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attributes and behaviour constituting personhood a person

ages and grows on thew%.
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Tample. 2

Points on a two-dimensional plane are identified by their signed
distances from the X- and Y-axises. A point may move

arbitrarily towards any direction on the plane. Given two points,
we are often interested in knowing the distance between them.
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Constructors not using this Keyword

pule.c clasQerson}

* Attributes.
* These are variable declared at the class level.
* ALl methods may use them.

*/
1nt1§!§""
String nationatlity; s* Q&}

double weight; /* kg */
double height; /* meters x/

Y

fff“
/{,ye/ {‘

} } public class Tester {
public static void main(String[] args) {
/ omP WW&MP@VéQ &HHLMQ Person jim = new Person(45, 72, 1.72);
e Person jonathan = new Person(62, 65, 1.81);
7. wphet Cns! !
}




Effect of Creating a New Object (4w of Bresy— MeuoRT

/*
* Attributes

public class Person {

N

thlS weight = welf
this.height = heilgh

5498
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Tracing OO Code: Visualizing Objects

-~

To visualize an object:
o Draw a rectangle tyﬁ to represent contents of that object:
(| T@Z' icates the name of class from which the object is instantiated.

. W\enumerates names of attributes of the instantiated class.
Right cqugn/ fills in values of the corresponding attributes.

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

__ Perspl(
el 15 age\ ;

im nationality 3
weight 30

eight 3






t%o/][ T)@,,g,@\ = \/‘4'{’6\‘/1 \2 Qﬁ—éfzi—(i"fjé? }7\!\] EOJ;§€f14/€ f?é)
| [_/> esonl ] }17%0%\&! = lae) %*ga/’ /ﬁgﬁ 3

v "‘-: ) / /ﬁ
, J/f\(\. | (M (M% M? é\ ( z@

6> QOLJ E— —/ / 2 (2 m
?%“\ @@? KA o PRoSECET = pasacl ULt [ pe o
K7 g 0 l = ]

YW ] 2 > 2

<z > 3 5









AECTUKE %
Weghesvat Lepreurar. |/



— A)otes ol 4 ?wﬁ /amwwg %&@m

(Tet JZTAl ectov Gtlester)

~ k: gxl& T,d'@ 4€vF€§
/




Arrays and Aliasing - ,/1/-;\
W e 8
All afas pehs (/\ g) 7 \

4o “Alad’ < /W/ \
Y tow] i \




Constructors using this Keyword

public class Person {

/* —

* Attributes <t

%/ S
int age;
String nationality;
double weight; / kg */ 2 sothod s
double height; /* meters */ - =
rvA i

/olAOMa”

(v

-
4

n
t

\CA

oY

/*
* Constructors

i
J . 18]
" ue Lz 72 68 @/z
~—> Pers int agsy double weight; double height) {
hisage = age; &
this|weight = weight; 72
this/.height = heighx;,{zz_

N—

public static.void main(Stri

—> Perso @@E Person{45 .72)
__§>Person Jonathamy= new Person{62) 65; 1.81);
}




Accessors/Getters vs. Mutators/Setters

public class Person {
int age;
String
double
doub

—Qdou le @etBMI() )
double bmi“=
return bmi;

ruﬂ
f»é !weléht )

S. welght +

-ouble a unt) {

L
ight)+ tES. height);

@

double
Jwﬂ'f‘aﬂ a €< i.ldouble

a [42)
Person jim ¥ rY/)F‘erson(45 72, 1.72); >
Person jonatha

jonathanBF
out. pr1nt1n("J1m
out.println("Jonathan's

System
System.

Susle o . getBMI( ) ;
System.out. pr1nt1n("J1m s BMI:
System.out.println("Jonathan's

Person(62 65,(1.81

T oo

;ﬁ,getBMI‘);
Z:  + 41imBMI);

BMI: " + jonathanBMI);
" + jimBMI);
BMI: " + jonathanBMI);
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OOP: Use of Accessors vs Use of Mutators

* ,Calls to mutator methods cannot be used as values.

°© eg System.out. prlntlr‘ i« SEENeBghEl 182 )

o e.g., double w = jim. setWe1ght(78 S)3
o e.g., Jim.setWeight (78.5)

e Calls to accessor methods sho f be usedﬁas values.
o e.g., jim.getBMI ( weld Ju€  uelrS

°© e.dg., System.out rlntln im.getBMI () ) ;
o e.g., double w@im.getBMu);

o ML}”JMC N MK (R
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OOP: Choice of Method Parameters

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

e.g., Person (double w, double h) Vs.

—

Person (String fName, String l1Name)

Principle 2: AZ mutator!method needs an input parameter for
every attribute thatyou wish to modify.

e.g., InPoint, void moveToXAxis () VS.

void moveUpBy
Principle 3: An accessor method yneeds input parameters if

the attributes alone are not suffieient for the intended
computation to complete.

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

\



Return Type: Reference Type

claQoin‘({

Point(double ¥, double y) {...}

Sl

& % s
P

2= Ap Z%

class PointTester {
static void main(String[] args) {

int p1 = new Point(2.5, -3.6);
.moveU 4¢j
' Y movedUpBy @ :




Programming(Pattern:) Mutator Yoy [ ho i fae

> a.,vcj ’g:a't A0veoS Leen JSéed
Mnt(?pllector { Z, /~!}7€/Q to
Point[]) points; int(nop;) /x _number of points */ -
ointCollector() Mj,poi ts{=/mnew Point[100]; } J‘é’e
oid' adt(double X, double y /’b‘rfa’f
pointk \@; = \new nop+ }

'c'vAfJ‘[lJ = class PointCo orTester {
FC ) public static void main(Strin args) {
H ‘FVO‘-U(Z = _aPointCollecto@= new‘ggim;CQllggtorgn;
3= ’/ — System.out .println(pc.nop); /* 0 */
% o ( ~>pc.addPoint B» @i
Fb-;, (K System.out.println(pc.nop); /+ 1 */
- ot wWl[>pc.addPoint 4 4);

VIOP*K Sygtem.out . printin(pc.nop); /* 2 */
pcgaddPoint(—& =< Jicd
SyStem.out.println(pc.nop); /* 3 #/

- pc(aﬁdPointh) C—p ;

oo 7 _5’&( SySjem. out .primtimipc.nop); /* 4 */

=\ [ '

) T Bl B




Left Operand op1 Right Operand op2

opl && op2

frue

qlalse )
e

false

false

System.out.println("Enter x:");
int x = input.nextInt();
System.out.println("Enter y:");
int y = input.nextInt();

if(x =08y / x> 2) {

?—"); ,7 /-f

System.out.println("y / x is ater than
}
else {
if(x == 0) {
System.out.println("Error: Division by Zero");
}
else {
System.out.println("y / x is not greater than 2");
}

