
EECS2030 (Sec. F) Fall 2024
Advanced Object-Oriented Programming

Lecture Notes

Instructor: Jackie Wang



Lecture 1 - Sep. 5

Syllabus & Introduction

Professional Engineers: Code of Ethics
OOP Review Question: Attribute Types
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Synchronization: Laptop, Github, RemoteLabs
• Cloning Github repositories may not work on a remotelab terminal
• Instead:

+ Develop Java projects on your laptop.
   + Incremental commit & push to keep the Github cloud space up to date.
   + To test if the finished project works on Linux, export & transfer an archive file to remotelab.
   + On the remotelab, import the archive file and re-run all JUnit tests.
   + If everyone works, submit the archive file!
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Lecture 2 - Sep. 10

Review of OOP

Observe-Model-Execute Process
Java Data Types
NullPointerException
Parameters vs. Arguments
Scope of Variables
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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

I



Observe-Model-Execute Process

Entities:
Attributes:
Changes:
Inquiries:
Template:

Entities:
Attributes:
Changes:
Inquiries:
Template:
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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 

changerenaablaethods
objom bmiss ,

miss ...



Modelling: from Entities to Classes

Example 1

Example 2

Identify Critical Nouns & Verbs



OO Thinking: Templates vs. Instances
Templates

Common 
Attribute Definitions
(Types)

Common 
Behaviour Definitions 
(Headers/API)

Instance-Specific 
Behaviour Occurrence

Instance-Specific
Attribute Values

Etersist !
Person

dable weight
P double height

dube getWighdbe
diffe
object? obj2 . gainW(2)samemethdeina
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Parameters vs. Arguments

Template Definition

Method Usages

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);
   }
}
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Scope of Variables in a Class

• Class-level variables may be accessed/modified between methods. 
                                                [ Assume for now: non-static ]

• Method-level parameters may be accessed within the declared method only. 
• Method-level (local) variables may be accessed/modified within the declared method.

class MyClass {
  int i;
  int j;
  void m1 (int p1) {
    int m;
  }
  void m2 (int p2) {
    int n;
  }
}

class-level
Do
& i= 23: pl > mEpls
D

->
-

E46 n=Is Emis



In-Lab Demo - Sep. 11

Helper Methods

Code Smell
Refactoring
Breakpoints & Debugger



Refactoring
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Point: without a Helper Method
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Point: with a Helper Method



Lecture 3 - Sep. 12

Review of OOP

Use of this for Attribute Access
Tracing OO Code
Use of Mutators vs. Accessors
Design of Method Parameters
Reference Aliasing



Announcements/Reminders

• Lab0P1 due tomorrow (Friday) at 12 noon!
• Priority: Lab0P2 (tutorial videos + PDFs)
• Yesterday’s in-lab demo materials (helper methods) 

released.

&
P
~



Constructors not using this Keyword
model

console

memory 
(sequence of bytes)

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

JUnit

⑮

param l↑

-



Constructors not using this Keyword

model

Question
- What if names of parameter & attribute are the same?
- implicit “this”

weight height

weight
weight

J
att. weight

cariable)
shadowing

-
1. does not initialize

2 . insteads parm W.

is assigned to itself.



Tracing OO Code: Visualizing Objects

stores
the address -> nameof

Person Jim's (declared
=

type)
referable

-> secific
attributes instancelues



Effects of Creating New Objects JUnit

model

- Variable Shadowing
- Visualizing Objects
- Context Object 
- this
- dot notation

-

T
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Accessors/Getters vs. Mutators/Setters
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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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Primitive

Copying Primitive vs. Reference Values

Reference
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Fall Person pi = new Person ("Leter") ;

M Pints
m2(p2) = Print (p7 . name);

->PPerson ("John") :

3

void m2<Person p) & *
34. Changesame("John);



Copying Primitive Values
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Lecture 4 - Sep. 17

Review of OOP

Reference Aliasing & Primitive Arrays
Ref-Typed Parameters vs. Return Values



Announcements/Reminders

• Lab0P2 due this Friday at 12 noon!
• Lab1 to be released after Lab0P2 is due.
• Priority: Lab0P2 (tutorial videos + PDFs)
• This Thursday’s office hour will be re-scheduled.
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Copying Primitive Values
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Person
name

age

Copying Reference Values: Aliasing
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Person[] pl;
Person [J p2 ;
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Arrays and Aliasing
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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

public class Point {
   /* A mutator modifying the context Point object */
   public void moveUp (int i) {
      this.y = this.y + i; 
   }
   
   /* An accessor returning a new Point object */
   public Point movedUpBy(int i) {
      Point np = new Point(this.x, this.y);
      np.moveUp(i);
      return np;
   }
}

· p2(z. 5, 10.6)

X X X
y.8
S

Y
↑

returns the
address of ↑Pl

some Point object.

* X ↓
P2

Pl
-E42
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In-Lab Demo - Sep. 18

Programming Pattern

Reference-Typed Arrays
Integer Counter
Breakpoints & Debugger
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In-Lab Demo - Sep. 18

Programming Pattern

Reference-Typed Arrays
Integer Counter
Breakpoints & Debugger



Programming Pattern
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Lecture 5 - Sep. 19

Review of OOP

Anonymous Objects
Reference to this
Static Variables



Announcements/Reminders

• Lab0P2 due tomorrow (Friday) at 12 noon!
• Lab1 to be released after Lab0P2 is due.
• In-Lab demo on the Programming Pattern
• Today’s office hour to be re-scheduled
• Mockup Programming Test next Fri (5pm or 6pm)

27th

-



Slide 56 - 58Anonymous Objects

Exercise

W

~

~

anonmods
W

O ~ ->
object expression&
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I
r
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(1) No
anonymous objects.

↳ many locals intermediate variables

in
betweent(
is
better
2) No intermediate variable

↳
long expressions



Example: Reference to this

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

Slide 59 - 61

public void marry(Person other) {

}

o* this spouse - other
Person String. 2(Pvg) =TPig

E A 1)(pXq)=Pr

st Spouse!: aull
7

II married

iersponse !: Hull
marriedif(* ↑

> E .. ~ ↓! (this sponse ==will
elseO this spouse = other: D & other.spouse ==

② other, Spouse = this ; 3
=jim , Spouse: elsas null)
Person=

other jim .SponssponsePanot-elsa
"

this 3. null



Exercise

void Marrif (Person other) [

if ( >E
this, spost. - other ;
other

. Spouse = this i
3

elsed error 3

3



Managing Account IDs: Manual Slide 75

~ Principles different Accoursshouldobjects
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Declaring Global Variables among Objects
Gunter asingleyis** all Counter

Ref. to static var.: ClassName
.
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Lecture 6 - Sep. 24

Review of OOP, Exceptions

Static Variables: Common Errors
Caller vs. Callee
Tracing Method Call Chain via Call Stack



Announcements/Reminders

• Lab1 released
• Mockup Programming Test this Fri (5pm or 6pm)
• Guides for WrittenTest1 and ProgTest1 to be released
• Reminder of rules for class attendance checks 



Managing Account IDs: Automatic Slides 76 - 77
Account

g
↑

->
shared.

