
EECS2030 (Sec. E) 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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OOP Review Question

class A {
  int i;
  B b1;
  B[] b2;
}

class B { … }

· E memory

stratedbi from class
B
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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



Announcements/Reminders

• Priority: Lab0P1 (tutorial videos + PDFs)
• Lab0P2 released soon
• Wednesday’s lab: in-lab code demo!

-

Thepermethods



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:

~deeditoreyeons
methodcalls

~ I different entities of the same kind 3. breakpoints +

f
Exercise debugger
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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 

att

changerearsucamethod
,

ami
da
da



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

airW (2) ;

FimGpectedthe
Person

= doublewe
double getweightd
jim . getBMIL) =
jon . getBMIL)i
jim , gainW(2) : 1
jon . GainW(2):Ex
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In Java
,
each variable must be

ideclared witt ofButtype . P = Es

e.g. int is D p = new Person();
e.g. Person ps

② p = p2 ;

③ p=
- A declared type

detersons set of values instantiatedclass
that is allowed to be stored in that fantables

Person.
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Null PointerExceptionDE if jim
==
null

- method call
EF getBMIL

obj .
m) . ..) =

- context object is null
12, 20 .m/) null ?

10 . m/s) .
M2() · M33 -> NPE
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Slides 16 247
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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);
   }
}

-
P arguments



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;
  }
}

O class-level
-

method-level

locvar. M=E m=5 int mi =M ;
-

= Es U = pls U=m ;



In-Lab Demo - Sep. 11

Helper Methods

Code Smell
Refactoring
Breakpoints & Debugger



1 . y + 1. z
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PersonCollector: without a Helper Method



PersonCollector: 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.

&
D



Constructors not using this Keyword
model

console

memory 
(sequence of bytes)

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

JUnit

0x23

jim
0x789 ↓
jonathan

-

⑰

F =·-↳!jim. equals (Jonathan)

- D
- ~



Constructors not using this Keyword

model

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

weight height

weight

height

7Jvariabledowing
-

this
this
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Tracing OO Code: Visualizing Objects

storedtheaddress
of

type of Jim

Tedi
Person

Jims instance-

refer species
atts .



Effects of Creating New Objects JUnit

model

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

Person jim*ED;

D ③ ⑫
O declare a ref. var,

1
.81

↳12 A jim-X 72Xx & Person
object

1.8

big



Accessors/Getters vs. Mutators/Setters
w.
h.
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Lecture 4 - Sep. 17

Review of OOP

Reference Aliasing & Primitive Arrays



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.

-
Product[] pss
int hop;



Use of Accessors vs. Mutators

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

Slide 48
automatic

garbagation cautomatedmem.

ME-minof no retu mgt . )
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Method Parameters Slide 49
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Copying Primitive Values +i] n2 = Enits
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Primitive

Copying Primitive vs. Reference Values

Reference

-
Do

=
Blet p2 point

-

to where plpoints***copy the addres stored
in pl into p2

17 exD
DO If

D

⑰
-

zags

=

i
**

plcX
42 · getX =0 43-E



Person
name

age

Copying Reference Values: Aliasing

Person
name

age

Person
name

age

Person
name

age

* Person[] pl = new Person [S]s
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In-Lab Demo - Sep. 18

Programming Pattern

Reference-Typed Arrays
Integer Counter
Breakpoints & Debugger
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Programming Pattern
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Lecture 5 - Sep. 19

Review of OOP

Ref-Typed Parameters vs. Return Values
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)
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Arrays and Aliasing
-

multiple variables storing thesameaddress
Persons]

#diaspaths #to "Mark" ?

↳ ~tone I simalan
mark Z
persons([]
persons [[1]

mark ==persons
it i

persons /[] ==personn->persons?·
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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;
   }
}

X return (new Point(this.X, thisy)
T

double

*p Y6 .4 Edouble
my

6.4

T X
- S↳-

T /! -0 -

&

*
pl 10.

6

helpermethodEnt&B= p1 .movedyetpoint ota



Slide 56 - 58Anonymous Objects

Exercise

   public void addOrder(String n, double p, double q) {
 

   }
}

anonymou
p

anonymous
obj

&

overloaddedmethods

~IOrderze Orderin
, PaweiaVZ.this. orders [no0] = 05 naddOrder (0) ;this, 100 ++ >
# this

. addOrder(



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) {

}

1p vg = <(pxg) smartseria
#(this spousewe&&
bustne ↓ jim , sponse = elsai
wotherDole elsa

. spouse= Jim ;

If ( * proposed marriage illegal )[
error.

3
jim-
> Personess &

D this spouse = others
n. -"Jim"

② other
, spouse : this ; 3 S .