Tt b
X=0

&t be
X=<




Shorf-Circuif@
—

Left Operand op1 R/ght Operandgp2 opl |l op2

false ) Q‘c;/f/ fats

Se

| tue

true
System.out.println("Ent
int x = input.nextInt();
System.out.println("Enter
int y = input.nextInt();
ifx=0Illy/x>2){

' (:? <:::::igi//:ji:>
if(x == 0) {

System.out.println(" Error Dlv1510n by Zero");

}
else {
System.out.println("y / x is greater than 2");
}
}
else {

System.out.println("y / x is not greater than 2");
}
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Programming Pattern: Mutator

class PointCollector {

Point\ ] @oints; int nop; /* number of points #*/
TPPointCollector points = new Poin :
DPointCollector() { t new Point[100); }
void addPoint (double x, double y) { -
+=> points[nop] = new Point(x, y); nopt+; }
Wﬁj‘(aj _ class PointCollectorTester {
) public static void main(String[] args) {
f(%(,t&,][mb/ PointCollector _pc = new PointCollector();
System. out. p intln(pc.nop); /* 0 =%/
o 1
u p [ & >pe. addPoint 9
’WM’S i System OUEx prln n(pc nop); /* 1 */
. pc.addPoint (-
System.out.prlntln (pc.nop); /x 2 */
(A 4? pce.addPoint (-3, -4);
\) | I S - I | System.out .println(pc.nop); /* 3 %/
pe.addPoint(3, -4);
System.out.println(pc.nop); /* 4 */
nop:
"Z)‘M‘b (K)'M‘b P

1. number of Point objects stored
2. index to store the next Point object

(=5
IS
el




Programming Pattern: Accessor 2
—

int count =
9 for ( :Lnt !

Point[] getPointsInQuadr

aE() {
1> Point[] ps = ne@unt[ 1;

r of poyzts in Quadrant I x/

01t
1fé;§0&&py>0

_9P01nt [] q1P01nt 3

/% PS5 CaltAiHs null 1f count < Nop +/

cou

i ++) ?Sfo = 7> borf €€ 5
M\‘S L
{)(ps [count] = p, count ++; } }
% new Point [count]; T

2755

i

{ ql ints]| = ps]|

a1 gt

) T G
° °
z
7 >
N
C; s‘d)

g/ﬂ:_;r_ﬂ" =] ngzgf? )

Point[]Yps =

pc.getPofint sInQuadrantI ()

System.out .println (p$.length); /* 1 */

System.out.printla'()

-

~—

Aol losty
(" + ps[0].x + ", @psw]-y R RGeS

/x (3, 4
/'D() l 2 2 Y \ﬁ
) - yi ° Y r
7 \ relf Zfluf'l CLU{/
o | W Tt/ [ Tow B [T r
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Short-Circuit Evaluation:\&& >
— ~

SAW A7

Left Operand op1 Right Operand op2 opl && op2
true true
false false

false true false
false false false

—

/0 174
@ £ 7{/2)'>2
X

$Systeprout.println("Enter x:");
A int(x)= input.nextInt();

System out prlntln( Enter 54 1

if(x == @) {
System.out.println("Error:

}

else {

}

O@Jyz

Division by Zero");

System.out.println("y / x is not greater than 2");

est
> X=0
~> U




Short-Circuit Evaluation: ||

Left Operand op1l Right Operand op2 opl || op2
false false false
true false true
false frue true

| tue true

8

System.out.println("Enter x:"); ) o D
X==0 | 4/&? >

int(x)2 input.nextInt();
Sy stem.out.println("Enter y:");

t()a= input.nextInt();
1f(x =0 lly/ x>2){ ’—]—
if(x == 0) {

System.out.println("Error: Division by Zero");
}
else {
System.out.println("y / x is greater than 2");
}
}

else {
System.out.println("y / x is not greater than 2");

}




Short-Circuit Evaluation: Common Errors

L& # (=0 <
©
Short-Circuit Evaluation is not exploited: crash when X

Af (v / x3 2 88 x 1='03 {

/* do something */

}
else {
/* print error */ }

Short-Circuit Evaluation is

if (y/ x <=2 || x == 0) {
—_— .,
/* print error */

}
else {
/* do something */ }




Anonymous Objects

3

C)
}

'f

}
}

1 |double Isquare|{double _x)
5 doubli(i > Y ok s 1 |double square(double x) {
q _—— 2 eturnyx * x3 }
3 return sgr; } . —
6‘
1 | Person getP(Stringga) {
—_— 1
2 Person(p) = new Person (@) ; o |
3 ( return(p} }
Y
Lefweer [ 2 ad wlun Lo f.;
= D I A 4 class MemberTester {
clas ’ public static void main(String[] args) {
Member m = new Member ("Alan");
Order o = new Order ("Americano", 4.7, 3);
*/ m.addOrder (o) ;
m.addOrder ( new Order ("Cafe Latte", 5.1,

4) );

e@ do

qzuvalent implementation:
new QOrder (@n@)

*f orders[noo]

uble é {

noo_+4; */
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Static vs Non-Static Variables

public class@gd_’{
Ly @
— Counte}‘{

ﬁvoid incrementLocal() {

1 ++;

| S
-——?void@wﬂ@& {

g ++;

} =

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

—> Counter c1 = new Counter();
—> Counter c2 = new Counter();

System.out.println("cl's local: " o
System.out.println("c2's local: " 57
System.out.println("Global accessed via

System.out.println("Global accessed via cZ

%i ncrementlLocal();
%mcrementmcal() s

"f>c1 incrementGlobal();

‘Q\ncrementmobal() .

Counter.g = Counter.g + 1;

wd B

>ﬂvﬂfﬂ’72/ 4

£
/

System.out.println("Global accessed via Counter:

) ()
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nually

Managing Account ID: Ma

class |Account ){
int @d) won-phatac
String owner;
[Account (
this.id =
this.owner
}
}

String own

i Xo §-

owner;

Y 4 A/a"“&f‘j Lt
ﬁW

ﬁwﬁﬂ&
[4ta®

i muf‘ 7777

er)
a7 /

MMA/S

class AccountTester {

—> Account accl new Account
Account acc2 new Account
System.out.println(accl.id,

}

"Jim") ;
"Jeremy") ;
'=)acc2. id) ;

(




Managing Account ID: Automatically

static) int )g(ylobalCounter =

int (7; String @nep ‘

Account ring owrer “{7¢<2)
thJ.s id globalCounter - globalCounter@
7

>thls owner = owner; } }

class AccountTester {

2Account = new lAccountl(
T Accoun new ccountl(( Jeremy"

