling via Exceptions: Banks

÷→f ?specify

[
" III.dip" I

.
--oµma

Exactly :ñpfp É;←¥¥¥±E .

. .



More Example: Multiple Catch Blocks

Test Case 1:
a: -5000000
r: 23

Test Case 2:
a: 100
r: -5

ÉÉÉ "" •#%: ÷;:;É%É:&
throws IRE

ITE

⇒

¥:÷
•

removing this block causes error
: NRE n¥ handled .



More Example: Parsing Strings as Integers

Test Case:
User Enters: twenty-three
User Then Enters: 23

→ _
←

Fifty-three
"

"

" 23
"

↑
"

twenty- thief"→ throws
NFE

¥ - I→ NFE It thrown
↳may throw NFE .

¥ .

.

E×¥&d¥¥iip" " -
Enter an tat : Enter an Tnt :

☒?/ twenty-three 23

v1 Not valid .



Review: Specify-or-Catch Principle

specify in where the exceptionis originated

0 specify .
0

maythʳf5t



Review: Specify-or-Catch Principle

throws NTSE

↓
error Y

exception already .
handled

↳ may
+know

VTSE

↓
catch option



Let’s try to take your attendance:

A) I am here.
B) I am here. 
C) I am here. 
D) I am here.
E) I am here.
F) I am here.



Lecture 9 - Oct. 5

Testing Exceptions & TDD

Testing Exceptions: Console Testers
Testing Exceptions: JUnit Tests



Announcements
- Programming Test 1
- Lab2
- Reading Week



A Class for Bounded Counters

Correct

fault .



Manual Tester 1 from the Console

What if decrement is 
implemented correctly?

What if decrement is 
implemented incorrectly?
e.g., It only throws VTSE
      when c.value < 0

Calling c.decrement() 
when c.value is 0 should
trigger a ValueTooSmallException.

Expected Behaviour:
÷: £



Running Console Tester 1 on Correct Implementation

'Ñ
test .

¥?⃝%tEI>



Running Console Tester 1 on Incorrect Implementation

→?⇒.µµI
- I

É?⃝⇔¥=¥
✗ I



Manual Tester 2 from the Console Test Case 3
  - Nothing unexpected occurs.
  - Everything expected occurs.
Test Case 1
  VTLE thrown unexpectedly
Test Case 2
  VTLE not thrown as expected

0

no
VTLE

expected ◦ 1 I 12
3

13
vtit expected



Running Console Tester 2 on (Correct) Implementation 1

I °

⇒ i i i
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Running Console Tester 2 on (Incorrect) Implementation 2

tµ throws vKE

°



Running Console Tester 2 on (Incorrect) Implementation 3

0

¥
, i i is
¥3 , 4ps expected V"EnÉ &nwwn

*



Exercise

Hint: What if one of the first 3 c.increment() mistakenly throws a ValueTooLargeException?

[
"& " """"" "

""

NTLE thrown prematurely .

ing
I skipped even if an error has been identified

↳ if this
finewww.optntd :contradiction

!



A Manual, Iterative Console Tester

- -

maythwwÑmay throw
NTSE



Console Tester  

JUnit Test
JUnit: Where an Exception is Expected (1)

>
do nothing

,

\ : a Junk
test

without H
"9¥71for§ " except
""

woᵈ¥④
.fail

HfµÑ W
test
"9
away



Lecture 10 - Oct. 17

Testing Exceptions & TDD

Console Testers vs. JUnit Tests
Regression Testing



Announcements
- Programming Test 1 Results: by the middle of next week
- Lab2 due this Friday
- Look ahead: WrittenTest2 & ProgTest2

--

I
A

--

⑱



Coming Up with Test Cases: A Single, Bounded Variable

Boundries:
Counter.MIN_VALUE <= c.value <= Counter.MAX_VALUE

c.value == 0 c.value == 1 c.value == 2 c.value == 3

c.increment()

c.decrement()

Slide 22
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A Default Test Case that Fails

Q: What is the easiest way to making this test pass?

Slides 23 - 33
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D NulBinterException
an
xt object == well

&.m(...)

not relevant

j. mhnis

bigl. a++1. a+t2.m.
wall

wall ④



⑦) IndexOntOfBoundsException
to an integer expression

[E] e.g. I

Exy e.g. I-1
O 9

a+1
... I

IOBE occurs if: -

length
O

ChangthisDvr
- a length

Exercise)

changing
this&&?
"
! 10c =0 @SDN <a length= -



Examples: JUnit Assertions (1)
Slides 34 - 35

-

" r
&

&
&



Examples: JUnit Assertions (2)
Slide 36

Egnals



What if increment is 
implemented correctly?

What if increment is 
implemented incorrectly?
e.g., It only throws VTSE
      when c.value < 0

JUnit: Where an Exception is Not Expected
Slides 38 - 39

&
-> no exception thrown &

3)
-exception throwexectedly I

A

--

-

⑱



Console Tester  

JUnit Test
JUnit: Where an Exception is Expected (1)

Slides 40 - 41

W

< Scenarial:
->->

-> throw wise as excepted dec implemented
- X correcting
&X

Scenario 2:

->
dea not smp.corectly.



-ching,thissohappytoa
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-

occur

-> o the expected exception occurred - pass



JUnit Test

Console Tester  

JUnit: where an Exception is Expected (2.1)
Slide 42

working crested)

working
connected



JUnit Test

JUnit: where an Exception is Expected (2.2)
Slide 43

Recall the alternative to ConuterTester2 
that has un-nested try-catch blocks.

Console Tester  

Why is the JUnit test 
logically correct 
but the Console Tester is not?

-> WICE thrown unexpectedly
&

--
Unnested - not working.

-

-rice throw unrested- working.I
- -> unexpectedly

->

I test fails right away flownas
&



Exercise

Hint: Say Line 12 is executed, 
       is it clear if that ValueTooLargeException was thrown as expected?

Slide 45

->if NiCE thereit's
unexpected

if VTCEbrosis expected
-

>

~it's not possiblewhethereare
is expected



Testing Many Values in a Single Test
Slide 46

->

--

-> any unexpected UTCE thrown
here will fallin

what if the IIN: O
V
--

->MAX:1000

-



Test-Driven Development (TDD): Regression Testing
Slide 48

factoring
orareattica,ingr
angne.
"model"->
lementation

inLightering)

"Correctness&
define, under @mayneedtestsorthehangions,of ill test Overon

C
Icoverageit all testensurtment'severendeda



Lecture 11 - Oct. 19

Object Equality

To Override or Not to Override
Overriding equals: 4 Phases



Announcements
- Lab2 due this Friday
- Look ahead: WrittenTest2 & ProgTest2

+ Important Exercise: 
Use debugger to explore execution paths 
in the console testers & JUnit tests



& each class has
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-- puissananserisaniceasint
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The equals Method: To Override or Not?
public class Object {
   ...
   public boolean equals(Object obj) {
      return this == obj;
   }
}

extends

public class PointV1 {
   private double x;
   private double y;
   public PointV1 (double x, double y) {
      this.x = x;
      this.y = y;
   }
}

public class PointV2 {
  private int x; private int y;
  public PointV2 (int x, int y) { ... }
  public boolean equals(Object obj) {
    if(this == obj) { return true; }
    if(obj == null) { return false; }
    if(this.getClass() != obj.getClass()) { return false }
    Point other = (PointV2) obj;
    return this.x == other.x 
          && this.y == other.y;
  }
}

extends

default
- version

inherited class
to every

Idetantanais " redefinesoverrides/
the defaultversion



public class Object {
   ...
   public boolean equals(Object obj) {
      return this == obj;
   }
}

extends

The equals Method: Default Version

public class PointV1 {
   private int x;
   private int y;
   public PointV1 (int x, int y) {
      this.x = x;
      this.y = y;
   }
}

x
y

PointV1p1 x
y

PointV1p2 x
y

PointV1p3

5- "(
3)"

pl I

X -
-

=> plipl-

- - "I
·stegyO

plEiull
O

~Find
out

I&
The

type
of
the
C.0.