*Bell

⑭PersonFla
this . "other

~

~



Exercise
vid marrf (Person other)

?
if ( 35

this spouse : other ;

3
Other Spouse = this ;

ele [ errors
3



Lecture 6 - Sep. 24

Review of OOP, Exceptions

Static Variables, Common Errors
Caller vs. Callee



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: Manual Slide 75
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Declaring Global Variables among Objects
-> if not init , in the same line , it will be init, to default value

(not const.).

* each instance/object of Counter has its own copy (instancespecific
value)·

** all instances share the same copy (global) .

T

↳
f
inition FomSing

O

Counte

* · gatic
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thigButerClassNamevaa- g %g
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Managing Account IDs: Automatic Slides 76 - 77
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Misuse of Static Variables Slides 78 - 792 **

N
I

-
1 bill. addAccount (...);
-

99i

# XXb: 11 sterf
= acclai times bill.addAccount...);

- / stere
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Use of Static Variables: Common Error Slides 80 - 82
Bank Libe = ne Banks;

Etbc. branchName
,

&

&

I Foid be replacea

by some obj.
class name

sected Usage:BankgetTo contextobs .
non-statio
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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?

#
-> calling contextsaller

C2
.
M2

being
called scalled

#



Lecture 7 - Sep. 26

Review of OOP, Exceptions

Tracing Method Call Chain via Call Stack
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



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?

#
& -> calling contextsaller 2 s Exercise :

Make 12
.m2 a

caller .

REimn
being

called scalled

#
(1) Make C1

.
m) a called caller

(1 .a) classGram (b) clas C called
: void M4() [Q0 = na <(1 :

3 3 0
. M/() : 3



call stack

Visualizing a Call Chain using a Stack
called the latest-finished chronological orderearliest - wi3

while meexecuted, m2
of calling methods.

entingpointaetioaller
is being ml's exec . isspended m1 m2 m3

micE↑ - E finished
M1
->called the earliest

Bmz)s latest m3()[
↓called -> called

T M3)
= s3 -

3
3 exec finished,

·

-

>stack popitoftack #
: add/push ↳

#

& bottom of stack remove/pop ->mi



What to Do When an Exception is Thrown: Call Stack

catch or spec.

mySupetoSee ->
m3 is wherceptionsinated orderthedalls reg.orig

Thosespecify
Clee Ein

mi callerspecifya
-> m) chose to handle

the exception handled,
=> since the exceptions

a
callers

arelongethet to con



Exceptions : When occurred
,
Normal Flow of Exec. Disrupted

Normal Abnormal/Exception
class 2 [ class 2 [

vid miss & vid miss &

(2 0 = new (2)) > (20 = new (2)) >
0 . m2)) ;-> noerropation 0 . M2)) ; -> some error· -

>nownbaSe x -> exceptioert

3
3

3
3 bypacedexecflowtha



Example: To Handle or Not To Handle?

call
stack

ent
&

E
↳ A

. ma↳ LB.
mb

Tester
. main



Lecture 8 - Oct. 1

Exceptions

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



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 does not occur - occurs

& &
x ↳ bypassed

by passed.
&
⑪



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

originexception methods
subject

(1 .

m end Reg
C

.
m ~ Ci

. Mi

(typecify)· (+)
,
M=

Ci+ 1 . Mi+ 1 Iethoat
choosinghandled in C2 .m2 (C .

M3 ~Inrepatch notbject
C

.

m 1 ~In .

An subject to CoS veg to

but all chose to specific
excep thrown to console)

.

My Geg
.
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Version 1: 
Handle the Exception in B.mb

1stmethoda satin#
no longer subject to
loS reg



Version 2:
Handle the Exception in Tester.main#

↓

sincitsed
the exe

still
Tecter .

main
to CoS Reg.

subject



Version 3:
Handle in Neither Classes on Call Stack

&
methoos Reg

subject, oneeitg.



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

Caller?
Callee?

call stack

#
D

-
*
# 10-5

⑤ D#W
CCI. main



Test Case:
User enters -5
Then user enters 10

Error Handling via Exceptions: Circles (Version 2)

# Ko
-510

,

*
&
or

-510
&

X ⑫



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

->
·

->

↳

X·inte
I

3
accounts[i] withdraw (a) -me↓
Account[]



More Example: Multiple Catch Blocks

Test Case 1:
a: -5000000
r: 23

Test Case 2:
a: 100
r: -5

customized
Assume : exceptio- order of

theiratch
blocks

- matter.·
X

- 5I may throw
ITE

->

&

does net

x[ -> NRE may be
thrown

d
& Xa



Lecture 9 - Oct. 3

TDD with JUnit

Parsing Integers
Error Handling: Console vs. Exceptions
Deriving Test Cases
JUnit Test Method vs. Method Under Test
Regression Testing
JUnit Test: An Exception Not Expected



Announcements/Reminders

• Written Test 1 result to be released Fri or Mon
• Lab1 due tomorrow (Friday) at noon
• Lab2 to be released tomorrow