System.out« prlntln(acc; ig = acez2.14); }

B




Misuse of Static Variables

Llien
class Client { 177[1 ﬁm/"ﬂ\[o:k = 411‘/
Account[] accounts;
static int numberOfAccounts = 0; /
oid addAccount (Aggoynt =
—>accounts [numberO AccountsT—# acc; o1 2 2?
umberOfAccounts ++; "’l];
=y Sap . bR
a0c2
class ClientTester { Atcomt, ?—, Accomt,
' B . 2 " - " aﬁ(‘% /3 e o o e o o
Client bill = new Client("Bill"); ‘
Client steve = new Client ("Steve");
Account accl = new Account () ; 7 ) 2?
>A unt acc2 = new_Accounty() ; e I o d o
bill)addAccount (Gcc)); Ejm"'"”f arcs = 187 - -
/* correctly add&d to bill.accounts[0] *4 Ste
teve.addAcggEQt( Ce2) 5 yaP
>(// |_ »:::eﬂg" |

 stakenly addeld to steve.accoumres(1]!
O ool Avc. anf (2 buf
tlounts

et Aoauntr (] A ok




Use of Static Variables: Common Errors

P —— 2,

public clas{Bank ,L)
public {string bran chN@;

public rs ic int nextAccountNumber = 1;
publid_static) void n,q.oAchumber() {

“System. ott.println mi, wsil§
nextAccountNumber ++; OW'J‘FQ'('?Z‘

o N ob)s =
<

) G A bufere oletr

\/ é Mhem/oc/
U Gen P
= Illejal age o wAStaer v

A jfafic OAMEOAE |

ure 4&0«):/%{‘4/&{:4[& L



ONOOO PN =

public class Bank {

public string branchName;

public static int nextAccountNumber = 1;

public static void useAccountNumber () {
ystem.out.println\%Dﬂﬁﬂgﬁﬂaﬁb + ...);
extAccountNumber ++;

S SaEn  Vairakr aw//V

ONOOTHh WN —

/7

public clas 7 ank {
publi ring branchName;
public static int nextAccountNumber =
public static void useAccountNumber ()
System.out.println (branchName + ...
nextAccountNumber ++;

1;
{
;




ONOOOGO PN =

public class Bank {
public string branchName;
public static int nextAccountNumber =
public se#de void useAccountNumber ()
System.out.println (branchName + ...
nextAccountNumber ++? o

1;
{
;




Caller vs. Callee

- caller is the client using the service provided by another method.

- callee is the supplier providing the service to another method.

class C1 {
void ml() {
C2 o = new C2();
o.m2(); /+ static type of o is C2 */
}
} . 0&(/(’@ ” /\Z A3
Q: Can a method be a caller and a callee simultaneously?
—
- . 2
closS 23
mz (O (5 ©2 = ue /;Q).
R 6z m3( )3




Error Handling via Console Messages: Circles

1 |eclass Circle { Ca”er?
2 double radius;

3 Circle() { /* radius defaults to 0 */ } Callee?
4 void setRadius (double r) {

5 if \({r < 0)) { System.out.println({"Invalid radius.[ ); }

6 else { Yddius = r; }

¥ }

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

9

}

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

oONOOOT A~ WO —




Error Handling via Console Messages: Bank

int id; dodble balance;
Account (int id) { this.id = id; /#* balance defaults to 0 */ }

void deposit (double a)—

Caller?
Callee?

if (NEESSNON) {lSystem out.println( "Invalid deposit." );| }
else { balance +="dga; }

@uble a)
if a < I lbalamee = @ < 0 ).

System.out.println( "Invalid withdraw." ); }

else { balance -= a; }  AE——
} lclass Bank” {

|/ Account|[] accounts; int numberOfAccounts;
= — . }
At id, double a) {
< numberOfAccounts; 1 ++) {
id == id) {

R )/

colll seck

context| caller llee

Afh,mﬁ\ /

. withdw(

String[] {

args)

b.addAccount (accl) ;
double a = input.nextDouble();
b.withdrawFrom (23, a);

ol BT (*5 86 e

N =

N\

d ’ I Scanner input = new Scanner (System.1in);
WT{M Vv mp Bank b = new Bank(); Account accl = new Account (23);
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@ Handlin

O©OoONO O hOWN =

clas

a £onsole Messages:)Circles

< Ci;;;;){
double Tadius;

Circle()
void

{ /% radius defaults to 0 %/

i S adius (double r) {
5E (‘i Bl) { System.out.printl
CEEEseeT—

else { radius = r; }
}
double getAreal)

}

U Tawaliel wraellus. ™ )PP

{ return radius » radius * 3.14; }

oONOOOT A~ WO —

class CircleCalculator
public static void
Circle c =

new rcle
é; C. setRadlus lOi

ouble area = cC. getArea()

wheA 'V 7C

trlng[]

System.out.prlntln("Area.

args)

,{.af W

e (e

" + area);
ik
A not

Hale 4o ,/z«w‘ .

&P ﬂe&fm[.



Error Handling via Console Messages: Bank

Account (int id) { this.id =
void deposit (double a) {

id; /# balance defaults to

0 */ 1}

if (a < 0) { System.out.println( "Invalid deposit."”" ); }

else { balance += a; }
} ~fo f.ﬁ’d
D void withdraw(double &) {

if ((a)< 0 || balance - a < 03 [

System.out.printl "Invalid withdraw.

else { balance -= a; } AL‘W"{
. TR0l
accounts; int numberOfAccounts;
: .(int id) | }' —0 B‘M}C.k))t
confexi' Caller callee void nflthd'rawFrom‘(:Lnt id, double z) { '
for(int i = 0; 1 < numberOfAccounts; 1 ++) { &Mk‘é
if (accounts([i].id == 1id) { Ma'”’
paccounts[i] . withdraw( .a’) ; [l
Account o
pub1 tn{String[] args) {
S ner input = new Scanner (System.in)
Bank @b = new Bank(); Account accl = new Account 23)i5
b.a dAccount(accl)
BankApp




handlesthe %99 jon.
maln
= new Circle(

—;Cy/ﬁ%@ NV"~

catch (NegativeRaidusException e) {

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

exception).

signature that it can throw the exception (without handling that

class Bank {

Account|[] accounts; /* attribute %
void withdraw (double amount)

throws TnvalidTransactionkxception

,_{E}accounts[i].withdraw(amount);
Ll e e e

}
}

Y




context| caller |callee

Example: To Handle or Not To Handle?

. (eyy

; L G
% g 0y { \/* Error *A}
A z A\ Do something. #*/ } 7: 794
e W ROV
OF, } sion 1.
class . W Handle it in B.mb
int i) | m’ﬁi{/ae :g 6 w0 Version 2:
A oo vy A(); ) Pass itfrom B.mb and handle it in Tester.main
S (Mma) % /+ Error occurs if i < 0 =%/ 4 Version 3:

} V e Aafﬂ B PXf

class T?ster { 2 C
publié¢ static void ggin(String(]

args)
Scanner input = new Scanner (System.in);
int(1 input nextInt()
A ew B(

{

‘OO ek Where can the error be handled?
i_-r > houdb  PXePlA o

Pass it fr&m B .mb, then from Tester.main, then throw it to the
console.

ca\\ \
8 | f

*

-

clas NegValExceptlon>
xception | ing s) { super(s

extends Exception {

B.wb

W’Sfﬁﬂ Yo

s)i '}




Version 1:
Handle the Exception in B.mb

throws an
exception

catches an
exception

class A {

ma (int i) throws NegValException {
Af (7 < Q) {lthrow new| NegValException("Error."); |}

else { /* Do */ '}

bl

something.