- init
3
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-local & . What if
S ~ each obj of "id" isF &

D taneeding typeAssoa also static ?
own copy

↓
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auf -> "Jim" owner -> "Jeny"



↓
#
class Account &

Account al = new Accounts;
↓

static into =Di Account al = new Accounts
,

static into Id : Account

Public Account))[ g(** *
3

** az-> Account

-
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al -> Account
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Misuse of Static Variables Slides 78 - 79
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Use of Static Variables: Common Error Slides 80 - 82
Bank libc = new Bank (1:

libc . branchName
;

D

D
1
- W

&
X b Static

non-static

~Info
↓
Compilation

error ! To call this static method :

Big
classe statiand shodgetta



Fix 1 :

Fix] :
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public class MyClass &
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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?

#
:

->-

The caller Cl.m)isusingthestrsa
void
SC .

mi2 caller

·
de miss-C .

m

.allee

&
This

.
211) :

Yes !

(1) Make Cl
.
m) a called as well class [39 CI .miHowa

(2) Exercise · Make C2 .m2 a caller. void m3 > [
↳E= (1) ; 0.m/),

33



call stack

Visualizing a Call Chain using a Stack
joint of execution

entry 1
mic ↓
X m2()[

⑫m2) = To m3()[

i -

>
m3()5 g

3 ->
3

*
push/add ->
pop/remove M



Lecture 7 - Sep. 26

Review of OOP, Exceptions

Chronological Order of Method Calls
How Exception Disrupts Execution Flow
Catch-or-Specify Requirement
Example: To Handle or Not to Handle (V1)



Announcements/Reminders

• Lab1 released
• In-Lab demo: Incremental Development for Lab1 
• Mockup Programming Test tomorrow (5pm or 6pm)
• Guides for WrittenTest1 and ProgTest1 released
• WrittenTest1 review (Zoom) on Monday, time TBA



classDallas
void() &

↳zo = new Caleaalles0. M3() ;
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void n) &
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call stack

Visualizing a Call Chain using a Stack/ chronological order
joint of execution earlies tod lateseod

of method calls :

entry 1
mic ↓ finished called il >

m2
, m3

Yearliest method called
X m2()[ latest method

*⑫m2) = To m3()[ finished

D -

>
m3()5 g P

3 ->
3

Pittack
At *, m2 is called

.

Es remainder of my will *
&

↑

only be resumed
(1) execution of M2 is after m2 is

->
↳

now prioritized.
finished -> MXI



What to Do When an Exception is Thrown: Call Stack
m3 is the called

mY M2 is the caller => no mod

originofeception calls- order not
of met1 calls

m2 specifiesexception two
optionspetan

m2 is

⑪my posteaatin

Intentiona



~

Exceptions : Disrupt the Normal Flow of Exec.
Normal Abnormal

class C [ class C [
vid MIC) [

->
vidmI() [
D

(20 = na(z)) >o -> no exceptiona =n0 . m2)) >
-> no error 0 . m2() -> some error

3
-> exceptionthrown ↓ thrown from

called) terminates called
3 prematurely 3assedexceptionaa1.3 3



Example: To Handle or Not To Handle?

call
stack

Ent
-

#
-

W ↳W
Tester

main



Written Test 1

Review Q&A

Aliasing
Call Stack vs. Catch-or-Specify Req.
NullPointerException
ArrayIndexOutOfBoundsException



Practice Written Test 1⑫ * pl == p3 False

pl . name . equals (p3. name) The

:
② pl Ae Person

=

* i ·
⑰

- -

&3 Person - -
n."Alan"

-

E
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C .

ml originofexception
(2 .

m

C .

m Go_S reg .

ends here

(4
.

m4 -S reg ends here

Tester .

main(



null
NullBinterException 10 . m(--) nuIP WHE

Col
.
102 .

Co3 .
m(...)

·
ArrayIndexPutOfBoundsException ateup]

↓

AlOBE free : 0 < exp = a. length -1
Assertion Failure

assertime ) ... );



Lecture 8 - Oct. 1

Exceptions

CoS Req.: Exec. Flow vs. Call Stack 
To Handle or Not to Handle (V2 - V4)
More Examples on Exceptions
Exceptions vs. Console Tester



Announcements/Reminders

• Written Test 1 tomorrow (Wednesday)
• WrittenTest1 review session recording released
• Lab1 due this Friday
• Mockup Programming Test grading tests released
• Mockup Programming Test feedback to be released



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

Catch-or-Specify Requirement: Execution Flows

excep not occurred excep occurred

XI
bypassed

S

X

bypassed



Catch-or-Specify Requirement: Call Stack

C1.m1
C2.m2
C3.m3

Ci.mi

Ci+1.mi+1

. . .

. . .
Cn-2.mn-2

Cn-1.mn-1

Cn.mn

Q1. Origin of Exception:

Q2. Methods subject to CoS Req: 

Q3. Methods free from CoS Req: 

Q4. Extreme Case 1 (exception handled earliest):

Q5. Extreme Case 2 (exception never handled):

n
method

calls

inStep↓
I orig

~

Cl. m) choostcifyJ
C

.
m[i- 1 .

M=-
t

[i+1 .
With ~ In

.

Mr ·timedusa
(2 .

Mz

free
All methods choose to from

specifif (Excep thona leg.



Version 1: 
Handle the Exception in B.mb #

notrect
to CoS Reg.



Version 2:
Handle the Exception in Tester.mainW

subject to
CoS reg.



Version 3:
Handle in Neither Classes on Call Stack#

all subject to
los reg



Error Handling via Exceptions: Circles (Version 1)
Test Case 1:
User enters 10
Test Case 2:
User enters -5

Caller?
Callee?

call stack

caller callee

#
D

[#Di=
5

⑮

*



Test Case:
User enters -5
Then user enters 10

Error Handling via Exceptions: Circles (Version 2)

-
Exercise!

-> keeppromptingag radius
.

-> maythousea
"excep, occurred !



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

call stack

->
·

specify ↳[in ↳

- specify[X -54
->

Account

ITE the

Account
. w

↳ 8# W> Bank. zcatcation . (X-5M-5M ↳BA .

maint



More Example: Multiple Catch Blocks

Test Case 1:
a: -5000000
r: 23

Test Case 2:
a: 100
r: -5

G x may
throwI

X x23- may
throw NRE Texercise!

~

·



More Example: Parsing Strings as Integers

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

"·
"twenty-three"geEx L "25

NFE triggerEtuay throw

X



Error Handling via Console Messages: Circles

Caller?
Callee?

call stack

- T
a badInternatowing

an excep
"no cos reg . enforced

any more

↳WS O -> no exeythrou printed to
conea C

.
Sth

CC.main

↳ still executed despite error.



Caller?
Callee?

caller calleecontext

Error Handling via Console Messages: Banks

call stack↑
#



Lecture 9 - Oct. 3

TDD with JUnit

Deriving Test Cases
JUnit Test Method vs. Method Under Test
Regression Testing
JUnit Test: An Exception Not Expected



Announcements/Reminders

•  ProgTest1 this Wednesday
•  Released: 
     ✓  Written Test 1 result and answers 
       ✓  Lab2 instructions

 ✓  Lab1 solutions (PDF & video)
 ✓  ProgTest1 Review (PracticeTest1 solution) recording



Review: Specify-or-Catch Principle

argin of excep

* caller of some methodmight throwexception.