More Example: Parsing Strings as Integers

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

oo -

· "twenty-three"
L

⑰D 2324 ~"twenty-three"
D ↳ NFE

x & 23

X

·



Error Handling via Console Messages: Circles

Caller?
Callee?

call stack

&

~ - Otomore engfore #
-> ~ callers

&

② caller of this method
servor originated,

obligedtohanda ↳

->)
-

is no longer

W->

&
given that

the called already signaled anerrore needs to calculate



Caller?
Callee?

caller calleecontext

Error Handling via Console Messages: Banks

call stack↑
#



Review: Specify-or-Catch Principle

origin of exception

&

T



Review: Specify-or-Catch Principle

D
-

&

&



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()

** mda test
,
and a ViLE/wisE happened -> pass

no VICEwisE -> fail

* wn a test ,
and an exception happened-> fail *

no exception expected
no exception I -> pass ** Exception

- ⑫ expected

ind
D
ini

=-

butde de

-

-



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

returnvaluealue.

method under test

electedexpected outa test method- pass
extvalue- (test)

& fail
input Method UnderTest actual output,

(getValue)



Test-Driven Development (TDD): Regression Testing
-> latestChange,,

introduced
model 1-- an

erro

insemaa theg
re-ma overage
E softwareis tests,modedesi

more ↑testsTella
Always addmora



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 ~

-> may
throw UTLE ↓

GILEX Duet throw VILEincrement

>

#
O did not incre

~ &throw wiLEunexpectedly



Running JUnit Test 1 on Correct Implementation

03
& ⑮

0-

-
⑨

T



Running JUnit Test 1 on Incorrect Implementation

- 4)
3

X

B O O

& c.
V ==

0

·
D
↳ reject the unexpected UTLE by failingthe



Lecture 10 - Oct. 8

TDD with JUnit, Object Equality

JUnit Test: Exception Expected vs. Not
Using Loops in JUnit Test Methods



Announcements/Reminders

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



A Default Test Case that Fails

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

11



Examples: JUnit Assertions (1)

B

-
·-

B

·
B



Examples: JUnit Assertions (2)

double double s

B

↓ expected actual

expected - 3 - actual : expected+



&

public voidIncrement) Ihows -

~
&

C.
V= =0

-> exp: no UTLE should occur

xS
-

-> wrong
: throwNicE unexpectedly
-

*
D

replace by
NTSE

~
no ess Victoccursunced,on ↳Compilation

error

DNO VICE occurred -> expected
-> test value is incremented



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:

su == 0
-> Expec. VISE should occur

P
-

->

pass engablemoren
esto



Running JUnit Test 2 on Correct Implementation

-
O

↑

X

12.= = 0

VTSE orred =
=

O O

↳ exec flowempted X
C-

⑬ -

↳t ! pass.

-



Running JUnit Test 2 on Incorrect Implementation [

P S P

- an

X

-

0 + - 1

* exes flow normal- : no exception occurred.

v
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:
NICE not expected

it

S
NiLE expected

-
NICE net expected NICE expected



Running JUnit Test 3 on Correct Implementation
·
*x
=X S

2 = p
= = 3

⑪ - 3 3

Belie I VICE thrown-

↳



Running JUnit Test 3 on Incorrect Implementation
S

03

Tip in

&c .
V==0

PURE
thrown unexpectedly

⑰

X



Running JUnit Test 3 on Incorrect Implementation
>

③
X xX
7 .

-

-

[V==I

=or 15P
&

**
⑧E

DnOVICE throw s expected⑪ -
GET

X



Exercise: Console Tester vs. JUnit Test

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

I soy riCE occurrednexpectedly
~ rather

than fail) ;

netpropriate to continuetheres knew it failedS
F



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

Exercise: Combining catch Blocks?

ViCE not expected

VICE expected
~

⑰pass,il ?
Nicoccurred



Testing Many Values in a Single Test

01 2] 3 times

-> invoked times(
3 & I 32173 thes
=

-(
M⑮
- -D->D &-177
- dec dec dec

~



Lecture 11 - Oct. 10

Object Equality

equals Method: Default vs. Overridden
Overriding equals Method: Phases 1 - 2
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)



class PointVI [
int Xi

int ;
Point VI (int X

,
in+ -) S ... 3

3

YadTn
I

Point Vl p2 = ne- -

YES-

e2 .

Where come object
.