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

D

N

Method B.mb chooses to handle the error
right away using a try-catch block.

Method Tester.main method
need not worry about this error.

class B {
mb(int 1) {
A new A();
oca.ma(i); }
NegValException nve) { /# Do something. */

) o eRepti /Pm(L-.q ) erx;a./

c void maln(Strlng[] args)
nput new Scanner (System.in)
input.nextInt();

new B();

)t /* Error,

O aw§ hoalllol MA/&/J

if any,

would have been handled in B.mb.

method call

method call



Version 2:
Handle the Exception in Testermain

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

throws an

exception

forwards/

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

D

propagates
an exception

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

catches an
) exception
cls (A){
nt @egValException }
1f(i < 0 t eeeitdion (ViErrer, V) g |
Do n /)

else { /« something. +

b} 4/ %/lea,e wo J‘;?m/ ﬁ(’

by Lt
i 1 —
class (B { = et Loy
mb (int 1{(throws( NegValExceptiony{ -

e

A oa = new A()5
Loa.ma(i);

b

class Tester {
public static void_main(String[] args) {
Scanner input = new Scanner (System.1in);
int 1 = input.nextInt();
—>B ob = new B();
try { \ob.mb(i]; }
catch(NebValException nve) { /» Do something. x/ }

bl

method call

method call



Version 3:
Handle in Neither Classes on Call Stack

throws an

2 F a\ BJ‘/O/ exception

e T el
{hvovg i \ an exception

forwards/
propagates
an exception

class A { Vue
ma (int é) throws NegValException { M
LENT < row new Ne xception("Error.
else { /% Do something. dhﬁy
o}

A

*/ '}

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

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

method call

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 B {

(int 1§:££%§ggj;egValExcepEEEE:E>
A oa new

oa.ma (

b}

class Tester {
public static void main(String[] arégzgggggys NegValException
Scanner input = new Scanner (System.inJsy
int i = input.nextInt();
B ob = new B();

ob.mb(1);
F




Error Handling via Exceptions: Circles )(Version 1)

(ase / /Va// /%?é’d/’ S‘

public class |\InvalidRadiusException |extends Exception
(e 7 Tavelof ol

public InvalidRadiusException(String s) {
super (s) ;

clasg Circle A
double radius; \S—
Circle() { /# radius defaults to 0 =%/ }

[void se Radius(doubleéé? throws InvalidRadiusException {
if «kp<, 0) .,.:f', —)
row new InvalidRadiusException("Negative radius.")

}

{ radius = r;

lass CircleCalculatorl {
public static void main

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

i (String[] args) {

—>double area ¥c.getArea( );/
—>System.out.println("Area: " + area);

—4 catch (InvalidRadiusException e) |
DSy stem. lpntln(e);




Error Handling via Exceptions: Circles (Version 2)

public cla InvalidRadiusExcepti extends Exception ({
public InvalidRadiusException(String s) |
super (s) ;

Test Case:
User enters -5

Then user enters 10

Circle() /+ radius defaults to 0 L
void setRadius (double r) throws@ {
if (r < 0) {

throw ne@diusExce@ative radius.");
}

else { radius = r; }
} . .
double getArea() { return radius * radius % 3.14; public class CircleCalculator2 {
) public static void main(String[] args) {
Scanner input = new Scanner (System.1in);

e -——-"‘“*"---:..=~ el false;

nutRadlusIsVall) {

- System out.println("Enter a radius:");

MOUP f‘ﬁOq/] Ll 'k LZ ——}double P = 1nexDo€1ble();
=
uha{' Dloej\ € moan

System.out.print("ciﬁie
System.out.println(" has area: "+ c.getArea()); }

@InvalidBadiusException e) { P Aok )
i 17}



What to Do When an Exception is Thrown?

After’a method throws an exception, the runtime system

searches the corresponding_call stack for a method that
contains a biock of code to _handie t

o This block of code is called anCexception handler

o An exception handler is appropriate if th € of the exception object
thrown matches the type that can be handled by the handler.
e The exception handler chosen is said to catch the exception.
o The search goes from the fop to the bottom of the call stack:

e The method in which the error occurred is searched first. Anous -
o The exception handler is not found in the current method being

searched = Search the method that calls the current method, and etc. (6
e When an appropriate handler is found, the runtime system passes the (I

exception to the handler. X Bmb&e—}
o The runtime system searches all the methods on the__call stack

without finding an appropriate exception handler ester.main
€ program termin
“thrown” to the console!

and the exception object is directly \






More Example: Parsing Strings as Integers

Scanner input

new Scanner (System.1in);
false;

A

boolean f r -
while (\yalidInteger) {
—>System.out.printeth ("Enter an integer:"

input.nextLine();

Strin
try {
nt userInteger

userInput

Integer.parselnt (userinput);

thoet
o UEE
/7

4

_) alidInteger = ~L Y

cgtch NumberFormatException e)

Ll = (> weary 20
{ /O z F ﬂ\&m
System.out.println(userInput + " is not a valid integer.");

/* validInteger remains false

}

*/




Review: Specify-or-Catch Principle
Approlndicate in the method signature that a
specific exceptiommight be thrown. \

Example 1: Method that throws the exception

class
Tvoi 1nt X) throws ValueTooSmallException]{
(x|’<

e
—
— ~

;throw new ValueTooSmallExceptlon("val L S -

Example 2: Method that calls another which throws the exception

class C2 {

cl Eile
void m2 (int X(:EEZZ;;—;alueTooSmallEﬁiigEgggzg

cl ml (x)

}
}




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();

C2 c2 = new c2();
{

E2 . m2 (%) ;

}

lueTooSmallException e) { ...}
}

}




Manual Test 1 from the Console

public class CounterTesterl {

public static void main(Steing[] a {
ounter ¢ = new Countef();
—2println("Init val: " +\c.getValuel)

> o VROE pmwr, o0

—_—

ValueT 1 1Exception e) {
'Success: YJalueTooSmallException thrown.");

© ® \(;§%1h.w N =
T

10

11 Sk ——

12 } /* end of mafr >thod *

13 } /*+ end of class CounterTesterl =+

1 |public class CounterTesterl ({

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

3 Counter ¢ = new Counter();

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

5 try {

6 c .[GEEreEment () ;

7 printIn("Error: ValueTooSmallException NOT thrown.");
8 }

9 catch (ValueTooSmallException e) |

10 println("Success: ValueTooSmallException thrown.");
11

12

—_
w

}

What if decrement is
implemented correctly?