Review: Specify-or-Catch Principle

N
caller



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()

*
deptexceptexpectaI

lat-> combinationenables TC

diagram ⑮ * ->·#
in =

decPlegal-
-



A Class for Bounded Counters



JUnit Test Method vs. Method Under Test

@Test
public void test() {
  MyClsss o = new MyClass();
  assertEquals(23, o.getValue());
}

~ test
method

- actua value

↓ method under test

expecte test method-
Pa

(test) -fail ?

expecteaput &input
,

method under test actual output
S

(getValue)



Test-Driven Development (TDD): Regression Testing
the latest changemadacode

to

introduces a

.

1-- neu
error

classes

undest conceptual
.

mi

um) all+

re-muningtestige softwareis"Coryesthqualit



A Default Test Case that Fails

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

fail)) =

Il

assertime Cfase(twe);



Examples: JUnit Assertions (1)

B

-
·-

B

·
B



Examples: JUnit Assertions (2)

B

expected actual tolerance
(E)

11/

expected-E-cgetfrea) = expectedDE



What if increment is 
implemented correctly?

What if increment is 
implemented incorrectly?
e.g., It throws VTLE when 
        c.value < Counter.MAX_VALUE

Calling c.increment() 
when c.value is 0 should not
trigger a ValueTooLargeException.

Expected Behaviour:

JUnit: An Exception Not Expected

~ maythrow UTLE thisIneception NI of ins.
↳ reachinaa erred. (no NTLE thrown)

reaching
the
catch block means NICE occurred #

22 of
inC↑ (UTLE

techy



Running JUnit Test 1 on Correct Implementation

3 -> Correct
Xa imp.

⑯ D

0 - I

Predictivelt value 1.value = = P

O O

as
=

/
~

X



Running JUnit Test 1 on Incorrect Implementation

=
.

3-

⑬ -wrong imple .

=> test should
fail

⑫ IC.value = = 0Prediction & cvalue = =

- I stakenly
-

X

⑤

⑳



Programming Test 1

Review Q&A

PracticeTest1 Solution



Announcements/Reminders

Released:
• Lab1 solutions (a walkthrough tutorial video)
• Grading Tests of Lab1 and PracticeTest1



or. get CourseName
↓

oftstration shouldedetion



Tip :

to avoid compilation errors penalty
around 15 minutes before the test ends,

(1) uncomment all remaining tests

12 declare all the required classes/methods
↓
if accessors,

supply default imp



this. registrations[i] . getfourseName(). equals (course
Transcript

Registration[]

Registration

String



Lecture 10 - Oct. 8

TDD with JUnit, Object Equality

JUnit Test: Exception Expected vs. Not
Using Loops in JUnit Test Methods
Default equals Method in Object Classes



Announcements/Reminders

•   ProgTest1 tomorrow
•   ProgTest1 review session materials released
• Written Test 1 results released
• Lab1 solution released
• Lab2 released



What if increment is 
implemented correctly?

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

JUnit: An Exception Expected

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

Expected Behaviour:

= exp
: ViSEshould occur

Expected wiSE did not occur -> fail

Sistured as expected-a



Running JUnit Test 2 on Correct Implementation

-B
00

&

==
*
Dabnorma

toa
-> pass



Running JUnit Test 2 on Incorrect Implementation [

⑮ 0 O

- X

D ⑪ 0 - - 1

&

normal flow --
D

O O

-> tel ! X



JUnit: Exception Sometimes Expected, Somtimes Not

Calling c.increment() 
3 times to reach c’s max should not 
trigger any ValueTooLargeException.

Calling c.increment()
when c is already at its max should 
trigger a ValueTooLargeException

Expected Behaviour:
-De

VICE not expected

VicE expected



Running JUnit Test 3 on Correct Implementation

↳
**.& B

XXXvq
X D

8 par==

~
S

3

&

3

Do I throwsNICE as exper

i ↓
pass !



Running JUnit Test 3 on Incorrect Implementation
S

->
unexpected/wrong

v =
=

0x

pde



Running JUnit Test 3 on Incorrect Implementation
>

#
- *
XXX
-- -

8 p.
V = = S

fails ⑪ 3. 3

testw expected
Det griCE did not occur as expected
I

as X
occur

in Indhas



Exercise: Console Tester vs. JUnit Test

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

NTLE thrown unexpected out an

1X printingabout
-error

keep tracing d see which mag printed
test failing

- we*

v



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

Exercise: Combining catch Blocks?

VIE be fromheexpected
VTCE can be from here (expected,

-> Is a TheTed



Testing Many Values in a Single Test

O 2
2973 times

-> ]3 times

3 &
inss--

->

·
decthowStedly



*pequals (e) -> this = = obj.

class PointVI9
this obj

"
Point))[ ... [

I no equals methodexplicitly declared */

3 &
no compilation error

Point UI pl = ... *

PointUl pl = ..

Pl . equals(p2)
↓ default version Object class



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 imp : ref· equality.

-
-> equals notexplicity
i

-> use the defaum object class



Lecture 11 - Oct. 10

Object Equality

equals Method: Default vs. Overridden
Overriding equals Method: Phases 1 - 3
Static Type, Dynamic Type, Type Casting



Announcements/Reminders

Office Hours during Reading Week TBA:
•  Help on Lab2
•  Go over WrittenTest1 answers
• Questions on course materials, e.g., OOP reviews

Bonus Opportunity: Midterm Course Survey (eClass)



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

s+ "(2 , 3)"

~ "
-
#

&

Y F

F
#equa's(I) ↑ * pl

== nrl) A F *
** ⑰ *

↳ pl = =p x** pl = = p2
**X ⑰**

#
PointVl string.

I equa D Integer
** Al. equalsPointU

↳ Oplies i Ifnote
a



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

if 1.0 .
"this is the↑ same object as the

input param "obj"

overridden
-> they're equal .

redefinea Se



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;
   }
}

*) ⑰ *
-

F
--DD

* PointV2 p4 =
*
*

pls D *↑⑪ equalsD :Si
X

*

↳ p) = = p4 T
T xxP4

17
#

X414** object overriddenof
pointing

to

Pointeject versioked



method overloading
VS .

method overridding
(re-definition)



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

* logically unnecessary
if this : null I

-> NDE
would have- notoccurred.

↑ pl . equals (1) :

reachingthis
Phasa ** R . What if

this == full

XX is alsotull ?
means,

xX
**

Pif (obj == null)etunts
#
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

x
y

PointV2p1 x
y

PointV2p2 x
y

PointV2p3

Example 1: Trace L8

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

*

-

↑
+ 3D *

*
*
*

*
- (p'ny! /X

,
nu'

F



Static Type, Dynamic Type, Type Casting

class C1 {
  …
  public void m1() {…}
}

class C2 {
  …
  public void m2() {…}
}

C1 o1 = new C1();
C2 o2 = new C2();
o1.m1();
o1.m2();
o2.m1();
o2.m2();
Object o3;
o3 = o1;
o3.m1;
o3.m2;
((C1) o3).m1();
((C1) o3).m2();
o3 = o2;
((C2) o3).m1();
((C2) o3).m2();

Static Type: a ref variable’s declared type
Dynamic Type: type of address currently stored in a ref variable
Type Casting: creating an expression of certain static type

To cast an obj ,
always cast it

↓ P.
T

.

to its

determines
D. T

.

ed D
S.