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

parent classPointi

compare
addresses

desa

Toverridding
redefiningatted

equala



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)"

&
P -

C

- &
&

-
-

pinY Shul null - ↳ -

- *-A
D

*Pequals(e) - D *↑ pl = =p) ** *
c.
0 . I -L *

no explicitpointi pl == mul *

equals
in

-
in

** pl · eguals (5)e
↳equakmobtion war

X



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

pl . eguals ( ..) :

↑ this
obj

⑪
-

#



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;
   }
}

&

X
42p4 =pli)

so:⑰-
⑪equalsep)

O
*
*

if(pl == px) & m. *↑ if (pl = =pi)u the
*

Pay *
# XpyxXp Dequals (pl)

C.
0.



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

Point2 p5 =
nu//s

get
At thisexul

.equal
- ( if(obj==obj

this Psensible?-
ifthis m 3

"s ze return false ;

Eis
this -1

eaching obj-null



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;
   }
}

*

-

↑
-> I & *

*
*
*

-
- xH

-

xyxm
-> -- obj-null



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

For now,
alawys cast to
the same D.T.

if a

I

:C.
O.

S

of certain & ~ DT: C2
X: STC
X does notdeteSt STICI]I - contain·M2 .

- DST : Object 185& ISTo3:object
* DT03 : (1applicabla

expof Stofoobjecc .O . Object class has
-Dr

no declaration statictyp I
* D Tot o : 12 * an alias of ST 22

- ->
X

ofiil and iz. M - pointingtowhereat- -



Lecture 12 - Oct. 22

Object Equality

Reference Equality vs. Object Equality
JUnit: assertSame vs. assertEquals



Announcements/Reminders

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



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();

=
* 03 . getClass

P.T. of 03a-ExX49
=P 03

! Lateristanceof
-
**

a-E
** 03 get classes

D.T. of 03

↳ (2



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

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

Phase 3

x
y

PointV2

↑
&

·j+
>

thehar.



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 L9

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

X
*

-
*
*

TointVl ↑ *

I *

Ipclassstring E
& Exercisances false

S

T "eval . to gpegus of
↓

iPoint 2 !=

String ofSodeverstoneinte



if (b) JE return ... 3

if (b2 < &return ...3
~

beingtableusi.! b2
16

!(b)
11
b2)



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

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

Phase 4

x
y

PointV2

ST: Object
X ↑

* return this .X ==bj.DX
** & this

. If = = obj . if ;(Point(2) obj) .X X

I ->
Point2

&
this . X

↑ this

-> PointVz
this != obj

↑ Stop oObje&obj != null y
② thisandesame Object att/mth

on obj. other

obj D.T . > I
~

↓ otz E**



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;
   }
}

*

-
*
*↑ & & *
*

* *
B T of pl : PointP2

=

- otherPoint



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 *

*
↑

> other
f



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

&

* default

equalsoked
-pl = = p2 A
*

overridden

equals

↑ **

& pl .if == p2.2

*
*



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;
   }
}

4784-G

8 :
17
=

-
&D

>

-Peter+
dbj) = = objz

-
↳ objl . equals(obj2)



ref · eg . obj. eg .

#(1) obj) == obj] = objl . equals(obj2)

1 (2) objl . equals(obj2)j = = objz

·TE
"general

obj1
-E

obj obj2-Et



-X
. equals (null)

↳
X . equals (null) should

always evaluate to false
X cannot

be null

(otherwise NPE)
.



assertSame vs. assertEquals
-> address.

-> expl == exp2

-> pass
expl +11+ exp2

- expl != expeh false
-

-

- EP41 +1+1-

①
I

· Assert (It = 15 ->a
↳ assertine(i = = j) fail

.



assertEquals: Reference Comparison or Not * Writing
p2 = = pS

directly causes
compilation
error

ET]
=-

Thig #
invoke equals
-



ref types

assertEquals (expl , exp2)
↳ expl . equals (exp2)

D assersEguals (expl , exp2)
↳

explo equals (exp2) twokethea
② assertEguals (expl > expl

expl's

↳ expl . equals (expl) invokedealain



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



assertEquals: Reference Comparison or Not * Writing
p2 = = pS

directly causes
compilation
error

ET]
t--

PointVI
↳ PointVI ver

- ↳ Objecter
> D.T.

Pointl

versionof& equal invoked ?



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;
   }
}

F

_

Ep=p2
..

pl
=plit-

↓tookeest equals involveest equap
* 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;
   }
}

pass F

- False(p3 ==4)
assertSame(p3 = P4)

PointVI version a.

T

.

P3

==

* ↑

Lu
trut .



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

-

- : O
DX

-> "pl = =p2- fail
-> "pz = =p|"-> fail

*

O &Passi egaafake**

D.T.

* *pequal ⑭

↳ple
- pr2

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

& Y : expl & exp2Y

O potted DEva
.
L-R

-O E bypass.
"
g. c .

81 Evalexpl : false

skip eval, of exp2
&& eval to false

.

⑫ Eval expl: true
Eval expl .



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

->D - & ↑

& ->
->

->D -D &
& -> ->

exp111 exp2
O 2.

C.

10

>
O ODE T

skip eval, exp.

2

↳
-
11-return D

.

⑫2 Eval expl -> F

Eval expl .



Short Circuit Evaluation
X !

