EECS2030 Fall 2021
Advanced Object-Oriented Programming

Lecture Notes

Instructor: Jackie Wang




Lecture 2a
Part A

Exceptions -
Caller vs. Callee in a Method Invocation
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Lecture 2a
Part B

Exceptions -
Visualizing a Method Call Chain as a Stack



Visualizing_a Call Chain using a Stack

f%\‘@*‘g >

A
A
Qz (SIS)
5

call stack



Lecture 2a
Part C

Exceptions -
Error Handling via Console Messages



Error Handling via Console Messages: Circles

class Circle {
double radius;
Circle() { /* radius deéiaﬁts to 0,/ }

1desmRadius ;double ¥)
TR System.out.println

elsé({ radius = ¥ }
})7 C' .’RQ

double getArea() { return radius * radius * 3.14; 1}

}
m \/\J
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class(CircleCalculatorf{
pub tatic void ma“in (String[] args) {
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Error Handling via Console Messages: Banks

context

if (S
}

if (a <

}
}

caller

class Account {
int id; double balance;
Account (int 1id)
void deposit (double a) {

0) { System.out.println( "Invalid deposit." ); }
else { balance += a; }

void withdraw(double a) ({
0 || balance — a < 0) {

System.out.println( "Invalid withdraw." );
else { balance -= a; }

{ this.id =

id; /* balance defaults to 0 =/ }

call stack

-

}

class( Bank {

1fcount[] accounts; int numberOfAccounts;

(int 1d) { «ue }
void (withdrawFrom(int id, double a) {
for(int i = 0; i1 < numberOfAccounts; 1 ++) {

Fhw« if (accounts[i].id == id) {

accounts|[i] .withdraw( a );

class| BankApplication ({
pubic static void main(String[] args) {
Scanner input = new Scanner(System.in);
Bank b = new Bank(); Account accl = new Account (23);
b.addAccount (accl) ;
double a = input.nextDouble();
b.withdrawFrom(23, a);
System.out.println("Transaction Completed.");




Lecture 2a
Part D

Exceptions -
When an Exception is Thrown,
The Catch-or-Specify Requirement



What to Do When an Exception_is Thrown: Call Stack

{EN h ZD&W/ Method where error occurred and an
s hﬁ\ exception object thrown 7
{W wie e/h (top of call stack) 4
throws an '
exception ) -
(SFEC("\ a?('m/l Clh!a
Method without an exception handler
forwards/
propagates 4.
an exception . /‘“{, e/ h
7 e

catches an ‘

Method with an|exception handler

exception ([‘atdfl opter  (NosN

main method
' ‘ (bottomrof call stack)
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Catch-or-Specify Requirement

The “Catch” Solution: A t ry statement that catches and
handles the exception
(without propagating that exception to the method’s caller ).

) |

Circle ¢ = new Circle()
try | l‘”‘] e JT‘
|setRad1us( ﬂﬂ ﬁH

}
catch (NegativeRaidusException e) {

main (...

The “Specify” Solution: A method that specifies as part of its

header that it may (or may not) throw the exception
(which will be thrown to the method’s caller for handling).

class Bank {
Account[] accounts; /* attribute x*/
void withdraw (double amount)
throws InvalidTransactionException {
| accounts([i]. Withdrawkémount»;l
~—~

}

}




Recap of Exceptions

- Catch-or-Specify Requirement

Normal Flow of Execution Abnormal Flow of Execution

... /* before, ouside try-catch block */

try { yo eXepten nWag trvowrl
/* may throw SomeException ¥/
... / * rest of try-block */

... /* before, ouside try-catch block */
try { e o W& Thowr]
lo.m(...)] /* may throw SomeException|*/
.. / * rest of try-block */

catch (SomeException se) {
... /* rest of catch-block */

T
... /X after, ouside try-catch block */

s
catc%( SomeException se) {
.. /% rest of catch-block */

/ * after, ouside try-catch block */

When the exception does not occur When the exception occurs



Lecture 2a
Part E

Exceptions -
Example: To Handle or Not to Handle?



context| caller |callee

Example: To Handle or Not To Handle?

class A {
ma (int 1) {
if(i < 0) { /* Error =/ }
else { /+ Do something. #*/ }
}

meg_\,\
S
R
oo
&

}

aVersion 1:
class( B { Handle it in B.mb
mb(int 1) { Version 2:
A oa = new A(); Pass it from B.mb and handle it in Tester.main
oa.ma(i); /+ Error occurs if i < 0 =/ jVersion 3:
} ol Pass it from B.mb, then from Tester.main, then throw it to the
console.

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

Scanner input = new Scanner (System.in);

int i = input.nextInt();

B ob = new B();

obfmb\(i); /* Where can the error be handled? x/

}

class NegValException extends Exception {
NegValException(String s) { super(s); } Z:zm, Wi

}




Method A.ma causes an error and an

Version 1:
NegValException object is thrown
Handle the Exception in B.mb thiEeisian method call
i exception
Method B.mb chooses to handle the error
catches an right away using a try-catch block.
exception
method call
Method Tester.main method
class A { need not worry about this error.
ma (int i) throws NegValException {
if (i < 0) {|throw new NegValException("Error.")} }
else { /+ Do something. */ }
bl
class B {
mb(int 1) { [D’IPPF o’ ,{H[E
A oa = new A(); 7
ery {[camaiq )
catch (NegValException nve) { /% Do something. =%/ } é
) M fodli
class Tester | #P F E
public static void main(String[] args) { A A A
Scanner input = new Scanner (System.1in);
int i = input.nextInt(); / M MAIW

B ob = new B();

/* Error,
}

ould have been

dled in B.mb. A/OPJ‘ ’ff M bm

}




Version 2:
Handle the Exception

in Tester.main

class@{

int 1)

throws NegValException {

throws an
exception

forwards/
propagates
an exception

catches an
exception

if(i < 0) {

row) new NegValException("Error.") ;| }

else { /+ Do sqafething.
b

*/ '}

L eue

Pt thowm

Method A.ma causes an error and an
NegValException object is thrown

method call

D

Method B.mb chooses not to handle the
error and propagates it
to its caller (i.e., Tester.main).

Q
\

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

> method call

v

A oa = new A();

oa.ma (1 J Ad\
| (1) M\l[fe fhvo‘-'

class{
¢ .1nt i) throws NegValException {

bt P
] -

class Tester {

public static void main(String|]

Scanner input -
int i = input.nextInt
=B ob
try

catch

ob.mb (

ceptlon nve) {

args) {

new Scanner System 1n

ke 4 ’my

/* Do some

ething.




Version 3:

Method A.ma causes an error and an
NegValException object is thrown

Handle in Neither Classes on Call Stack | trowsan

exception

forwards/

Method B.mb chooses not to handle the
error and propagates it
to its caller (i.e., Tester.main).

> method call

propagates
an exception

forwards/
propagates
an exception

Method Tester.main method
chooses not to handle the error, so that
this NegValException is propagated
further (i.e., thrown to console).

> method call

class A {
ma (int i) throws NegValException {
GE (0 ‘<em {lthrow new NegValException("Error.")1 }
else { /+ Do something. =/ }

by L whoo e m/’fﬂ a

2

[4
class B {
(mb(int i) throws NegValException {
A oa = new AL

\ i
fosia)

b3

\-b~‘ -

class Tester {
public static/void main(String[] args) throws NegValException {
Scanner input = new Scanner (System.1in);
int i = iAput.nextInt();

B ob =/réw B();
i);

P
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Lecture 2a
Part F

Exceptions -
Error Handling via Exceptions



Error Handling via Exceptions: Circles (Version 1)

public class InvalidRadiusException extends Exception {
public InvalidRadiusException(String s) {

super (s) ;

}

class Circle {
double radius;

Circle() { /+* radius defaults to 0 */ } fw
void setRadius (double r) ghrows J[nvalidRadjusException { ”hovf
if (F < 0) { =<

throw new InvalidRadiusException("Negative radiusl "}

4 3
else { radius = r; }

}

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

\

class (QircleCalculatorl {

publié static void main(String[] args) {
cirdle ¢ = new Circle();

ryJ {

lc.setRadius (=10) j

double area = c.getAreal();

System.out.println("Area: " + area);

}

catch (InvalidRadiusException e) {

System.out.println(e);

}




Error Handling via Exceptions: Circles (Version 2)

Test Case:
User en’rers@
Then user enters

public class InvalidRadiusException extends Exception {
public InvalidRadiusException(String s) {

super (s) ;

}

class Circle {
double radius;
Circle() { /* radius defaults to 0 =%/ }
void setRadius(double r) throws InvalidRadiusException {
if (r < 0) {
throw new InvalidRadiusException("Negative radius.");

}

else { radius = r; } public class CircleCalculator2 {
} public static void main (String[] args) {
double getArea() { return radius % radius * 3.14; )}l =>Scanner input = new Scanner (System.in);

—> boolean inputRadiusIsValid =

whil utRadiusIsValid) {

ystem.outTprIint.ln("Enter a radius:");

double r = input.nextDouble();

Circle@ new Circle(); [O

txyc. setRadius(r) ;Z%' b
inputRadiusIsValid = true;g

ystem.out.print ("Circle with radius " +®; ‘?/‘Fv

ystem.out.println(" has area: "+ c.getAreg(Q)s }

K catch(InvalidRadiusException e) { print ("Try again!");

}




Error Handling via Exceptions: Banks

public class InvalidTransactionException extends Exception {
public InvalidTransactionException(String s) { Bank

super (s) ;
o 1,20 1 O 1 e b.accounts.lenth - 1

} accounts f\ﬂ
V4

class Account { e'aeer
int id; double balance; .
Account () { /+* balance defaults > 0 %/} 2
void withdraw(double a) throws InvalidTransactionException { 04 accl
if (a < 0 || balance - a < 0) { A_ccounf
throw new InvalidTransactionException I"Invalid withdraw. "I IR
else { balance -= a; } — id 23
) Z class Bank { |
) Account[] accounts; int numberOfAccounts; bal. 0
Account (int id) { 2?
void withdraw(int N ®double a) {»vom
throws InvalidTransactionException { fﬂ‘
for(int i = 0; i1 < numberOfAccounts; 1 ++) { ex’ A “f l\fﬁ alq}
if (accounts[i].id == i‘w/\___’.? m I
4 : , -
/> accounts|[i] .withdraw(a) ; Z
it
: . o o
\ /% end for +/ } class‘ BankAp_pllca.tlon ‘{ - >M M”K"h‘
pubic static void @main(String([] args) {

Bank b = new Bank(); f
Account accl = new Account (23); 74' /ﬂ / j
b.addAccount (accl);

Scanner input = new Scanner (System.in); ﬂr N?// #

double a = input.nextDouble();

Test Case: ey W{ithdmw® N /70/74‘1?9/ é)
2 yo007 -

User enfer System.out.println(accl.balance); }

catch (InvalidTransactionException e) {
System.out.println(e); } } } l




Lecture 2a
Part G

Exceptions -
More Examples



More Example: Multiple Catch Blocks

é}\
double r — . <243
Test Case 1:

b.deposit (34, 100);

wi «Me@
Circle ¢ = new_Circle(); N
X| c. setRadius (r)sr—) AIKE' T =

.\
9§/stem out.println(r.getArea());

FcatchgNegatJ.veRadJ.usExcegtJ.on eE {

System.out.println(r + " is not a,valid radius value.");

X| e.printStackTrace(); ;

} 4

r—catch (InvalidTransactionException @ {

x System.out.println(r + " is not a valid transaction value.");
@.printStackTrace() =

}

Bl

‘aq-\ -




More Example: Parsing Strings as Integers

Scanner input = new Scanner (System.1in); Test Case:
boolean validIinteger = false; -
yhile (HCEEER | User Enters: fwenty-three
%System.out.prinﬂ‘nf("Enter an integer:");
String userInput = input.nextline Pl
[ptry &) —J “W, jﬁ#’ Va2 NFE

b bt -2
int gszrlnTege? = |[nteger.parselnt (userlnput) ;|

.évalidInteqer @ L ;vud thow AIFE

Scatch (NumberFormatEKception e) {
eSystem.out.println(userIngut + " is not a valid integer/");

x /% validInteger remains ﬁ%\l’&%*ﬂwew

}
Ay




Lecture 2b
Part A

Test-Driven Development (TDD) -
Counter Problem, Review on Exceptions



Review: Specify-or-Catch Principle

Approach 1 — Specify: Indicate in the method signature that a
specific exception might be thrown.

Example 1: Method that throws the exception W 7’f
7 v
class { o
voidS%%Xint x) | throws ValueTooSmallExceptioH {
at(®= = ) |
[throw new ValueTooSmallException("val " + x)|;
} 5 hondl an arver

}

} L whee te CUEptal ¥ mﬂm@/

Example 2: Method that calls another which throws the exception

7%’#7*

throws ValueTooSmallException

cdmt % md—ov' %




Review: Specify-or-Catch Principle

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

class C3 {
public static void main(String[] args)
Scanner input = new Scanner (System.1in);
int x input.nextInt () ;
new c2();

catch Valu ooSmallExceptlon e) { .
Lammo?aﬂeyfﬁé&?’t""
Lowtp P

NWUE wdll ot b pep4 fﬁv‘fhef




A Class for Bounded Counters

Yio VI8P
public class Counter L///;7
public final|staticefint MAX VALUE

public final|static|int MIN VALUE =

07

& ALESS then K@

A pietE %‘f?('(‘

Janke 3

private int value;
public Counter () {

}

return value;

}

. /* more later!

this.value = Counter.MIN_ VALUE;

public int getValue()

3.,” Mﬂ?/.dfd%_
3 s

M

J

{ o)
V) =

U

w(()
L yle

*/

o308’

ol
Ex N&ﬁ!

* Q

QL
ok O udie 7L

v

/* class Counter =/

public void increment()'throws ValueTooLargeExceptionl{
'é£;alue Counter.MAX VALUE) {
throw new ValueTooLargeException("counte} value is " + value);
/} < >9
else { value ++; }

L X

v01d Jecrement )|throws ValueTooSmallExceptiod {
lue Counter.MIN VALUE) {

hrow new ValueTooSmallExceptlon("counter value is " + value);
L4

lf; else { value =5 }

}
}




Lecture 2b
Part B

Test-Driven Development (TDD) -
Manual, Console Testers



Manual Tester 1 from the Console

O©oONOOOTPhWN =

I QT GRS G 3
whnhh—=O

O©OoONOOTH WN =

—_ ik
wWwnN = O

public class CounterTesterl {
public static void main(String[] args) {
Counter ¢ = new Counter();
> println("Init val: " + c.getValue()
2 trvod Lreet > YTSE thoun 4 e’ffﬁm{
< - [

X prlntln("Error ValueTooSmallException NOT thrown.
}
—>catch (ValueTooSmallException e) {
_> println("Success: ValueTooSmallException thrown.");

}

} /+ end of main method #*/

rl =/

} /*+ end of class CounterTest

0]

public class CounterTesterl {
public static void main(String[] args) {
Counter c¢ = new Counter();
println("Init val: " + c.getValue());

try {
c{decrement)() ;
println("Error: ValueTooSmallException NOT thrown.");

}
catch (ValueTooSmallException e) |
println("Success: ValueTooSmallException thrown.");
}
} /* end of main method */

T

} /* end of class Counterl /

esterl */

What if decrement is
implemented correctly?

Expected Behaviour:

Calling c.decrement()
when c.value is O should

trigger a ValueTooSmallException

What if decrement is

implemented incorrectly?

e.g., It only throws VTSE
when cwvalue < O




Running Console Tester 1 on Correct Implementation

public void decremgnt () throws ValueTooSmallException ({
aif(value == Counter.MIN VALUE) {
bthrow new ValueTooSmallExcepti ("counter value is " + value);

}

else { value ——; } L? 'H]MM A$ er

}

public class CounterTesterl {
public static void main(String[] args) {
—> Counter ¢ = new Counter(); -
—> println("Init val: " + c.getValue());
> try { o
> C.decrement();
X println("Error: ValueTooSmallException NOT thrown.");
>}
— catch (ValueTooSmallException e) {
—> println("Success: ValueTooSmallException thrown.");
-}
2} /* end of main method +*/
P} /% end of class CounterTesterl x/

]
2
3
4
53
6
4
8
9




Running Console Tester 1 on Incorrect Implementation

public-?oid decremee;() throwiﬁfélueTooSmallException {
> if (value *‘Counter.MIN VALU.
Xthrow new ValueTooSmallException("counter value is " + value);
}
_?else { value -—; }

}

public class CounterTesterl {

public static void main(String[] args) {
—> Counter c¢ = new Counter();
gprintln("lnit Vedis " & @ qetValue())

>try | fh"*’
> cldecrement ]% MT > (‘ @_

.% printlin ("G allException NOT thrown.");
=3
X catch (ValueTooSmallException e) {
X println("Success: ValueTooSmallException thrown.");
X}

—~} /* end of main method */

D} /+ end of class CounterTesterl =*/

]
2
3
4
5
6
4
8
9




Manual Tester 2 from the Console

C

Tes

\Y,

ase

3_

- Nothing unexpected occurs.

- Everything expected occurs.