T

. D.T.

a+
D

-habe an ②

X STof o doesn't declare mz 24
% 0 . * ST: object#

sti=iXObject class does not expor,

declare m) and m2.
A



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

↑ in o : Te

j obj
#



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;
   }
}

&

*

-
*

↑ D & *
*
*

-
S

>
x# XSX

X

~XS
X Xpl Point

*DX?String T sig



Lecture 12 - Oct. 22

Object Equality

Reference Equality vs. Object Equality
JUnit: assertSame vs. assertEquals
Logical Op.: Short-Circuit Evaluation



Announcements/Reminders

• ProgTest1 results to be released by next Monday
• Lab2 due this Friday
• ProgTest2 on Wednesday, October 30
+ PDF Guide released



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

this >
Pointi

other STiPVIZu
ST: Object
obj>

Pointi

* without this line of type casting.↑ returnthis
ST : Object

1.
this != obj => X and if
obj ~ estonus art not applicable
obj havesometo -

PointI .

L

↳ -

..

↳ compilesT of otherint #



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 }
PointV2 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;
   }
}

*

-
*
*
*↑ -
*

EExercise ~ other point
pl . equals (p2)

* PointN]



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 }
PointV2 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;
   }
}

.
*

-
*
*
*↑ & D D*

p3
#

·

X

#· equals (p3) otherPoint

- %T : Point
V



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 }
    PointV2 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

D.T.

S

-

=

: -

*
*



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 }
    PointV2 other = (PointV2) obj;
    return this.x == other.x 
          && this.y == other.y;
  }
}

extends

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

p =gp-g

-2 = =

-
⑰-& -

D
-PEA *

obj == objz

#obj . eg.

& (objz)

I D
T= F =F.



7 X · equals (nul)
↳ X . equals (null

should always lettfalse
return true

meanstall
↳ NPE would
have occurred.



assertSame vs. assertEquals
== t

- & -

-

- -

I

-

-

Pan+
1]

asseime (i
==JetFalse (i 5)



assertEquals: Reference Comparison or Not
* given that

both p2 and
-

> ref. types pS store (3 ,4)
·

is p3. equals(p2)

returning
tre?

&D①
#(2)-> default versionequals (pl == P2) F.

11

=-default versionof equats ==1"If

-P
- *

#eg.() invoThea



reftype ref type
D assertEguals (eXpIeargument

↳ assertime( expl . equals (exp2)
P.T. determines version of equals toinvoke .

② assertEquals (exp2 > expl >
↳ assertive (expl . equals (expk)



commutativity
pag = q xP

No !!!In

Java E geep



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

P & G
DEvaluate p.
# If peral to

tull .

then eval. G.
⑫ If peal, to

↳ skferal of G



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

-E
Pllq
DEvaluate p
u If peral , to false

3

than eval . G.
⑫If p eval

· to truf
,

then skip eval.
of G.



Lecture 13 - Oct. 24

Object Equality, Call by Value

Short-Circuit Evaluation: && vs. ||
equals: Person vs. PersonCollector



Announcements/Reminders

• Lab2 due tomorrow at noon
• Lab3 to be released tomorrow
• ProgTest2 next Wednesday, October 30
+ PDF Guide released



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

Conjunction

~ ~ V

~ ~ W eral
- - >
~ -

expl & expl
O 01 = 0 &2 1% 2

10 Flat Dexpl : T

eral exp2
② expli F

skip eval . exp
↳_&&_



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

disjunction
-

& - ->

& - =>
3

&

0 = = 0 11 1%> Z
expl 11 exp2

O

10

& hop skipped
D expl :f
eval. expl to

decide,
② expl :E

skip end . exp2
↳

_
11-D.



Short Circuit Evaluation

D expl 28 exp2

guarding condition someneedoaI I

error conditio=
=a) -

1
2 . g :

at?

② exp 1 11
exp2y/x



Exercise

D
1 .

20
B. 22 a[i] > O

② C . 11 4. 11 ati] >o



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

Pl +garding will ne beached !E wash -



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;
   }
}

FF
P

Po

" "top
* g



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 }
    PointV2 other = (PointV2) obj;
    return this.x == other.x 
          && this.y == other.y;
  }
}

extends

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

F

T F T

& 17

* ↑

O assertime (p3 . equals (px)
② assertEguck(pS > 44)



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 }
    PointV2 other = (PointV2) obj;
    return this.x == other.x 
          && this.y == other.y;
  }
}

extends

~ ~
--

R . Do these
- - - -

two assertions
X X

-> "pl ==pz pass for the
&.

* ⑰
A

same reason ?

--

⑰ * pl = =p
* D

.T. of C.O
.

** equals from
PointVl * ↑ Pointic* ** D
.
T. of 10.

Y PointVI **

- xxxPl



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 }
    PointV2 other = (PointV2) obj;
    return this.x == other.x 
          && this.y == other.y;
  }
}

*
Exercise

Combine D and &

using conjunction
D (42) .

⑫

- obj== nu)

returniSs
mayhawhagete obj



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?

&

thisfirstam. equal.

O Object &Person& String
String.

NPE if obj is mull.



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?

--

*-
as soon as equaoutsfa

op

* the two Person[] store
the same # of persons.



Person .

Person[]
PersonCollector

this. persons[i] . equals (other. persons [t])
String

class

(A) Object Alt
8

LBs Person this persons[i]getequals (
(C) Person Collector

ide String
other. persons[i] .getENc)



Lecture 14 - Oct. 29

Call by Value

equals: PersonsCollector 
Call by Value



Announcements/Reminders

• ProgTest1 marks, submissions, grading tests released
• ProgTest2 tomorrow during your enrolled lab session
• Lab3 due this Friday at noon



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?

↑

*Do
as soon as equalofa

op



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

=
-

=
- F

--

e
#

->



(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)

*

*
&

null
X

X

# -
-

o pa. gop 00 - F
it 017

& ↳ ti this, nop eval,
to false

right away -> no it Mr.



Person
fn
ln
w
h

p1

Person
fn
ln
w
h

p3
Person
fn
ln
w
h

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

PersonCollector

persons
nop

pc1

persons
nop

p2

Person

pc2

PersonCollector

p4

-

I

- &

T
**

T⑦
***

***

*
L

-

>pu-

**persons



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

:
- -

·" E #
S

>I



Method Call: Callee vs. Caller 

class A {
   ...
   void m(T param) {
     /* use of param */
   }
}

class B {
   ...
   void n(...){
      A co = new A();
      co.m(arg);
   }
}

called

#&.
param is

alopingf
concrete

value

cargument



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);
   }
}

#
~

minin
a

ofEng
as if :

10
v

= c)-> Circle d
v

vo 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);
   }
}
-

referent#stataCis

vP

of the Circle
Iag- - 10



Call by Value: Re-Assigning Primitive Parameter 

> 9
O

↓ ↳

crystays
untouched.