obj isSeeversionangeck. )* * *
Oudown:pl ==3 if

& pl ==3



The equals Method: Overridden Version

public class PointV2 {
  private int x; 
  private int y;
  public PointV2 (int x, int y) { ... }
  public boolean equals(Object obj) {
    if(this == obj) { return true; }
    if(obj == null) { return false; }
    if(this.getClass() != obj.getClass()) { return false }
    Point other = (PointV2) obj;
    return this.x == other.x 
          && this.y == other.y;
  }
}

extends

public class Object {
   ...
   public boolean equals(Object obj) {
      return this == obj;
   }
}

x
y

PointV2

Phase 1

x
y

PointV2

x
y

PointV2

pl
-

-
PrintNI pl:Yer

IC.2; · "
P2 =p1;piegrals." P1. equals (p2) i

1of type *p'<P3
-

b meth,

FintR I sinceequaltensI overridden If
& vasis"called call that

version.I



The equals Method: Overridden Version

public class PointV2 {
  private int x; 
  private int y;
  public PointV2 (int x, int y) { ... }
  public boolean equals(Object obj) {
    if(this == obj) { return true; }
    if(obj == null) { return false; }
    if(this.getClass() != obj.getClass()) { return false }
    Point other = (PointV2) obj;
    return this.x == other.x 
          && this.y == other.y;
  }
}

extends

public class Object {
   ...
   public boolean equals(Object obj) {
      return this == obj;
   }
}

Phase 2

x
y

PointV2

x
y

PointV2

x
y

PointV2

x
y

PointV2

move to

phase?
pl Startof=p] S not

Have we missed: L andp3 well(

plus well ↑
↑ -

null
&

recreedininaP1. equals(p>) Ethis := nellaand is return true I NPE
"I would've

"I -V
occurred roI

cannon-fullofelobj,this
- "reachingmeans

line =obj pitwell E
this



The equals Method: Overridden Version

public class PointV2 {
  private int x; 
  private int y;
  public PointV2 (int x, int y) { ... }
  public boolean equals(Object obj) {
    if(this == obj) { return true; }
    if(obj == null) { return false; }
    if(this.getClass() != obj.getClass()) { return false }
    Point other = (PointV2) obj;
    return this.x == other.x 
          && this.y == other.y;
  }
}

extends

public class Object {
   ...
   public boolean equals(Object obj) {
      return this == obj;
   }
}

Phase 3

x
y

PointV2

x
y

PointV2

x
y

PointV2

x
y

PointV2

↓
this

"Itas
7

this line

↑ sgEigE s-
reaching -

1,
this!= obj Sx
I

↑
Comparing H. equals (5) ameans "

-
X
S

objectsof diff types
the

dynamic
type

+2.obj I pull - >Preturns 1.0.
of the

& Title ofthebestoneso.



The equals Method: Overridden Version

public class PointV2 {
  private int x; 
  private int y;
  public PointV2 (int x, int y) { ... }
  public boolean equals(Object obj) {
    if(this == obj) { return true; }
    if(obj == null) { return false; }
    if(this.getClass() != obj.getClass()) { return false }
    Point other = (PointV2) obj;
    return this.x == other.x 
          && this.y == other.y;
  }
}

extends

public class Object {
   ...
   public boolean equals(Object obj) {
      return this == obj;
   }
}

Phase 4

x
y

PointV2

x
y

PointV2

x
y

PointV2

&
this

<

readingmingmeans: Missignment1
O this unl
obj O ⑦ X.1
in comparingof only declared

objects of frewup toebyinPint
andEscre

the type



Lecture 12 - Oct. 24

Object Equality

Overriding equals: Type Casting
JUnit Assertions for Object Equality
Short-Circuit Evaluation: && vs. ||



Announcements
- ProgTest1 grading finishing this week
- Lab2 solution video
- Exam confirmed by the registrar office: 

+ In-Person: 7pm to 10pm, Monday, December 12
+ Last day of class: Monday, December 5
+ Review session(s)?

- WrittenTest2: Guide & Practice Questions by Thursday



The equals Method: Overridden Version

public class PointV2 {
  private int x; 
  private int y;
  public PointV2 (int x, int y) { ... }
  public boolean equals(Object obj) {
    if(this == obj) { return true; }
    if(obj == null) { return false; }
    if(this.getClass() != obj.getClass()) { return false }
    Point other = (PointV2) obj;
    return this.x == other.x 
          && this.y == other.y;
  }
}

extends

public class Object {
   ...
   public boolean equals(Object obj) {
      return this == obj;
   }
}

Phase 4

x
y

PointV2

x
y

PointV2

PointN?S
-

&

- nothingwithCointref:Ter-PN2) obj
↑

beideska&typeof the C..]5
ST
alias ↳ restricts the range of13. equals(4) smethods -

Dobj!: this "callable"
P3-

*objlwl-> =2 parameter on obj com
gument

-
↑

- fI
other- AsTated

same ye
- has

⑤this hasana - PointinCOSYADSYDENSArityl Point2 T



The equals Method: Overridden Version

public class PointV2 {
  private int x; 
  private int y;
  public PointV2 (int x, int y) { ... }
  public boolean equals(Object obj) {
    if(this == obj) { return true; }
    if(obj == null) { return false; }
    if(this.getClass() != obj.getClass()) { return false }
    Point other = (PointV2) obj;
    return this.x == other.x 
          && this.y == other.y;
  }
}

extends

x
y

PointV2p1 x
y

PointV2p2 x
y

PointV2p3

Example 1: Trace L7

public class Object {
   ...
   public boolean equals(Object obj) {
      return this == obj;
   }
}

S B-
↳
↳
↳·

X

-I overridden
XP/xP) venio

dynamicfiree
is
version

of
= equalPINzcalled



The equals Method: Overridden Version

public class PointV2 {
  private int x; 
  private int y;
  public PointV2 (int x, int y) { ... }
  public boolean equals(Object obj) {
    if(this == obj) { return true; }
    if(obj == null) { return false; }
    if(this.getClass() != obj.getClass()) { return false }
    Point other = (PointV2) obj;
    return this.x == other.x 
          && this.y == other.y;
  }
}

extends

x
y

PointV2p1 x
y

PointV2p2 x
y

PointV2p3

Example 1: Trace L8

public class Object {
   ...
   public boolean equals(Object obj) {
      return this == obj;
   }
}

↳

↳

·
& -

↳
↳
↳

**
↓
ot

*x XPI xnull

-



The equals Method: Overridden Version

public class PointV2 {
  private int x; 
  private int y;
  public PointV2 (int x, int y) { ... }
  public boolean equals(Object obj) {
    if(this == obj) { return true; }
    if(obj == null) { return false; }
    if(this.getClass() != obj.getClass()) { return false }
    Point other = (PointV2) obj;
    return this.x == other.x 
          && this.y == other.y;
  }
}

extends

x
y

PointV2p1 x
y

PointV2p2 x
y

PointV2p3

Example 1: Trace L9

public class Object {
   ...
   public boolean equals(Object obj) {
      return this == obj;
   }
}

&M

↳

↳
↳

· & & -

↳
↳

& ->

x S
·F

***
x
S pl.getClass

s.getClassi
->Strig.