=
0

D exple
guardingestraint Expmight

x ==
P

D
expl 11 exper

erroindition



Exercise

D IAI & (B/ && [i] > O

BE

② 1 I IPS 11 aTi] >o



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



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;
  }
}

D ⑫
&

st
~ (A) if() & return false : 3

X

X(3) if (Q110) & return false : 3
↳ i what if obj ismull .

.... obj . getflass) .. obj == null
NPE not even reached



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?

-

17

Eig
Person

(1) Object
this. firstName. E (...)

(2) PointV]
E 13) Person

<4) String



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?

Person[] Person

PC
this. persons[. ( ...)

Qhowtomodify thisinsee

equalsfroea sing
,



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?

Person[] Person

PC
this. persons[. ( ...)

Qhowtomodify thisinsee

equalsfroea sing
,



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

*H · equals(p2)D which

& &

- &
-G ⑰ *
: * -B. equals(4)@-

Parts ?

&

**

·it



(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)

↑

X
- -

F

#
&

null
=

S X
X

#
> D. Go F -> noten theO

& Y

#



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

- ⑰
-

I #01299

-

p3 = = p4 #
papersona

p10 ** E
Person

o equal = pcl . persons[O] . equals(pCI . persons[o])i



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

oo
I

&* 3rd iteration :

quape . persons[] . equa i-

T·



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);
   }
}

declarationallee method caller : B .

n

X↳
variable.

3
call big value : Paramang called

1
value

when making a method call , there's AmGet a.
an implicit variable assignment :

param-arg :



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);
   }
}

-#T e
v =

arg
⑳ 1- > Circle

↳
=

~q



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);
   }
}
=#
-Cir arg

-> Circlea

me



Call by Value: Re-Assigning Primitive Parameter 

05
=T

-> = -

->

O

↓
ned

11 DT isunnod.
j



Call by Value: Re-Assigning Reference Parameter 

callbyone address
O G- avalue

of P

stays that

P
-1

-g



Call by Value: Calling Mutator on Reference Parameter 

-

1
7 %

e



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

--

17 -

↑ call big
value:

O

obj
PointI

~ E ⑮
↓ daj

sti objug



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
*

*is
contained contained

container container
* fl

. +e[o] sharing.

sharing : clissing S .

csTo] aggregation : sharing/aliasing
composition : little/none

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

·zen or more
-



Aggregation (1)
Course
title
prof

Faculty
name# X

#



Aggregation (2)
Student
id
cs

Faculty
name
te

Course
title
prof#



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
  …
}

M
-
YX

~
vi · =

"depared in ⑧
context :

A
A

D
X B

D

&thisobgettprivate



“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 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) {

}

*
S

. getName(1) -> Jonathan
.

*

X Xrst this . CS[T] · Prof
*

s .getTitle(o)
this id

thisgetId)this . ISTJ. get his
. IST] gegeaCourse

:*
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) {

}

eecs3311 . getTitle (0)

thisprof.gettes) [i] . title

⑭-

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) {

}

⑭-

e



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

- O

>

·
&



public class IS Copy
Constructor.

->
public X (X.

other)
--- !

an
X object

3
3

weathon X obe
he



Composition: Copy Constructor (Shallow Copy)

-> &
-

-

copy
const.

di -
-

&shall - . Fo

& D

-



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

her
d/-

> ~ Ec
another

- Iinvoking const.

3

"D
I- in Direc

& 199 F A & ↳ invoking
D of F

.

Fi Filez
en. ) -fleet n.) -> fe.text

F the C. C.
from

-

di
.
files [0] != dz . files [o]

suc = di
.
files [0]

E T F

↓s
S

Compositiondeep Coping.



Exercise: Copy Constructor (Composition?)

src

·est
violatiop

di
.
files != dz . files dz

. files [o].

↳i
...

as -> I

s



Modelling: Aggregation vs. Composition

Composition

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
how to simulate 00 in

non-00
G

language.

base amt.

==
-

Student vs = ne Student (1) :
Student urs = new Student(2) :



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

a
↓
anl/

aURS

↑attributeandas
follow
theme

a unifying



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?

E

S

Selse if (this, kind==3) E ... 3

Selse if
(this

. Kind
= = 3)international E---3

"3



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)
parent/super class

* invoke method

defined at the
super class

inheritaan as
chid/classidis RSandRamea

·ai



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

↓# for loops correspond to # kinds of students

I
#



Recall: Student Classes (with inheritance)

-
In

writing a subclass :

(1) cannot re-declare
inherited attributes

in
herited (2) add new attributes

methods.

candotheed parent version
is happy with inherited

overridden methods
,
leave as is

new atts/meths in sub-classes 14) ne satisfied withsurfingantsnohidden inherited methods -overrideV
L

~ setpr setPr
them

child version child version I

↳ thisname =
"
... "



Visualizing Parent and Child Objects

Inheritance 
Hirarchy

Declaring 
Static Types

Runtime
Object 
Structure

=

F



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

7 in-lab demo

*
versiondeStudent
okedons



Modifiers in Java
-classes

O private

protected
inheritance on publicodifier - attributes/methods



Visibility: Classes

Spackage-lessingGr
y



Visibility: Attributes and Methods

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

↑dsubclasses

z visi.
22, subclass

dif



(1) all attributes rate
A

is as you discover
↳ necessarys make atts.

protected

B



Student Classes (with inheritance): Expectations

s.

rs.
nrs.