Test Case 1
1 |public class CounterTester2 ({
2 public static void main(String[] args) {
3 Counter ¢ = new Counter(); Test Case 2
; n . " .
g fi;nfln( Current val: + c.getValue()); VTLE L01' thrown as expecfed
6 c.lincrement(); c. 1ncrement s Ghe 1ncrement()
7 e — = 0 L0300 5l Y SR ) v = gelk e e et
8 try W
s | /2
10 prlnt nJError: ValueTooLargeExceptlon NOT thrown. "l;
11 /* ghd of 1nner try *
12 catch (ValueTooLargeException e)
13 printin("Success: ValueTooLargeException thrown.");
14 } 7 —end Ofmmtch */
15 Viluwond O OWter try =/
16 catch (ValuéTebLargeException e) {
17 println('Error: ValueTooLargeException thrown unexpectedly.");
18 } /* end of outer catch */
19 } /» end of main method x*/
20 |} /* end of CounterTester?2 class */




Running_Console Tester 2 o@mplemenfaﬁon 1

i
else { Valgeﬂ

publi% vg&d increment ()
if (value Counter . MA

hrows ValueTooLargeException ({

ter value is " + value);

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

—> Counter ¢ = new Counter(); P4
_9puintln("Current val: " + c.getValue());

».t]@ (
~ | & increment () ; FC. increment ()J7” c.increment (N;
[ ) ;

rintln(" val: " + Val

{ >
Cigroremend)) ;

printlin("Error: ValueTooLargeException NOT thrown.");

} /* end of inner try =*/
atch (ValueTooLargeException e) |
=YprintIn("Success: ValueToolLargeException thrown.");

} /% end of inner catch x/
—=»} /% end of outer try x/

W eatgh (ValueTooLargeException e) |
74 ValueTooLargeException thrown unexpectedly.");

println("Error:;

X'} /x end of outer catch */
=} /+ end of main method */

} /* end of CounterTester2 class */



Running_Console Tester 2 on ( ) Implementation 2

public Uroid ijicrement () throws ValueTooLargeException {
if (value |#Counter. MAX_VALUE) |
’éythrow new ValueToolLargeException("counter value is " + value);

}

else { value ++; }

} public class CounterTester2 {
public static void main(String[] args) {
—>Counter ¢ = new Counter(); O
println("Current val: " + c.getValue());
try {
_> C& incrément ()% Kc. increment () ;Kc. increment () ;
println("Curreht val: " + c.getValue());

c.increment () ;
println("Error: ValueToolargeException NOT thrown.");
} /% end of inner try =/
catch (ValueTooLargeException e) {
println("Success: ValueTooLargeException thrown.");
| .} /* end of inner catch x/
X} /+ end of outer try x/
tch (ValueTooLargeException e) {
2 println("Error: ValueToolargeException thrown unexpectedly.");
=¥} /+ end of outer catch =/
ﬁ}} /% end of main method */
} /* end of CounterTester2 class */

O OO NOOOTA~WN =




Running_Console Tester 2 on (Incorrect) Implementation 3

publ jrepveid=—greremenipE—threws=ValueTooLargeException {
if{vdiue ¥ Lounter” MAX_VALUE) {
throw new ValueTooLargeException("counter value is " + value);

}
else { va}ué>ﬁ§:
253

public class CounterTester2 {
public static void main(String[] args) {
-2 Counter ¢ = new Counter();
j>println("Current val: " + c.getValue());
Ko a1 A
lc.increment();‘c.increment();,c.increment();
> println("Current val: " + c.getValue());
Sty | 3
_%>c.increment();
— println("Error: ValueTooLargeException NOT thrown.");
>} /% end of inner try %/
catch (ValueTooLargeException e) {
X’ println("Success: ValueTooLargeException thrown.");
} /+ end of inner catch =*/
>} /* end of outer try */
fcatch (ValueToolLargeException e) {
X| println("Error: ValueToolLargeException thrown unexpectedly.");
} /* end of outer catch */
—} /* end of main method */
} /* end of CounterTester?2 class #*/

OCO~NOUTAWN =




Exercise

Question. Can this alternative to ConsoleTester2 work
(without nested try—-catch)?

public class CounterTester? {

public static voi@tring[] args) | >
Counter ¢ = new Coulfter(); : Mﬁl ©
'println("Current val: " + c.get%ﬁg) )(UTZE

try { 4

[ 4
c.lincrement () ; Iciincrement () ;XC. increment () ;

)Cprintln("Curren val: " + c.getValue());

catch (ValueToolLargeException e) {
10 println("Error: ValueTooLargeException thrown unexpectedly.");

. . o oA o R lomtes obert
s | e 0 o~ this ol +;szf gl o
14 princtln Tror: ValueTooLargeException NOT thrown."); M % ‘-:70

OCoONOOOTHAWN =

15 |} /* end of inner try */

16 catch (ValueTooLargeException e) {

17 l’ println("Success: ValueToolLargeException thrown."); %BJP M; Mo
18 } /* end of inner catch */ :_
19 ~/+ end of main method */

20 } /* end of CounterTester? class

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



A Manual, Iterative Console Tester

import java.util.Scanner;
public class CounterTester3 ({
public static void main(String[] args) {

Scanner input = new Scanner (System.in);
= new Counter();

String cmd = null; |Counte1~:j

boolean userWantsToContinue = true;

while (userWantsToContinue) {
printla("Bnter \ine\",; “Mdea\";
cmd = input.nextLine();

or \"Val\":");

try {
7 if(cmd.equals(figzja) { c.increment () ; }
else if(cmd.equafs(ﬂ@ésﬁ) { c.decrement () ; }
else if (cmd.equals ({Val'?) { println( c.getValue() ); }
else { userWantsToCoR%inue =\falsey printlin("Bye!"); 1}

} /*x end of try =/
7}

catch|ValueTooLargeException e){ println("Value too big!");

catch|ValueToosmallException e){ println("Value too small!");
g .

} * end of while x*/

} /% end of main method x*/
} /% end of class CounterTester3 x/




Lecture 2b
Part C

Test-Driven Development (TDD) -
Test Cases for a Bounded Variable



Coming Up with Test Cases: A Single, Bounded Variable

) c.increment()
> ¢.getuen

remen'r()



Lecture 2b
Part D

Test-Driven Development (TDD) -
JUnit Testing via Assertions



A Default Test Case that Fails

The result of running a test is considered:
o Eailure if either

e an assertion failure (e.g., caused by fail, assertTrue,

assertEquals) occurs; or

e an unexpected exception (e.g., NullPointerException,

ArrayIndexOutOfBoundException) is thrown.

o~ Success if neither assertion failures nor unexpected exceptions

TestCounter.java &3

1 package tests;

2=import static org.junit.Assert.*;
3 import org.junit.Test;

4 public class TestCounter {

Se @Test
6| public void test(Q {
7 /. fail("Not yet implemented™)l:

Xf%k ) Ldo vwf‘ﬂ?"g |



Examples: JUnit Assertions (1)

Consider the following class:

class Point {
int x; int y;
Point (int (x) int @ { this.x = x; this.y = y; }

int getX() { return this.x; }
int getY() { return this.y; }

}
Then consider these assertions. Do they pass or fail?

%ﬁ"‘”ﬂr@@}”e%

FouhE Di
assertNull (

)i

-/ssertE o< ; X /# NullPointerException #*/
‘%J/assertTrue o)== null -i?x
//assertFalse m X @
assertEquals (3, p.getX());. Vv

assertTrue (p.getX() == 3 p.getY() ==4);




Examples: JUnit Assertions (2)

Consider the following class:

class Circle {

double <§§ius;>
Circle(doublé radius) { this.radius = radius; }

int getArea() { return 3.14 x radius x radius; }

}

Then consider these assertions. Do they pass or fail?

Circle c = new Clrcl(/lp W@

assertTeoue (36.2984, c. qe/Area 0.01 v

L;Aaw/

’ > Laglp
ek 24




Lecture 2b
Part E

Test-Driven Development (TDD) -
Automated, JUnit Test Cases



JUnit: Where an Exception_is Not Expected

1 §@Test

2 fpublic void testIncAfterCreation() { ﬁlﬂﬁ{d~ S .

3 Counter ¢ = new Counter(); AA What if increment is

4 B |assertEquals (Counter.MIN VALUE, c.getValue()) ;| . l ted tHy?

5 | ezy implemented correctly?

6 .increment ( WLE Mpft (A

il quals c.getValue TW

8

9 atch@ 7 ueTooB1 gExceptlo> F’MC [ g

10 / * Excep ion 1s not K@“ted *o be thrown. =/

11 -9 ("ValueTooBigException is not expected.")’; 2 fzaup WMI

iy ) atd & Akl

13l vPoch: fh?;(‘%?mms'VTLEW 'fﬁa{Oa”/W % p
A

1 B @Test

2 flpublic void testIncAfterCreation() { . |

3 Counter ¢ = new Counter(); What if decrement is

4 assertEquals (Counter.MIN_VALUE, c.getValue()); . .

5 try { implemented incorrectly?

6 .increment () ;

1 CssertEquals(l, c.getValue()); e.g., 11' Only fhr'OWS VTSE

8 }

9 atch (ValueTooBigException e) { When C.leue < O

10 /% Exception 1s not expected to be thrown. x/

11 fail ("ValueTooBigException is not expected.");

12 }

13 |}



JUnit: Where an Exception_is Expected (1)

JUnit Test

@Test

try {
c.decrement () ;

}

O©oOoONOOPAWN =

Console Tester

public void testDecFromMinValue () |
Counter c¢ = new Counter();
assertEquals (Counter.MIN_VALUE,

/%7 fail ("ValueTooSmallException is expected.");

catch (ValueTooSmallException e) {
‘;7/* Exception is expected to be thrown.
t

O©ooNOOOP~,wWN =

c.getValue());

by

public class CounterTesterl {
public static void main(String|]
Counter c = new Counter();
println("Init val: " + c.getValue());
try {
c.decrement () ;

’47 println("Error: ValueTooSmallException NOT thrown.");

}

args)

catch (ValueTooSmallException e) |
println("Success: ValueTooSmallException thrown.");

}
} /% end of main method x/
} /% end of class CounterTesterl x/



JUnit: where an Exception_is Expected (2)

1 Blpublic class CounterTester2 {
2 public static void main(String[] args) {
ConSOIe Tes*er 3 Counter ¢ = new Counter();
4 println("Current val: " + c.getValue());
5 try {
6 c.increment(); c.increment(); c.lincrement();
7 println("Current val: " + c.getValuel());
8 try {
9 c.increment () ;
10 println("Error: ValueTooLargeException NOT thrown.");
11 } /% end of inner try */
12 catch (ValueTooLargeException e) {
13 println("Success: ValueToolLargeException thrown.");
14 } /% end of inner catch x*/
15 } /+ end of outer try x/
16 catch (ValueTooLargeException e) {
@QTest 17 println("Error: ValueTooLargeException thrown unexpectedly.");
public void testIncFromMaxValue() { 18 } /+* end of outer catch */
Counter c = new Counter(); 19 } /% end of main method x*/

try { 20 @} /* end of CounterTester2 class */

&2 1ncrement(); c.lincrement(); c.increment (

s ““27” JUnit Test

[~ al Va ueTooLargeExceptlon was thrown unexpectedly.':),l

assertEquals (Counter.MAX _VALUE, c.getValue(), ; # ﬁ

o] [ !-“h% _{ 7 He Alatmn T
b E - : 70,

13 a.:il.;ff\e/':fgeTooLargeExceptlon was NOT thrown as expected/"); {@ gﬂfﬂf zzﬁ ,%‘d

15 catch (ValueTooLargeException e) { { - M /
16 >/* Do nothing: ValueToolargeException thrown as expected. x/ m( +ﬁ/‘¢’(m@ R‘? ~
17 }

el D> gt gestf

—_
OCWOoONOOOAWN =




Exercise

@Test
public void testIncFromMaxValue() {
Counter c = new Counter();
try {
c.increment(); c.increment(); c.increment();

Why is the JUnit test

logically correct
bu.l. fhe' ConsOle Tesi_er iS nOf? 10 ;ssertEqualsL?ComX_VALUbl,—g ge‘gtv(tag
Pl T h e et o te ot metted

13 fail("ValueTooLargeExcep ion wag NOT throyn gas expected.");
14 } %{
15 n e)

}
catch (ValueTooLargeException e) {
|fail("Valu_eTooLarg.eException pas thrown unexpectedly.")l

O©COoONOOhA~WN =

) Zm
catch (ValueToolLargeException e) {

1 ‘7 prlntln("Error ValueTooLargeExceptlon thrown unexpectedly "I a_{
1 ﬁ!of
12 try { g e@w(’ *"“ l_ﬂe A’zfl M

13 . increment (
14 W/ println("Error ValueToolLa Exception NOT thro 4 PM W
15 /* end of inner try */ P, "Ke }ejf M

1 public class CounterTester2 { catch (ValueTooLargeExcep

2 public static void main(String[] args) { 16 /% Do nothing: ValueTooLa rgemxceptlon thrown as expected. =*/
3 Counter ¢ = new Counter(); 17 }

4 println("Current val: " + c.getValue()); 18 N}

5) try {

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

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

8

9

0

16 catch (ValueTooLargeException e) {
17 println("Success: ValueToolargeException thrown.");

18 } /* end of inner catch */ / ﬂn /W’&'{
19 } /* end of main method */
20 } /* end of CounterTester2 class */

= N0 q el ¢ 61 L ¥hWewv Wi NVETZ 0 >

‘?



Exercise

Q: Can we rewrite test IncFromMaxValue to:

1 QJQ@Test

2 Ppublic void testIncFromMaxValue () {

3 Counter ¢ = new Counter()

4§ try | m

9 C.increment ( /Exp /4 —
6 . increment ( gqﬁ[«% ?J\" AJ” (W

7 c.lncrement () -

8 assertEquals (Counter.MAX VALUE, c.getV.

9 .increment () ; l Z

10 fall("ValueTooLargeEXf:eption was NOT thHrown as expected.");

11 ﬁmio( EM
12 catch (ValyeTobLargeException e)@
X o

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




Voo

Testing Many Values in a Single Test

Loops can make it effective on generating te

|
411:[_‘, 7

cases.

i ++) {

D«

1 QTest

2 WM public void testIncDecFromMiddleValues() {

3 Counter c¢ = new Counter();

4 'l-v':r I n I 7

5 for(int i = Counter.MIN VALUE; i < Counter MAX VALUE;
6 intqéﬂ?;;;ﬁ%%%ZE = c.getValue()’;

i _ lc.increment () j .

8 w”assertEquals(currentvaluq-k17 c.getValue());

9 } =~ 3 2

10 for(int i = Counter.MAX VALUE; i > Counter.MIN VALUE;
11 int currentValue =¢£.getValue();

12 |c.decrement () {

13 assertEquals(currentvalue(::2, c.getValue());

14 } v

15 }

16 catch (ValueTooLargeException e) {

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

19 catch (ValueTooSmallException e) {

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

I\
N

}

bt
3

A S



Lecture 2b
Part F

Test-Driven Development (TDD) -
Regression Testing



Test-Driven Development (TDD): Regression Testing

L> the ,79{' "{: Jix the Java class under test
st elhstsnptien’s hensome el 3
N yi3 -
MM .khe Mﬂ& extend, C elases NL"() :
d“,‘ Java Classes £ 7 he're/
@FKMVP" { (e.g., Counter) W e /- ‘fM 3

JUnit
junit test ca%' Framework

/el '
(> ) =
(re-)run as,){ '

when all tests pass

add more tests




Lecture 3
Part A

Object Equality -
To Override or Not to Override



The equals Method: To Override or Not?

public class] Object
v

public boolean equals(Objecl@bj &
"M

retuen this |;=_|ob'; e
’(’(x J yg//Z/&A[PS ladbless
W of ths ool 2

public class PointV2 {
private int x; private int y;

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

this.y = y; dﬂ“,sm

}b

b
if(obj == null) { return false; } :
if(this.getClass() '= obj.getClass()) { return false
Point other = (Point) obj;
return this.x == other.x
&& this.y == other.y;




Lecture 3
Part B

Object Equality -
Version 1: Default equals method



The equals Method: Default Version

public class ObJect

retuen t

A
I'T &
\\aﬂé\ex ’re%s rZ

public class PointV1 {
private int x;
private int y;

public PointV1 (int x, int y) {

this.x = x;
this.y = y;
b
¥

publlc boXean eqtals( Object difj) {

— —

- QWO NOCOTPA~,WN =

— "(2’ 3)";

PointVl‘bl

PointVl p2’
PointV1l @3 =

System. out

System. out.
System. out.
System. out.
System.out.
System. out.
System. out.

v
PointV 1

X172
B

= new PointV1(2,

= new POinthﬁZ’
= new PointVI(4
.prlntln(pl == p2),

Pttt al"

2 PointV1

X|Z
- =
/"-) "(24‘3>l,

+ false */

false */
/* true x/

N W, /*x false x/
* false =/
/% false */
/* false */

Qdamnt

PointV1




Lecture 3
Part C

Object Equality -
Version 2: Overridden equals method



Ttz ]7| - @) Kl (-);

The equals Method: Overridden Version L

.3&&!4[) [:Z :

v\ ol - qete () th’
d ? o JeQ’rends| V‘QMMS m:t/
AA (

public class PointV2 { ., 7
private int X; 4&*‘%‘&@ s @
private int y) 7l g

e. -
public PointVZ (int x, ink v\ \ ) a/\
M l B?b" boolear. equalstObiecthobilfi{ |:lj£ffpl A
] f(this == obj)\ return trde;
{ i{ ~pif(obii=="null) {\return false; } ”hﬁt W?ﬂ lZfF M

if(thisfgetClass() |! = objerCiassr)) { return false }

%, Point(ther = ( Pointi)ob; Ao/lfﬂt Ject o

return this.x == other.x

/]
b- e this.y == other.y; DOY:



The equals Method: Overridden Version

Example 1

public class Object { 1 @string s = _"(2, 3 ";
2 BPointVv2 pl/=|new PointV2(2, 3)j
public boolean equals(Object obj) { 3 §PointV2 p2°= new PointVZ(2, 3);
retuen this == obj; 4 WPointv2 E = new PointV2(4, 6);
S 5 B System.out.printAn(pl == p2); /* false */
S 6 B System.out.printlh(p2 == p3); /* false */
7 BSystem.out.println{plliequals(pl)) ; /* true x*/
8 fl System.out.printlh(pl.équals(null)); /+ false =
9 f System.out.printlh(pl.equal ); /* false x/
ex‘l’ends 10 System.out.prlntli( i /x true */
11 f System. out. ; /+ false */

public class PointV2 {
private int x;
private int y;
publlc PointV2 (|nt X, inty) {. %4
an Aguals(Objec

1 J. getClass()) «return false }

—IPoint thgr = (PointWobj;
” return THISHG == Otherx’
&& this:y- yo= othery,

y - _J

Z

é




The equals Method: N R
1 i 2 | PointVl pl = new PointV1(2, 3);
R 3 | PointVl p2 = new PointVI1(2, 3);
TO Overrlde or Nof? 4 | PointVl p3 = new PointVI1(4, 6);
hd 5 System.out.println(pl == p2); /+ false */
6 | System.out.println(p2 == p3); /* false #/
7 System.out.println(pl equals (pl )),‘ /* true */
8 System.out.println(pl equals(nu /* false *
= - 9 | System.out.println equals(s)
public class Object { 10 | System.out.printl g als(2 + false *l
11 || System.out.println(p equals (p3 alse x/
public boolean _equails 1 [String
A . i s =
retuen thlse ob s leciene = -
+ ?' 3 | PointV2 p2 = new o:Lnt 3
} 4 fPointV2 p3 = new Po_mtVZ 4,
5 System.out.prlntln(pl == p2), /x false */
6 | System.out.println(p2 == p3); /* false x/
7 | System.out.println(pl. equals (p1)); /* true */
ex*"ends 8 | System.out.println(pl.equals(null)); /* false =/
9 | System.out.printl equals(s)); /# false +/
*d 10 System.out.printl@)
ﬁm 11 | System.out.println(pZ.equals(p3)); /+ false =*/

public class PointV2 {
public class PointV1 { pnvate '"t r G
private int x

. - . jou Pom’er 1 Poi
private| Inty; b?f‘()tlﬁfsn equals(Object ob]) { . PLl=

. . . . ob return true;
pul:Illc PointV1 (int x, int y) { if(obj = nuljlg % return false; }}
this.x = x;