The equals Method: Overridden Version

public class PointV2 {
  private int x; 
  private int y;
  public PointV2 (int x, int y) { ... }
  public boolean equals(Object obj) {
    if(this == obj) { return true; }
    if(obj == null) { return false; }
    if(this.getClass() != obj.getClass()) { return false }
    Point other = (PointV2) obj;
    return this.x == other.x 
          && this.y == other.y;
  }
}

extends

x
y

PointV2p1 x
y

PointV2p2 x
y

PointV2p3

Example 1: Trace L10

public class Object {
   ...
   public boolean equals(Object obj) {
      return this == obj;
   }
}

↳

↳
↳

I -
↳· - -

↳

=
->x x#XR T x P2 obj

xP2*PxpI XP2 ST: Object InaS

Toint2 X X NI
I Ph ST: Point

Y



The equals Method: Overridden Version

public class PointV2 {
  private int x; 
  private int y;
  public PointV2 (int x, int y) { ... }
  public boolean equals(Object obj) {
    if(this == obj) { return true; }
    if(obj == null) { return false; }
    if(this.getClass() != obj.getClass()) { return false }
    Point other = (PointV2) obj;
    return this.x == other.x 
          && this.y == other.y;
  }
}

extends

x
y

PointV2p1 x
y

PointV2p2 x
y

PointV2p3

Example 1: Trace L11

public class Object {
   ...
   public boolean equals(Object obj) {
      return this == obj;
   }
}

:
↳

↳
↳

· I &
↳
↳

p3 -
-> to obj

other
Point x& ⑦ Object sT:Point2N2

⑦



The equals Method:
To Override or Not?

public class Object {
   ...
   public boolean equals(Object obj) {
      return this == obj;
   }
}

extends

public class PointV1 {
   private int x;
   private int y;
   public PointV1 (int x, int y) {
      this.x = x;
      this.y = y;
   }
}

public class PointV2 {
  private int x; double y;
  public PointV2 (double x, double y) { ... }
  boolean equals(Object obj) {
    if(this == obj) { return true; }
    if(obj == null) { return false; }
    if(this.getClass() != obj.getClass()) { return false }
    Point other = (PointV2) obj;
    return this.x == other.x 
          && this.y == other.y;
  }
}

extends

x
y

PointV1p1

x
y

PointV1p2

x
y

PointV2p1

x
y

PointV2p2

&

- &

↑ T

#
#



The equals Method: Overridden Version

x
y

PointV2p1 x
y

PointV2p2 x
y

PointV2p3

(A) Two objects are reference-equal.
(B) Two objects are contents-equal.

- If (A) is true, then (B) is true.
- If (B) is true, then (A) is true.

Example 2

public class PointV2 {
  private int x; 
  private int y;
  public PointV2 (int x, int y) { ... }
  public boolean equals(Object obj) {
    if(this == obj) { return true; }
    if(obj == null) { return false; }
    if(this.getClass() != obj.getClass()) { return false }
    Point other = (PointV2) obj;
    return this.x == other.x 
          && this.y == other.y;
  }
}

extends

public class Object {
   ...
   public boolean equals(Object obj) {
      return this == obj;
   }
}

-

*
· SE

holds

⑪
does not hold



assertSame vs. assertEquals

& pl-s
-

- -
- piM



I reference
/ types

assert Equals (*. if)
↳ equals (g)

o

IwaddvangelisisiassertEquals (88.x) a

make↳ oequals(x)
a may

no diff

I
otherwise



assertEquals: Reference Comparison or Not

-

<
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pl= =b== p3
PI-OrTfee
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PointUlp1= n PointUl (...);
PointU) p2 = PointUl(...) s

P1. equals(p2)
↳ p/= = p2

↳ assertJame(plaP2).



Short-Circuit Evaluation: && Test Inputs:
x = 0, y = 10
x = 5, y = 10

&conjunction

->

if any of the
operands isf

->guardingandsew &If

1.t0@Ap"To belet
evaluated



evaluate this first
I wash-He

x!= 0

fig,y
X + G

= q r P



Short-Circuit Evaluation: || Test Inputs:
x = 0, y = 10
x = 5, y = 10

& disjunction E1.
Swap order
of Il&

#Iftheaudition
[if between && and I

any one of the
->iftheripped operands ismy
Tox II ->E

~
01 12
* I

nvaluated



Short-Circuit Evaluation: Common Errors Test Inputs:
x = 0, y = 10



Short Circuit Evaluation
prevented
being
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at

E
ea

guarding before lectedasi
condition if e3



Lecture 13 - Oct. 26

Object Equality

Equality for Array-Typed Attributes
Call by Value



Announcements
- ProgTest1 final processing: results expected by tmw
- Lab3 to be released on Monday



Testing Default Equality of Points in JUnit

x
y

PointV1
p1 x

y

PointV1
p2

public class Object {
   ...
   public boolean equals(Object obj) {
      return this == obj;
   }
}

extends

public class PointV1 {
   private int x;
   private int y;
   public PointV1 (int x, int y) {
      this.x = x;
      this.y = y;
   }
}

pl== p2 return false

-

asserSame(p/cp2): fail
----

- & &
- -

- w ~ &

& &
P2

:
-

: pY Fz
*

* ·



Testing Overridden Equality of Points in JUnit

x
y

PointV2
p3 x

y

PointV2
p4

public class PointV2 {
  private int x; 
  private int y;
  public PointV2 (int x, int y) { ... }
  public boolean equals(Object obj) {
    if(this == obj) { return true; }
    if(obj == null) { return false; }
    if(this.getClass() != obj.getClass()) { return false }
    Point other = (PointV2) obj;
    return this.x == other.x 
          && this.y == other.y;
  }
}

extends

public class Object {
   ...
   public boolean equals(Object obj) {
      return this == obj;
   }
}

=--e
I we t
*The



Testing Equality of Points in JUnit: Default vs. Overridden

x
y

PointV1
p1

x
y

PointV2
p2

public class Object {
   ...
   public boolean equals(Object obj) {
      return this == obj;
   }
}

extends

public class PointV1 {
   private double x;
   private double y;
   public PointV1 (double x, double y) {
      this.x = x;
      this.y = y;
   }
}

public class PointV2 {
  private int x; private int y;
  public PointV2 (int x, int y) { ... }
  public boolean equals(Object obj) {
    if(this == obj) { return true; }
    if(obj == null) { return false; }
    if(this.getClass() != obj.getClass()) { return false }
    Point other = (PointV2) obj;
    return this.x == other.x 
          && this.y == other.y;
  }
}

extends

- - -- --

z -
- -

=>*

↓
-> pl= = pT

↑Y p
P

fii ->a-> XPIxP2
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public class PointV2 {
  private int x; 
  private int y;
  public PointV2 (int x, int y) { ... }
  public boolean equals(Object obj) {
    if(this == obj) { return true; }
    if(obj == null) { return false; }
    if(this.getClass() != obj.getClass()) { return false }
    Point other = (PointV2) obj;
    return this.x == other.x 
          && this.y == other.y;
  }
}

·T

Jobswidgetblsk:...



Exercise: Two Persons are equal if their names and measures are equal

Q1: At Line 6, will there be a NullPointerException if obj == null?

Q2: At Line 6, what if we change it to:
          if(this.getClass() != obj.getClass() || obj == null)

Q3: At Lines 11 & 12 which version of the equals method is called?

& well. Short-circuitantion
null
X & x
? -> "; obj weight X
&
-

->-
C.0. of Type String.

-

a evaluatedst
-

-

&
wall-> NPE!



Exercise: PersonCollectors are equal if their arrays of persons are equal

Q: At Line 9 of PersonCollector’s equals method
    which version of the equals method is called?

-

-

↳ obj.nop
X

-

< I
phase

I asagonsthemesforres
exit arraig-
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Testing Equality of Person/PersonCollector in JUnit (1)

Person
fn
ln
w
h

p1
Person
fn
ln
w
h

p2
Person
fn
ln
w
h

p3 p4

-

=------>
Reson version

#

isinatips
->

·

↓



(continued from testPersonCollector)

PersonCollector

persons
nop

pc1

PersonCollector

persons
nop

pc2

Q: How about assertTrue(pc2.equals(pc1))?