1 : n->
Util

11 call by
wa D

N
j

=
i I

j



Call by Value: Re-Assigning Reference Parameter 

call
~ Pg

=P =

->

A > it'severposse
e

arg.Tgri
n-

Util

up-t
larg) -> Point #G
↑ <param)

refOfPBefore



Call by Value: Calling Mutator on Reference Parameter 

-

EP -

S
contents of

- the object

pointedbedified



Call by Value: Invoking the Overridden equals

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 }
    PointV2 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

PointV2p2 x
y

PointV2p3

-

& -

&↑ js
· i obj

V

st.Object



Lecture 15 - Oct. 31

Aggregation and Composition

Modelling: Aggregation vs. Composition
Dot Notation Exercise
Copy Constructor, Shallow Copy



Announcements/Reminders

• Lab3 due tomororw at noon
• Lab4 to be released tomorrow
• ProgTest2 results & feedback tentatively Monday Nov 11



“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

*so#
---

contained !container ↓
s .

cS[o] containees Container

snaredfudtyking aggregati.
sharing/aliasingcompositioninone sharing



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

X=n



Aggregation (1)
Course
title
prof

Faculty
name# X

#



Aggregation (2)
Student
id
cs

Faculty
name
te

Course
title
prof#



“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

Runtime Object Structure: Student, Course, Faculty

**-
e



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 {
  …
  exp.privateAtt
  …
}

D

o thisprivate

does cas
D X

ok the diff :
A

↑
② ~ this .

ob.get ).
B public ↓
A okto s contextIn:A



Dot Notation for Navigating Classes (1)

“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

/* 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) {

}

this, id this . (S[i] . gettitles Cite this . (Sti) · getProf .geta
-

*#-
e



Dot Notation for Navigating Classes (2)

“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

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

}

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

}

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

}

thisprof title

this, title this. prof - get Names) this. profogettes[] etTitless
·9

Faculty te? title ?

·*
e



Dot Notation for Navigating Classes (3)

“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

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

}

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

}

Exercise

⑭-

e



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

~

~

fut



Composition: Copy Constructor (Shallow Copy)

-

modifieshared b
al

=
I &

⑭⑫MingEminmutable
-

on
↓

04 steel
X All .ext.



constructor.

public class X copif

public X (* other (E

3



Lecture 16 - Nov. 5

Composition, Inheritance

Composition: Deep Copy
Design Attempts without Inheritance
Inheritance: Use of extends, super



Announcements/Reminders

• Lab4 released (ProgTest3 on November 20)
• Guide & Questions for WrittenTest2 to be released tmw
• In-Lab Demo on Inheritance tomorrow
• ProgTest2 results & feedback tentatively Monday Nov 11



Composition: Copy Constructor (Deep Copy) C. C.

t
T

Other
-

X

callingC
7

( (

dz-> ->
-> A

-

,-> - &·i
->

F
name - > "fit" intus "fi .ext"

Sieg
SE # "fs .

text"
-2↓ - &



Exercise: Copy Constructor (Composition?)

src

-

=

⑫ -> 11
99 ↳

&
->" 23= di.filesto

->

* IS O
true -> volation

of comp.
gr
->



Modelling: Aggregation vs. Composition

-> CompositFor

-> aggregation.



Implementation: Aggregation or Composition



Inheritance: Motivating Problem Nouns -> classes, attributes, accessors
Verbs -> mutators



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

be
bas at

O

X

ister(2003)
vsl . vegnus). reg Xo

Student vsl= Student (1) :

Student urs) = nu Student (0) ;



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

->volationesion

-attributea
asd

be underifying theme.



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?

xo

Sess (this, kind == 2)5---3

xo

Send
=)

->geternational
5... 3

student(kind == 2)



Testing Student Classes (without inheritance)

Course
title
feec1

Course
title
feec2

Res.S.

pr
rcs

jim

0 1 9

NonRes.S.

dr
rcsjeremy 0 1 9

*
#
*



Student Classes (with inheritance)
A new attributes

-> parent classper class declared in individual
child classes.

** Super(--) invokes the
constructor

overridden from the
in NRS super classgetutdare *** super. some

Method(-)
invokes the
version of

·deededa heritis childclasslass method
-

in superclass.
* A

**

***



In-Lab Demo - Nov. 6

Programming with Inheritance

extends, equals
Visualizing Child Objects
Tracing Method Calls in Eclipse



Student Classes (without inheritance)

↳
#se



Recall: Student Classes (with inheritance)

g
gett

gett -Pi
super got T.

=>LBTgetT.



Lecture 17 - Nov. 7

Inheritance

Implementing a Child Class: Principles
Visibility: Class, Attribute/Method
Static Types: Expectations
Polymorphism: Intuition



Announcements/Reminders

• Lab4 released (ProgTest3 on November 20)
• Guide & Questions for WrittenTest2 released
• Materials for In-Lab Demo on Inheritance released
• ProgTest2 results & feedback Monday Nov 11



A Collection of Students (without inheritance)

0 1 2 99

Res.S.

pr
rcs

Res.S.

pr
rcs

Res.S.

pr
rcs

Res.S.

pr
rcs

rss

NonRes.S.

dr
rcs

NonRes.S.

dr
rcs

NonRes.S.

dr
rcs

NonRes.S.

dr
rcs

0 1 2 99

nrss

↳ # loops correspond to # of kinds of students.

I↳
#



Recall: Student Classes (with inheritance)
14s inherited methods
·

When
writing a new

if re-declared ,
subclass :

are wanted (1) cannot re-declare inherited
overridden ir attributes attributes
to a
new version (2) add methods/ unique

to subclasses

13) inherited methods
,X names if not re-declared,String

W
will just remain available

yv setP setD



Multiple inheritance is forbidden
in most of OOP languagesit

extends # X

A ( diamond problem
A class mayimplementmultiple

interssee

A



Visualizing Parent and Child Objects

Inheritance 
Hirarchy

Declaring 
Static Types

Runtime
Object 
Structure

#

inenessiftributes



Testing Student Classes (with inheritance)

Course
title
feec1

Course
title
feec2

Res.S.

pr
rcs

jim

0 1 9

NonRes.S.

dr
rcsjeremy 0 1 9

1.25

0.75

500 500
2030 3311

abd
#

2 both rense gettfromSudfldiff versions ofgette



Modifiers

1
. private class
2. protected - attribute
- method

inheritance? 3 Publismodifier



Visibility: Classes

packagesility
universal visibility.



Visibility: Attributes and Methods

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

in
heteclasses.

sif:

-no modifie
& subclasses

& xW W in diff.

z4
= package.

cannot
access

X

-v ~



Student Classes (with inheritance): Expectations

s.

rs.
nrs.

what atts/methods
can be callede ?

types E

sibling classes if exp.
not met+ ePCRS)w att/mthsuper impilation
errors

"inheritedfrombibigsnaut
.

> new

↑
classes



Intuition: Polymorphism
~

Step
1 :

~

Backtone or

st & whichdone t
- ST : child

!Assume vS = S compiled
vS . .

vs. CS dynamically2. Execute the re-alignment S exp
o

vs:not butina students



Written Test 2

Review Q&A

Call by Value, Caller vs. Callee
assertSame vs. ==
Modelling Diagram of Aggregation
Catch-or-Specify Requirement
Short-Circuit Evaluation



Call by Value: Re-Assigning Reference Parameter 

callbyvalue -

T 1
-

-

refOfPBefore * g = P->
Point

pe
24

up
->Point,o% 0



Caller vs. Called

class Course class Student &
Course[] CS =

string name ; int not ;
3 void register

(Course c)E-- -33

called : Student register
class SMS & caller : SMS . register81
Studenti] sS =

vid registerAll (Course C) Student

3
forlint i= 0; i < nos ; i++) 9SS[T] · register(2)33

3



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 }
    PointV2 other = (PointV2) obj;
    return this.x == other.x 
          && this.y == other.y;
  }
}

extends

~

-- .. LIS"and RHS
assertSame(pl . P2)
-compatible use

*
*



()

(obj) = = objz)
=

(obj2 == obj)

1 Dequasesiondependna

S

& equals(pl)
versiondemands 4

Bita



container Contained

·

Student
, by aggregation ,

has 3 aggregation relations.

zero or more course objects
as their S



-

↳ Personi-
Person

Person[]
Person

residing/context
plasconcollector

this. persons [i] .
firstNane . equals (otherpersons[] · firstName

String version.



specify
catch-or-specify

specify throws---

~ catch

2 .