" if(this. getCIass() I= obj.getClass()) { return false )
this.y = y; Point other = ( ) obj; ! n1'V1 Poin
) : : > | P2 [x
} "V —

ss Ry A
Ueﬁev




The equals Method: Overridden Version Example 2

= new Pojrv*‘,’,”(’i‘ 4) ;

= TeW POINtVZ o, oL,
PointV2 p3 = new PointV2 (4, D);
System.out.println(pl == pl); /* true =*/

System.out.println(pl).equals (pl)); /+ true */

public class Object {

public boolean equals(Object obj) {
retuen this == obj;
i
b

System.out.println(ﬁ == p2); /+/ false */

System.out.println .equals (p2)); /* true *,

System. .println(pZ == pJ3); /* rfalse *x/
.println(p2.equals (p3)); /* false +*

©CoOoONOOPA~rWN—

extends

APoint m
p2—/ xas)i p3— x4

o b

public class PointV2 {
private int x;
private int y;

public P0|ntV2 (intx,inty) {...}

' IS(OBJeCt 0DJ) R
if(this == Ob' { return true; }
if(obj == null) {m }
if(this.getClass() = obj.getClass()) { return false}}
Point other = (Point) obj;
eturn this.x == other.x
&& this.y == other.y;

(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.
X 218085047 e =.'.(’ )




Lecture 3
Part D

Object Equality -
assertSame vs. assertEquals in JUnit



assertEquals: Reference Comparlson or Not

assertEquals(expl, exp?2
° w equals(exp2) if expl and exp2 are reference type

DIMPA} o\
Case 1: If equals is not explicitly overridden in exp1’s W type ¢ —the d/wM(‘

~ assertSame(expl, exp2) Dyl == expT C -hd ¢ )

PointVl pl new PointV1 (3, 4);

PointVl new Point_l_ y 4) 3 s T

Fointv2 p?‘ Nisdru R adinlaaty
ointV2 p J7'7_tv,'2 i &

assertEggi g x /# ++ different PointVl objects */

assertEquals (p2 p3) : X /* *r different #94pesfustl oL jccts =+

PointVl pl = new PointVI1 (3,
PointV1l p2 = new PointVI1 (3,
PointV2 p3 = new PointV2(3,

X /% b1 .equals (p2

p2.equals (p3

p3.equals (p2




Lecture 3
Part E

Object Equality -
Asserting Reference vs. Object Equality



Testing_Default Equality of Points in JUnit

@Test
public void testEqualityOfPointVI1() {
PointVl (pl)= new PointVIi(3, 4); PointVl @= new PointV1(3, 4);
=Dl

4
—

) ; &~
sertSame (pI& p2 I assertSame (p22=pl); F /% I

/x dSSert.
\/assertw

ssertFalse (pl == p2); assertFalse (p2 ==

&,
L

public class Object {

} public boolean eqguals(Object obj)

retuen this == obj;

extends

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




Testing_Overridden Equality of Points in JUnit
.

@Test
public void testEqual%éZOfPointVZ() {

PointVZ2 = new PointV2(_§L 4_)‘,/ Pointv2@= new PointV2(3, 1);
p3 == p4);pa§sertFalse(p4 == p3);

(assertFalse (

- - o= y o /) =
ape (p3=<p4d),; assertSame (p4dr=pr

/ % g gert

uals : :
—QZ ‘-}x public class Object {

public boolean equals(Object obj) {

retuen this == obj;

b

bs

gt

public class PointV2 {
private int x;
private int y;
public PointV2 (int x, inty) { ... }
rpublic boolean eguals(Object obj) {
if(this == obj) turn true; }

if(obj == null) turn false; }
if(this.getClass(\!=Jobi.getClass()) MUrn false }
»Point other = (Poi bj;

return this,x == other.x
&& this.y" == other.y;




Testing Equality of Points in JUnit: Default vs. Overridden

@Test

public voi LestEquahu OTE _u‘*VlandP01nt { ;
P01ntVl@ new w P01ntV2 = new PointVZd 37 61,
Q€ S¢ : S LLLuJ Foile betause pl ame p2 _gre=0rf different types

; assertFalse (p2 == pl);

/* assertSame can 2 f; A
zx assertSame (pl
# assertSame (p2

/ *

s and fail. *

on o4

public class Object {‘/

/

/+ version ofequals ILi

assertFalse (p2. equals(pl))A o A publlc boolean equals(Object obj) {
retuen this == obj;

}

public class PointV2 {
private int x; private int y;

. . lic PointV2 (int X, intv) { 3

ez i B e public boolean equals(Object obj) {
DI CEN DB if(this == obj) { return true; }

private double y; if(Qbj =5 null) { returpfalse; }
p2 public Pothl (double x, double y) { b if(tpdg’getClass() = 36J.getClass()) - return false
this.x = x; Point other = (Point) obj;

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

bs




Lecture 3
Part F

Object Equality -
Short-Circuit Effect of && and | |



I . @ _ ot
Short-Circuit Evaluation: && IOﬂ JW‘"C
Left Operand opl Right Operand op2 opl && op2

true true true
s, false false

Test Inputs:

x=0.y {10
x LDy =(10

‘ false true false |
false false

SyStCi)B. ut.println("Enter x:");

aFl 474 oPZ
int(X)= input.nextInt(); Zao
e U 8, el :ﬁe% @ b

if(x '=0 8 y /(x)> 2) ,
}x System.out.println("y / x is greater than 2"); g{Vo/ P 3 ﬁ M

else { /* I(x =08 Yy / x>2)=((X==011y/ x<=2)* no'l' Mm Nlmf
2 ifxE>0 { "-’2 1 4
> System.out.println("Error: Division by Zero"); . & afpg

3 /= S %
else { ]: 'LTO = 2

—>Systep, OUT. n2"); S 'l’- 2
- y @ 0 (=0| &2 o) > 2 mfaléaw 7




J\A/l[‘ffo/l

eg
Short-Circuit Evaluation: || 0[(3

Right Operand op2 opl || op2
false false

Test Inputs:
Xx=0vy=10

Left Operand op1l

-@y-

—‘OFI Il o|>2
1&0}7] 3 knowa

System. gut println("Enter x:");
1nt®— input.nextInt(Q);

System.out.println("Enter y:");
int(y/= "1nput.nextInt(Q);

=0l b >2

gifix=0(l)y / x>2){
M=k b le B,
System.out.println("Error: Division by Zero");
} ==
' else { f-—o I D/_C' >2 & dﬂ ﬁ mffa,

System.out.println(fy./ix is greatevzthan 2™");

}

what oFZ
"/ WZ S aalqufm M

3
Qelse { /* I (x =011y /x>2)=(x!=08&y/ x <=2) */
| System.out.println("y / x is not greater than 2");

}



Short-Circuit Evaluation: Common Errors %

opl Z% op2 ] Biokiotin Ot wittid
pFl | 0’72 2 Fon leﬂ- to nght

Short-Circuit Evaluation is not exploited: crash when x == 0

W Test Inputs:

if (y/ x> 2 && x != 0) {
/% do something x/

} L /o >2 =&
else ({ > 4
/* print error =*/ } dﬁﬁ&bﬁ :

if (y/ x <=2 || x == 0) {
/* print error #*/

) Ly lo/o0 <=2 ||

else { E
/* do something =/ }




Lecture 3
Part G

Object Equality -
Exercises on the equals method



Exercise: Two Persons are equal if their names and measures are equal
| ( |
7 %2

1 @ public class Person { a VE é/
2 private String firstName; private String lastName; Y“ p J
3 private double weig'hj; private double height; M% ‘41@0 .

4 public boolean egmals (Object obj) { /

5 5153 i { return true; } {

6 it j == null| || this.getClass() != obj.lgetClass()|) { return false; }
T sgeriitramtamat) (DTSN OD 7; L

8 return htajo WWA‘A 7 QMM ng

9 this.weightl== otKdr.weight L; T

10 && this.heightN== other.height WM[( VP"\ n Me
11 && fthis. firstName} equals (other. firstName) ’ ( ( ')_

12 && q‘gals(Bther.lastName); Fei“ms M ]

), }

14 }

> eﬁd # ﬁ onalell -
Q1: At Line 6, will there be a NullPointerException if obj == null?

P i
Q2: At Line 6, what if we change it to: wﬁ#’ 7"” ,‘;]uk ]

if(th_i"jﬁgiﬂm()ﬁ@ﬁ&_{&dll obj ==“ﬁull)
Dolutin ot wutie 7% Lot R

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




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

©CoONOOTHA,WN =

—_
WN = O

class PersonCollector ({
private Person[] persons;
private int nop; /* n
public PersonCollector() { ... }
public void addPerson(Person p) {
public int getNop ()
public Person[] getPersons() {

}

umber

or persons

{ return this.nop;

}

Q: At Line 9 of PersonCollectors equals method
which version of the equals method is called?

public boolean equals (Object obj7)

if (this == obj) { return true; }
if(obj == null || this.getClass()
PersonCollector other =

boolean equal = false;

if (this.nop == other.nop)
equal = true;
for (int jiestcemGokid

i . @

{

!'= obj.getClass())
(PersonCollector)

PT. feson.

{ < this.nop;
equals (other.persons([1i]);

1

}
return equalj;
L]

O©CoONOOOHAWN

: |- ei‘mls,,fiw
0159& Ll

{ return false; ||}
obj;

b e v |

oot
private String firstName; private String lastName
rivate double weight; private double height;
public boolean equals (Object obj) {
if (this == obj) { return true; }
if(obj == null || this.getClass()
Person other = (Person) obj;
return
this.
&& this
&& this
&& this.

!'= obj.getClass()) { return false;

weight ==
.height ==
.firstName.equals (other.firstName)

other.weight
other.height

lastName.equals (other.lastName) ;




Lecture 3
Part H

Object Equality -
Equality of Array-Typed Attribute



Testing Equality of Person/PersonCollector in JUnit (1)

@Test
public void testPersonCollector {
Person pl = new Person CA" 'ay 180, 1.8);

Person p2 new Person("A", "a',

180, ;

1.8); 7¢ - H{
Person p3 = new Person("B", !bl, 200, 2.1); W
Personé p3; T . - (D"{J\
assertFalse(gl == E21 assertTrue .equals (p2) )L 9
assertTrue (p3 == pd) ; assertTrue‘ é%iequals @4’) P
erson_P | Person YD‘
T‘.W {7 1%

/ Hn a” : In | “5 8
w_| 300

public class Person {
private String firstName; private String lastName;
P ; private double height;

@ ’getClasE Xreturn false;

(
\l/f(’ de(

is.weight == other.weight

508 i;
g a ﬁl [ this.height == o T.xeight
& this. firstNamefequalsfother. firstName)

this. lastNam¢gf.equal other.lastName) ;




Testing Equality of Person/PersonCollector in JUnit (2)

(continued from

)

PersonCollectoripcl = new PersonCollector();
PersonCollector pc2 = new PersonColl oFE() ; .
assertFalse (pcl == pc2); assertTrue equals (pc2));

HPersonCollector
nop (
persons

{

pcl

nop
persons

012 «

pc2

mll nall all mll

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

class PersonCollector {
private Person|] persons;
private int nop; /
public PersonCollector() { ... }

public void addPerson(Person p) { ... }
public int getNop() { return this.nop; }
public Person[] getPersons() { ... }

* number of persons x/

iretean 1s (Object obj) {
1f t == 0, X}eturn true; }
NC == null | | this.getClass() !'= obj.getClass()) ?K;eturn false;
'ersonCollector other = (PersonCollector) obj;
boolean ecyal = false,.o —
|/ if (this. == _other .dew) { " % Q——d
—>equal true; -
6 ovet
)Qequal = thls persons| equals (other. persons
) Eﬁ , ad‘fa/( tp
return e Zi 'Q?,




Testing_Equality of Person/PersonCollector in JUnit (3)
(continued from )

‘pcl .addPerson(pl) ; fa,‘?
assertFalse (pc]). equals (c2)); ‘3
pc2.addPerson(p2) ; -
assertFalse (pcl.getPersons () [0] pc2.getPersons() KON ;
assertTrue(pcl. getPersons() [0] equals (pc2.getPersons () [0])) ;
assertTrue equals (pc2))

| pcl.addPerson(p3); ?&M %ﬂdg

| pc2.addPerson (p4) ;
assertTrue (pcl.getPersons(
assertTrue (pcl.getPersons(
assertTrue (pcl. equals als (pc2));

4 n
public boolean equals (ObjJect obj) Person

if (this == obj) { return true; }
if (obj == null || this.getClass() != obj.getClass()) { return false; } ‘
Person other = (Person) obj; m“ M“ Ml
return

this.weight == other.weight perSOﬂC0[|€C1'OT‘I

&& th::l.s:he'ight == other:height ’ nop gl@z L4-

&& this.firstName.equals (other. firstName) nca
&& this.lastName.equals (other.lastName) ; [— persons )

PersonCollector
nop
persons

= pc2.getPersons() [11); cl

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

) [1
) [1

3
il 23

public boolean equals (Object obj) { PersonCollector

if (this == obj)ﬂXreturn true; }
if(obj == null || this.getClass() != obj.qetClass()))&{Xreturn false; }

e PersonCollector other = (PersonCollector) obj;
*bool eqy al =
if(tﬁz nop == oth_er.nop) {
—>» equal = true;
= for(int i = 0; equal &&
equal = this. persons[l] (other.persons[i]);
—— — —_—

D g L5 o vesr




Testing Equality of Person/PersonCollector in JUnit (4)

%addPerson(new PPr.qnn("A", Ma s .75 1S5
— —

c2.addPerson(new Person("A", "a",

assertFalse(pcl.getPersons() [2]

des. 1.55)

== pc2.getPersons () [2]

= (continued from
) i

)i
)

assertFalse (pcl.getPersons() [2] .equals (pc2.getPersons () [2]));
assertFalse (pcl.equals (pc2));
erson
o A7
rson pl n ﬁﬂ.
| fn |4 ni a4
. w | &
A o1 R h
$O”1, w L&
h |[-
Person
public boolean equals (Object obj) { o inr
if (this == obj) { return true; } Person P3 n n’, p4
if (obj == null || this.getClass() != obj.getClass()) { return false; } n | Vo
Person other = (Person) obj; w '80
return
this.weight == other.weight h I-&.
&& this.height == other.height
&& this.firstName.equals (other.firstName) Pz/\
&& this.lastName.equals (other.lastName) ; iserson I
! public bopfiean equals (Object obj) { PersonCollector Fn | “B/
if (tbas == ofj/v{" Xeturn true; } n ~\LY
if (obhl,== null || this.getClass() != obj.getClass()) ¥\return false; }
PersonCdSllector other = (PersonCollector) obj; W 7"‘0
boolean equal = false; h 2 |

if (this.nop == other.nop) {
equal = true;

equal && 2 < tHSs nop; 1 ++)

_ -

returr@ @‘M
}

for t 1 = 0;
this.persons[i] .equals (other.persons[i]);
) o
}

gl

T

T
‘ 0

~ ﬁrsonCollec‘rori \
7
nop Z_P
pcl d
PEE\ [personsy |
0 1\

wll

PersonCollector
nop

Ei [\persons

Y 4

Fn

n |*4
w

h |/




Lecture 4
Part A

Call by Value -
Primitive vs. Reference Arguments



Method Call: Callee vs. Caller

heoder < w\eﬂ\"d

Ic_lés.

void n(.[)¢




Call by Value: Primitive Argument

class Circle { class CircIeUs r {
int radius; ‘e (o
void setRadius(int(r >Circle wW Clrcle(),
this.radius = r; sint arg 8&

Y L c.setRadius(@rg);
I

¥




Call by Value: Reference Argument

class Circle { class CircleUser {

int radius;
Circle() {} Circle@/= new Circle();
Circle(int r) { ircle arg = naw Circle(10);

this.radius = r; L?setRadius:ﬁarg 7

s
void setRadius(Circle(@) { ;
s.radius = c.radius;




Lecture 4
Part B

Call by Value -
Asserting Call by Value in JUnit



Call by Value: Re-Assigning Primitive Parameter

public class

v01d rea551onInt 1nt
g OEET]
volid rea351gnRe P011t {
Point np = new Poirnt ( 8 )%
q = np; }
void changeViaRef (Polint q) {

g.moveHorizontally (3
g.moveVertically(4); § 1}

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

ink 1 = 1LO;

assertTrue (i ==_10);

u.reassignIn .
assertTrue (1 10

) D> withey fh

ONOOOT PR~ WN —




Call by Value: Re-Assngajg Referepce Parameter

I'.
publicWoid tegiw@mlIByRef 1() {
Util u = new Util(

void reassignInt (int 7)

i=9 4+ 1; 1 : N
- - . Point p = new Poinf (3, 4);
void reassignRef (Poin { )
. : Point (refOfPBefore \ =
Point np = new Point (o, 8); O —
- D " u.reassignRef 4

ssertTrue (p == refOfPBefore) ;
assertTrue (p.getX() == 3);
assertTrue (p.getY () == 4);

{

oid changeViaRef (Point q)
g.moveHorizontally(3);

QOWoONOOOTRAWN =

—

}

public class Point {
private int(x;}

; private int(y;)
public Point(int x, int

this.x = x;

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




Call by Value: Calling Mutator on Reference Parameter

—_t

public class Util {
void reassignInt (int 7j) {
J=Jg% L |
void reassignRef (Point
Point np = new Point (
g = _np: }
lvoid changeViaRef (Poin
\)ElmoveHorizontally(3 -
gdmoveVertically\(4) ;\} }
-

 wefofTeset e
public class Point {
Dk#' *p& k/ll prijate int xo;m M e
2 private int y; w
° publiq Point (int x, int y) {
N #9 & F M this. so e 3 w M m

u.changeViaRef{((p));

assertTrue (pa= refOfPBefore) ;
assertTrue (p.getX() == 6);
assertTrue (p.getY() == 8);

D O 00N O~ W

b Whis.y = y; *’ —
) ysak ) _'3__1}_.8' I}aublic int getw () N\ ret) nxt.l;.?x; ‘}t"e ’ A[fﬁ %)

1& #,‘ public int getY() {“weturxn thisW;: }
ﬂ\ public void goyeVertically (imt(JM this.y += y;
public void moveHorizontally (int { t .x F=
s } /) had