Calling c.decrement()

when c.alue is O should
trigger a ValueTooSmallException

What if decrement is
implemented incorrectly?
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Recap of Exceptions

Catch-or-Specify Requirement

Normal Flow of Execution Abnormal Flow of Execution
IW\N\/\/\_N\/\/\/\_/\, —

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

0.m(1:); /* may throw SomeException */ @R /* may throw SomeException */
g /*rest.of try-block */ ... / * rest of try-block */

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

When the exceg'rion does not occur  When the exception occurs



Class for Bounded Counters

public class Counte
public final statlc 1n-
public final static int  A7IN_VALUE

private in
public(Counter (
this.value = Counter.MIN_VALUE,

}
public i@ {
value;

return

} /+ class Counter _x

/+ more later! */ public void Adncrement (

throws ValueTooLargeException
if (value == Counter . MAX VALUE)

b

else { value ++; }

}

throw new ValueTooLargeException("counter value is

}

else { value ——; }
}
-

{

" + value);

public void Effszfzggj_throws ValueTooSmallException ({
if (value == Counter.MIN VALUE)
throw new ValueTooSmallException("counter value is

" + value);




Manual Tester 1 from the Console

O©oONOOOTPhWN =

[ (e g G §
whnhh—=O

O©OoONOOTH WN =

i T g G &
wWwnN = O

public class CounterTesterl {
public static void main(String][]
Counter c =

println("Init val: " + c.getVa

args)

new Counter(); 67
lue());

try {
.decrement () ;
println("Error:

}

{

ValueTooSmallException NOT thrown."

)

catch (ValueTooSmallException e) {
println("Success: ValueTooSmallException thrown.");
}
} /» end of main method x,
} /+ end of class CounterTesterl =/
public class CounterTesterl {
public static void main(String[] args) {

Counter ¢ = new Counter();
println("Init val:
try
decrement () ;
princl ETror:

" + c.getValue());

ValueTooSmallException NOT thrown."

)

}

catch (ValueTooSmallException e)
printIn("Success:

}

} /* end of main method x/

Tecter]
esterl %y

} /* end of class Counterl

/

{

ValueTooSmallException thrown."

)i

What if decrement is
implemented correctly?

Calling gégmg

when c.wvalue is 0 should

trigger a ValueTooSmallE i

What if decrement is
implemented incorrectly?




Running Console Tester 1 on Correct Implementation

public void decrement () throws ValueTooSmallException ({
if( == Counter,MIN VALUE) {
thraow new VglueTooSmallException ("qounter value is " + value);

| else { value —-—; }

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

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

]
2
3
4
53
6
4
8
9

atch V%;ue$eeSmailExceptlon e) |
Cprlntlww alueTooSmallExeeption thrown ") ;

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




Running Console Tester 1 on Incorrect Implementation

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

try { fvee O

?;print alueTooSmallException NOT thrown.");
}
catch (ValteTooSmallException e) {
println("Success: ValueTooSmallException thrown.");
I
} /% end of main method x/
} /% end of class CounterTesterl x/




Manual Tester 2 from the Console

O©CoOoONOOOTPA~rWN —

public class CounterTester2 {
public static void main(String[] args) {
Counter c = new Counter();

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

[try |
c.lincrement(); c.increment(); c.increment();
ﬁprintln("Current val: " + c.getValue());
try {

c.lncrement () ;
printin("Error: ValueTooLargeException NOT thrown.");
} /+ end of inner try #*/
catch (ValueTooLargeException e) {
printin("Success: ValueToolLargeException thrown.");
} /% end of inner catch x/
} /* end of outer try =/
catch (ValueTooLargeException e) {
= println{"Brror: ValueToolargeException thrown unexpectedly.”);
} /* end of outer catch #*/
} /% end of main method */
} /+ end of CounterTester2 class */




Running Console Tester 2 on Correct Implementation

publicsyoid increment () throws ValueTooLargeException ({

if (value == Coufer.MAX VALUE) {
throw new ValueTooLargeException("counter value is " + value);

}

else { value ++; }

public class CounterTester? {
public static void main(String[] args) {
—> Counter c¢ = new Counter();
println("Current val: " + c.getValue());
try / — 3
—f> g;increment(); c.lincrement () ; @;1ncrement();]
—> println("Current val: " + c.getValue());

tey yahe
— Mnt(); >

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

} /% end of inner try x*/
>catch (ValueTooLargeException e) {
—)println(" alueToolLargeException thrown.");

} /» end of ipre¥ catch */
} /* end of outer try =/
catch (ValueTooLargeException e) {

println("Error: ValueToolLargeException thrown unexpectedly.");

O©CooNOOOhA~,WN =

} /* end of outer catch */
} /% end of main method x*/
} /* end of CounterTester? class */




Running Console Tester 2 on Incorrect Implementation 1

ValueTooLargeException {

Zon ("counter value is " + value);

public class CounterTester2 {
public static void main(String[] args) {
—>Counter ¢ = new Counter();
-j>;mintln("Current val: " + c.getValue());
—

O©CoONOOOThA~WN =

println("Error: ValueToolLargeException NOT thrown.");
} /* end of inner try x/
catch (ValueTooLargeException e) {

println("Success: ValueTooLargeException thrown.");
} /+ end of inner catch =*/
—/ﬁ;/k end of outer try #*/

atch QValueTooLargeException e) {
.——;- .
printlmt*Error: VaiueTooLargeExcéﬁflon thrown unexpectedly.");

} * ena or outer catch #*

} /+ end of main method x/
} /* end of CounterTester?2 class #*/




Exercise

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

public class CounterTester2 {
public static void main(String[] args) {
Counter ¢ = new Counter();

try {

A\ .

prITtin(rcurrent val: " T C.getvalue

}

atch (ValueTooLargeException e) {
.ﬁprintln("Error: ValueTooLargeException thrown unexpectedly.");

— OOVWoo~NOOOPR~WN—

I QU

13 c.lincrement () ;

16 catch (ValueTooLargeException e) {

19 } /+ end of main method *
20 } /+ end of CounterTester2 class */

println("Current val: " + c.getValue()); A//&\f f% 0’10 —O/ 7@?
- Tincrement(); c.increment () ; c.increment(q ﬂpob\d‘ V//ZG u,/,ey

Tl ny.
H=Spery | wGPApre N O AN Guor g7 difyveed,
14 println("Error: ValueTooLargeException NOT thrown.");

15 } /+ end of inner try =/ W@ Mowé/

N

orl-

/€//‘Wf

17 println("Success: ValueTooLargeException thrown.");
18 } /* end of inner catch x/ qu fg/y{ﬁ:/a f€ 17[1[

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

/wc/{



A Manual, Iterative Console Tester

import java.util.Scanner;
public class CounterTester3 ({
public static void main(String[] args) {
Scanner input = new stem. in);
String cmd = null; new Counter();
boolean userWantsToCo true;
while (userWantsToContinue) {
println("Enter \"inc\", \"dec\", or \"val\":");
cmd = input.nextLine();