Testing Equality of Person/PersonCollector in JUnit (2)

-tat even
I an iterationon)

#
So...it

null
-> *
-> x

# E> xP() pal *In-
m -> & "42

x x

Soi Tx & f

↳
*the 000c0 If



Person
fn
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p1

Person
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w
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p3
Person
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ln
w
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(continued from testPersonCollector)
Testing Equality of Person/PersonCollector in JUnit (3)

PersonCollector

persons
nop

pc1

PersonCollector

persons
nop

p2

Person

pc2

PersonCollector

p4

-
->

T

-> ↳ Person versian
-

m

-
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↳ Person version



PersonCollector

persons
nop

pc1

PersonCollector

persons
nop

pc2

Person
fn
ln
w
h

p1

p3

p2

p4

(continued from testPersonCollector)
Testing Equality of Person/PersonCollector in JUnit (4)

Person

PersonCollector

Person
fn
ln
w
h

Person
fn
ln
w
h Person

fn
ln
w
h
Person
fn
ln
w
h

-

- It

↓

compasthisis fifI
I
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↳ the two anonymous objects are comped



Call by Value: Primitive Argument

class Circle {
   int radius;
   void setRadius(int r) {
     this.radius = r;
   }
}

class CircleUser {
   ...
   Circle c = new Circle();
   int arg = 10;
   c.setRadius(arg);
   }
}

call bi value

&O-fbigto the

swifirol.
arg primigiment

I W
arg



Call by Value: Reference Argument

class Circle {
   int radius;
   Circle() {}
   Circle(int r) { 
      this.radius = r;
   }
   void setRadius(Circle c) {
     this.radius = c.radius;
   }
}

class CircleUser {
   ...
   Circle c = new Circle();
   Circle arg = new Circle(10);
   c.setRadius(arg);
   }
}

call by value

->

-

->*
referencingobjectifany, sififElf



Lecture 14 - Oct. 31

Aggregation

Call by Value: Primitive vs. Reference
Aggregations



Announcements
- ProgTest1: Visit office hours to discuss your solution
- Lab3 released (equals & copy constructor)
- WrittenTest2 tomorrow (guide & practice)



Call by Value: Re-Assigning Primitive Parameter 
call by value

&
->
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fromthecallerierechargedjoint



Call by Value: Re-Assigning Reference Parameter 
call by value

- S
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Call by Value: Calling Mutator on Reference Parameter 

call by value

E
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-
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“Advanced OOP”

“Software Design”

Course
title
prof

Course
title
prof

Faculty
name
te
Faculty

name
te

“Jackie”

“Jonathan”

Student
id
cs

“Jim”
f1

f2

eecs2030

eecs3311

s

Terminology: Container vs. Containee
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Aggregation: Design

Design 1: Single  Containee

Design 2: Multiple Containees

Course Faculty1
prof

Student Course*
courses

class Course {
   Faculty prof;
   ...
}

class Faculty {
   ...
}

class Student {
   Course[] courses;
   ...
}

class Course {
   ...
}

Java Implementation
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- I
-
-

Each sideswhilerecal



Aggregation (1)
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Aggregation (2)
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Runtime Object Structure: Student, Course, Faculty
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Dot Notation for Navigating Classes (1)

“Advanced OOP”

“Software Design”

Course
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/* Get the student’s id.
  */
String getID() {

}

/* Title of ith course
  */
String getTitle(int i) {

}

/* Name of 
  * ith course’s instructor
  */
String getName(int i) {

}

9

s.getName(1)
return this, id;

effgiis.getTilltartligigert



Dot Notation for Navigating Classes (2)

“Advanced OOP”

“Software Design”

Course
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/* Get course’s title.
  */
String getTitle() {

}

/* Name of instructor
  */
String getName() {

}

/* Title of instructor’s
  * ith teaching course
  */
String getTitle(int i) {

}

-

-

b liti
->

- fwed:
return thistitle;
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Dot Notation for Navigating Classes (3)

“Advanced OOP”

“Software Design”
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/* Name of instructor
  */
String getName() {

}

/* Title of instructor’s
  * ith teaching course
  */
String getTitle(int i) {

}

I
-

-
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Practice Written Test 2 Q1

specifyt-

Tester, main
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Practice Written Test 2 Q2
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Practice Written Test 2 Q3
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Practice Written Test 2 Q4



Practice Written Test 2 Q5



Practice Written Test 2 Q6



Practice Written Test 2 Q7



Lecture 15 - Nov 2

Composition, Inheritance

Dotted Notation vs. Private Attributes
Compositions
The Student Management Problem



Announcements
- ProgTest1: Visit office hours to discuss your solution
- Lab3 due next Wednesday (equals & copy constructor)
- WrittenTest2 to be released by early Friday
- ProgTest2: guide to be released soon

↳ Cb?



Dot Notation: Private Attributes/Fields
Principle: Private attribute is accessible if 
the context object’s type matches the context class 
(where the method is defined).

public class B {
private A oa;
private int bi;

public A getA() {
return this.oa;

}

public int getBi() {
return this.bi;

}
}

public class A {
private B ob;
private int ai;
public B getB() { return this.ob; }
public int getAi() { return this.ai; }
public int am() {

int result;
result = this.ai;
result = this.getAi(); 
result = this.ob.bi;
result = this.getB().bi; 
result = this.ob.getBi();
result = this.getB().getBi(); 
result = this.ob.getA().ai;
result = this.ob.getA().getAi(); 
result = this.ob.oa.ai;
result = this.ob.oa.getAi();
return result;

}
}

↑ &
class X 9
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Dot Notation for Navigating Classes (2)

“Advanced OOP”

“Software Design”
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/* Get course’s title.
  */
String getTitle() {

}

/* Name of instructor
  */
String getName() {

}

/* Title of instructor’s
  * ith teaching course
  */
String getTitle(int i) {

}

- Gt?
wed:

->

⑧

f
to?

return thistitle;

Titles),ehfirthiansrangetiri



Composition: No Sharing
public File[] getFiles() {
  return this.files;
}
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class X S
-

Copy constructor
x(X other) 5

3

3



Composition: Copy Constructor (Shallow Copy)

t
calling the Copy Constructor
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Composition: Copy Constructor (Deep Copy)
S
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Exercise: Copy Constructor (Composition?)

src

-

*

di -"D, , . . . .
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Modelling: Aggregation vs. Composition

&D
otodious-> aggregation



Implementation: Aggregation or Composition
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Inheritance: Motivating Problem Nouns -> classes, attributes, accessors
Verbs -> mutators

-
Student[]

-
depends

-> isd&& ↑

- ofstudent.
&shouldnottously



Lecture 16 - Nov 7

Inheritance

SMS: Attempts without Inheritance
SMS: Use of extend, super
Visibility: Project, Package, Class



Announcements
- ProgTest2: guide
- Lab3 due this Wednesday (equals & copy constructor)
- WrittenTest2 results released on Friday
- ProgTest1: Visit office hours to discuss your solution

c
-



public class Student {
   private Course[] courses;
   private int noc;

   private int kind;
   private double premiumRate;
   private double discountRate;

   public Student (int kind){
      this.kind = kind;
   }
   ...
}

public double getTuition(){
   double tuition = 0;
   for(int i = 0; i < this.noc; i++){
      tuition += this.courses[i].fee;
   }
   if (this.kind == 1) {
      return tuition * this. premiumRate;
   }
   else if (this.kind == 2) {
      return tuition * this.discountRate;
   }
}

public void register(Course c){
   int MAX = -1;
   if (this.kind == 1) { MAX = 6; }
   else if (this.kind == 2) { MAX = 4; }
   if (this.noc == MAX) { /* Error */ }
   else { 
      this.courses[this.noc] = c; 
      this.noc ++;
   }
}