{

(E5S




Lecture 4
Part C

Aggregation and Composition -
Terminology, Modelling, and Implementation



Terminology: Container vs. Containee (AP

omme  ,
f1 [TFaculty | “Jackie” Course ||%A dvanced 0OOP”
GlRame[ -7 title | —H wl.,
eecs203 -~ B Student

te 7 |Lprof L1 S 7 —
f2 [ Faculty ]"Jonathan” Course ‘Soffwarg’ Design” cs | 475
Glname] 47 yécs33l title | H—" (

te = gy rof

I — ws :: Mﬁ Lj
’(. M) Ayb’ﬂwﬁw ad
L, Z{:‘:t B JWMMZ‘WM

Acs M



Aggregation: Design 'G‘W??PFM Java Implementation
7 “att class|Course { L>A7"7;‘
peoe

Design 1: Single Confainee e nror
& (o ammf Bog ;‘Fol! portads | 4.,51:&
"W ; i goge Mmeﬁ
Course brof Faculty clas$ Faculty {
Maw% fontpined L

Dﬁl\%n %: Multiple Containees class Student {

Q( &\49;@@ Jki ) g> Course[] courses;
th

Pn® ;‘d‘k*"‘r @ N o

‘Student |<> ——=4 Course || [cTass Course <

—1
Cotezey ﬂﬁ%‘fﬂg':mm B




Lecture 4
Part D

Aggregation and Composition -
Building Aggregated Object Structure



Aggregation (1)

Course Faculty
title name

prof

@Test
public void testAggregaf;pnl;) {

AR A - x B L | }

Strinag title;

pelliity prof;

Course(String titlI<
this. tltle = titfe;

) oUBR

void setProf Fagul

t*ﬁ prof =1prof;

\a l,“ aculty getProf()

return this.pro

}

Course eecsz205U =

new Course("Advanced OOP")'

Course eec 1
Facultyprof new /[ acult

ne'/ Course("Software DeSLgh
Jackie");

feecs<U7U. setrPror (prall;
eecs53311.setProf (prof) ;
Mue (eecs2030.getPro
/f iasing */

prof.setName ("Jeff");
;E;Z;EE;:;TEECSZOBO.ge Prof ()
assertTrue (eecs2030.9g@CProf ()

. getName ()

class Course { *e&‘gy,

{

m‘““f |

eecs3311.¢getH of‘;

eecs3311.

etPriof () ),
.equals ("Jef

L

ulty("Jonathan");

Faculty prof2 = new g
ee SetProi{ororz)

assertTrue (eecs2050.g&€CProf ()
assertTrue (eecs2030.getProf ()
assertTrue (eecs331l.getProf ()

G.le-ecs33ll.getProf() ); v, %,

.getName () .equals ("Jeff"))
sgetName () .equals ("Jonathan"

}

void

}

" | class Faculty {
String name;

et Faculty(String name) {
¥ this.name =

etName (String name) {
this.name =

String getName() {
return this.name;

name;

name;

=

. pg>

Course

title

11\

prof

Course o
: oHw.




Aggr_egafion (2) public class Student {

private String id; Coursel[] cs; int noc; /+ # of courses =/
public Student (String id) { ... }
public void addCourse(Course c) { ... }
STudenf Facu“.y Course public Course[] getCS() { ... }
id name title )
CS fe PI"OF |public class Course { private String title; private Faculty prof; }l

public class Faculty {

private String name; Coursel[] te; :.nt not/ 4{(

public Faculty(String name) { .

@Test public void addTeaching (Course c) %
public void testAggregation2() { }Publlc Goumsel] GetlB) § s }
Faculty = new Faculty("Jackie") ;

Student = new Student ("Jim"z; I
Course eecs2030 = new Course ("Advanced OOP") ;

Course eecs3311 = new Course("Software Design"z ;

eecs’( ?” setProfl(pl;

c53311.setProf E Faculty

ddTeaching jee 030)0; ) name|] -
o.addTeaching(eecs3311)s; 0. fe p =p—r—r—n
(s)addCourse[cee20507] ¢ thp n G4,

hddCourse (eecs3

WJJ.

assertTrue (eecsZO 0 getProf“ e . cc oo f () ; i"\ # Student o
assertTrue ( s ge .getProf () \a
=) s.getC@y [1]. getPror() em;" Fourse - id
Y iissef#iTrue cs33ll‘.etCS() i ; title | =T o LSS
assertTrue (s.getCS () p.getTE() [11); PrOF A\ ".P
s
) J




Lecture 4
Part E

Aggregation and Composition -
Navigating Objects via Aggregation Links



Runtime Object Structure: Student, Course, Faculty

<
Student Course prof Faculty
1

[ public class Student ({ public class Course { public class Faculty {
private String id; private Strlng title; private String name;
private Coursel[] cs; ol prlvate Fa “ prof private Coursel[] te;

o e iy e ol <t
mewwﬁ/w{n Mk’/\SMM eta

- or.  Shudtbn
Fkl; rocu }gf'/-} Course | “Adyan dSOOP"
name 0 Ltitle | —N\_~7
e | 17 eecs2030 prof
name | — 0 7 title | F~_~
e | 17 eecs3311 brof




Dot Notation for Navigating_Classes (1)

Student

e =

public class Student

private Stri id

private cs;
}

{

Course

<l
prof Faculty
1

[V 4
public class Course {

public class Faculty {
private StrifWg [Ille: private String name;
private Faculty prof;

- private Course[] te;
}

/* Get thd'stjident’s id. /* Title of it
x/ 24-@ ﬂr */ e4(9.68(1).
String\getIiD() { String'getTitle(intpi ge N?me :
vetud .
. &Av
Faculfy
name

te =

Faculty

. Student
@I

CS




Dot Notation for Navigating_Classes (2)

Student Course

Faculty

}

public class Student { public class Course Y
private String iq; private String tltle‘
private Course[] cs; private Faculty prof;

———d

/* Get course’s title.

*/

String getTitle() {
w48 tetle 5
)

Vv .
public class Facultz {
private String name‘

Erlvate Course te,

/* Title of instructor’s
* ith teaching course
%k

String getTitle(int i) { Z

Faculty

L? name

te

J |title
7 |

Faculty

name

am—

te

P




Dot Notation for Navigating_Classes (3)

-
Student Course Faculty

public class Student { public class Course public class Fdculty {
private String id; private String tl ‘/ private String name:
private Course[] cs; private Faculty prof private Course[] te;

} } }

/* Name of instructor /* Title of instructor’s
x [ * ith teaching course

String getName() { */

- = String getTitle(int i) {
veluv hes. viewme 3 —| |
> v 75 10(T]. 4ef

b

Fkl; Faculty }T%‘V | ﬂc::rse‘_ Qﬁgvan ced OOP”
name
o = eecs2030 prof

f2 Faculty “Jonai'han" Course \\S . n
oftware Design
Spfpame} -7 ¢ cecs3d1iHitle L 7 :
te | 4 prof




Lecture 4
Part F
Aggregation and Composition -

Implementing
Composition via Copy Constructors



Composition: No Sharing

class Directory {
String name; M

File[] files;

int nof; /* nuyf

Directory (St
this.name = name;
files = new File[100];

class File {
String name;

N File(String name) {
this.name = name;

@Test
public void testComposition() {

Directory =_new Directory("D");
di) addrile@fl txt™ ; —
di). addFile("f2.txt");
dil. addFile("£3.txt");

N

assertTrue (
dl.files‘O‘.name.equals("fl.txt"))

} ‘/
void addFile(String filelName) {
filesinho = new File(fileName) ;
—
nof ++;

}

}

O©CoO~NOOOThA,WN =

Directory

name 4 5 6 7

files [ non [ nan [ pun | nun | onun [ Cnan | non
nof




Composition: Copy Constructor (Shallow Copy)
@Test

public void testShallowCopyConstructg d“ Al W
Directory dl = new Directory("D"
dl .adadFile("fl ext"); dl.addri("E2 . txt™) 7 dl.addiile {("ES JExt"

Directory {2)= new Directory (dl);
assertTrue (dimfinles (== d2ufides); /+ violation of composif\ion
files[0] .changeName ("f11.txt");
assertFalse@.ﬁfiles 0] . name.equals (

. ‘# Directory '\, JZ wi¢

name s ——
files

nof :,
fup

\ nof
Directory _ l

name [~ —| ‘ ( o/\ 1 2 3 4 5 6 7 99
[ Ala | | -fe T e [ e | nan [ aun | nan [ nun | o
@ nof 3 /
. dl.ﬁle.M;ues[l] dl.files[2
[
!’
File File File

name I name I name I

7 / /

”x. txtc® “f2.txt” “f£3.txt”




Composition: Copy Constructor (Deep Copy) ca‘l*'al OJ&MJH s

@Test

public void testDeepCopyConstructor() {

A Vi 0 I 4 AP

clpss File {

File(File o!her)

Directory dl

this.name =

new String (other.name) ;

= new Directfory("D");

Directory @‘ new Directory (dl;

dl .addFilei"jl.txt") i d¥.addrije("f2.txt"); (di.addrile("f3. txt

assertTrue &
d2.files[0

assertTrue

@ files[0].name.equals ("f1.txt")); } . irectory B
Difectory(String namdg) {
new

} _—

=

el I
.files d2.files);
angeName ("f11.txt"); _M"Lhta

* = "
M 17>) | ¥4 ) ,:‘7 thidg. name ring (name) ;
\ riles = new FI%all100l. 1}

VDirecta Directorvrother)

Directory

{
o X | OOV . b‘ (other. name) § J

3

name

fil

U i T g
V/ 2 44' ‘ ﬂafo;l(l @9 other. g "

nof

this.dddFilel(nf)s; } }

Directory

)
.4;\9 rl] -- - \ | | aFlle=new FJ.le

¥oid addFile(File f) { ... } }

name

files

nof

dl.files[0




Exercise: Copy Constructor (Composition?)

@Test class File {
public void testDeepCopyConstructor() { File(File other) {

Directory Al = new Directory(TDm); | this.name =

1.txt"); dl.addFjile("f2.txt"); dl.addFile("f3.txt’ new String(other.name);

d2.files [0 ]e@hangeName

assertTrue @ files[0] class Directory {

Directory (String name) {
this.name = new String (name);
files = new File[100]; }

Directory(Directory other) {
this (other.name); dlﬂ.

Directory K for(int i = 0; 1 < nof; i ++) {

name 2 File src = other.files[1];

files )(Fif’c Tt ’x.(,s.r;f'ﬂe\oLu,,
nof d . =>this.addrFileigt); } }

void addFile(File f) { ... } }
Directory
name
files
p—

nof

nof

)
2 v 3 4 5 6 7 99
A nan | nan | nen | nen | nen | onen | onun |

File

name I name I

) / /

“INt “f2.txt” “f3.txt”




Lecture 4
Part G

Aggregation and Composition -
Example and Exercise



Modelling: Aggregation vs. Composition

KEYBOARDI ( KEYBOARDI A KEYBOARDI -
Wﬁffw{

CPU1 ' { CPU2 CPU3 s

\
|
\
t

MONITORI l MONITOR2 MONITOR3-

=

(WORKSTATION) (WORKSTATION) (WORKSTATION) l’) MM ‘L"a
/xfes ol attilues

5((7/\.

(NETWORK)




. v : v
Implementation: Aggregation or Composition

Whot £ the duthr Jell gets wiooldied 7

author as an aggregation author as a composition

“The Red and the Black” 1fe of Rossini ‘/
1830 1823 The Red and the Bl T ife of RossmT

341 307 1823

reference reference 307

UL é sienda D)
e “Henri Bfyle”

— & “Henri Beyle”

“Stendhall” 1783 1783
“Henri Beyle” 1842
1783

p.S

Hyperlinked authoy page l Phygical printed copies

the ?Wﬂe dwd? Myo%;g Zw@;

o alf fortssns Clodd J)ﬁg ] Qubbor




Lecture 5
Part A

Inheritance -
Student Management System:
First-Design (without inheritance)



- — ot v V- e
Inheritance: Motivating Problem | Nouns -> classes, attributes, accessors
Verbs -> mutators

Problem: A student management system stores data about
students. There are two kinds of university students: resident
students ahd non-resident students. Both kinds of students
have a name and-alistof registered courses: Both kinds of
students are restricted to register for no more than 10 courses.
When calculating the tuition for a student, a base amount is first

determined from the list of courses they are currently registered
(each course has an asggegiated fee). For a non-resident
student, there is a discountrate applied to the base amountio
waive the fee for on-camnus accommodation. ForaTesident
student, there is a premiumirate applied to the base amount to
account for the fee for on-campus accommodation and meals.




First Design Attempt public double getTuition(){

double tuition =

public class Student { for(inti = 0; i < this.noc; i++){
private Course[] courses; , tuition += this.courses[i].fee;
private int noc; if (this.kind ==/1) 7

o . Vv J
return tuition * this. premiumRate;
L ]

private int kind; : )

! e wﬂa €, else if (this.kind == 2) { /
private double discountRate; return fyujtion * this.discountRate;

V4
public Student (int kind)<{
this.kind = kind;
s public double register(Course c){
intMMAX/= -1;
if (this.kind == 1) {VMAX =6; }
else if (this.kind == 2) { MAX = 4; }

R Gt 6= vy Sudo (s | asiposc==ged (S
NBS: Cuadent n6 = v J‘MA/M‘(Z); L ' - ;

this.noc ++;

¥



First Design Attempt

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

public class Student {

private Course[] courses;
private int noc;

v private int kind;
private double premiumRate

private double discountRate;

public Student (int kind){ ¥, v
this.kind = kind;

v

int MAX = -1;
= if (this.kind == 1) { MAX = 6; }
%,' Stno‘BRt —_— A else if (this.kind == 2) { MAX = 4; }
2 if (this.noc == MAX) { /* Error */ }

Good design? else {

th!s.courses[this.noc] = C;
Judge by Cohesion T
LT a

Al &



First Design Attempt

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

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

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

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

else if (this.kind == 2) {
return tuition * this.discountRate;

}élﬁf (fh@.k?d::_}>{ .

public double register(Course c){
int MAX = -1;
Eehisiend SRV

else if (this.kind == 2) { MAX = 4; }

200
GOOd d€$|gﬂ? /Meafﬁ, ‘»‘ & if (this.noc == MAX) { /* Error */ }

else {
Judge by Single Choice Principle on'f A this.courses[this.noc] = c;

- Repeated if-conditions s‘(;,,ﬂh ( of WA 3 this.noc ++;
A new kind is introduced? o]t

_= An existing kind is obselete? Yace %

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




Lecture 5
Part B

Inheritance -
Student Management System:
Second-Design (without inheritance)



Testing Student Classes (without inheritance) Ghesor v

public class ResidentStudent { public class W {

private String name; private String name;

o
private Course[] courses; private int noc; private Coursel[] courses; privgte int noc; \a
“ private double premiumRate; /+ assume a I private double discountRate; *

assume a
B — A
public ResidentStudent (String name) { public NonResidentStudent (String name) {

this.name = name; this . name = name; d Fm@
this.courses = new Course[10]; this.courses =

= new Coursel[l0];
} }

public void register(Course c) {

public void register(Course c) { —,’ m-'
this.courses([this.noc] = c; this.courses[this.noc] (o4
this.noc ++;

this.noc ++;

| | e
oublic double getTuition() { public double getTuition() {
»  double tuition = 0; o4

ouble tuition = 0;

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

} }

return tuition * this. premiumRate ; return tuition x this. discountRate ;

} } %’
} } (wo * 0'
public class StudentTester {

in )1
public static void main(Strin Res.S.

Course cl = new Course ("EECS2030%, 200.00)§ /« title and fee +/ (. rcs —~
Course c2 = new Course ("EECS /% title and fee x*/ J'm

= LprCl£26) *
2 a2 J. Davis™]; — —L 4
jim.setPremiumRate (1.25);

B registerg.g_l_) - Hn_ register(c2) ;

NonResidentStudent jeremy = new NonResidentStudent ("J. Gibbons")
jeremy.setDiscountRate (0 .'752 7

zeremi./.register(il_) ; Jjeremy.regigie=N (3&;
System.out.println("Jim pays " &\ jimigetTuition());
System.out.println("Jeremy pays " H jeremy) getTuition());

Jeremy
}




Student Classes (without inheritance): Maintenance (1)

public class ResidentStudent { public class NonResidentStudent ({

private String name; private String name;

private Course[] courses; private int noc; private Course[] courses; private int noc;

private double premiumRate; /+ assume a private double discountRate; /x assume a

public ResidentStudent (String name) { public NonResidentStudent (String name) {
this.name = name; this.name = name;
this.courses = new Course[l1l0]; this.courses = new Course[l1l0];

} }

public void register(Course c) | ublic void register(Course c) {
this.courses[this.noc] = c; 4 this.courses[this.noc] = c;

} this.noc ++; #{# "I‘ws} this.noc ++; '—,#M.?Mﬁ{

public double getTuition() { public double getTuition() {

double tuition = 0; ‘e double tuition = 0;

for(int i = 0; i < this.noc; 1 ++) § for(int i = 0; i < this. noc, 1 ++) {3
tuition += this.courses[i]. fee; tuition += this.courses[i]. fee;

} }

return tuition * this. premiumRate ; return tuition » this. discountRate ;

} }
} }

Maintenance e.g., a new registration constraint:

if(numberOfCourses >= MAX_ALLOWANCE) {
throw new TooManyCoursesException("Too Many Courses”);

by
else{ ... }




Student Classes (without inheritance): Maintenance (2)

public class ResidentStudent ({
private String name;

public class NonResidentStudent ({
private String name;
private Course[] courses; private int noc; private Coursel]

courses; private int noc;
private double premiumRate; /+ assume a

private double discountRate; /* assume a
public ResidentStudent (String name) {
this.name = name;
this.courses = new Course[l1l0];
} }
public void register(Course c) {
this.courses[this.noc] = c¢;
this.noc ++;
} }
public double getTuition() {
double tuition = 0;

public NonResidentStudent (String name) {
this.name = name;

this.courses = new Course[1l0];

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

public double getTuition() {

double tuition = 0;
for(int i = 0; i1 < this.noc; 1 ++) { for(int i = 0; i < this.noc; 1 ++) {
tuition += this.courses[1i]. fee; tuition += this.courses[i]. fee;
h |

}

return tuition » this. discountRate ;

} Y TV ) Y% Ty

return tuition.* this. premiumRate ;

Maintenance e.g., a new tuition formula:

/* ... can be premiumRate or discountRate */

return tuition




A Collection of Students (without inheritance)

public class StudentManagementSystem { ;!!gg
private (ResidentStudent|[] rss;

private NonResidentStudent|[] nrss; a{
private int nors; /* number of resident students */ ﬁﬂf[

private int nonrs; /* number of non-resident stude l I'
public void addRS (ResidentStudent rs){ rssl[nors]l=rs; norst+; }

public void addNRS (NonResidentStudent nrs){ nrss[nonrs]=nrs;nonrs++;
public void registerAll(Course c) {

for(int i = 0; i < nors; 1 ++) { rss[i].register(c); }

for(int i = 0; i < nonrs; 1 ++) { nrss[i].register(c); }

1 2 99 012 99 Qc‘F
lIlI - — Il nrss I II $

Res.S. Res.S. Res.S. Res.S. NonRes.S.] INonRes.S.] [NonRes.S. NonRes.S.
rcs res rcs rcs res res res res

pr pr pr pr dr dr dr dr




Lecture 5
Part C

Inheritance -
Visibility: Project, Package, (Sub-)Classes



Visibility:

Attributes and Methods

CollectionOfStuffs

animal

= ] public class Chair {
o ] private w;

furniture

extends

int x;

protected int y;
public int z;

\axtends
[ -

= )
~
N
shape [ RockingChair ]
[ (Circle ]
[ S CLAsSS PACKAGE SUBCLASS SUBCLASS NON-SUBCLASS
quare ]
(same pkg) W (different pkg) @ (across Project)

public

protected

no modifier

private



Lecture 5
Part D

Inheritance -
Student Management System:
Third-Design (with inheritance)



class Student
registeredCourses;

String name;

{

Student Classes (with inheritance)
(W

Coursel]
int numberOfCourses;
name)

Student (String

new Course[l10];

}

D
ROV

this.name name;
registeredCourses =
void register(Lourse c) A
registeredCourses|[numberOfCourses] = Cill
-
i ++)

numberOfCourses ++;

oK
L\':‘

1 < numberOfCourses;

A for (int 1

}
aouBIe getTuition() {
double tuition = 0;
= 0;
tuition += registeredCourses[.i].fee;

uition; /* base amount only x/

\ ' WEW ietum :

i
BRI ]
extends Student |
-~ SLe d u or
[uper (nare)|

class NonResidentStudent
Rate * there’s a mutatg
{]l super (name

}

[

class ResidentXtudent
UINRGLE, /N
(String nfme)

D16
d is inherited™*

aoupile
ResidentStuden?