Ceoumce@r @
inu

try {
| if (cmd.equals ("inc")) { |
| else if (cmd.equals ("dec")) c.decrement } |
| else if (cmd.equals("val")) { prin c.getValue () );\} |

else { userWantsToContinue = false; p ("Bye !5 }

} /* end of try =/
catch (ValueTooLargeException e){ println("Value too big!"); 1}
catch (ValueTooSmallException e){ println("Value too small!");
} /* end of while x/
} /% end of main method x*/
} /+ end of class CounterTester3 x/

}




Coming Up with Test Cases

== =mm

= CounterrMAX_VALUE Ve (

\[7& ({ > c.increment()

> c.decrement()



A Default Test Case that Fails

he result of running a test is considered:
FailureAt either
e an assertion failure (e.g., caused by fail, assertTrue,
f\
assertEquals) Occurs; or
e an unexpected exception (e.g., NullPointerFxception,

: : )MHdexOutOmemdP&&ion) is thrown.
[J] TestCounter.java 5% o @W neither assertion failures nor unexpected exceptions
1 package tests; QCCUH

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

4 public class TestCounter {
5= T @Test

6|/ public void test() {

FEXENeZyezinglenernted")

8 }
9 }

What is the easiest way to making this test pass?



JUnit Assertions Examples (2)

Consider the following class:

class Circle {

int getAreal()
}

double radius;
Circle(double radius) { this.radius = radius; }

{ return 3.14 *x radius x radius; }

Agsa((:?mlf( %é)?a‘zfj (’/‘Pféfafo X

Then consider these assertions. Do they pass or fail?

Circlefl cy= ne

cle

assert T (36.2994, ﬁe/t#_rea_(_ @ .
/
¢

Gza\ah

A J
2. 2.0 Jk;/gl

ol 20t — o o)

(AN

& i,

2h 29f:

+
g.ol



JUnit where an Exception is Not Expected

1 | @Test

2 |public void testIncAfterCreqéion()

3—>Counter c = new Counter(); AZ‘@O‘/
4__> assertEquals (Counter.MIN VALUE,,c.getValue());

5 try { QRS ot fhow éVf%/

6— ncre .. V78T

il gassertEquals n c.getValue());

8

9 catch (ValueTooBigException e) |
10 /* Exception is not expected to be thrown. #*/
11 fail ("ValueTooBigException is not expected.");
12 } —
13 |}

1 | @Test

2 |public void testIncAfterCreation() {

3~% Counter ¢ = new Counter();

4 assertEquals (Coupter.MIN_VALUE, c.getValuel());

5 try { IO"{S V(KE e [@/

6__} 1ncrement %

s /:m( , c.getValue()

8( }

9 §atch(ValueTooBigException e) |

10 /idxcoption is not expected to be thrown. */
11 ("VdlueTooBigException is not expected.");
12

13 |} -

What if method increment is

implemented correctly?

What if method increment is

implemented incorrectly?




JUnit where an Exception is Expected (1)

@Test
public void testDecFromMinValue() {
ounter ¢ = new Counter(); &
assertEquals (Counter.MIN_VALUE, c.getValue());&—
try | VIE Hnownt al exgrered P
’QE.E.W%DI > st V7 .
(all ("ValueTooSmallExceptidn 1sVex§ected ") Junlf TQS"'

|

atch(ValueTooSmallException e) {
[7* Exception 1is expected to be thrown. %/

}

N 000N OOCOPR,WLWN —

}

public class CounterTesterl {

public static void main(String[] args) |
-——f}Counter c = new Counter(); 65—-———
~—> println("Init val: " + c. qetvalue())' é

try | —> V7J\F —fﬁ

.decrement () ; Q/ c'{ f[ww“
rintln("Error: ValueTooSmall xception NOT thrown.");

—

©CoOoONOOOPA~,WN —

Console Tester

atch (ValueTooSmallException e) |
println("Success: ValueTooSmallException thrown.");
}
} /% end of main method x/
} /* end of class CounterTesterl =*/




Warre Test 2
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The equals Method: To Override or Not?

; Object obj) {
double y; this == obj) { return true; }
PointV1 (double x, double y) { if(obj == null) { return false; }
this.x = x; if(this.getClass() '= obj.getClass()) { return fal9g
this.y = y; ‘ Point other = (Point) obj;
Y return this.x == other.x

&& this.y == other.y;




The equals Method: Default Version

0
rr
2}
[
3
Q
[0)]
|

classé‘bject )

&

Pboolean. cozaSOGTECELB { l

' retaén\this »==(obi, ;-7,‘
A

\-

ﬁ/j

QO O & W N
)

System.out.

9 System.out.
SYiSiEemyouE:
System.out.

extends

class®oin(V1
double’x;
double y;
PointV1 (double x, double y) {
this.x = x;
this.y = y;

by

}F] ej:;a(r(rz) T

(2,
PointVl pl = New PointVl(
e ———

PointV] p2 = new PointVl
PointVl p3 = gew P01ntV1(4‘ ) ;
System.out.println(
System.out.println (pZs=
System.out.printl

2y B ;

2y Sy

2); /x false x/
; /* false */
/* true */
/* false %/




The equals Method: Overridden Version Example 1 -

=2, 3) %
J="hew PointV2(2, 3);
= new PointV2(2, 3);

class Object {

boolearegualsfObject obj) { = new PointV2 (ﬁ,__‘ DN,
retuen this == obj; System.out.println(pl == p2); /* false */
) ) System. out .println( /+ false =/

System.out.printlnf
System.out.println
j System.out.
System.out.println o
System.

double x; double y;
PointV2 (double x, double y) { ... }

7- Classt))

return this.x == other.x

&& this.y == other.y;




“KertV/| ple na .

cosepontval ey, V2 p2 2 1 =
2L G

PointV2 (double x, double y) { ... }
AN Bgtals ObJect_o_b_l) {
- t . "
_} co(” fl/"

Y Point other = (
return this.x
&& this.y == other.y;

s 1o o7
\ - J

al R AT o057 <= nAll —
& 1N b@o == oy f40 (1)




class PointV2 {
double x; double y;
PointV2 (double x

bool / umia
2od —> if(this - - obi) T & i thclot ore
7 wp,jt'f If(OJ o nu) ¢ retp false ) return false} a{fé(‘ﬁ
-fl
rJ‘;(_.. |
2z | zx
W)Y = L
i g‘L 4
&Vﬂ k“ A./ILMS




class PointV2 {

rdouble x; double y; /
rgointvz (double x, double y) { ... } — |
boolean equals(Object obj) {

if(this == obj) { return true; }
~(1f(gbi == null) { retu ;
if(this.getClass() !'= obj.getClass()) { return false }
PoinYbther = (PointZobij;
return this.x == other.x