First Design Attempt design flawrationTTa
1flaws base

=

RS

NRS

↓ Student vs = new Student(1);
Student ns = new Student (E)=

--

vs.getTuition sc
urs. getTuition()



public class Student {
   private Course[] courses;
   private int noc;

   private int kind;
   private double premiumRate;
   private double discountRate;

   public Student (int kind){
      this.kind = kind;
   }
   ...
}

public double getTuition(){
   double tuition = 0;
   for(int i = 0; i < this.noc; i++){
      tuition += this.courses[i].fee;
   }
   if (this.kind == 1) {
      return tuition * this. premiumRate;
   }
   else if (this.kind == 2) {
      return tuition * this.discountRate;
   }
}

public void register(Course c){
   int MAX = -1;
   if (this.kind == 1) { MAX = 6; }
   else if (this.kind == 2) { MAX = 4; }
   if (this.noc == MAX) { /* Error */ }
   else { 
      this.courses[this.noc] = c; 
      this.noc ++;
   }
}

First Design Attempt

Good design?
   Judge by Cohesion

-RS

d
FIRS

should separated
to diffiasapseditmethod

common
theme



Superman Class

Introd
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foblewinto
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I go single
class



public class Student {
   private Course[] courses;
   private int noc;

   private int kind;
   private double premiumRate;
   private double discountRate;

   public Student (int kind){
      this.kind = kind;
   }
   ...
}

public double getTuition(){
   double tuition = 0;
   for(int i = 0; i < this.noc; i++){
      tuition += this.courses[i].fee;
   }
   if (this.kind == 1) {
      return tuition * this. premiumRate;
   }
   else if (this.kind == 2) {
      return tuition * this.discountRate;
   }
}

public void register(Course c){
   int MAX = -1;
   if (this.kind == 1) { MAX = 6; }
   else if (this.kind == 2) { MAX = 4; }
   if (this.noc == MAX) { /* Error */ }
   else { 
      this.courses[this.noc] = c; 
      this.noc ++;
   }
}

First Design Attempt

Good design?
Judge by Single Choice Principle
- Repeated if-conditions
- A new kind is introduced?
- An existing kind is obselete?

-OnTitriewamirelle ifthis kindness...s
kinderident. mechanismagingkind. -

o -eduplicatesa Selseifandshangded =is) E
- ivlyonemerchanged 3



Testing Student Classes (without inheritance)
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Student Classes (without inheritance): Maintenance (1)

Maintenance e.g., a new registration constraint:
if(numberOfCourses >= MAX_ALLOWANCE) {
   throw new TooManyCoursesException(“Too Many Courses”);
}
else { ... }

@ z

IGadconstrain addconstraint



Student Classes (without inheritance): Maintenance (2)

Maintenance e.g., a new tuition formula:
/* ... can be premiumRate or discountRate */
...
return tuition * inflationRate * ...;



Ms Ps
RSI] students: New RSC100];

SMs? students TO] = new RS(...) in
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A Collection of Students (without inheritance)

0 1 2 99
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Visibility: Classes

moutmoditier
and



Visibility: Attributes and Methods

public class Chair {
   private w;
   int x;
   protected int y;
   public int z;
}

&visibleseesthethepackage
↑ of other padage.

other classesa2.
in
the

x
W

z Y

)
package

as if no modifier subclasses inothers

&



Student Classes (with inheritance)
Jo CommonACT wedeslave-hate subclasses

among ↳ RS

↳NRS

A savent

1
T t base ↳

Iversion

base
- ant.

calculation: sharedamongharidethenonseddetregretigsin
parent ↑interitthinghe

& cat·ligstructor
parstass

&
return the base anycalculation from parent class



Lecture 17 - Nov 9

Inheritance

Code Reuse
Static Types & Expectation
Intuition: Polymorphism 
Intuition: Dynamic Binding



Announcements
- ProgTest2: postponed to Tuesday, November 15
- Lab3 due today at 2pm



Recall: Student Classes (with inheritance)
** new att & new with.

1-
inherited

StudentpreminiatewSadentin
declared in subclasses but overriddeformed outside

expectationare not available -->adited of fundedt

FreeModitriMEcact.It -> inhardorden

butf
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Visualizing Parent and Child Objects

Inheritance 
Hirarchy

Declaring 
Static Types

Runtime
Object 
Structure

1 1T

-I
-

newtribute

inheritedStudent
↓---

from class ⑦



Testing Student Classes (with inheritance)

Course
title
feec1

Course
title
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Student jim = newHBS(...);



Student Classes (with inheritance): Expectations

s.

rs.
nrs.

dynamic <notter
at
- v

-3 r

xy
&

*
xofcaredstatictypes eachsubsonsleast as much as its parent

Tavent-& Y siblingclasses, from 1&
-expectation

r w w w r X

⑰beforerompare.



Intuition: Polymorphism
7)station OrUS:&ex &S. setPremiumRate (1.25).
...

· L
- crash

~
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-- Ls
= s

- shouldslide
--
·

O X

Assume vs = S was valid

↳D executing the assignment
stade**I

points us to a student obj ↑ N



Intuition: Polymorphism
& <ectation on US:ex) @miumRate (1.25).

↑ L
-

-
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Intuition: Dynamic Binding

Course
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fee

 eecs2030
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T+bp) =TE-
-

Point2 p2 =..
-

& assert Equals (p1c p2)-

* p1 == p24p1. equals<p2)
-> involve default

version in object
↳ p1 = = p2



1. Whether a line should compile?
Look at static type

2. Which version of method should be invoked?

Look at dynamic type



Lecture 18 - Nov 14

Inheritance

Rules of Substitutions
Static Types vs. Dynamic Types



Announcements
- ProgTest2: this Tuesday, November 15
- Lab4 released

↳ Progiest



Multi-Level Inheritance Hierarchy: Students

Reflections:
  - For Design 1, how many encodings to check for each method?
  - For Design 2, how many arrays to store for SMS?
  - For Design 3, where are common attributes/methods stored?

kind

&
&



Multi-Level Inheritance Hierarchy: Smartphones

Reflections:
  - For Design 1, how many encodings to check for each method?
  - For Design 2, how many arrays to store for SMS?
  - For Design 3, where are common attributes/methods stored?



Multi-Level Inheritance Hierarchy: Smartphones

Exercise Compare the ranges of expectations of:
+ IPhone13Pro
+ HuaweiP50Pro
+ GalaxyS21Plus

T1

⑭

=>iftheRTERarenot
d

IPhoneB.Prp.rickTalese
methodto

17
-

exercise.



A

Inheritance Forms a Type Hierarchy ancestors
IMIL of A

Bis an ancestor of A
=>A has wider range of &

(e.g. mynew8method). &
f
->

M3

expectation than B

*DoEONEmMaster



ancestors expectations descendants

Inheritance Accumulates Code for Reuse
expectationsshare herited

top of X
To

lowerestnearby-E
=

from
their

mosdescendants
J

has

③"ae
lowerest common
ances

Sal,San.aAdsideSynca skype aweb I dial.-overriddenr
=>DisProcIOSa quickickt,fasstimateweb,dialExp
& exercise.

overidden for<C8-



Inheritance Accumulates Code for Reuse

SmartPhone sp1;
IPhone13Pro sp2;
Samsung sp3;

sp1 = ?;
sp2 = ?;
sp3 = ?;

1-

17

IPBPro SP
1.- 5)

& #FORPRIX
--

- sp3r 1=12--

#p3X



Inheritance Herarchy: Students

Inheritance Herarchy: Smart Phones

Static Types determine Expectations
Declare:
Student jim;
...
jim.??

Declare:
SmartPhone myPhone;
...
myPhone.??

☐☐



Inheritance Herarchy: Students

Inheritance Herarchy: Smart Phones

Static Types determine Expectations
Declare:
Student jim;
...
jim.??

Declare:
NRS alan;
...
alan.??

Declare:
SmartPhone p1;
...
p1.??

Declare:
Samsung p2;
...
p2.??

UW

↳

- trb.BAeb& Skype↓D sidesync
8 overidden

overridden
version.