/* register meth
etTuitio
double base ={superjgetTuition();
ek §

double
return base * premiumRate ;
»

L

44 (

double d
NonResidentStudent (String name)
/* register method 1is inherited #*/
double getTuition

‘ double base =etTuition();‘

return base » discountRate ; M
}\/—\/\—/—\




Visualizing Parent and Child Objects

Student s = new Studend ("Stella");

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

Student

(_. name —> “Stella”

numberOfCourses 0 1 8 9
registeredCourses ——{ null ‘ null ‘ ’ null ’ null ‘

— o M ~> thid asoee s at last a8 won Atﬁzéoa'
e K% Ho®e aF #s Spawvent

0 1 8 9
registeredCourses null | null ‘ ‘ null | null ‘
premiumRate ’ l Wt W.
— ﬂ"“m'l

name

“Nancy”

numberOfCourses 0] 0 1 8 9

registeredCourses null | null ‘ ‘ null I null ‘

I aiscountrkate I



Testing Student Classes (with _inheritance)

Student(String name) tring name

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

N Cakamid)

. % M o o %
/* new attributes, new methofls */ /* new attributes, new methods */

ResidentStudent(String naspe) ResidentStudent NonResidentStudent | |\ °nResidentStudent(String name)

double premiumRate — double discountRate

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

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

public class StudentTester {
public static void main(String[] args) {
Course cl = new Course ("EECS2030", 500.00); /=
Course c2 = new Course("EECS3311", 500.00); /+ title and
ResidentStudent jim = new ResidentStudent ("J. Davis");

jim.setPremiumRate (1.25); —
jim.register(cl); jim.register(c2); Course Course
NonResidentStudent jeremy = new NonResidentStudent ("J. Gibbons") o o
jeremy.setDiscountRate (0.75); c 1 f'fle 2030' CZ 1.|1.le 331 1
jeremy. reglstgr(cl) v Ijeremy. reglst'elr(CZ) ; o fee 500 Fee 500
System.out.println("Jim pays " + jim.getTuition());

System.out.println("Jeremy pays " + jeremy.getTuition());

: |NonRes.S.
rcs /_\ e 0 o

Jeremy o107 ‘0 1 9
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Lecture 5
Part E

Inheritance -
Static Types, Code Reuse, Expectations



Recall: Student Classes (with inheritance)

class Student {
String name;
Coursel]

}

}

for(int i = 0;

}

return tuition;

registeredCourses;
int numberOfCourses;

Student (String name)
this.name = name;
registeredCourses

void register(Course c) |

registeredCourses|[numberOfCourses]
numberOfCourses ++;

ouble getTuition/()
double tuition = 0;

1 < numberOfCourses;
tuition += registeredCourses[.i].fee;

/* base amount only =/

{

new Course[l10];

= c;

i ++) {

class ResidentStuglent extends Student {

X

ResidentStudent| (String name) {(super (name) ;
/* register metqld is inherited */
double getTuition() {

ouble base = suBer.getTuitionsz;

return base * premiumRate ;

/* there’s a mutator meth

}

class NonResidentStudent
double discountRate;
NonResidentStudent
/% register method
double getTuition() {

-a;double base = super.getTuition();
CE——
return base *

xtends Student
there’s a mutator method

ing name) {( super (name); }
inherited */

discountRate ;

}




Recall: Visualizing Parent and Child Objects

tudent(String name)

String name I/
v (V4 c/void register(Course ¢) Course[] courses /* registered courses (rcs),*/ (/ ‘/
/ jiouble getTuition() v / /

int noc /* number of courses */s

/* new attributes, new methods */
ResidentStudent(String pame)
double premiumRate
void setPremiumRate(doubl r)l/
/* redefined/overriddengnethods */
double getTuiti

ResidentStudent

4 new attributes, new methods */

NonResidentStudent" ’onReSIfientStudent(Strlng name)
W/Jouble discountRate

&/ Void setDiscountRate(double r)

Inheritance

Hirarchy

‘/* redefined/overridden methods */

double

get'l‘uitions )

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

Runtime
Object
Structure

(4

v, i
datw‘x@ ,{"'e4
B R s

o

Student
name “Stella”
numberOfCourses 0 1 8 9
registeredCourses null | null ‘ | null ‘ null |
ResidentStudent Ww
name Rachael”
numberOfCourses 0 1 8 9
registeredCourses null ‘ null | | null ‘ null |
name “Nancy”
numberOfCourses 0 1 8 9
registeredCourses null ‘ null | | null ‘ null |

Declaring
Static Types




Student Classes (with inheritance): Expectations

Student(String name)

* registered courses (rcs) */
int noc /* number of courses */

void register(Course c¢) Student
double geﬂﬂl'ﬂonu

p) /
v

i Student(String name) ResidentStudent
EremiumRate

oid'setPremiumRate(double r)
* redefined/overridden methods */
double getTuition()

- %
NonResidentStudentfnrs)

N

/* new attributes, new methods */

: NonResidentStudent(String name)
NonResldentStudant double discountRate

void setDiscountRate(double r)
/* redefined/overridden methods */

= new NonResidentStudent ("Nancy") ;

|| paric §/rés § noc Jrég BgetT § pf | setPR § dr § setDR |

= [€3 KA Fa kd Fa (2 I KO O

[@)] P2 F2 Fd Fa Fa Fl A I K
arsyy 1 1# 1717 111 11 7



Lecture 5
Part F
Inheritance -

Intuition:
Polymorphism & Dynamic Binding



Recall: Student Classes (with_inheritance): Expectations

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

AN

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

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

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

Student s = new Student ("Stella");

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

|| name § rcs fnoc Jreg JoetT § pr J setPR J dr J setDR |

s 1Tt l e

R S ——— —— i ———

PO ———

2 e .
7T

LS I I I e




Intuition: Polzmgrphlsm

{ '\\ Student(String name) String name

V01d register(Course c) Y| Course[] courses /* registered courses (rcs) */
ta le g tTumon() > int noc /* number of courses */
/* new att Pibutes, ne meth \ /* new attributes, new methods */

ResidentStudent(String name)
double premiumRate
void setPremi umRate(double r)

NonResidentStudent(String name)
double discountRate

L4
/* redefined/overridden methods */

double getTumon()

void setDiscountRate(double r)
/* redefined/overridden methods */
double getTuition()

Joes
(e e 1 S

o
mAM =% 1 bl (poprk) i o PR

0&8% Couwvses vioC

J a\uw% ;’2@“’@@ Al P

+o rt’—xs?a
tt?




Student(String name)
void register(Course c)
double getTuition()

y\

String name

Course[] courses /* registered courses (rcs) */
int noc /* number of courses */

Student

=

<

/* new attributes, new methods */
ResidentStudent(String name)

ResidentStudent
double premiumRate

/* new attributes, new methods */
NonResidentStudent(String name)

LG Gl double discountRate

void setPremiumRate(double r)
/* redefined/overridden methods */
double getTuition()

void setDiscountRate(double r)
/* redefined/overridden methods */
double getTuition()

V]
%T?ourse new Course("EECS2p30", 1‘0’0.0);
2 | Student ; V?'“ﬁﬁ, Mﬂ the m W ‘u'c‘t ‘
3 | ResidentStudent Residenft Student ("Rachael");
4 | NonResidentStuden @ new NonResidentStudent ("Nancy") ;
5 | rs.setPremiumRate (1. ); rs.register(gecsz030); O ’f:
6 | nrs.setDiscountRate(0.75); nrs.register(gecs2030);
7 etluition());/* output: 125.0 */ \ﬂ)
8

A

output: 75.0 */l
|




Lecture 5
Part G

Inheritance -
Type Hierarchy Formed by Inheritance



Multi-Level Inheritance Hierarchy: Students

A d==1){--- § wot f hwvas
e!ce-qtdcm(uz){---i ' y \ clax:g;‘?

eké PP(‘CW( Vv - PKSC] 2ls

. DomesticStudent " Vum [J aZ;

\/ll/

DomesticResidentStudent DomesticNonResidentStudent ForeignResidentStudent ForeignNonResidentStudent

Reflections: oL
- For Desig'fl 1, how many encodings to check for each method?
- For De(s/,igri 2, how many arrays to store for SMS?
~For De{ign 3, where are common attributes/methods stored?




rEa ASbab>t > 0>
Multi-Level Inheritapte Hierarchy: Smartphones

dial /* basic method */
surfWeb /* basic method */

Jwe chs
M" \ W(%?IPMI;(E &

surfWeb /* overridden using safari */ Endecid surfWeb /* ovdrridden using [firgfox */
facetime /* new method */ HSF skype /* new method */

SmartPhone

/* cinematic mode */
quickTake sideSync /* new method */

IPhoneSE IPhone13Pro Huawei Samsung

/* dual-matrix camera */
zoomage

HuaweiP50Pro HuaweiMate40Pro GalaxyS21 GalaxyS21Plus

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?




LVRM@BZO WgWD/K? :
eclweal {de
(stT)
L, at witsne , m(z’ﬂluﬂ? W&g Short
fe addess of gome  TPhowt3Ko-

) A»«pfzu R”
aé}'d‘f .






Inheritance Accumulates Code for Reuse

— dial /* basic method */
surfWeb /* basic method */

> Do hetel

surfWeb /* overridden safari */
ing s Android surfWeb /* overridden using firefox */

facetime /* ewmethd/ skype /* new method */

inematic mode */
XV 4 q ka sideSync /* new method */
uawei

IPhoneSE IPhone13Pro =

o,
M /* dual-matrix camera */
zoomage

Huawei iP50Pro HuaweiMate40Pro GalaxyS21 GalaxyS21Plus

\ancestors expectations descendants

@D (87, S, 44, {P adeﬁfac, clape 5 saduth okl | A4Szl
178f0, T8, 0P |guaile , faetse, sodneb chol | TPRRo
SV sndwob , ool b tlags




Lecture 5
Part H

Inheritance -
Static Types and Rules of Substitutions



Static Types determine Expectations
Inheritance Herarchy: Students

l/S (String name) String name ,!/

void register(Course c) Student Course[] courses /* registered courses (rcs) */
double getTuition() int nog¢ /* prumber of courses */

v .}‘ JS

S

/* new attributes, new methods */ {\;‘ nel;v a_t:tirib:tstfs,dner:( g:e{hods L4 ) S
ResidentStudent(String name) P P onResidentStudent(Strjng name \ 4 K

! ResidentStudent NonResidentStudent | " " ©. "o ” /? 4
double premiumRate
void setPremiumRate(double r) void setDiscountRate(double r)¢./
/* redefined/overridden methods */ /* redefined/overridden methods */

double getTuition() double getTuition() f
. /‘ Ko gaén

Inheritance Herarchy: Smart Phones , Mg wacr
——— ‘ _qz. Declare: - Declaré:
Commrone > [flrtscreosy | . |smartehone p1;
v : 2 =

° Samsun gp 2;
P !

/ \ [ da D 1 22

108 surfl/l./eb /**overridden us:;ng safari */ Android surfWeb /* overndc3 gi E ; i

facetime /* new method */ skype / new method ™/ Vl

/* cinematic mode */
quickTake

IPhoneSE IPhone13Pro Huawei

ideSync /* new method */ ﬁ Y] /§

Samsung

. LV y
/* dual-matrix camera */
zoomage

HuaweiP50Pro HuaweiMate40Pro GalaxyS21 GalaxyS21Plus




Rules of Substitutions (1)

4
\
surfWeb /* overridden using firefox */ J A& (4
P ne et %

Androtd s w method * S ;
— / \sideSync /* new method */ fl‘ qu:i}(r&
4

sp\-

Declarations: Substitutions:

I10S spl; spl = sp2t ol 8Tt
IPhoneSE sp2; spl = sp3! 5}77 W'u/i’

. |l e
IPhonel3Pro sp3; D\im! “32—74—’%/ 7 o q;#ijT




Rules of Substitutions (2) No. +/ ST oP ir @mﬂw)

(e €
dialy/* basic method */ M GT ( C
pmartbhons surfiWeb /* basic method */ 4 = “T ’

surfWeb /* overridden using safari */ i surfWeb /* overridden using firefox */
10S : " " Android
facetime /* new method */ skype /* new method */
/* cinematic mode */
quickTake sideSync /* new method */
IPhoneSE IPhone13Pro Huaw Samsung

/* dual-matrix camera */
zoomage

HuaweiP50Pro

N /N

HuaweiMate40Pro GalaxyS21 GalaxyS21Plus

Declarations: Substitutions:
I0S spl; \ spl = sp2;
/2

SmartPhone sp2;
D bn @g20 bbitrece Av gpl




Rules of Substitutions (3)

SmartPhone

dial /* basic method */
surfWeb /* basic method */

e S b * . . . ,,
10S Android surfWeb /* overridden using firefox */
< a [ ewmethod / 5 skype /* new method */
/ #Iﬁl( d/ \ by e metiod
IPhoneSE IPhone13Pro Samsung
/* dual-matrix cdmera */
zoomage P
v
HuaweiP50Pro HuaweiMate40Pro GalaxyS21 GalaxyS21Plus

Declarations:
I0S spl;

HuaweiP50Pro sp2;
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Lecture 5
Part I
Inheritance -

Dynamic Types,
Polymorphism, Dynamic Binding



Visualization: Static Type vs. Dynamic Type

Declaration
veclararioln

() ! .
n: gwt Static Type: Expectation
[Student]s; Mp‘%&,

Dynamic Type: Accumulation of Code
Substitution: 7

L t
s@new ResidentStudent(“Rachael”); 2 S[: ot
. - 4

jvtudent(Strmg name) S R . )

L
String name
oid register(Course c) Student Course[] courses /* registered courses (rcs) */
/ double getTuition()

int noc /* number of courses */

/* new attributes, new methods */

/* new attributes, new methods */
ResidentStudent(String name) ResidentStudent NonResidentStudent | | cnResidentStudent(String name) 5
double premiumRate double discountRate
void setPremiumRate(double r) void setDiscountRate(double r)
/* redefined/overridden methods */ /* redefined/overridden methods */
double getTuition() double getTuition() 4 wo 0

name

¢ ] ResidentStudent avﬂ‘tftif ST'- Wdam‘/( ) l
“Rachadl”

numberOfCourses 6Bt7‘-‘t&( )

registeredCourses

| @ praweanRore




Change of Dynamic Type (1.1)

Student(String name)
void register(Course c)
double getTuition()

/* new attributes, new methods */
ResidentStudent(String name)
double premiumRate

void setPremiumRate(double r)
/* redefined/overridden methods */
double getTuition()

Example 1:
Student jim|=

String name

Student

AN

wit j i

Course[] courses /* registered courses (rcs) */
int noc /* number of courses */

ResidentStudent NonResidentStudent

V

/* new attributes, new methods */
NonResidentStudent(String name)
double discountRate

void setDiscountRate(double r)

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

new ResidentStudent(...

im =

new NonResidentStudent(...);




Change of Dynamic Type (1.2)

Student(String name) String name

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

AN

. /* new attributes, new methods */

. . NonResidentStudent(String name)
ResidentStudent NonResidentStudent double discountRate
void setDiscountRate(double r)
/* redefined/overridden methods */
double getTuition()

/* new attributes, new methods */
Res1dentStudent(Str1ng name)

ReS|dentStudent jeremylE) newt Student( ),

R JZMC WP i
L BT



Change of Dynamic Type: Exercise (1)

/

surfWeb /* overridden using safari */
facetime /* new method */

/* cinematic mode */
quickTake

IPhoneSE IPhone13Pro

/* dual-matrix camera */
zoomage

dial /* basic method */

SmartPhone 5

urfWeb /* basic method */

Android

/

Huawei

N

surfWeb /* overridden using firefox */
skype /* new method */

\ sideSync /* new method */

Samsung

/N

HuaweiP50Pro

HuaweiMate40Pro

GalaxyS21

GalaxyS21Plus

Exercise 1:

Android myPhone = new HuaweiP50Pro(...);
myPhone = new GalaxyS21(...);




Change of Dynamic Type: Exercise (2)

surfWeb /* overridden using safari */ )
108 : " " Android
facetime /* new method */

skype /* new method */
/* cinematic mode */
quickTake sideSync /* new method */

IPhoneSE IPhone13Pro Huawei

surfWeb /* overridden using firefox */

Samsung

/* dual-matrix camera */
zoomage

HuaweiP50Pro HuaweiMate40Pro GalaxyS21

GalaxyS21Plus

Exercise 2:

IOS myPhone = new HuaweiP50Pro(...);
myPhone = new GalaxyS21(...),




Change of Dynamic Type (2.1)

Student(String name)
void register(Course c) Student
double getTuition()

String name

Course[] courses /* registered courses (rcs) */
int noc /* number of courses */

/ /* new attributes, new methods */

. . NonResidentStudent(String name)
ResidentStudent NonResidentStudent double discountRate

void setDiscountRate(double r)

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

/* new attributes, new methods */
ResidentStudent(String name)
double premiumRate

void setPremiumRate(double r)
/* redefined/overridden methods */
double getTuition()

Given:
Student jim = new Student(...);

ResidentStudent rs = new ResidentStudent(...);
NonResidentStudent nrs = new NonResidentStudent(...);

Example 1: A 66( ' Y
i ~
O FmOrs,

printin




Change of Dynamic Type (2.2)

Student(String name) String name

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

/* new attributes, new methods */

< . NonResidentStudent(String name)
ResidentStudent honResidentStudent double discountRate

void setDiscountRate(double r)
/* redefined/overridden methods */
double getTuition()

/* new attributes, new methods */
ResidentStudent(String name)
double premiumRate

void setPremiumRate(double r)

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

Given:

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

Example 2 /7

rs = jimH<s S T pm "'.S S| ‘7[:/«")0:” 4.’7.7,

printin(rs.getTuition());
qT- nrs = jim; DF the GT OF S 7

printin(nrs.getTuition());
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Lecture 5
Part ]

Inheritance -
Type Casting: Motivation, Syntax, Rules



- =
Type Cast: Motivation Tut, fren that g DT & Kes. M

Student(String name) String name

void register(Course c) Course[] courses /* registered courses (rcs) */
/* new attributes, new methods */

double getTuition() int noc /* number of courses */
. ' . NonResidentStudent(String name)
ResidentStudent : double discountRate
void setDiscountRate(double r)
/* redefined/overridden methods */
double getTuition()

/* new attributes, new methods */
ResidentStudent(String name)
double premiumRate

void setPremiumRate(double r)
/* redefined/overridden methods */
double getTuition()

8T of gim (Redlent) mmet A7

exp. of JTof 1 (Rerkad)




An A+ Challenge: Inferring the DT of a Variable

MyClass.java)l
© W,m‘e Your Program |.st DT of s !
N
(77 %
class MyClass { plﬂle 2
main (...) 774

Students = ...;

M

3 %
:C,. m new ResidentStudent(...); ov'{?“t:

¥
b




Anatomy of a Type Cast

Student jim = new ResidentStudent("Jim");

ST: ResidentStudent ) : ) ST: Student
) e § valid substitution t”t W ./
ResidentStudent @ @ (ResidentStudent) Sjim

V -

B>

anfalias fjwhose ST is ResidentStudent

gE.W' N bpecietsl, v

ResidentStudent] LJ™ ((Ee&&d),";ﬂl Ys..

Student jim / o
S,

. JAL AN pr wtev( )
Vﬂs@y \gtgmu
Zr L




Type Cast: Named vs. Anonymouds

( CIWwBPm) 2P, zetine
PhencBB0 v

dial /* basic method */
SmartPhone — )
surfWeb /* basic method */

surfWeb /* overridden using safari */

Android surfWeb /* overridden using firefox */
facetime /* new method */ ndrot

skype /* new method */

/* cinematic mode */
quickTake sideSync /* new method */

IPhoneSE IPhone13Pro Huawei

L]

- 7*
,
ef("t /
/* dual-matrix camera */
zoomage

HuaweiP50Pro HuaweiMate40Pro GalaxyS21 GalaxyS21Plus

Samsung

se intermediate variable to store the cast result.

SmartPhone aPhone = new IPhonel3Pro();
IOS = (IPhonel3Pro) aPh‘ciry

forHeeyeon. facetime() ;

Exercise

SmartPhone aPhone = new IPhonel3Pro(); fhzr lﬁl{ ‘%{
(IPhonel3Pro) aPhone .facetime(); }

thar xt iy



Expectations ,,

Compilable Casts: Upwards vs. Downwards 5 myphone
W/ z{ dial v .
Android|myPhone|= new GalaxyS21Plus(); surfWeb |/ | v
ST : $T: byek Skype [ |/ |
SmartPhone= (SmartPhone) myPhone g sideSync | | X v
T facetime |X | X X

GalaxyS21Plus ga =|(GalaxyS21Plus) meh'o_n quickTake | | X X
.[ , & > Doay W?d zoomage | X' | x X

SmartPhone ic.methad
su ‘eb /* basic method Vi

/\'\

surfWeb /* overridden using safari */
< " " Android
facetime /* new method */ skype”)

surfWelyp/* overridden using firefox */

* new method */

10S
/* cinematic mode */
quickTake o s:deSync /* new method */

Samsung

IPhoneSE IPhone13Pro Huawei 4{

/* dual-matrix camera *é %
zoomage

GalaxyS21Plus

HuaweiP50Pro HuaweiMate40Pro GalaxyS21




Kaatime
Compilable Type Cast May Fallm‘ Rurjume (1) & 7 Lo DT of

Student(String name) String name @
- 7C -

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

L

/* new attributes, new methods */ /* new attributes, new methods
ResidentStudent(String name) : : NonResidentStudent(String name)
doubl iumRat ¢ ResideniStudant double discountRate

ouble premiumRate
void setPremiumRate(double r) void setDiscountRate(double r)
/* redefined/overridden methods */ /* redefined/overridden methods */

double getTuition() double getTuition()

_éuﬂ?{"&tla’\ deﬂbd’”,?. @ RHS ' ST watddes Hhe - tgst E/
74

N WRS ( C,Z?JW) pwth ton
RN il e o o O RS b

D ¢ o eastirg, S v Squxr(@f/‘wmlpq@



Compilable Type Cast May Fail at Runtime (2)

dial /* basic method */

SmartPhone
surfWeb /* basic method */ EM(Q

T '“W‘*F”% 27

surfWeb /* overridden using safari */ Android surfWeb /* overridden using firefox */
facetime /* new method */ ndrol skype /* new method */

/* cinematic mode */
quickTake sideSync /* new method */

IPhoneSE IPhone13Pro ° Huawei Samsung

Jl
’//' Me d /* dual-matrix ;:s;n,:l:gz / \ / \
a6t

ﬁ HuaweiP50Pro HuaweiMate40Pro GalaxyS21 Galaxy821 Plus

SmartPhone aPhone = new GalaxyS21Plus() ; v/
IPhonel3Pro forHeeyeone (IPhonel3Pro) aPhone;




Exercise: Compilable Type Cast? Fail at Runtime? (1)
— :f;;;::iicb:;giz:;od *,
_— oo

facetime /* new method */ Android skype /* new method */

/* cinematic mode */
quickTake sideSync /* new method */

IPhoneSE IPhone13Pro Huawei —9 p

N
/* dual-matrix camera */
zoomage

HuaweiP50Pro HuaweiMate40Pro GalaxyS21 L4

108

GalaxyS21Plus

SmartPhone mzPhone new Samsung () ;
/+ ST of myPhone is SmartPhone; DT of myPhone 1is Samsung */
GalaxyS21Plus ga (GalaxyS21Plus) myPhone;




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

108 surfWeb /* overridden using safari */ Android surfWeb /* overridden using firefox */
facetime /* new method */ skype /* new method */

/* cinematic mode */
quickTake sideSync /* new method */

IPhoneSE IPhone13Pro Huawei Samsung

/* dual-matrix camera */
zoomage

HuaweiP50Pro HuaweiMate40Pro GalaxyS21 GalaxyS21Plus

SmartPhone myPhone = new Samsung() ;
/* ST of myPhone is SmartPhone; DT of myPhone is Samsung +*/
IPhonel3Pro ip = (IPhonel3Pro) myPhone;

Compilable? ClassCastException at runtime?



|
lial /* basic method */

urfWeb /* basic method *% - - M
M’y W Mte
ST ‘ ,gp.off‘f
.
safari *) leb /* overridden usip§ firefox *
facetime /* iew method */ e /* ne ethod *
*
/* cinematic mode */ y .
quickTake A daSiac * nall mathod *

IPhone13Pro ‘ uawei 3 974
" 1

TmEiy s

i = Aay“ bt ths

Android myPhone = new Samsung(); ((A) 2 7577651
(vt papgior classer of DT o

w.vv‘t' W

Compilable Casts S|. @D Exception-Free Casts

ClassCastException (D




class A { } o’ Qtorece to YA ed.

class B extends A {

class C extends B { } ’_D 0( @((Q) b) \/'Valﬂ WPM Flaw 'P

class D extends A { }

' U}A«pt’&tm ( 0{) f_?é_t_L_L N f— 5 mr«df&)?
@ v O ( an M ’ﬂ“’ °F i
ST B ("Cdadanmf ;

DX stV T rewher cnsnesty
vior o eenlont qﬁ- b3 ST € st tfe

g 2t o
dntottr of 65 D[



Lecture 5
Part K

Inheritance -
Checking Dynamic Type via instanceof



% %
Checking Dynamic Types at Runtime (1) = ﬁ%&f@ 2

Student(String name)

/ String name ‘ ! WA ?
void register(Course c) Student J

double getTuition()

Course[] courses /* registered courses (rcs) */
int noc /* number of courses */

/* new attributes, new methods */

- /* new attributes, new methods */
ResidentStudent(String name) ResidentStudent NonResMentStudent NonResidentStudent(Sringaime)
double premiumRate double discountRate

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

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

%r gi.ﬂﬁ éf":ﬁﬁ

[t 17T o \SM jﬁdl

Ho expetttin
PV@JJMEM& %

2 s P 2 T o7 4 T 4 dogtod

0/-‘ H&fcdﬁ#ﬁlh«t& ¢

esidentStudent rs = 1 ReSldentbtudent)
rs.setPremiumRate (1. 5‘-



Checking Dynamic Types at Runtime (2)

SmartPhone

/

108

surfWeb /* overridden using safari */
facetime /* new method */

/* cinematic mode */
quickTake

.

dial /* basic method */
surfWeb /* basic method */

Android

IPhoneSE

IPhone13Pro

aOrwOND =

/* dual-matrix camera */
zoomage

surfWeb /* overridden using firefox */
skype /* new method */

\ sideSync /* new method */

Samsung

/N

HuaweiP50Pro

HuaweiMate40Pro

GalaxyS21

GalaxyS21Plus

SmartPhone aPhbne = new GalaxyS21Plus () ;

if
=2

daPhone instanceof | IPhonel3Pro

S forHeeyeon =

(G , 2 Phone;

forHeeyeon. facetime () ;

}

)

[Nl DIl 0’-\ Ao

Ml

e BGS 7

BW% :’{'l‘{ [t & fé‘df&ff%}?f{oﬂ

) ap



] Al
The instanceof Operator D A obj =[new BY); & by
2 if (obj instanceof@2)| {

4 & 7

3 /?? obj2 = (2?) obj; L
} L7 < h YIIM ( VAA =
- L1 compiles if B ccn : 5’
fulfill expectations of A. ZA
/ -L3: or ?7
Cﬁ\ VT ;” - Compiles if
&3 ‘7'2 Up or Down cast w.r.t. A.
A eq - ClassCastException if B cannot
fulfill expectations on ?2.
VT:f/ - L2:
- - Evaluates fo true if B can

fulfill expectations on ?2.



Use of the instanceof Operator ,;J’ 1

dial /* basic method */ 'j E
SmartPhone p
s‘l?Web /* basic method */

surfWeb /* overridden using safari */ Androi surfWeb /* overridden using firefox */ 9‘
facetime /* new method */ oid skype /* new method */ Q
bz -
/* cinematic mode */ 1
quickTake € 2

IPhoneSE IPhone13Pro

/* dual-matrix camera */
zoomage

HuaweiP50Pro HuaweiMate40Pro GalaxyS21Plus

Phone = new Samsun
one 1instanceo
/4 true r: Samsung 1S a descendant of Zndroid
println(myPhone instanceof Samsung) ;j

/& true °; Samsung is a descendant of Sgmsung
println(myPhone instanceof GalaxyS21) ;i

/4 false ° Samsung is not a descendant of GalaxyS21
printlin(myPhone instanceof IOS);

/# false °: Samsung is not a descendant of IOS x/
println(myPhone instanceof IPhonel3Pro);

/#+ false ° Samsung 1is not a descendant of IPhonel3Pro x/

myPhone instanceof ??
evaluates to true if
Samsung can

fulfill expectations on ?2.




Safe Cast via Use of the instanceof Operator

surfWeb /* overridden using safari */ Android
facetime /* new method */ ndrof

|08 surfWeb /* overridden using firefox */

skype /* new method */

/* cinematic mode */
quickTake sideSync /* new method */

IPhoneSE IPhone13Pro Huawei

Samsung

/* dual-matrix camera */
zoomage

HuaweiP50Pro HuaweiMate40Pro GalaxyS21 GalaxyS21Plus

SmartPhone myPhone = new Samsung() ;

/* ST of myPhone 1s SmartPhone; DT of myPhone 1s Samsung x/ . 2?2
if (myPhone instanceof Samsung) { myphone instanceof 7
Samsung samsung = (Samsung) myPhone; evaluafes 1‘0 frue If

}
if (myPhone instanceof GalaxyS21Plus) ({ Samsung can

GalaxyS21Plus galaxy = (GalaxyS21Plus) myPhone; fu|ﬁ|| expec’ra’rions on ??
}

if (myphone instanceof HuaweiMate40OPro)
Huawei hw = (HuaweiMate40Pro) myPhone;

- O OWoONOOTPA,WN —

—_




Lecture 5
Part L

Inheritance -
Static Types, Casts, Polymorphism



Static Types, Casts, Polymorphism (1)
Vet [t
e

surfWeb /* overridden using safari */ Android surfWeb /* overridden using firefox */
facetime /* new method */ n skype /* new method */

/* cinematic mode */
uickTake sideSync /* new method */

IPhoneSE IPhone13Pro

Huawei

Samsung

/* dual-matrix camera */
zoomage

HuaweiP50Pro HuaweiMate40Pro GalaxyS21

class SmartPhone {

void dial() { ... SmartPhone  sp
} ° sdiallyy &

class I0S extends SmartPhone { .facetime();
void facetime() { ...}

.quickTake() ;
}

[ ]
class IPhonel3Pro extends I0S {
void quickTake() { ... }
}




Static Types, Casts, Polymorphism (2)

surfWeb /* overridden using safari */

Android surfWeb /* overridden using firefox */
facetime /* new method */ narof

skype /* new method */

/* cinematic mode */
quickTake sideSync /* new method */

IPhoneSE IPhone13Pro Huawei

Samsung

/* dual-matrix camera */
zoomage

HuaweiP50Pro HuaweiMate40Pro GalaxyS21

GalaxyS21Plus

class SmartPhone {
void dial() {

}

class I0S extends SmartPhone {
void facetime() { ... }

IOS 1ip = new IPhonel3Pro(); .
ip.dial(); B

ip.facetime(); .
B . quickTake () ; [ ]

AW =

}

class IPhonel3Pro extends I0S {
void quickTake() { ... }




Static Types, Casts, Polymorphism (3)

surfWeb /* overridden using safari */ Android
facetime /* new method */ narof

108 surfWeb /* overridden using firefox */

skype /* new method */

/* cinematic mode */
quickTake sideSync /* new method */

IPhoneSE IPhone13Pro Huawei

Samsung

/* dual-matrix camera */
zoomage

HuaweiP50Pro HuaweiMate40Pro GalaxyS21 GalaxyS21Plus

class SmartPhone {
void dial() {

}

class I0S extends SmartPhone {
void facetime() { ... }

IPhonel3Pro ip6sp = new IPhonel3Pro(); .
ipé6sp.dial(); .

ipbsp.facetime () ; .
ipésp.quickTake () ;

PO =

}

class IPhonel3Pro extends I0S {
void quickTake() { ... }
}




\J
& rtPhone dial /* basic method */
surfWeb /* basic method */

surfWeb /* ovfrridden using safari */ Android surfWeb /* overridden using firefox */
facetime /* flew method / n skype /* new method */

" cine ic mode */
sideSync /* new method */
IPhoneSE IPhone1 3Pro M Samsung
5 /* dual-matrix camera */
ﬂ zoomage

HuaweiP50Pro Huaw Mate40Pro GalaxyS21

class SmartPhone {
void dial() { ...}

} (IPhonel3Pro)

class I0S extends SmartPhone { oh 13p
void facetime() { ... } Lrioned drnc)

}

class IPhonel3Pro extends I0S {
void quickTake() { ... }

}

(IPhonel3Pro)

GalaxyS21Plus

new IPhonel3Pro();

saeliara 140 v

. facetime () ;

.quickTake();

v’

v

v




Static Types, Casts, Polymorphism (5)

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

i TN

/* new attributes, new methods */ g /* new attributes, new methods */

}i{esibdlentStm?entgt:ing name) ResidentStudent lig:lﬁ:s&cilsecl(l)tf:tllgz?:(Strlng name)
ouble premiumRate A S
void setPremiumRate(double r) void setDiscountRate(double r)

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

NonResidentStudent

Student s

DO 00) 3

M V;( & \éﬂkl\fq%\{f@% (Kgé/y ResidentStudent

iirse eecs2030 = new Course("EECS2030",

ydent s = new ResidentStudent ("Jim") ;
cgister(eecs2030);

(ResidentStudent)

System.out.println/(

= ); MIH ST



Lecture 5
Part M

Inheritance -
Polymorphic Parameter Types



Polymorphic Parameters (1)

Sott thpe & elwents o avey)

lass StudentManagementSystem

1
2
3
4
5 §- void addStudent (Student s)
Q. S

Static type of ss[0], ss[1], .