— && this.y == other.y;”)‘&'e FF&'A’CVZ F( = Y







The equals Method: 1 [stcing < - vz, 2
2 | PointVl pl = new PointV1(2, 3);
3 | PointV1l p2 = new PointV1(2, 3);
To Override or Nof? 4 | PointVl p3 = new PointV1(4, 6);
i 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(null)); /x false */
System.out.println(pl.equals(s)); /+ &
; System.out.println(pl.equals(p2)); false «*
class ObJeCt { System.out.println(p2.equals(p3)); /+* fa 7
: : 1 |string s = "(2, 3)";
bOOIean eqL_Ia/S(ObJeCt Ob']) { 2 Point32 pl = new PointV2(2, 3);
retuen this == obj; 3 | PointV2 p2 = new PointV2(2, 3);
) 4 | pointV2 p3 = new PointV2(4, 6);
} 5 | System.out.println(pl == p2); /+ false =/
6 | System.out.println(p2 == p3); /x false */
7 | System.out.println(pl.equals(pl)); /+ true =/
8 | System.out.println(pl.equals(null)); /+ false =/
System.out.println(pl.equals(s)); /* 74
10 JSystem.out.println(pl.equals(p2));
ex+ends System.out.println(p2.equals(p3)); /* false */

Pointv2 (double X, double y) { ..
boolean equals(ObJect obj) {
if(this == obj) { return true; }

double y, if(obj == null) { return false; }

PointV1 (double x, double y) { if(this.getClass() != obj.getClass()) { return false }
this.x = x; Point other = (Point) obj;
this.y = y; return this.x == other.x

3 && this.y == other.y;

b




class PointV2 {
double x; double y;

PointV2 (double x, double y) { ...

boolean equals(Object obJ) {
-—>|f(th|s = obj) {_re e,
If(Ob_] = null

b




The equals Method: Overridden Version Example 2 —

PointV2 pl = new P01ntV2 3
PointV2 p2 = new PointV. 3
PointV2 p3 = new P01ntV2
System.out.println(pl = [ BV
System.out.println(pl equals (pl)) /*-*/
System.out.println(pl == p2); /KR ~/
System.out.println(pl.equals (p2)); /IR~
(
(

class Object {

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

b

b

System.out.println(p2 == p3); /IR ~/
System.out.println(p2.equals (p3)); /IR ~/

pl alpoin’rvz P2 ﬂlPoin’rVZ P3 ﬂlpoin’rvz

X X X

LY b4 b4
class PointV2 { -
double x; double y; (A) Two objects are reference-equal.
PointV2 (double x, double y) { ... }

boolean equals(Object obj) { (B) Two objects are contents-equal.
if(this == obj) { return true; }

©OCoo~NOoOOOTP,~,rWN =

extends

if(obj == null) { return false; } . .
if(this.getClass() != obj.getClass()) { return false } | = If (A) IS frue, then (B) is true.

Point other = (Point) obj; —
his.x == other. e=p2

P=p . epals (52

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

pl- Gguats Cp2) == p2




[ ELTORE 4
LJEV/\\ESVL\Y Ocroger



The equals Method: To Override or Not?

boole bject obj)
retuen this == obj;

extends

class PointV1 {
double x;

double vy;
PointV1 (double x, double y) {

this.x = x;
this.y = y;

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

¥




o%‘l. Efuc/;( 5_4(/— 2)
ssset bguls (ob)) o)



assertEquals(expl, exp?2)
o m expl.equalslexp2) if expl and exp2 are ref type

Case 1: ) equalfs is not explicitly overridden in obj1’s declared type
~ assertSame(obil, obj2)

npw PoisZitV1 (3, 4);
)—(nkw 0intVvl (3, 4

W OPointV243, 4);
Fquals A/ p2) ;o x /x '+ different PointV1 objects #*/
p3); _x /% ' differept types of objects #/|

’
’

passertEquals

4 A - =
Case 2: If equhls is plicﬁiover enin obj1’s (&:Iared pe
~ obijl. Is (obj2
objl.equals (0bj2) {‘M hos /Pédlflz?é

Poi new| Poi

}o = ne [
l arsse als d P2 W
assertEquals » 1 P6) ;
Wm&:ﬁ ek
[ —

——

Point ] = new|PointVI

— ¥

,‘
X 3
22 u s n

9)
b
]
T
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Testing Default Equality of Points in JUnit

@Test
pubdie-xz0id testEqualityOfPointVIAey |
Poin&VIl lol/)= new/PointVIi (3, 4).: ioinﬂ_/l o2 4= new PointV1(3, 4);

assertFalse (pl == p2); assercFals# (o2 == pi) ;

assert! Samgl, pz); assertSame (pzZ, pPLip @t Lal-l

assertFalse{pl/equals (p2)); assertFalse|(pZ.equals(pl)); .
assertTrue (Pl.x == [p2.x && p2.y == p2.y) class Object {

boolean equals(Object obj) {

retuen this == obj;
b
b

PointV 1 ﬂﬁrln‘\/_l
Pl P2—" I'x

Y LYl

extends

class PointV1 {
double x;
double y;
PointV1 (double x, double y) {
this.x = x;
this.y = y;
b
t




Testing Overridden Equality of Points in JUnit

ointV2£, &li PO 4 = new PointV2& Q;
assertFalse ( = _ag) H

Ssercoame (p4, p4d); *x/ /+ both fail */

) ; assertTrue (p4.equals (p3));
assertEquals (p4, p3);

assertEqualgip3, p4 class Object {

} boolean equals(Object obj) {

74 retuen this == obj;
overidlen F;.vs;ﬂ.x 374 -
’ R S=pd
4

PointV?2
extends

p3

bA K

class PointV2 {
double x; double y;
PointV2 (double x, double y) { ... }
boolean equals(Object obj) {
if(this == obj) { return true; }
if(obj == null) { return false; }

if(this.getClass() != obj.getClass()) { return false }
Point other = (Point) obj;
return this.x == other.x

&& this.y == other.y;




Testing Equality of Points in JUnit | e [s( F2>
@Test . f\,a
pu;oliinc iilo E:l ieiteiql;ajiinttyéfzin4t)v;1andfo' {new poincvz, 4; 2 df/é"ll/f

/* These Two assertions do not compile®because pl and p2 ar

ob je

kkkkkkk - L

assertSame (El p_z) 5 ’

‘ELQ lon OL tqu s fro

of different types. M' ;
/ * assertFalse (pl == p2), assertFalse (p2 == pl), */ F’ - rz

assertFalse@ equals(p2)) 7 | :
/% version of equals fromfPointP2 id called =/ class ObJeCt{ L % m’,//q

assertFalse (p2. equals (p1))

boolean equals(Object obj) {
,—le retuen this == obj;
h" b L)

bs

F'“F
mm

extends extends

class PointV2 {
double x; double y;
PointV2 (double x, double y) { ... }

class PointV1 { boolean equa/s(ObJect obj) {
1 double x; i
PointV2 e
p2 “ PointV1 (double x, double y) { Feturn falgk }
this.x = x;
this.y = y; -éreturn thls.x = other.x -
n m 3 && this.y == other.y;
} }
}
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class PointV2 {
double x; double y;
PointV2 (double x, double y) { ... }
boolean equals(Object obj) {
_if(this == obj) { return true; }
if(bbi_==_null) { return false; }
if(this.getClass() '= obj.getClass()] { return false }
Point other = (Point) obj;
return this.x == other.x
&& this.y == other.y;



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

3
4
R b

. SrésWw | e = N e—m— el

1 wnorson{ —
2 \Strj:LQLlrstName String ast in double weight; double heightj

bodlzan equals (Objed o/j
:Lf(th:L 77 obj) { return true; } m,/

9if(¢j =="null || this.getClass( !=jj.getClass()) {

return false; }
Person other = (Person) obj;
return

this. ?gh.ﬁ—wﬂz:r welight && this.height == other.height]
&& this 1rsw/gg,ua‘l§(other.firstName)

N—

4

&& thlsZastNar@equals(other.lastName); }o}

6
;
i
]

At Lines 10 and 11 which version of the equals

method is called?