Rules of Substitutions (1)

Declarations:
IOS sp1;
IPhoneSE sp2;
IPhone13Pro sp3;

Substitutions:
sp1 = sp2;
sp1 = sp3;

IphoneSEp sej Oe=osEsthe ST ofI
Pro (IP13Pw)

a descendant

of the ST
of se
CIPhoneSE

v

& & Y
-

STof ST
se of

pro

V
g



Rules of Substitutions (2)

Declarations:
IOS sp1;
SmartPhone sp2;

Substitutions:
sp1 = sp2;

(CHS) ⑤7sp1
STO ofspi
& -RHS)

- si* Pss4.-



Rules of Substitutions (3)

Declarations:
IOS sp1;
HuaweiP50Pro sp2;

Substitutions:
sp1 = sp2;

STofsp)

&

& r

& Ox



Visualization: Static Type vs. Dynamic Type

Declaration:
Student s;
Substitution:
s = new ResidentStudent(“Rachael”);

Static Type: Expectation
Dynamic Type: Accumulation of Code

->
static type

dynamic type
-
a

B
ST



Change of Dynamic Type (1.1)

Example 1:
Student jim = new ResidentStudent(...);
jim = new NonResidentStudent(...);

DTI

⑧ a
⑧

le: New DT must fulfill the expo
MEDIATEEEfan DT2 changeCNRS
-

STE new DT is a descendant of ef war's ST.



Change of Dynamic Type (1.2)

Example 2:
ResidentStudent jeremy = new Student(...);
r r

fotwaliddent isescalatant,ofnoteorof Rs.
⑤



Change of Dynamic Type: Exercise (1)

Exercise 1:
Android myPhone = new HuaweiP50Pro(...);
myPhone = new GalaxyS21(...);

r
r



Change of Dynamic Type: Exercise (2)

Exercise 2:
IOS myPhone = new HuaweiP50Pro(...);
myPhone = new GalaxyS21(...);

I

D

X
&
- - x



Change of Dynamic Type (2.1)

Given:
Student jim = new Student(...);
ResidentStudent rs = new ResidentStudent(...);
NonResidentStudent nrs = new NonResidentStudent(...);

Example 1:
jim = rs;
println(jim.getTuition());
jim = nrs;
println(jim.getTuition());

⑤
T **-

MX

·I jime ->Adat
J

-...

&

&
&-

- "+
do ⑰ ⑭

RS is DT jim'ss jim's DT

of Student-
pMOR

->NRs a Student. ⑭
⑭



Change of Dynamic Type (2.2)

Given:
Student jim = new Student(...);
ResidentStudent rs = new ResidentStudent(...);
NonResidentStudent nrs = new NonResidentStudent(...);

Example 2:
rs = jim;
println(rs.getTuition());
nrs = jim;
println(nrs.getTuition());

&

x4.x

-

roomtversion
version? stofJinCFuderERTEwhich



Type Cast: Motivation

-
-.

-
T

⑭ &student

sus"



MyClass.java

s last DT of s

An A+ Challenge: Inferring the DT of a Variable

Your Program

class MyClass {
   main (...)
      Student s = ...;
      ...
      s = new ResidentStudent(...);
   }
}

by->undesidabE figure
out

to dynamic
the
behaviour
of a programI

F #53
A

↳ last DT



Lecture 19 - Nov 16

Inheritance

Type Casting: Upward vs. Downward
Danger of Casts: ClassCastException



Announcements
- Lab4 released



Recap: Static Types vs. Dynamic Types

C1 v1 = new C3(…);
C2 v2 = new C4(…);
v1.m();
v2.m();
v1 = v2;
v1.m();
v2.m();

Exercises on Eclipse:
+ SMS (variable assignments)
+ Smart Phones (hierarchy + variable assignments)

- & ->couldbeadescendantperiostationstatethe & ex
-

**O DT of chargeon
PT

soothier
canre

""C8ONE,wodbearthe
C1

descendants
d - of CI

of t
X
n-

i
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Polymorphism and Dynamic Binding
Polymorphism: 
An object’s static type may allow multiple possible dynamic types.
⇒ Each dynamic type has its version of method.

Dynamic Binding:
An object’s dynamic type determines the version of method being invoked.

Student jim = new ResidentStudent(...);
jim.getTuition();
jim = new NonResidentStudent(...);
jim.getTuition();

SmartPhone sp1 = new IPhone13Pro(...);
SmartPhone sp2 = new GalaxyS21(...);
sp1.surfWeb();
sp1 = sp2;
sp1.surfWeb();

variable assignments version of methods invoked.

X-

*
B

↑Ess-ECT of $OMITO. - -

-

***- DT: GalaxyS2/ ③
⑤YPT -> DT of <PI is GakxySz -

will become the DT of <p2.



Anatomy of a Type Cast
Student jim = new ResidentStudent(“Jim”);

ResidentStudent

pr

Student jim

↑ typeofthe castexpressories.
RS.

-
STof a eras

⑥
vs pointswherever *to dias
this

new points to

site istypesofResident
seethe



Type Cast: Named vs. Anonymous

Exercise

IOS forsteeyton *
=

aPhone;*

&

-

cast
type

-

↓
BT

type: IPBT

⑰ ↑
5IOS includes facetime as exp

spaphone->(***Pro)aPhone). facetions j
& &

xsof**(IPhoneBPr)tefacetime;
a phone



Compilable Casts: Upwards vs. Downwards

Android myPhone = new GalaxyS21Plus();

SmartPhone sp = (SmartPhone) myPhone;

GalaxyS21Plus ga = (GalaxyS21Plus) myPhone;

dial
surfWeb

facetime
quickTake
zoomage

skype
sideSync

sp myPhone ga
Expectationsonly lookat STs.

·

a restrict expectation.-> polymorphism

~
DT irrelevant for deciding

⑭

I

result of upward cast- faras&

result of doward ancestor classes. O

casting
J

more-> exp ST of my
phone

->polymorphism.
descendants

phone's
of my be
ST Cad

its DTS.



Compilable Type Cast May Fail at Runtime (1)

I

⑰ C downward CestDOfTiMCARSTEf
ST: RS ST

RSs

0 +
8 castExnSudetsin-1rEMScastingoof callthenee
↳R. the [41RS



Costor(i
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(3 vz =((z)v);

a casting.

in
+1I

complete it'seitheror downward

more precisely,EdinaClassCacEricenTioEHEXperatio



Compilable Type Cast May Fail at Runtime (2)

ST

cast DT
type &

r x- ->DUT of aPhore: Galaxyi-
compiles downward cast

of cast +**pectation of
Every linCompilesh within exPofst of 13Foriexyeon) CCERasenotsPhoneTo



Lecture 20 - Nov 21

Inheritance

Type Cast: Compilable vs. Exception-Free
Checking DTs: instanceof Operator
Polymorphic Method Parameters



Announcements
- Lab4 due soon!
- WT3 and ProgTest3 approaching…

basis for Progests
↑

->
tww

↑C



Exercise: Compilable Type Cast? Fail at Runtime? (1)

Compilable? ClassCastException at runtime?

Slide 63

ST

DT
can Ifill

iTrescendant Rast"typeCatieinST

ST

a of t DT i
⑤

193 rcompi ⑧mm ->o compile?-downwarddeaconani &ClasslastException?
i last

As a descendant of the St. Checked instantfillthe



Exercise: Compilable Type Cast? Fail at Runtime? (2)

Compilable? ClassCastException at runtime?

STO

T & DT
CT.

&
&



Compilable Cast vs. Exception-Free Cast

Android myPhone = new Samsung();

Compilable Casts

Non-Compilable Casts

Exception-Free Casts

ClassCastException

neither ancestorsarecompassi ST

upwardcast

<GckxySzlvPhone PT
-doward

·(OS) myPhonex

im ->compilable caststorestration
S

J



Exercise: Compilable Cast vs. Exception-Free Cast

A

B D

C

C)Or o->non-compilable which
is
not a

E⑨ L atmivvobsA.deslatcastone
⑤ O compilable!