&

expotGabrarange
static of atts/

types sibling
classes methoa be

↑ exLRs)= exp(Studentatts/methods calledo
a
viable

invertedratgee



Intuition: Polymorphism

↑

( 4. Assumption

↓
O As

ofsubs was wrong :

vS =S
not compilable

Stirt
1
.
Assume US ES compleon vs. nameStudent

us . not obj does not
2. Execute the re-assignment. US . Courses

wash have

3
. Exp- of vs : * *



A o = Al;

A B ol = ne B();

(03 = (c) ;-

o = 05
ol = 03 =

B C
02 = 03 ;

02 = 05
03 = o ;

03 = 02



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



StudentS =

--

ResidentSundent vs = - - Es
i
~ &s IB

of
RHS of

CantheSee of LS:



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

*XS .
set Pr(2.65).

ST
T.T.

D.T. T
OPT: RS

*

D P = !
STofS DT ofS PTiNRS & null

↳
DT.-

>Student ##
NRS



Compilation : Static types
runtime : dynamic types



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?

intend
duplicates &



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 of A :

lextends

#extends #Wit accumulates
the atts/methods from
its ancestors .

EXP

(2, exp (A) <# &... exp of any ancestor
zindirectly X.. descendants of A :

X
(1)expLAisinheriteextends && is exp(a) a exp of say descendant



ancestors expectations descendants

Inheritance Accumulates Code for Reuse Common Ancesto
-

W

T - ~

X ↳

~ expof

commontheto rGSzl
,
SS

,
An
.
Seaside syne a surfweb, skype ,

dial

IPBPro ,
IOS

, Sp QuickTakes surfwebs facetime ,
dial IP13Pro

SP dial
, surfweb all classes



TI sol =-

Tz got =

-&
Col

.

extof ST

⑰
Co2

.

LeoT

#derangedcalableeas



T, vi = ...

5

T2 vz = --- - STit ST : Th

# Ti ~substitute
I eI b VI DT

1 -
↓↓ valid if UIS ST T2
can fulfill exp of ul's STTIWhis ST should be a descendant of

NI's ST



Inheritance Accumulates Code for Reuse

SmartPhone sp1;
IPhone13Pro sp2;
Samsung sp3;

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

OESPcompiles -;
Y sp2's ST

IP13Pro can

fulfill the

expof spl's
ST SmartPhong

~ esprocity
sp2 = sp3 ; fail to

compile
iST of spl cannot
fullfill the expofSo



Pi
↑ objP = ---

↑ C objh =..

I objP
=
objC

objCKobjP
P is not

a subclass



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.??

*
exStudeis
SetDr

.

*



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
neitherancestorea - ancestors of

AsParent efulfill-St
ofOfDE #

they ofA serve
as the

in
order forcompileNext,carof A

~ ↑ descendentfill the
substitutiontht & - that

can

whatlawstatic
a *... expottycanfrea ob)
X.. GS

↳andat * that is , any
descendant class
of A



Rules of Substitutions (1)

Declarations:
IOS sp1;
IPhoneSE sp2;
IPhone13Pro sp3;

Substitutions:
sp1 = sp2;
sp1 = sp3;

↓

compiles
i sp2s
STIPSE
is a↑ descendant
of spl's
ST IOS



Rules of Substitutions (2)

Declarations:
IOS sp1;
SmartPhone sp2;

Substitutions:
sp1 = sp2;X



Rules of Substitutions (3)

Declarations:
IOS sp1;
HuaweiP50Pro sp2;

Substitutions:
sp1 = sp2;

T st of SplX CIOS)

ST of soPcesS



Visualization: Static Type vs. Dynamic Type

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

Static Type: Expectation
Dynamic Type: Accumulation of Code

->
ST

Ti

DT

ST



Change of Dynamic Type (1.1)

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

ecompiles" RS can fulfill the exp of Jim's ST (Student)

RS isadescenda
& DT of jim : RS

DT of jim : NRS



Change of Dynamic Type (1.2)

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

: Student isne of
ST of Jeremy
CRS).



Change of Dynamic Type: Exercise (1)

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

Pisto
↑
7
DT : GSzl



Change of Dynamic Type: Exercise (2)

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

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());

-> DT : RS- versiois (4)

&
> DTiNRS-> versi NRS (dr).