ST

(3

EREEER

S EEES.
SiEiig
sifEed
2 5
s £
% 33
£§

£ EH
FEELEE
SR
§278!
® ¥

wly

] Gs) /x ss[i] h/ Jtlc f{))e Stydent x/ int c;
© void ada S Res.ldentStudent_@
- void addNRS(NonResidentStudent nrs)

N C ++; } F{NM
{lss[c] = nrs ++ 9
{|sslc] = sgTTF; P 1’

, ss[ss.length - 1]?

ol > T & cbopt 4 Lo doiaudett & Goudot

I thod addRS, does|ss[c](=)rsicompile?
(%Mdn m\; ,povs aﬂw(& " 9 omPI: T R
» ROYENS T Bl sitractin vl JEW
Q. Under whaf curcumsfances can the following
method call be valid/compilable? P ST?
Sm3 addRS(Q) _~ 42075 of RS Q)=

(0. 4



Polymorphic Parameters (2)

1 fclass StudentManagementSystem {
Student [] ss; /* ss[i] has static type Student =*/ int c;
cAb‘d 3 ] S(ResidentStudent@ { ss[c] = rs; c ++; }
void addNRS (NonResidentStudent nrs) { ss[c] = nrs; c++; }

}

{ ss[c] = s5; c++; }

Student El =
Student s2 = new ResidentStuderN
Student s3

new| StudentManagementSys

sms.addRS
sms.addRS(s2); @
sms.addRS(s3); @
(r @

.

zjn();

sms.addRS (rs) ;
sms.addRS (nrs) ;
sms.addStudent (sl

s: udent(String name) String name
oid register(Course c) Student Coursef] courses /* registered courses (rcs) ¥/
sms. double getTuition intnoc /* number of courses */

—
/// \\\
‘ /% new attributes, new methods %/

sms.addStudent (s3) ;
sms.addStudent (rsy;
sms.addStudent

/* new attributes, new methods */
ResidentStudent(String name)
mRate

name)

ResidentStudent

d hI dscn ntRate

r) r)
re rridden methods %/ /’ d/' ed/overridden methods */
- \/ double getTuition() dblgtTut n()




t NME (7
I
C a sh n Ar umen t S p— —
void register(Course ¢) Student Coursc[] courses /* registered courses (res) */
4 - int ses
AN
d .

double getTuition() | int noc./* number of courses */
void add R§(ResidentStudent ﬁ.ﬂ

J /* new a'tlriblltes, new meghmis L4
s\{ new Student ("Stella"); ldSSCOSfEXCprlOH? g\
/%®s’ ST: Student; s’ DT: Student x4 La Y
StudentManagementSystem sms = ng \P 'DT Op S
sms . addRS @ 2 &‘ / 4\

l(Slrmg name)

new attributes, new methods %/ \‘

te(d uble r)
den methods ¥/

SYIEFY
J82E

Sl new NonResidentStudent ("Nancy") ;

/% s’ ST: Student; s’ DT: NonResidentStudent =/
StudentManagementSystem sms = new StudentManagementSystem();
sms.addRS (s); X

new ResidentStudent ("Rachael");
/+ s’ ST: Student; s’ DT: ResidentStudent x/
StudentManagementSystem sms =
sms.addRS (s); X

NonResidentStudent nrs new NonResident

,9 /% ST: NonResidentStudent,; DT: NonReside
StudentManagementSystem sms =
sms.addRS (nrs); X



sl  addSuolent G 55 > M”bﬁ'wi‘? S=73

tudents

Studeat(String name) |
oid register(Course. ..)
double getTuition()

String name
Coursel] courses /* registered courses (rcs)
int noc /* number of courses ¥

Student

A Polymorphic Collection of

/ —

7% new attributes, new methods */

,’ﬁ new attributes, new methods */

....... )
1 @ ResidentStudent (i's)= new ResidentStudent ("Racg#facl"); vt SR v - ~ ‘/‘.,{:I”QZ'LMJ!‘R.'..(MH
/% redefined/overridden methods */ /* redefined/overridden methods */
2 rs.setPremiumRate ( it H double getTuition() double getTuition()
3 @ NonResidentStuden = new NonResiden udent ("Nancy") ;
4 BMnrs.setDiscountRate (0. 5) ;
5 StudentM. £ _ T udentM £s £ O c s dentManagementSystem {
udentManageme stem sms = udentManagementSystem() ; stidengl] students;
6 Msms.addStudent ( ; ymorphism %/ 'ﬂ; % : LmOfStudent s; ’-\-)&* M w
7 Bsms.addStudent ( nrs ) ; * polymorphism */ w ST
8 M Course eecs2030 = new Course ("EECS2030", 500.0); M eidiaddocudent (CEUdCnt {
K students[numOfStudentslf = s;
9 W sms.registerdll (eecs2030) ; 2 mOfStudents ++;
10 flfor(int i = 0; i < sms.numberOfStudents; 1 ++) { .4‘ 5 PM
11 /* Dynamic Binding: m “[ [)’ . R
; i . . . |]_ registerAll (Course c) {
12 * Right version of getTu$on will be called *Z e TE T = i < numberOfStudents, B & i
13 System.out.println (sms.lstudentsl i]l. getTuition() ); Istudent [1]| registed(
14 @) e—— . } ‘ ﬁ
e
}
) £0.8T §
Student| agementSystem 0 a 2 3 4 5 6
sms.ss = O
ss P | null ‘ null | null ‘ null | null ’ null ‘ null | null ‘
sms [ - \
ﬁ““m p \/Z\' sms.getStudent (1) W J I
T‘, 6/ esidentStuden (‘ ~ NonResidentStuden 5
ame “RACNEEL" “Nancy”
° numberOfCourses 0 1 8 g S numberOfCourses 0 1 dMﬂ m
registeredCourses | I null ‘ ‘ null ‘ null ‘ registeredCourses ‘ null l u | null | null

®

discountRate

m oP de:

sms.ss[0]linstanceof NonResidentStu P~ sms.ss[1]linstanceof|NonResidentStudent
sms.ss[0]linstanceof ResidentStuden v wmesz2050- || STS-SS[1]}instanceof|ResidentStudent
sms.ss[0]linstanceof Studen cecs2030  [——T5Ss sms.ss[1]jinstanceof|Student



Lecture 5
Part N

Inheritance -
Polymorphic Return Types



e ? & RT om
Polymﬁwic Return Type

Course eecs3030 = new Course("EECS2030", 500);
ResidentStuflent rs = new ResidentStudent ("Rachael");
rs.setPremiimRate(l1.5); rs.register(eecs2030);
NonResidentfStudent nrs = new NonResidentStudent ("Nancy");
nrs.setDisdountRate(0.5); nrs.register(eecs2030);
StudentManggementSystem sms = new StudentManagementSystem() ;
sms.addStud®nt (rs) ; sms.addStudent (nrs) ;
Student( s k=) I sms.getotuaenttor 1 ;  /+ dynamic type of s? +/
sy rerep———

static, return type: Student H

aof Student && s instanceof Resid Student);/*t:A
); /*x falsewk/

<

°

Re€identStudent rs2(=) sms.getStu&ent(O) -=a
s (=) sms.getStudent (= cyprc YPe of s? */
-— \

static return type: Student q:
print (s instanceof Student && s instanceof NonResidentStudent);/

print (s instanceof ResidentStudent); /* false x*/
print( s.getTuition() ); /*Version in NonResidentStudent called:250+*

NonResidentStudent nrs2 = sms.getStudent(l); x

StudentManagementSystem 2 3 4 5 6 7 " 99

ss \ ‘ null ‘ null ‘ null ‘ null ‘ null ‘ null ‘ n::ll ‘ null ‘
c 2

sms.getStudent (0) sms.getStudent (1) ﬂ ’S:

. (—‘ NonResidentStudent |

“Rachael” “Nancy”

nrs

numberOfCourses |51 [ 8 9 numberOfCourses [I1 0o 1 8 9
registeredCourses null | w. | null | null registeredCourses null| .. | null | null

premiumRate L discountRate 0.5

Course
title “EECS2030"
fee DD

eecs2030




Lecture 5
Part O

Inheritance -
Overridden Methods and Dynamic Binding



Summary: Type Checking Rules

Ly

L
= 4wm¢ aled 7
L fompie TP ? %M((>(Z{>'V

CODE

CONDITION TO BE TYPE CORRECT

Is y's ST a descendant of x's ST?

Is method m defined in x’'s ST?
Is y’'s ST a descendant of m’'s parameter’s ST?

Is method m defined in x’'s ST?
Is y’'s ST a descendant of m's parameter’s ST?
Is ST of m’s return value a descendant of z’'s ST?

Is ¢ an ancestor or a descendant of y's ST?

Is ¢ an ancestor or a descendant of y's ST?
Is c a descendant of x’s ST?

Is ¢ an ancestor or a descendant of y's ST?
Is method m defined in x’s ST?

| Is C a descendant of m's parameter’s ST?




Overridden Methods and Dynamic Binding (1)

boolean equals (Object obj) {
return this == obj;

) m— Y
= m =
-/ - —

class A {
/*equals not overriddenx/

}
class B extends A {

/*equals not overriddenx/
}
class C extends B {
/*equals not overriddenx/

Object cI
Object c2

println(cl.equals(c2));

L3 calls which version of
equals? [ Object ]



Overridden Methods and Dynamic Binding (2)

boolean equals (Object obj) {

Object return this == obj; class A {
} /*equals not overriddenx*/

}

class B extends A {
/+equals not overriddenx*/

et

}

A class C extends B {

boolean equals (Object obj) {
A /* overridden version */

Object c1 = [new CT1]

println(cl)equals (c2));

@ boolean equals (Object obj) {/ L3 calls which version of

}/ overridden version */ equals? [C]

) ) )
oy)




Overridden Methods and Dynamic Binding (3)

boolean equals (Object obj) {

Object return this == obj; class A {
} /*equals not overriddenx/
}
class B extends A {
boolean equals (Object obj) {
/* overridden version */

}
}

do@" N&%yg gﬁk Bclass C extends B {

/*equals not overriddenx/

boolean equals (Object obj) {

:
: )
T
|
O

} Object cI
Object c2

n E} equals (c2));

L3 calls which version of
VT"; [-O7 C equals? [B]




Lecture 6
Part A

Abstract Classes



v
Abstract Implementation vs. Concrete Implementation Mpﬁ%f%

UPAl - Poftiett (etoed 40
No 3&4«& " oublel] sides;

wpl :
o O



Abstract Class vs. Concrete Descendants

vyabstract |class Polygon {
golible|[] sides;

Polygon(double[] sides) {Ithis.sides = sides;lq;
void grow() { ?
for(int i = 0; 1 <AL es.length; i ++) { sides[i}\ ++; )
}
double getPerﬁeter() { '
double p#rimeter = 0; !
]
]

L)

for(iyt i = 0; i < sides.length; i ++) {
?rimeter += sides[i];
}

g return perimeter;

extends

public %elass Rectangle extends Polygon {

(double Ig g:h, double width) {
<P sufer (new doubld(4]) ;& .. 4 -
] width;

public clpss Trianglg extends, Polygon { g
Triangle (double si , double si , double s¥de3) {
.9 super (new doubl ) ;

sides[0] = lenglBs sides[1] = width; sides[0] = sidel; "sides[1l] = side2; sides[2] = side3;
sides[2] = length; sides[3] = Wldth" } — == ,-( 2
} o

{ return sides[0] * sides[1l]; }

double getArea() double getArea() f{
=0 )+ HeET e Totnula «/ T ZT <]
déuble s = getPerimeter() x 0.5;
double area = Math.sgrt (
oSk o (v S sides[O]é* (s — sides[l]) %= (s — sides[2]));

return area;

W[
ad
W N
Y




I

A polymorphilk ‘l" U public abstract class Polygon {
. / + double SJ.aes;
getPerlmeter() ’ e 0 Polygon(double[] sides) { this.sides sides

getArea ()NW evoid grow(l) {

for(int i = 0; i < sides.length; i ++) { sides[i] ++;
5); /* polymorphip ] 4 L
. z 2 72 *double getPerimeter() {
getPerlmeter() 14 “ L double perimeter = 0;

. 45 for(int i = 0; i < sides.length; i ++
etArea () ) P perimeter += sides[i];
}

return perimeter;

Rec’ranglel N T Tor. %J

sides | A A3 Tal3T4] —
v .

# Triangle v

sides /-\;;Lg 2l

e




Polymorphic Collection of Polygons ol K-

public abstract class Polygon {
double[] sides;
Polygon(double[] sides) { this.sides = sides; }
oid grow()
for(int 1 = 0; 1
}
double getPerimeter() {
double perimeter = 0;
for(int 1 = 0; i < sides.length;
perimeter += sides[i];
}
return perimeter;
}
abstract double getArea();

PolygonCollectQ} col = neg Poly pnCollector();
col.addPolygon (new Rectangle (3,/48)); /+* polymorphism
col.addPolygondnew Triangle(3,[4, 5)): /* polymorphi:

System.out .@%intln
/

Wgs.length; 1 ++) { sides[i] ++; }

R )
el .polygon's[O] .. getPerimeter ());

.Ng&ecReErTmetery () ) ;

. getPerimeter ());

.lgetPerimeter ());

Rectangle

e hﬁa& Rectangle

|/ COI .:)3 sides - 3
public class PolygonCollector { j 57: 7
Polygon[] polygons; PolygonCollector .

int numberOfPolygons;
- 3 Vg
Po.lygonCollector() polém ;) nop i‘_ 1 5
void addPolygon(PJOlygon p) {
polygons|[numberOfPolygons] = p; numberOfPolygons ++; POlngI'IS N 5o

}

void growAlI() {
for(int i = 0; i < numberOfPolygons; i ++)
polygons([i].grow() ;
-—

-

sides




Polymorphic Return Type

public abstract class Polygon {
double[] sides;
Polygon (double|]

sides) { this.sides = sides; }

double getPerimeter() {

double perimeter = 0;

for(int i = 0; i < sides.length; i ++) {
perimeter += sides[i];

}

return perimeter;

}

abstract double getAreal);

Triangle

n = null; lbd
: if(sides.length == 3) {
D P new Triangle(sides[O] . sydes , sides[2]);

} Vd
else if (sides.length == 4)/{
P newlRectangle(side;'[O], sides[1]);

S to vefurr]
[ valol <! e '2';> s T
Mroid grow(Polygo p.grow(),

void grow() { System.
for(int i = 0; i < sides.length; i ++) { sides[i] ++; } System.
! System.

System.
con.grow

out.println
out.println
out.prantin

ou

PolygonConstructor con =
double|[]
System.

recSides =

;

System.ouft. prlntln

{3, 4

new Polygonc;nstructor(),

instanceof Polygon);
instanceof Rectangle) ;
:.nstanceo:’ Triangle)

getPerimeter () )4%%

=

fer- /-

con. getPolygon

.println(p instanceof Polygon); V'
.println(p instanceof Rectangle); X
.println(p instanceof Triangle); V'
.println(p.getPerimeter()); /+ 12.0 */
.println(p.getArea()); /+ 6.0 =/
)i
.getPerimeter()); /+ 15.0 =/

(triSidesi;

Recfangle

sides I /-\zli
p7A

Triangle

Si

des

Cam

KT By

°
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Interfaces



Representations of 2-D Points: Cartesian vs. Polar
Leel: Towanl, suzh Leturmr
Cartesian System Polar System #o agm {m/tlelsy
W&M
—

r * sin(phi)



Recall: sin30° = § and cos30° = - /3

. =
Example: Cartesian vs. Polar 2,
s 2

\'/ 2 - sin30° <{(a| =

7 sl

I 2a - c0s30° = @
We consider the same point represented differently as:
e r=2a,y=30° [ polar system ]

e x=2a-c0s30° =a-\/3, y=2a-sin30° = a [ cartesian system ]



Taolee wed 64 & Smtchp
Interface vs. Implementations
* Math. sgrt(3

double A = 5;

double.X = A

double’ Y A; ;‘mm Md W‘%t

pnew CartisianPoint (X Y), /PT olymorphlsm */
getx () + ", " +(0) gegY() +."");

o) new PolarPoint (2 * A, Math.toRadians @

print("d(" +

implements Point {

st

double y) {

private double x;
private double y;
public CartesianPoint gdouble’x,
this.x X; ' 4

this.y Vi
getX () { return x; }
getY()j{ return y; }

}
public double
public double

}

ot = -Zn/lt(

x 12 3ef'l()x

CartesianPoint

public class Pol!rPoint 'Eelements Point {
pr:.va € double vh1
publlc PolarP01nt(doub1e 5y

his.r = r;
thls phi = phi;
pub11c doub eﬁgetX()
public doublel getY()

_x

Valrd

'[zqetYO

PolarPoint

I (¥ Point p r /D |
y S phi | 397
(a' \/gv a)
L
2(/1 - 2a - sin30° = [a]

2a - c0s30° =

\ implements
v

d]uble

{ return Math.cos(phi)
{ return Math.sin(phi)




Lecture 7
Part A

Generics in Java -
General Book: Storage vs. Retrieval



names~—3 | | |[ee o | | | |

General Book

records—Y [ [ Jee o« [ T 11 Supplier

public class Book {
private String[] names;
private Object [] records,

/e add a name- record

Date birthday; String phone
Book b; boolean isWednesday
b = new Book () ;
phoneNumber = "416-67-1010"}

ladd | ("suveon®), QhoneNumber
6 §birthday =, new Date ( 1375 4, 10) o
7 Ibladd | ("Yuna", pirthday) ; %Qf Z\/’.
X 8 QisWednesday = ¢ £ Wt ST.

ST o EViﬂktJ@mf



General Book: Retrieval from a Polymorphic Array lo fl

oA

g‘f‘vﬁ;ié Lwc?’%a;)
Moﬂm Sk Yoo

Date birthday; String phoneNumber;
Book b; boolean isWednesday;

b = new Book(); v
phoneNumber = QSIS ; mJ”J

b.add ("Suyeon", phoneNumber) ;
birthday = new Date (1975, 4,
b.add D, G ;
isWednesday = b.get ("Yup

ONOOOTPA~,WOWN —

2 objett_eIpsA : oo (95t) bue
.get ("Suyeon")| instanceof Date
y =




General Book violates |Single Choice |Principle

Object recl
Object rec2

new. C1(); b.add(..., (recl);
new'C2(); b.add(..., rec2);

Object recli00

Object rec = .‘get("Jim"); v Re‘l'l"ievals

if (rec instanceof Cl1) { ((Cl) rec).ml;

\__~7poent

L3 y L IEERIY RS g G R o~ Vo RN 4 VAW L W.W.%\
Lo \L C0L il LGiliveWVa b VV) \ (VYY)

Object @ b.get (&-Frmi) ;

IE (rec instanceof C1) { ((Cl1) rec).ml; } W

- L _] 7 3 L] . -~ o~ N r VARV Y Y. WA\ AN
ST I LT\ e CT IS caiiCer ™ Crvu )/ mmmcrvu/reT) .uu.uu,|}

2ke FCvl mmad o)) S - - -3 o rei ol
What if a new type|C101|is introduced? At ,g/?PA

What if type C100 becomes obselete?