Correct : 0 && i < us length&OnSt ns . length = = 3

-
P 1Z

is ! ↓

correct order:USE
D

&
should be guarded. O I <

us. length.

&
0 T && usE]% == / && [ < ns. length
3 guard coud.

meant for

↓ any value of in "too-large" = valuethat's negative will
cause this exp to eval to

false
,
Butthis ga

and the short-circuitevaluation will skip the
rest



Lecture 18 - Nov. 12

Inheritance

Dynamic Binding: Intuition
Ancestors vs Descendants, Expectation
Variable Substitutions



Announcements/Reminders

• WrittenTest2 tomorrow
• Lab4 due this Friday at noon 
• ProgTest3 next Wednesday, November 20
• ProgTest2 results & feedback released



Intuition: Dynamic Binding

Course
title
fee

 eecs2030

Res.S.

pr
rcs

rs

0 1 9

NonRes.S.

dr
rcsnrs 0 1 9

1.25

0.75

100
2030

s

~
-> ST of S DT

DT

Before &
STofs DTofSHiNRS &
·- antis

~ 9 ↳

AfterO Student
RS*RS

After NRS



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?

intand
D



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?



A

Inheritance Forms a Type Hierarchy
ancestors

it # >

El *Yhated to A
Pextends ② exp(A)

exp of any ancestora
X descendentsy ↓...

of A
extends of X.. DA's expinheriteda& exp11)

expor any descendent class



ancestors expectations descendants

Inheritance Accumulates Code for Reuse
-- K

I

-

ru -
-

~

~
~ ~

Common - Y
ancestor s,

Sp. loweststor
GShl

>SScAn ., SPSideSync , skype , surfweb a
dial GSz)

IPBProIPBPRIOS , S4 quicktakes facetimes dialssurfWe moall classesSP dials surfweb
ancestor.



Inheritance Accumulates Code for Reuse

SmartPhone sp1;
IPhone13Pro sp2;
Samsung sp3;

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

O Spin to be aa
of spl's ST
must be
satisfied

sp and sp3
are both accep
: their Sis
art descendants

② Sp2 * spl > sp2 *sp35 to
be

~

~ designal at te
ESH?



compiles
?

varl = warz

ST :

TI)
STE

compiles if : 0 Th can satisfy the expectation
of Th

② T2 is a descendent class of Th



Inheritance Herarchy: Students

Inheritance Herarchy: Smart Phones

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

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

-·
all attimeths
in Student

- E-

P
all att/meths
in SP .



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.??

jim = alan :

JimYsetDrC . ..) ;'ST of Studat

*
D all attlmeths

in Student
I ① dr : setDr.

~

*
~ sideSync

skypesurfWeb
inherited dial
from
SP class .
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Lecture 19 - Nov. 14

Inheritance

Polymorphism vs. Dynamic Binding
Type Casts: Named vs. Anonymous
Casts: Compilable vs. ClassCastException



Announcements/Reminders

• WrittenTest2 results to be released by Monday
• Lab4 due tomorrow at noon 
• Lab5 to be released tomorrow
• ProgTest3 next Wednesday, November 20
+ Lab4 grading tests
+ Lab4 solution video

• Bonus Opportunity coming: Formal Course Evaluation



A

A oa = …;
? ob = …;
oa = ob;

Rules of Substitutions

-

#

~ ↓perspectation is
↳ unsafe

# neitherastotsible
(?)

XState ~...
na

X..

X
the (safe)



Rules of Substitutions (1)

Declarations:
IOS sp1;
IPhoneSE sp2;
IPhone13Pro sp3;

Substitutions:
sp1 = sp2;
sp1 = sp3;

ST of spl

Si of sp

~



Rules of Substitutions (2)

Declarations:
IOS sp1;
SmartPhone sp2;

Substitutions:
sp1 = sp2;

canto is aos.

Y



Rules of Substitutions (3)

Declarations:
IOS sp1;
HuaweiP50Pro sp2;

Substitutions:
sp1 = sp2;

-neitherancesto
ecendant

- X



Visualization: Static Type vs. Dynamic Type

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

Static Type: Expectation
Dynamic Type: Accumulation of Code

->
ST

DT
~



Change of Dynamic Type (1.1)

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

DT of Jim :

- ~ 1 RS
.

↓ ↑GT of Jim : NRS

bothclassesall theof Jim's
ST.



Change of Dynamic Type (1.2)

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

X

↓

-Suddenlyevery



Change of Dynamic Type: Exercise (1)

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



Change of Dynamic Type: Exercise (2)

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



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());

->
What's

DT?

->
whats TK.



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());

X

X



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();

-> at RTs DT of jim can be any of the descendants of Jim's ST.

->
DT : IPB Pro (safari
-

↳ DT : GS2) (firefox)·



Type Cast: Motivation

~

X

ST: Student

Studentjim-RS
RS
usu



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(...);
   }
}

-> known to

#
be impossible

=> ->
sundecidable



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

ResidentStudent

pr

Student jim

V

↳



Type Cast: Named vs. Anonymous

Exercise
F

↓

↓ expression of ST : IP13Pr
exefirst sdeme



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
Expectations

upwadcaneas
ST



Compilable Type Cast May Fail at Runtime (1)

S

DT of jim
~

-
o -

I↓ compilable castClassCastException .

o vs expected to be used as R
(downwards Sund . jim-tu

② vs currently pointing to alThis



Compilable Type Cast May Fail at Runtime (2)

&

↓ daspesidde



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

Compilable? ClassCastException at runtime?



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

Compilable? ClassCastException at runtime?



Compilable Cast vs. Exception-Free Cast

Android myPhone = new Samsung();

Compilable Casts

Non-Compilable Casts

Exception-Free Casts

ClassCastException

↑
· DT

-
---comple cannobed by time,

time( S



Lecture 20 - Nov. 19

Inheritance

Type Casts: Exercise
Checking Dynamic Types: instanceof
Polymorphic Method Parameters



Announcements/Reminders

• WrittenTest2 results released
• Lab5 released
+ Required study: Abstract Classes & Interfaces

• ProgTest3 tomorrow
+ Not covered: equals method, copy constructors

• Bonus Opportunity coming: Formal Course Evaluation



Exercise: Compilable Cast vs. Exception-Free Cast

A

B D

C

PointU2 ((Object)(j)
string

~

->
cast rcompilable, neither upwardownward

DdE (D) ((A)b)
upward

downward

↓ ↳ ClassfastExceptioncastpe DT C cannot fulfill expo of cast type DT not a descendant of



an expressionare object class nameX instanceof T
↳ returns a Boolean X-

DT

↳ true If X's DT can fulfill the exp of 7.
DX'S DT is descendant of if
2 Y is ancestor ofS DT

↳ true means we can last to if (f) X
Class fast Exception



Checking Dynamic Types at Runtime (1) 

~

* E

↓ downward cast

* Can the DT of jim (NRS) fulfill exp of last type Rs
?