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



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();

-> polymorphismaSmartphone
T
-> changes splsD PEP to l T

-

-

T
↓
DT: GS2



Type Cast: Motivation

~
X

-> RS

Student Jim
RS vS

Pu



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(...);
   }
}

undecidable

-



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

ResidentStudent

pr

Student jimi
RS uS



Type Cast: Named vs. Anonymous

Exercise
~

&

↓ alias of ST: IPBPro

nopilablea



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

#
upward casting

downwing



Compilable Type Cast May Fail at Runtime (1)

cast type
~

v -

- -> at RisfastException
2. DT NRS cannot ↓
fulfill the expacaExitodownwardadentius ->

NRS
Runtime im

->

1 vs is expected to be

used as RS Rut
RS



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



Compilable Type Cast May Fail at Runtime (2)

- I
compiledownward descendantstr

CCE" : aPhone's iT (GS2lPlus) is not a



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

Classes
ST whose

be
DT fulfilled

& by DT.

↓
↓ classesthat aSamstog)

S

~



Exercise: Compilable Cast vs. Exception-Free Cast

A

B D

C

Compilable : Blueprin)((ObjectT: Vaccine

-X "neither upward
&

o downward CITCS PT and t- cast.

· 0
Dd = (D) ((f) b)

?

v upward cast (b)(1) b
downward cast~

↳ Runtime :



n expressio object a classcame Y

x instanceof Y i↳ evaluates to Boolean (T or F)

↳ The I " DT of X can fulfill -> DT
X

theep
of, a descendant of Y

i) If is an ancestor of the DT of X

↳
Iftull , then it'ssafe to writeya



Checking Dynamic Types at Runtime (1) 

-> evaluatingtofase
avoida

-> (ECan
the DT of Jin (NRS) fulfill exp- of RS ?

False : "i NRS is not a descent of RS.



Checking Dynamic Types at Runtime (2)



Use of the instanceof Operator

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

&

-

D

f
·



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

↑

V
V

-

X



Static Types, Casts, Polymorphism (3)

2
V
V

V



Static Types, Casts, Polymorphism (4)

SPE
IPBPO (IPRPro) Sp

~
~

2
~ V

.



Static Types, Casts, Polymorphism (5)

ResidentStudent

pr

Student s

-

m
↳ NO CCE !



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)

-

call by valuOgSend endant of ST of param.
rs.

: ST ofM (RS) is a descendant of ST of SS[C] (Stud.)



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



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 ??.

-

of
ancestors·7( .
2 :<

at their
xT B

&exp.)

.
↑ R.

Whatcan## ?? be to
* ... make

-X.. instanceof

&



Polymorphic Parameters (2)

-

:S

I

X

·d
.

.



Casting Arguments

sms.addRS( (ResidentStudent) s) compiles?

sms.addRS( (ResidentStudent) nrs) compiles?

ClassCastException?

ClassCastException?

ClassCastException?

void addRS(ResidentStudent rs)
downwardcast

YES

YES

No CCE.

-No neither upwardenward.



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

Y ayathttmO i
-I spoly

↓ ST: Student RS or
NRS (descendante)

↓
DTI· D

F
D



Polymorphic Return Types

Signade
~

static type of return value
↳ Polymorphism : DT of RV can

be any of the descendents
of Student

Sut



Summary: Type Checking Rules

.

↓ ~

= Y



Overridden Methods and Dynamic Binding (1)



Overridden Methods and Dynamic Binding (2)



Overridden Methods and Dynamic Binding (3)



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:

e-
##Recursora #1



Runtime Stack

Tracing Recursion via a Stack

W



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



Recursive Solution: factorial

Yet recursive

↓
no recursive call to

"

! "

recisivel

n ! =
1 if n = 0

S *Al If 13
solutioTomalea



Example: factorial(3)

Recursive Solution in Java: factorial

Runtime Stack

b

5*
2 Yas/)7

I
2

1 taxo I

~

3

3)

- W10
XXX 0 takla

I

3 A (2) 26 (1) &

~ I 2

2 * 1) (2)6
1*0) 1 I 3)



Common Errors of Recursion (1)

fac(3)
-

n * factz)

- infinitersion
2 * fx()
/

1 * fas(o)
/
0 * fas)- 1)

"



Common Errors of Recursion (2)

fas(1)

n' Yay infiniteaston !
n * fac()

"



Recursive Solution: Fibonacci Numbers

F = 1, 1, 2, 3, 5, 8, 13, 21, 34, 55, 89, …@S & Fo
Fr F6 FM

I if n=
Fa En = &1 if now
12
Ez + F3 2 Fn-1 + Fn-z if 1 3

ba! Fu two recursie!