Lecture 7
Part B

Generics in Java -
Generic Book: Storage vs. Retrieval



ob7 M(zi)
] w 0 M it @1 “M"b J
Generic Book Q{Ye et thef-Z = ﬂ‘“”’Suppller V«e Wp

/* adddpPbhamd-record pair to

weth- Fﬁqﬂw i :Q%#if’
he book
public void Add (String name, |

) record) } {'gﬁ
/* return e record associated with a given name *

class Boo /@7»

pr:Lvate( riRpg names
privateNE [ ] \records;

M
public (E) get (String name) { ... } } (et f’

«9 4. vetua t4pe “ZVM?
mﬁ‘c‘ Date hda ; honeNumber; Cl'@ﬂf %
L Book<pat >1k§; boolean isWednesday; JP <
‘% b = new Book<pme®® () ; cji:ars:.sva%rx:ng{[] names; I
ot & Jononenumber = var6-67-1910" — 2| AL T @p |
@ ' . b.add "Su eon", hone mber); publ:L v:.d add (String name} record) { ...} |
45 Ao cthda; = new Date (1975emt 10); 1,fiiiii;iz;‘;”“?”“g”e“ /|
M“ b.add ("Yuna", birthdd; '

SJ: Vare

na")).getDay () == 2} m//?/
ST: [7te.

& | 1sWednesday = b.get (




Lecture 7
Part C

Generics in Java -
Generic Collection Classes



API: ArrayList<i

int

\Aoolean

void

boqlean

/e
@ ¢ W

@k

Tt
‘ S .47«% L5t ~@'

dedsaten o feet e peoweter

Returr)s the nunber of elements in this list.

zﬁ@w [i‘g. 2

Appends i )€ ¢ iﬁe)?légnt to the end of this list. y
add(int index, @ element)

[ 4

[
Inserts the specified element at the specified position in this list. VF t l M A [ L
Q’ . i) ‘);;

contains(Object o)

Returns true if this list contains the specified element. D 'gtl. ﬁﬂ C“Mé”);

remove(int index)

Removes the element at the specified position in this list. 4 : ! E < \gbr >

is present.

boolean remove (Object o)
KfﬂﬁRemoves the first occurrence of the specified element from this list, if it /%t_z -
b\2 Y >
‘
nt

index0f (Object o)
Returns the index of the first occurrence of the specified element in this

¢
list, or -1 if this list does not contain the element. X
WL/ (pl

get(int index)

Returns the element at the specified position in this list. \425":2 A d d fe% d/o Q



Use of ArrayList<String>

int
boolean
void
boolean

xhd

boolean

chef

-i;

size()

Returns the number of elements in this list.

add( e)

Appends the specil €] n§ to the end of this list.
add(int index,

Inserts the slyﬁed element at the specified position in this list.

contains (Object o)
————
Returns true if this list contains the specified element.

remove(int index)
Removes the element at the specified position in this list.

remove (Object o)
Removes the first occurrence of the specified element from this list, if it
is present.

index0f(Object o)
Returns the index of the first occurrence of the specified element in this
list, or -1 if this list does not contain the element.

get(int index)
Returns the element at the specified position in this list.

i) import java.util.Array,

2 Q@ public class ArrayLigfTester

3 public static voigl main(String[] args) {

4 list = new ArrayList<String> () ; int
5 println(list.sizel)) ;

6 println(list.contains("A"));

7 println(ljist.indexOf ("A"));

8 list.'

9 list.add(™B");

10 println(list.contains("A")); println(list.contains("B"));
11 println(list.indexOf ("A")); println(list.indexOf (" Yes
12 distuadd(ly WEM):;

13 println(list.contains("A")); printin(list.contains("B"));
14 println(list.indexOf("A")); println(list.indexOf("B"));
15 list.remove ("C");

16 println(list.contains("A")); println(list.contains "y ).
) |72 println(list.indexOf ("A")); println(list.indexOf (" );
18

19 for(int i = 0; i < list.size(); 1 ++) {
20 println(list.get(1i));
21
22

PEIAELAN(ITSE. cOoRntains (ME™).5
printin(list.indexOf("C"))

printin(list.contains("C"));
println(list.indexOf("C"));

pPrEIntln(ldste-containsg ("€"))s;
println(list.indexOf("C"))

4

[ 4




. ™ -} fwo OEWIBHerS . - |
API. HashTable %re F” rioble <Coad) % 4

boolean

boolean

K ot

P4 Yg,;o/‘

# oo

Returns the number of keys in this hashtable.

containsKey(Object key)
Tests if the specified object is a key in this hashtable.

containsValue(Object value)
Returns true if this hashtable maps one or more keys to this value.

get(Object key)
Returns the value to which the specified key is mapped, or null if this

ma&con@ins no mapping for the key.

put (¥ key, V value)
Maps the specified key to the specified value in this hashtable.

remove (Object key)
Removes the key (and its corresponding value) from this hashtable.




V. 4
Use of HashTable<String, String>

int size()
Returns the number of keys in this hashtable.
boolean containsKey(Object key)
‘| import java. util. Hashtable; Tests if the specified object is a key in this hashtable.
2 Pub]_ic class Has Table ter { boolean containsValue(Object value)
3 publ:l.c stati void ma Str:l.ng[] args) { Returns true if this hashtable maps one or more keys to this value.
4 Hashtable#Str:.n grades = new Hashtable<§ )(3 get(Object key)
5 System. out .prlntln ("SlZe of table: " + grades. siza ® Retums:hlevaluetow?ichfth:}lspiciﬁedkeyismapped, or null if this
ma] ontains no 110 or e Key.
6 System.out.println("Key Alan exists: " + grades.cd . ﬁpp ‘ g
4 System. out. In("Value B+ exists: " + grades.cd *x; ep"txkey‘x““’e)
8 grades pu "Alan' "A") . Maps the specified key to the specified value in this hashtable.
. (4 ¥
9 grades.put ("Mark", "B+"); )‘.} e J remove@ key)
1 O gra o put ( "Tom" ; nen ) . Removes the key (and its corresponding value) from this hashtable.
11 System.out.println("Size of table: " + grades.size());
12 System.out.println("Key Alan exists: " + grades.containsKey("Alan"));
13 System.out.println("Key Mark exists: " + grades.containsKey("Mark"));
14 System.out.println("Key Tom exists: " + grades.containsKey("Tom"));
15 System.out.println("Key Simon exists: + grades.containsKey("Simon"));
16 System.out.println("Value A exists: " + grades.containsValue("A"));
17 System.out.println("Value B+ exists: " + grades.containsValue("B+"));
18 System.out.println("Value C exists: " + grades.containsValue("C"));
19 System.out.println("Value A+ exists: " + grades.containsValue("A+"));
20 System.out.println("Value of existing key Alan: " + grades.get("Alan"));
21 System.out.println("Value of existing key Mark: " + grades.get("Mark"));
22 System.out.println("Value of existing key Tom: " + grades.get ("Tom"));
23 System.out.println("Value of non-existing key Simon: " + grades.get ("Simon"));
24 grades.put ("Mark", "F");
25 System.out. wValue of existing key Mark: " + grades.get ("Mark"));
26 grades.remove "
27 System.out.printIff("Key Alan exists: " + grades.containsKey("Alan"));
28 System.out.println("Value of non-existing key Alan: " + grades.get ("Alan"));




Lecture 8
Part A

Recursion -
Basics: Thinking Recursively, Call Stack



Solving_a Problem Recursively

Given a small problem: Solve it directly:

Given a big problem:

Divide it intfo smaller problems:

Assume solutions to smaller problems:

Combine solutions to smaller problems:

(1 == ...) { /* base case: do something directly =*/ }

else

>;/* recursive call with strictly smaller value */
}

: rebwsie (4] o




Recursive Solution: factorial

€= ¢ % kD2t @
) L |

N = M* (DX UK A 2]
ot g X 4/ LP(/(_D/

Le mflJ sunller /zo%w SF2P /

(1

=$ % (§-




/ﬂlnt factorial (int")§

int result;

ﬂﬂyf(n =="0) { /+ base case */ result = 1; }
else | /+ recursive case */

result = @* factorla@
= mfg dwolly

}
return
/ = l

D]
[ +[gida)] , -
Example: factorial(3))

Runtime Stack



Common Errors of Recursion (1)

int factorial (int n) {

return n » factorial (n - 1);

}

2 i) Low MP(S) I, #’n&e Bk
[(




Common Errors of Recursion (2)

int factorial (int n) {
& 5] 67 0) { /* base case */ return 1; }

else { /x recursive case */ return n x factoriall(n)); }

> et

Ilk'-’lffe YEWM 7o Yo, Ji7e Ay
’J‘M[%> YeLnsae (21’// ik Vg

le ‘/Zf (3) ﬁfl‘féi J»(A//ef )

G 7’40(?) ( naier Aéé bo 1ok floadise-ts®)



Recursive Solution: Fibonacci Numbers

] -’




Recursive Solution in Java: Fibonacci Numbers

int fib (int n) {
nt result;
if(n == 1) { /* base case */ result = 1; }
else if(n == 2) { /* base case */ result =

else { /% recursive case +/
%result = fib (n - 1) + fib (n - 2);

return resul? M % l

}

Example: ﬁb(4)

Runtime Stack



N
TS
%L[{D t $b>
7N
Ne) + fly Tk« fa

/N
Ji& + fCD



Lecture 7
Part B

Recursion -
Examples: Recursions on Strings



[»’l m) 0|1 2

Use of String Qh?bfg (N, "y

public class StringTester ({
public static void main(String[] args) {
;wLmU

String s = "abcd"; 4
System.out.println(s.isEmpty () /* false #*/

/* Characters in index rdnge 49

String t0 = s. substrlng(O \u a/ﬂfﬂf
System.out priatin(tl) ; /* ;'_" */

/* Characters 1in index rang:_[O, 4) */
String tl1 = s.substring(0), \4);

System.out .printila{tl): /% "abad™ %/

[A m1] S~k b eld[f

/* Characters in index rangg [1, 3) */

String t2 = s.substring‘;l‘ ‘:b,

System.out.println(t2); /% "bc" */

String t3 = (G) substring{(), 2) + s.substring(2, \4) ;

System.out.println(s.equals(t3)); /+ true x/

for(int i = 0; i < s. length(), i ++) {
System.out.print (s.charAt (

i’ystem.out.println(); 4 Mdt(0> -2 é'\




o 4 -, -e = '/’ -
Recursions on Strings J "‘f? o k

Palindrome 7
fmfgma///e/
_> “racecar” — T f”‘""’

“aracecars”’ - F
“raceacar” — F

A\

Reversal ;afcd# Number of Occurrences
ey 1.

4"’”’ bca”

. b {abca ot

oot o 2=[rTT o Mqt ﬂf"‘(

AL ! e,
J i ‘v / =lpldl

fot] o (o R e et




Problem: Palindrome )

boolean isPalindrome (String word) {
IE(word.length() == 0 || word.length()
)

—-—

/% base case */
return true;

else {
* LEeCULSlve case =
chart firstChar = word.charAt (0);
char- JlastChar word.charAt (word.length() - 1);
String,middle word.substring (1, word.length() - 1)};
return
firstChar == lastChar
/* See the API of java.lang.String.substring. *

s (dspalindrome) [midald) ;




2 ba
Problem: Reverse of a String b H-14) de

W&M
String reverseOf (String {

if (5.1sEmpty()) { /* base case 1 =
return "";

}

else if(s.length() == 1)
return s;

}

{ /» base case 2 x*

else { /* recursive case */

String tail = s.substring(l, s.length());
String reverseOfTail = re?érseOf (tail)

b vecuae, &/

char head = s.charAt (0);
return reverseOfTail + head;

7




Problem: Number of Occurrences

int occurrencesOf’(String(:) char<:) {
if (s.isEmpty()) {

2
Y
v
0] e
iy b bt

STee orcmenes e, o)

/* Recursive Case +*/

char ‘head = s.charAt(0);
String tail =
“if (head == c)

substring(l, s.length()) >

/ereturn
}

else {
2 return

1|+ f/occurrencesOf (tail, c);

0/l+ occurrencesOf (tail, c);

e e o
0 -,J'4»0 U}
S ]
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Recursion -
Examples: Recursions on Arrays



Recursion on an Array: Passing new Sub-Arrays

void m(int[] a) { P L&Q mfeS‘

if (a.length == 09 {7 /A base case */ }

else if(a.length == 1)} { /* base case #*/ }

Sa=@ consider m(al) —> e1aUMP the Lg{é (4%
m(IZDBZII)

Say = {A, B, C}, consider m(a2) P
L>"( ; 7 ) 7S /}’[‘7@1{
0 /

) e

-7 A

P
"'/Av



Recursion on an Array: Passing_Same Array Reference

void m(int[] &, int from, i i : W
iEfrom > to) | // base case */ } - o)
else if[from == tY) { |/x base case A/ }

else { mf a), I, tO0) } 1

(Zv‘(:% | y 0,-1]- %Val |‘;nﬁth IEEEE M(A[,

al }, consider m(a1,© leng 7&»'4 Ho
T B s a7k
L) Mﬂﬂdﬂ

2
Say a2 = {A, B, C}, consider m(a2, Om- 1)
ool

- 7,82 éw“?'
Ve g% mw ol
= m(az Z 2> Vﬁi/;%ﬂbz)

b ’
“ o &




Problem: Are All Numbers Positive? . akxX

boolean allPositive (int
return allP051t1veHelper @ 0, a.length - 1);

: > awswe heber wethod

boolean allPositiveHelper (int[] a, int/from; int (to)/ {
o —— Y ——
if (from > to) /+* base case 1: empty rarfge */

return true"’w lﬁ A((% 'd
) e
else :|.f(from == tO) {,—4‘* base case 2: range of one element #*
return al[from] > 0; Mﬁf. WI
(

} (
else { /+ regussdse CasSE—=

return| a[from] > O . 1PositiveHelpe a, from + 1, E’));’




Tracing Recursion: allPositive

boolean allPositive(int[] a) {
return allPositiveHelper (a,

} 67 ~

boolean_ allPositiveHelper (int[] a, int f?‘m, int t/f {

a”POS|t|Ve( if (fraom > ?o { /% base case 1: empty range */
0

0, a.length — 1);

| }
| &, else if (from == to) { /* base case 2: range of one element #*/
return a[from] > 0;
allPH(a,0 }
else { /% recursive case */
from + 1, to);

return a[from] > 0 && allPositiveHelper (a,

}
}




Tracing Recursion: allPositive

Sa a= ‘ boolean allPositive(int[] a) {
y - 1 return allPositiveHelper (a, 0, a.length - 1);
}
fds 0

i — boolea: allPositiveHelper (int[] a, int , Ant z {
a”POSItlve(d) xlf (?om > to) { /% base case 1: empty range */

return true i2

| )
a. else if (from == to) { /+ base case 2: range of one element */
return a[from] > 0g

allPH(a,0/0) }
" else { /% recurst “@case */

return a[from] > 0 && allPositiveHelper (a, from + 1, to);

>ow‘l




Tracing_Recursion:

allPositive

boolean allPositive(int][]

A

return allPositiveHelper (a, 0, a.length - 1);
2 9
J oL>*?3 2,
{

boolean allPositiveHelper (int[] a, int fpém, int %)

if (from > to) { /+ base case 1: empty range x/

return true; . >
) 3 3
Xelse if(from == to) { /* base case 2: range of one element #*/
return a[from] > 0; 2

} L
. .
else { /+ regursive case_x

return a[from] > 0 && | allPositiveHelper (a, fr.om # A, Eo) i




Tracing_Recursion:

allPositive

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

allPositive(a)

allPH(a,0,3)

T~

a[0] >0 allPH(a,1,3)

T Lene: et

a[1] > o0

boolean allPositive(int[] a) {

return allPositiveHelper (a, 0, a.length - 1);

}

boolean allPositiveHelper (int[] a, int from, int to) {

if (from > to) { /+ base case 1: empty range x/

return true;

}
else if(from == to) { /* base case 2: range of one element =/

return a[from] > 0;

}

else { /% recursive case */

allPositiveHelper (a, from + 1, to);

return a[from] > 0 &&

}
}

allPH(a,2,3)

o

a[2] > o0 allPH(a,3,3)



Problem: Are Numbers Sorted?

boolean isSorted(int[] @ {
return isSortedHelper (a,( ) a.length - 1);

} "

M!ff
wyf@’d

boolean | isSortedHelper (int[] a, int\from,/ int( to)
1t (from > to) { * base case 1: empty range *

return true;

}

else if (from == to) {
return true;

/* base case 2: range of one element A

-~

}
else {




Tracing Recursion: isSorted

@ boolean isSorted(int[] & { — ,
return isSortedHelper (a, O, a.length = 1)) g
}
{3 (] -l
. boolea isSorgedHelper (int[] a, int m, int to) {
isSorted(®) P esezyeaiep o

if (from > to) { /+ base case 1: empty range =/
| return true;|

else if(from == to) { /+ base case 2: range of one element */

. return true;
isSH(a,0,-1) )
else {
return a[from] <= a[from + 1]

&& 1isSortedHelper (a, from + 1, to);




Tracing Recursion: isSorted i

Say a= boolean is'Sorted(int[] A | 17,
return isSortedHelper (a, 0, a.length — 1);
}

iSSOrted(a) boolean isSortedHelper (int[] a, int from, int to) ({
Xif (from > to) { /* base case 1: empty range x*/
return true;

}

else if(from == to) { /+ base case 2: range of one element */
>return true;
}

isSH(a,0,0)
else {
return a[from] <= a[from + 1]

&& 1isSortedHelper (a, from + 1, to);

returp’true




Tracing Recursion: isSorted

_ S - boolean isSorted(int[] a) { ;
Say d {3’6’6’7} return isSortedHelper (a, 0, a.length - 1);
}

boolean isSortedHelper (int[] a, int from, int to)
if (from > to) { /+ base case 1: empty range =/

return true;

{

} .
else if‘from == to] { /* base case 2: range of one element */
return‘ true;

}
else {
return a[from] <= a[from + 1]

(&&? isSortedHelper (a, from + 1, to);

al \ -
.]<£['2 2g is;btka'@g) A ,\_@ L
O it

. Cal2l<=a[3 zzisSH(a;m’@

)
s T
B —— —



Tracing Recursion: isSorted

Say a= {3,6,5,7} (‘F;- boolean is'Sorted(int[] a) {
return isSortedHelper (a, 0, a.length - 1);
}

boolean isSortedHelper (int[] a, int from, int to)

ISSOI‘ted(a) if (from > to) { /+ base case 1: empty range =/
return true;

{

| t}alse if(from == to) { /* base case 2: range of one element #*/
iSSH(a,O,3) } return true;
else {
/ \ return a[from] <= a[from + 1]
&& 1isSortedHelper (a, from + 1, to);
a[0]<=a[1] isSH(a,1,3)

a[1]<=a[2]  isSH(a,2,3) Caocze -'TV&CQ

/N

a[2]<=a[3] isSH(a,3,3)
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