⑤ ↳
givenanytwoclasses

atitin



Checking Dynamic Types at Runtime (1) 

NRS r1st descentcomplable)
-⑨

J

not

&

-

Ata
class name

->ST: Student
! ↓ DT: NRS

CCE.PDT NRSdescendantCEpreventedaviaatransiste NE of
RS
@HNS,filexeto



Booleanpression usually, lass

↑thisbesubsequentlyrustobj instanceof⑭ -

(classobj
↳ True if: DDT of obj is a descendant

of class

③DT of obj I fulfill
expectation of class



Checking Dynamic Types at Runtime (2) (exercise)



Use of the instanceof Operator

myPhone instanceof ?? 
evaluates to true if 
Samsung can 
fulfill expectations on ??.

T
-

·D. 14Tof
⑰

r

& ⑰Myon
· If ofGS2

It



Safe Cast via Use of the instanceof Operator

myPhone instanceof ?? 
evaluates to true if 
Samsung can 
fulfill expectations on ??.

&

->cast
done

->I without
ICEI

->At castingarinseat



Static Types, Casts, Polymorphism (1)

&
&

-

-

-

EST:smarthous-



Static Types, Casts, Polymorphism (2)

I

⑦

B
-

--> STIOS
-



Static Types, Casts, Polymorphism (3)

B

Fordbe



Static Types, Casts, Polymorphism (4)

cast type
castrepe ↑a descendant

I

r
- ETF.

creating
~

araliaT IPhonelb4w

B



Static Types, Casts, Polymorphism (5)

ResidentStudent

pr

Student s

&
ST ↑

castype DT

↑
->False
#

NonResidentStudent

x( &



Polymorphic Parameters (1)

Q. Static type of ss[0], ss[1], ..., ss[ss.length - 1]?

Q. In method addRS, does ss[c] = rs compile?

Q. Under what circumstances can the following      
    method call be valid/compilable?
            sms.addRS(o)

D it has an associated inne. hierarchy&each element in away has declared

↑ type Student

r
-

&

Student ↑
valid::ST of RHS

descendant of
⑧ 5of CHS.

cratarg. st."sudent EST: Rs
validfargobeescadapartners &e what shouldtip of of



Lecture 21 - Nov 23

Inheritance

Polymorphic Method Parameters
Polymorphic Method Return Types



Announcements
- Lab4 due soon!
- ProgTest2 results to be released on Thursday
- WT3 and ProgTest3 approaching…



The instanceof Operator

B

A

1  A obj = new B();
2  if (obj instanceof ??) {
3    ?? obj2 = (??) obj;
    }

- L1 compiles if B can 
      fulfill expectations of A.

- L3:
     - Compiles if
       Up or Down cast w.r.t. A.
     - ClassCastException if B cannot
       fulfill expectations on ??.

- L2:
     - Evaluates to true if B can
       fulfill expectations on ??.

*

**ine
if

a65'soneW cast

=/Exception
neitherancestors Laterearo ↑escendantsF
of
STA xT
cilation⑤ (goM

error
if

obj&C casting
to
then



From last lecture…



Polymorphic Parameters (2)

. v

callthe

s
=

str
St#RaasIEE



Casting Arguments

sms.addRS( (ResidentStudent) s) compiles?

sms.addRS( (ResidentStudent) nrs) compiles?

ClassCastException?

ClassCastException?

ClassCastException?

void addRS(ResidentStudent rs)

Student 5;

sus. add RSCS>iX - & cast exp. hasstirtowardcast
&

&is cannot fulfilof cast
Dsms. addRS(CRS) S) i typt

@sms.addRS((R)s) i

*CCRS(s):S-compiletriple
r

·cast type RS
neither cuctstor
nor descentofNRS



A Polymorphic Collection of Students

sms.ss[0] instanceof NonResidentStudent
sms.ss[0] instanceof ResidentStudent
sms.ss[0] instanceof Student

sms.ss[1] instanceof NonResidentStudent
sms.ss[1] instanceof ResidentStudent
sms.ss[1] instanceof Student

- -

&

-

->
parameter type: Student,

Ss Y

accepting
- arguments

x dynamic binding. of its cd
adeficit.gettingto

& descendthen ↑ w

of register
&1

- method·Students[reggsarerest invoked
Polymorphicarray:

- same ST for
each eleme.*..toatanar w ⑰

- diff. DTs for
r elements

O -⑦



w ·

S:

sustMpeo posterre
#- NRS urS+



Polymorphic Return Types

↓
Y

-F &

S

->ss is a polymorphic array
- X *T & &<ST] has ST: Sudent-

S <STO] descendant of ST
&

& &<<Ti] has DT a

& -

_

I

i <S[T]

00C

I sxD
SAT



Overridden Methods and Dynamic Binding (1)



Overridden Methods and Dynamic Binding (2)



Overridden Methods and Dynamic Binding (3)

boolean equals(Objectsin

ovaudders

versTuesrestor



Lecture 22 - Nov 28

Inheritance, Recursion

Type-Checking Rules
Solving Problems Recursively: Fac vs. Fib 
Recursions on Strings: Palindrome



Announcements
- Lab5 to be released on Wednesday



Static Types and Anticipated Expectations

B obj1 = new A();

A = obj2 = new A();
B obj3 = (B) obj2;

class A {
  void m1() { … }
}
class B extends A { }

class C extends A {}

of B

&OnCarnotALeexTrpilerotaterestors
D (B)
- E

&

>

·

R

of
↓
R

SSEI
-P

objectOotam'nthiefentodtatwertherespectedrestoduce
if

dstartofastateseetheircas IB& have



Summary: Type Checking Rules

call by
value

ccram-arg
.

t8,
&

tod



Solving a Problem Recursively

Given a small problem: Solve it directly: 

Given a big problem: 

Divide it into smaller problems: 

Assume solutions to smaller problems:

Combine solutions to smaller problems:

- -

·Me
!

<ICE solving a strictlysmallerproblem
E0,Bing itselfwith some ago



Runtime Stack

Tracing Recursion via a Stack

U



Recursive Solution: factorial

= r.(n
- 1)! x+basre

o d
problem isthissusive?

↳ No! blew Sett blem(s)

the pro smaller pe
is

not

Recursive Solution
into

no def
& Base Cases:01 =1

in
T

solution
to

acitysucleene
&Becursive Casts:n! =(n-1)! · N



Example: factorial(3)

Recursive Solution in Java: factorial

Runtime Stack

V



Example: factorial(3)

Recursive Solution in Java: factorial

Runtime Stack

IhErcOardserIcficInte
N

3x210 oraina↑
->

-

& V- basesatint #) I3*(2)2.t T

ultimately. #(z) 2

+FOL⑤
↓



(3) o

63x (z) 2
/ &

2
2 (l) I

/)

1 1 facCo)

base case



Common Errors of Recursion (1)

-
-
- ↑
-fac-Y

#abfac(z) StackOverflowException
-> always put oneleast last

bast



Common Errors of Recursion (2)

- --

%
fas(3/ StackOverflow

EXce
recursionV to

calls

fac(3)
-> when making

O

call the

fal(3)
makesiteshodstricting smaller

input.