↳ No -> instanceof returns Ease



Checking Dynamic Types at Runtime (2)

-

>tweetPBP)
aphone



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 ??.

be to make
Instanceof

y*
What can this

auto#
?&
eval

.

A
. any classeme* whose exp.

can

* ... be fulfilled
-.. by DT. B .

X



Use of the instanceof Operator

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

~

~

X

X

X



Safe Cast via Use of the instanceof Operator

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



Static Types, Casts, Polymorphism (1)

2

V

X



Static Types, Casts, Polymorphism (2)

2

ver



Static Types, Casts, Polymorphism (3)

2

Very



Static Types, Casts, Polymorphism (4)

↓downwardcast

2

2

2

talias
with ST IPIP.

(10
ICE)



Static Types, Casts, Polymorphism (5)

ResidentStudent

pr

Student s

->
alas

minsi.



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)

st
of para

. .

L For -

~
Student. -

call b valuy STi Student ST : RS

=-

> ST of arg.O shouldbeadescendantas)



Polymorphic Parameters (2)

S

&

· Scall by Valee
%

.



Lecture 21 - Nov. 21

Inheritance

Polymorphic Arrays
Polymorphic Return Values
Type-Checking Rules
Solving Problems Recursively



Announcements/Reminders

• Lab5 released
+ Required study: Abstract Classes & Interfaces

• ProgTest3 grading process to start on Monday
• Exam Review Sessions eClass Polling
• Bonus Opportunity coming: Formal Course Evaluation



Casting Arguments

sms.addRS( (ResidentStudent) s) compiles?

sms.addRS( (ResidentStudent) nrs) compiles?

ClassCastException?

ClassCastException?

ClassCastException?

void addRS(ResidentStudent rs)
~ downcast

&CE ?
↳ if DT of S is ne YES:

a descent of cast type RS

YES.

No
.

-

1

ierundea



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

Serg-stoteach elem

Mara
- SST0] : SiStudent. stStudent,NR

&
①

D



Polymorphic Return Types

*
-

~ ↑
O

->
dynamic binding : is version called. ==

V

-



Summary: Type Checking Rules



Overridden Methods and Dynamic Binding (1)



Overridden Methods and Dynamic Binding (2)



Overridden Methods and Dynamic Binding (3)

overriddentheaegestor.



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:

Cast-
#

Recursive

Bast

#last #1

- given problem

-> must be a strictly smaller problem (J < 1)

calling m itself => recursion



Runtime Stack

Tracing Recursion via a Stack

W



Recursive Solution: factorial

↓
not a recursive definition.

base

-> ! =E rese in
problea ↓ ↓

a strictly factoriaem
smallerproblem

pro



Lecture 22 - Nov. 26

Recursion

Tracing: Factorial, Fibonacci Sequence
Recursion on Str.: Palindrome, Reversal
Exam Info



Announcements/Reminders

• Lab5 released
+ Required study: Abstract Classes & Interfaces

• Learning resources on Recursion
• Exam Review Sessions eClass Polling



Example: factorial(3)

Recursive Solution in Java: factorial

Runtime Stack

6
fac?

3(2)

=2 *

13 ** I
XXX ,

o 18 ~ Ed
X

I

Z

1)

&

Z

W-

assumedarcilala )D
3 fxz)26 ⑫
2*1) 12

(z)

(3)-
(*0) I D



Common Errors of Recursion (1)

fac(3)
-
3 * fac(z)
/
2 * fac()
-
1 * fastd
--
0 * fac)- 1)

!



Common Errors of Recursion (2)

T

fac(3)
-
3 * facts
/
3 A fasts /

!



Recursive Solution: Fibonacci Numbers

F = 1, 1, 2, 3, 5, 8, 13, 21, 34, 55, 89, …
1234

· 00
I in↓

base Fo + FM #3
case

12
Fi + EE
F2 base case /

1 F1 +⑰
base,an



Example: fib(4)

Recursive Solution in Java: Fibonacci Numbers

Runtime Stack

L



Use of String slength Se "Hello" 01234
-He/1110

0123

S . substring (i s j)
S10 n -1] is

JEmpty [t
, j)

11

[t, j - 1]



For any given string I

given int
. [ S

.

t. 0[[ = slengths) -

~ S
. equals (s. substring (0, [C+ s . substring(iss)

S. length(



Reversal
“abcd”

Recursions on Strings

Number of Occurrences

‘a’

‘b’

“abca”

Palindrome

“racecar”
“aracecars”
“raceacar”

“abcd”
-stalle problems

ex.

=-

! nongdra
va)(

ia



Problem: Palindrome isPLN
↓

v = = r & isPacea)
/

C= =c&P

"string with1stmoved #
(= -c,/e)
D

eX
. isP(racebar



Problem: Reverse of a String

&

Label
/ &

r + a

12

b
rodea



Exam Info
- When: 10am to 1pm, Sunday, December 8
- Where: TC Sobeys
- Format: Some Multiple Choice & Mostly Written
- Coverage: Everything (lecture materials & labs)
+ slides, iPad notes, code examples
+ https://codingbat.com/java/Recursion-1 

- Restrictions:
+ No data sheet
+ No sketch paper (Exam booklet includes it)

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

1
. explanation

↑ 7 out nation
4

.

code



Lecture 23 - Nov. 28

Recursion

Recursion on Strings: occurrencesOf
Recursion on Arrays: Call by Value
Recursion on Arrays: allPositive, isSorted



Announcements/Reminders

• Lab5 released
+ Required study: Abstract Classes & Interfaces

• Learning resources on Recursion
• Exam Review Sessions eClass Polling
• A tutorial session on recursion: 4pm on Sunday
• ProgTest3 results to be released on Monday



Reversal
“abcd”

Recursions on Strings

Number of Occurrences

‘a’

‘b’

“abca”

Palindrome

“racecar”
“aracecars”
“raceacar”

“abcd”
-stalle problems

ex.

=-

! nongdra
va)( of 'al

of
1 +Turrences of "bsas'a)
ia of

O + occurrencesof ("bea"-b)



Problem: Number of Occurrences

&
head til

↑ T
&--- !

1 + occurrencesof (tail)
T
if head

= = C



Say a1 = {}, consider m(a1)

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

Recursion on an Array: Passing new Sub-Arrays

a F, ...-
sube' ... i

↓
recursive call on a strictly smaller array #subaryas

↳ reached base case
m (1) B) C)

recursion↓

m) B(c) calls

m(
↓

m
inefficient

cast



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
->non-base case :

from < to

-> empty

range
- singlese, range

ge length
o

- I

3- base case #

m(az = 1 , 2)
↓

m(az
= 1 =
2)

as i) i ? ↓

base ma-



m(G ,
from

,
to

from to

a
1 ......

↓

strictlym(a , Hola to) smaller
subrange.



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

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

Problem: Are All Numbers Positive?

Say a = {}

Say a = {4}

-> Is there some positive number?

Ex-E
no witness

to showesf.