Example: fib(4)

Recursive Solution in Java: Fibonacci Numbers

Runtime Stack

W



Use of String S =
"Hello" suiteD

0123 Slengths-
10 , -1 - > i j -"" S

. substring([ = j)
[0 =3] S

form a substring
[1 > 2] by collecting characters

in [t -j)
11

typically: [i3 j-1]T1j



For any non-null string So

given int .
[ st. 0[islength-1

S . equals (b . substring(0 ,
I (+ s . substring([ - slength(1)

P I slength
- 1

s-
1 1 I



Reversal
“abcd”

Recursions on Strings

Number of Occurrences

‘a’

‘b’

“abca”

Palindrome

“racecar”
“aracecars”
“raceacar”

“abcd”

isPCacecal)
↳
Fer &2 isPlacesa)

ex



Problem: Palindrome firstChar lastChar

↑ I
↑

isP(abcba)

a : fa &isP()
=

T

⑪ 6
ex. isP) vacecar (

ex . isP(racebar)



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

ata
↳ fragments
Trecursive

4) method.



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 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



Recursions on Strings

Number of Occurrences
“abca”

Palindrome

“racecar”
“aracecars”
“raceacar”

“abca”

Reversal
“abcd”

isPCacecal)

excC)"abca"s 'a')
↳
Fer &2 isPlacesa)

reverseof)
" Stricteraproblem ox) --G)

↳ 1 + oc(b(a)

bed + "a
xx) --'b')
↳ 0 + o (b(a)



Problem: Reverse of a String r(abc)
/

D r(62) + "a"

/

+
"

head
D ↑

tail

S-

↓ reverse
Of(tail)

E
57



Problem: Number of Occurrences "tail := "
a head tail

Y X
s- 7
head = = c -> 1 +

*

*

= head != ( -> Of
-> - O I

OCC (Gsb)
-> -O 4+

+o
8



Say a1 = {}, consider m(a1)

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

Recursion on an Array: Passing new Sub-Arrays
~

- 99

X - an...
Isubve -- .

as

↳ recursivesall

aneveShinysmaller arg a(12)-

↓

31c

time&spacena ·2)
↳ bast case # 2



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

onerangementsa
in the current--- method call
3call by value 0 -1 = - 1 1/

from to

↳ base caseIt I I
~ ~

m (a2
= 1 , 2)

↓
a 1 i /E m(a2

,
E
, 2)

↓

basecas m(92 = zaz)



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

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

Problem: Are All Numbers Positive?

Say a = {}

Say a = {4}

DP(X) = Twe] there'snowon
a

Ex P(X) = Fake]
there's no witness to show

some satisfaction

-> Glength
- I

allP(a
,
0
, 3)

0123

↳90] >0 allP(
,
1
, 3)=

-ftos Rits



Problem: Are All Numbers Positive?

recursivepubli - helperenod
o

private

from from +1 to

a- DI I

78



Tracing Recursion: allPositive

Say a = {}

allPositive(a)

allPH(a,0,-1)

I



Tracing Recursion: allPositive

allPositive(a)

allPH(a,0,0)

a[0] > 0

Say a = {4}

I

I



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

"T
-



Tracing Recursion: allPositive

allPositive(a)

allPH(a,0,3)

allPH(a,1,3)

allPH(a,2,3)

a[0] > 0

a[1] > 0

a[2] > 0

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

I

-- &
5

& &

tes
,/
& &&

Short-circutsectiontrut
: False
Do & bypassed



- non-ascending ?

non-descending i j
GE]

! a[j]

= (a[] ]a[j])
= aTi] = a[j]



Problem: Are Numbers Sorted?

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

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

Say a = {}

Say a = {4}
from

isSorted (a
=
0, 3)

00
:

aTo] < aT] & isSorted (Gs 1
, 3)



Problem: Are Numbers Sorted?



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]

Of

I

-- -
&

/
bypassed

6 = 5

Ede



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

#
- intermedia

# #
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

# p2 p3
from

·
recursive helpermethod pegs E

-> only ou to move

↓
2 3

.

33 from to-1 to
...

&

pl p2p3 pp2p344243~ ~
OVT des ori des OVT des



Tower of Hanoi: Tracing

ds Dis originalzolen
I

ori des. subproblem
tohlt (ds

,
0
- 2 > 41 ,)

# (

subproblem
intermediate # 2

intermediate

tohH(ds
,
O
.

1
> 41 , phsoveC : pltop3 toUH(ds

, Oc1sp2 > P3&es
DtohH(ds@s&< Pl , p3) -> more A : pl to ps ⑮

⑯
② more B : pl to p2 Exercise &
& tohit [ds , 0 , 0 , R3a(2) - more A : 43 to

I-

pl



Tower of Hanoi: Tracing



Running Time as a 
Recurrence Relation

Tower of Hanoi: Running Time

T(1) =
T(n) =

-

n-I
# unfoldings

Try

Tn-1)
I

Tcny = 2 . Tcr - 1 +1
T(n - 1) Bea

(-1+

+ 1 + 14 + (n-1

2 33 + 3 = 2 . (2 . 2... 1)+ - 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 testnotfall



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