Recursive Solution: Fibonacci Numbers

F = 1, 1, 2, 3, 5, 8, 13, 21, 34, 55, 89, …&

It IsEEanEOIn

Fr F1 =1

1.I Fz =1

Fr = FHH+Fr-z



Example: fib(4)

Recursive Solution in Java: Fibonacci Numbers

Runtime Stack

⑱
#

&

&·
solution ↑solution

-
Ma smaller noteintly suchen



Use of String substring(,j)[haS)
=

334,
X

empty--4 [0,0)

string -> [0,4) = 50.3]/O
entire

string



Reversal
“abcd”

Recursions on Strings

Number of Occurrences

‘a’

‘b’

“abca”

Palindrome

“racecar”
“aracecars”
“raceacar”

compare
the

palin("vacecars" -
-
Ist and last

8 & characters
=a =='s88 11: Same

↳palin("vacecar" ( 12: Diff

Strictly smallertem ↳ palindrome



Problem: Palindrome

empty string or stingof loginproducy

recursive
call
ofwictly smaller

problem.
wagths-

of 2
word -> 1 1 1 ... I

word" substring(I, word.laginly)
-



Lecture 23 - Nov 30

Recursion

Tracing Recursions: Faibonacci
Recursions on Strings: Reverse
Recursions on Arrays



Announcements
- Lab5 to be released by the end of today
- ProgTest3 next Tuesday (based on Lab4)



Recursive Solution: Fibonacci Numbers

F = 1, 1, 2, 3, 5, 8, 13, 21, 34, 55, 89, …

. .
.

. IT Is 7g

Base Cases Recursive Cases

-1-1=1

F④=Fm+FÉh↳ 4f-2=1 ✓ n >2 strictly
smaller than①solved

rewrsietfbtf-tq-T-y-T-s.AErear us



Example: fib(4)

Recursive Solution in Java: Fibonacci Numbers

Runtime Stack

fybt.IS
2T¥ fish I
-

/ \

1¥)'fix
' '

return

.

☐

returns fish
- return / fibz)

2-ib.tt# 1=3 return ? -1b¥
+t¥=2 return }-1b¥



⇒⇐
fib(4) t -fib

I \ / I
f-ibtdtf-bksfibly-t.ba
A
fib) + fish)



Reversal
“abcd”

Recursions on Strings

Number of Occurrences

‘a’

‘b’

“abca”

Palindrome

“racecar”
“aracecars”
“raceacar”

f
"Pflag,

?- - - - - - . .
.

.

+

strictly smaller
→ → T problem

→ F

→ F

✗ strictlysmaller . . .

-

# of
occurrences

reverseof
problem

2=1+1
→ of the

shark

ta-dof-TY-w.mg .¥¥:jÉÉiba 1=0"

↳ ⇒ the
char equal

to

me Effing



Problem: Reverse of a String

baecasesdcbafrwaseotcabd-sb.ae#Ed+adibdckY-a-di+b- ↳¥-1M
→ -

↳ recursive call
to solve

f.
✗ ✗

astray smaller problem.
5. lengthy -1recursive

cases-7M¥ ,
+

output -7
renren.eofta-yfs.bg-144-1



Problem: Number of Occurrences
g.→

°

. .

I0 head ¥④
→
based E. head t

c. f- head
occurrences#tail,

0 ② .

occla-bcaa.tlreÉ- t

case I f-
-

→ I •

a:-# +o¥↳£T

.
"" ""

÷;¥¥:
I

jhat-fs-s.la
" ?

-

↳
""



Say a1 = {}, consider m(a1)

Say a2 = {A, B, C}, consider m(a2)

Recursion on an Array: Passing new Sub-Arrays

→ . ÷
base cases

→ premise:L
→✓ →

. 0 ¥-1 I
→ ⑨ sub-LE.fi at?

→ execute the base case

m( F- I B
' II )

↳m( ¥f)
↳m(¥, };¥,- efficient(for

each
v. C- ,

a¥⇒%:L,



Say a1 = {}, consider m(a1, 0, a1.length - 1)

Say a2 = {A, B, C}, consider m(a2, 0, a2.length - 1)

Recursion on an Array: Passing Same Array Reference

( array
of length .
→

base
cases

→ reg:*ñÉ
.

¥.jp#range.+.-m(al,④①golf
'

from to↳ maxñde✗
↳

wHµdµ
m(also >

2)qq.at/ysmaIlera--z%1BlEproblem↳ m(a2 > I. 2 ) ( elements
to"

strict'IpEg{!¥%¥↳mjz
.
>,

indices /
"%



Problem: Are All Numbers Positive?

T
ma tide

max
index

t

↳ rewrite helper method
0 0

→
base

✓
↳ empty array cases

→
array of length I

→ recursive
- case

4_m font ' a.Ñg%- I
a~%EE-EE.ir

tail of the away.



Tracing Recursion: allPositive

Say a = {}

allPositive(a)

allPH(a,0,-1)

t

f} • ,
4 I

I
a. length- I
-



Tracing Recursion: allPositive

allPositive(a)

allPH(a,0,0)

a[0] > 0

Say a = {4}

± ±

1

,

i"}
✗ !

.

→akgth
- I
→

True

True

←
It :S



Tracing Recursion: allPositive

Say a = {4,7,3,9}

allPositive(a)

allPH(a,0,3)

allPH(a,1,3)

allPH(a,2,3)

allPH(a,3,3)

a[0] > 0

a[1] > 0

a[2] > 0

?⃝ 9
✓✓ ✓ ✓

3

→
If 1012%0,3333

-

y

✓ ✗ ✗ ✗ ✗

3 3
✗ ✗ ✗

→ → s I §
⇒ -1 .

0 I 2 3

/ IT
. g-

417☒⑨

?
*

f)
&? oaÉ .



Tracing Recursion: allPositive

allPositive(a)

allPH(a,0,3)

allPH(a,1,3)

allPH(a,2,3)

allPH(a,3,3)

a[0] > 0

a[1] > 0

a[2] > 0

Say a = {5,3,-2,9}

I

✓

I
>y

Exercise : Trace!



Problem: Are Numbers Sorted?

☐ →
recursive
helpermethod.
→

base
cases

¥f .

→ recursive
case

sorted .

a-8D . . .
.

⇐ ↳ strictly smallerproblem



Tracing Recursion: isSorted

isSorted(a)

isSH(a,0,-1)

Say a = {}

{ }

.

- ,-

0 -1
-0 -1

,
/
{}



Tracing Recursion: isSorted

isSorted(a)

isSH(a,0,0)

return true

Say a = {4}
it

☐

→
✗

I
→ -

'
o

.



Say a = {3,6,6,7}

Tracing Recursion: isSorted

Say a = {3,6,6,7}

isSorted(a)

isSH(a,0,3)

isSH(a,1,3)

isSH(a,2,3)

isSH(a,3,3)

a[0]<=a[1]

a[1]<=a[2]

a[2]<=a[3]

3

1
- {3.636-7}

D-

% ?

T.?⃝& TT0



Say a = {3,6,6,7}

Tracing Recursion: isSorted

Say a = {3,6,5,7}

isSorted(a)

isSH(a,0,3)

isSH(a,1,3)

isSH(a,2,3)

isSH(a,3,3)

a[0]<=a[1]

a[1]<=a[2]

a[2]<=a[3]

→⑦.

÷
/\

Exercise :Trace



Lecture 24 - Dec 5

Wrap-Up

Topics Covered
Exam Review Session



Announcements
- Lab5 already released
- WrittenTest3 to be released by the end of today
- ProgTest3 tomorrow (based on Lab4)
- Makeup Test on Wednesday (based on Lab2 & Lab3)
- Exam Review (Q&A) on Thursday, December 8?

recursion
T

- 3pme

-/
--

mor

f
1,00g - 2:30

-4:00 - 5:30



Exam Info
- When: 7pm to 10pm, Monday, December 12
- Where: TC Sobeys
- Coverage: Everything (lecture materials & labs)
- Format: Multiple Choice & Written
- Restrictions:
+ No data sheet
+ No sketch paper (Exam booklet includes it)

- What you should bring:
+ Valid Photo ID (strict)
+ Water/Snack

-

--

0 lectures

Lab5
↳ 1 program recursively(0 CodingBat)↳?2. justification code, why or whohe

that's a CCE

3. Outputinstanceof

-

Some praice questionEnday) - PDF guide.



That's all!

I hope you enjoyed the learning journey with me.
Best of luck with your future endeavours?

JackTE
Dec. 7, 2072