FQP(x) = Ine ->
"no witness in empty collection

to show violation of property.

x=d
Truf

012E

-> allPos(E93 ,
Es 3)

I Tuf ↓
a[o] > O &E allPos(a ,

1
, 3)

False



Problem: Are All Numbers Positive?
->

what a user needs
to supplyWhee the

t solution
public

-> recursive helper
method

private

... Homfrom (
to

at



Tracing Recursion: allPositive

Say a = {}

allPositive(a)

allPH(a,0,-1)

non-descending : - (a[i]<alc + 1])
non-ascending -> a[i] < ali+ 1]

O ↓ ↓

X

1 &

↳ tre -



Tracing Recursion: allPositive

allPositive(a)

allPH(a,0,0)

a[0] > 0

Say a = {4}

O

& ->

-

D
I

↳
tree ·



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

I

--

&&

- aus it n 1 B
&

/
+ at3]

>
&



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}

"T
-



Problem: Are Numbers Sorted?

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

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

Say a = {}

Say a = {4}

Tull

Tuf

is Sorted (GnEs3)

&
O.- isforted(13)



Problem: Are Numbers Sorted?

av
...
or

, forty ,
to



Tracing Recursion: isSorted

isSorted(a)

isSH(a,0,-1)

Say a = {}

I



Tracing Recursion: isSorted

isSorted(a)

isSH(a,0,0)

return true

Say a = {4}

I

I



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]

"T
-



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)a[0]<=a[1]

a[1]<=a[2]

#
I

-
6/5 0 12 3

-F & bypassed 9- 3161517



Recursion

Tutorial

triangle
array220
arithmeticArray



Problem on Recursion https://codingbat.com/prob/p194781

Hint: Visually, how do the example input triangles look like?

~

# of rows

triangle (IE)
=1 triangle (5) strictlysmaller

= problem
2 triangle) wows

↑ ( < triangle
(4)

triangle (IEA) = 3 · I !

=+ triangle-



Problem on Recursion https://codingbat.com/prob/p173469

Hint: Max value of ‘from’ before an ArrayIndexOutOfBoundsException occurs?

Try two versions: 
boolean array220(int[] nums, int from)
boolean array220(int[] nums, int from, int to)

Ver. 1 assumes that the ‘to’ index denotes the end of the array.
Ver. 2 does not make such an assumption, though ‘to’ typically is the last index.

F

⑤
~

reduce the size of theofrements it&

int okat Ati GTi+]
10 =

% 121 ↓ array
220 (nums > 0

nums From
nums[1] = = nums[o]*p 11 Array220 (nums, 1



Problem on Recursion
Return an array storing the first n numbers in an arithmetic sequence.

int[] arithmeticArray(int start, int diff, int n)

‘start’: the first term in an arithmetic sequence
‘diff’: the common difference between terms in an arithmetic sequence
‘n’: the first n numbers in an arithmetic sequence 

e.g., arithmeticArray(2, 3, 5) returns an array {2, 5, 8, 11, 14}.

Hint: Let this method first create an array of the right size, then 
pass its reference to a recursive helper method, 
which modifies the array contents recursively.

arithmeticArray(2 >3) -> 33 Grithmetictray, , 4

arithmeticArray (231) -> 923 Varithmetictraght) 1 ,
3

, seg)



Lecture 24 - Dec. 3

Recursion

Tower of Hanoi: Specification, Legend
Tower of Hanoi: Java, Tracing
Tower of Hanoi: Running Time



Announcements/Reminders

• Lab5 due midnight today
+ Required study: Abstract Classes & Interfaces

• ProgTest3 results released
• Extra office hours: 3pm to 5pm on Thursday
• Exam Review Session (Zoom): 3pm on Friday
• Materials for tutorial session on recursion



p1 p2 p3

p1 p2 p3

Tower of Hanoi: Strategy Consider 2 disks: A < B

Consider 1 disk: A

move from p1 to p3

move from p1 to p3

p1 p2 p3

Consider 3 disks: A < B < C

move from p1 to p3

#
- intermediate

# #
11 1 11



Consider 3 disks A < B < C

p1 p2 p3

p1 p2 p3

p1 p2 p3

p1 p2 p3

p1 p2 p3

p1 p2 p3

p1 p2 p3

p1 p2 p3

move from p1 to p3

move

move

move

from 
p1 
to 
p2

from 
p2 
to 
p3

from p1 to p3

move from p3 to p2

move from p1 to p2

move from p1 to p3

move from p2 to p1

move from p1 to p3

move from p2 to p3

Tower of Hanoi: Strategy III
↓

III
#
↓ 1

III
↑



Tower of Honoi in Java

disks

Stage 1 Stage 2 Stage 3

#ori. -
des

from

pegl pegs -
range of array/tower

to

-> onlyosk in the tower

p? 43p( from tool to
...

&

int:
6-1-3

=
2

horil bedes coring des tori.des



Tower of Hanoi: Tracing

ds

original 41 42 p
>

problem
subproblemssubprime02php) subproblea

problemsub/tonH(ds
, Os1splapu)oreC : pltop3 tohit(ds021 > p2, p3) #2

"intermediate : ↑3
9 tohl (ds > 020splap3) ->

more A : pl to p
⑮

base cast

② more B : pl to p2 D
S

~ Execise
& tohH (dsz00pa42) - more A : po oi



Tower of Hanoi: Tracing



Running Time as a 
Recurrence Relation

Tower of Hanoi: Running Time

T(1) =
T(n) =

->
T(n) = ? Tn-1]) n-

= TK

Ten)

n disks

-T(n -1)

I

↓ Tcn-1S I
~

Tcn) = 2 . Tcn - 1) +1 n+
+ (n

-1) nX, 2 TSx-1)+ 1

-

= 2 . (2 . Tcn-2) + 1) +1 2second left
n- 1

n-1 comdisks2.T I

#..T())n -1



Final Exam

Review Q&A



exc .

-> fail

~ ->
> no exc. -> pass

- > SomeEX.

-> pass

I no exc

inappropriate EXCOtherEx -> fail.

7
someExpected

1 do nothing ->*/



appropriate
- > 1st call -> expect no exception

->end call-expect someevc occurredcaught andFaipointnormal
↳ flow

reaching thisline the expected SomeEx
~ did not occur.

wa no tas
inappropriate appropriateS

but

unnecessarily
complex



Some
as soon

as ilure
- a first

occurres ,

normalhoudaa
!
should nettinnedfail" occurraalreadya have

nested try-catch
be
if a



~onllow is
occurstempted havwatch
I no needrested trif



->1st call
SomeEX .

-> Pal
->Ind call otherwise

->

&
-> 15 &Andhaveoppot

the

Stacks
# occurred as expected*

↓
can be fromi ori

(in appropriate)

~ if the expected SomeEx
.

did not occur
,

the test notfall



Past lab on recursion Interface mz
↳ onlif focus on arrays*
↳ ArrayList not covered. It's mustbeplemented

abstract
class



Are descendant classes only useful if they have more expectations 
than their ancestor classes? If not, on page 5 of your written notes 
on "Static Types, Expectations, Dynamic Types, and Type Casts", 
when you cast (D) oa, it does not work because the "d" attribute is 
not declared in class C. But if we suppose that class D simply 
didn't have the "od.d" expectation (so only "a" and "c" attributes), 
would it still cause a ClassCastException even though D and C 
would have the same expectations?

X

-

A↳
ClassCastEXcannot
futfill

cast exp. of D.
type



↓
hints on recursive thinking to come !



#] is :

iS
-

void addI (I i) &
is [not] Et = noi+T

iS- 3

OC .

addI ()) ;
②C .

add IL new1) :

I I
O &

is
+ 13↳

Eli



I hope you enjoyed learning with me e

All the best to you