Q2:/At Line 5, will there be a NullPointerException if obj == null?

Q3;

At Line 5, what if we change it to:

if(this.getClass() !'= obi.getClass() || obj == null)



Exercise: PersonCollectors are equal if their arrays of persons are equal
class PersonCo!!ector

Persopnll)(persons;) int nop; /* number of persons */
public PersonCollector() { ... }

public void addPerson(Person p) { ... } Q: At Line 10 of

boolean equals (Object obj) | PersonCollector
if (this == obj) { return true; } . ]
if (obj == null || this.getClass() != obj.getClass()) { which version of the
return false;
PersonCollector her = (@’&nColle@r) obj; equals me*l'hod is Ca”ed?
boolean ecqual = false;

JB son

[ < mimle nop; 1 ++) |

| (ec'ualé bther.pernsonsi[Z])5;)} }

if (this.nop == qther.noo)

return equal; Pt

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

1 |clasl Person

2 StrinosT  rotiVame; String lastName; double weight; double heightj
3 booledn equals/Object obj) {

4 1t (this™== obj) { return true; }

5 if(obj == null || this.getClass() != obj.getClass()) |

5] return false; }

7 Person other = (Person) obj;

8 return

9 this.weight == other.weight && this.height == other.height
0

1

—_
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Testing Equality of Person/PersonCollector in JUnit (1)

"a", 180, 1.8);

assertTrue (p3 == p4); assertTrue(

v

double weight; double height|

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

1
2
3
4
5]
6
7
8
9
0
1

—t —




Testing Equality of Person/PersonCollector in JUnit (2)
> Qyoncls 025y

(continued from testPersonCollecto

= new PersonCollect ; Pe sonCollector<5E2>= new PersonCollector()I

ersonCollector
assertFalse == pc2); assertTrue (

C 1
ﬂpe‘”fl‘(’)’; °”e$f Q: How about assertTrue(pc2.equals(pcl))?
pcl persons I class PersonCollector ({
Person|[] persons; int nop; /* number of persons */
012 public PersonCollector() { ...}
. o/ 0 public void addPerson(Person p) { ... }

boolean equals (Object obj) {
if (this == obj) { return true; }
if (obj == null || this.getClass() != obj.getClass()) {
return false; }
\/PersonCollector gther = (PersonCollector) obj;

s.nop == @ther.nop) {
>equal = true, /;? F:

for int i = O, equal &&[1 < thls no , i ++) {

hls persons[i]. equals(other persons[il); } }
retur equa

}

1

2

3

4

5

6 ean egual = 2
7 lggt 7 £7 = C7
8

9

0

1

2
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Testing Equality of Person/PersonCollector in JUnit (3)

pcl.addPerso '/
assertFalse ( equals (pc?2)

addPerson (p2) ;

d from testPersonCollector)

pc2.persons[0]);

sertFal?e RELR persons 0

pc2.persons[0]));
h—\

PersonCollector

ssertTrue 7
@san

pcl.addPerson(p3); pc2.addPerson(p4);

== pc2.persons([1l]);

assertTrue (pcl.persons[1l]

nop )@(\;Z:»

persons

assertTrue (pcl.persons[l] .equals (pc2.persons(l])); Tferﬁog
assertTrue (pcl.equals (pc2)) ; P3 n h” P4 “
n | va’
Object obj) { w || Oy ||
if (this == obj) { return true; } |
if (obj == null || this.getClass() != obj.getClass()) { h Ik J“hl Jl
return false; } erson M“ M M‘
PersonCollector other = (PersonCollector) obj; F_ ey
~>boolean equal = false; F 2 nl'B
—>if (this.nop ==¢other.nop) { n “& PersonCollecto
{equa% = t'rue; : : ' w 7‘,0 nop
: for (int 1 i_’Oh, equal &% i < WShis.ngp) /7 ++) | 2.1 CZ
C ngual =_t]‘i.s, ons[i] .equals(ciiior.personspbi]); } } PerSOns
return(equal;
} i class Person | Person
String firstName; String lastName; double weight; double heighty \ 2 “

boolean equals (Object obj) {
if(this == obj) { return true; }
if(obj null || this.getClass() !=
return false; }
Person other = (Person)
return

obj;

obj.getClass()) {

II lI O [ &
A
mall sl sl

ll

0O OWoONOOUA~WN =

this.weight == other.weight && this.height == other.height]
&& this.firstName.equals (other.firstName)
&& this.lastName.equals (other.lastName); } }
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Ordering between Employees

Sorting: from smallest to largest

{Sor’rin; gased on ids

(smaller ids come first)

Ao éﬁla/l ol

Sorting based on_salaries and ids__
(higher salaries and smaller)ids come first)

X Qe X o< gk
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Programming Test Format

A Classe

JUnit Test Methods 5 Constructors

Accessors
Mutators




Requirements [ j

- U Erimiﬁve arrays)nd loops to implement collections
@se of any J&va library classes (e.g@l@
- p of your clas

o_import statements at the beginning



Programming Test Review Exercise: Test 1

crlCredICs
int/criR J/ &
assertEquals (E A g) ;
assertEquals(0/0) ¢ ' 0.01); ALCalSor




Programming Test Review Exercise: Test 2

@Test
public void test02() {
Coua;eRecord crl = new EﬁurseRecord("EECSZOSO");

—>» crl.setNumberQfCredit
> vt

crl.setRawMarks(88);
String criTitle = crl.

int ¢criCredits =\crl.\§etNumberOfCredits ()
s

int crlRawMarks = crl.getRawrarcstrs
—assertEquals("EECSZO Q" crlTitle);l

assertEquals (3, \criCredits) ;

assertEqualsr§é, crlRawMarks) ;

IK?J. C‘v@/‘{(p

—



Programming Test Review Exercise: Test 3

@Test
public void test03() {
/%

+ Two course records are equal 1if their title,
* number of credits, and raw marks are the,s e "A

d
* /

CourseRecord (crlil new CourseRecord

crl.setRawMarks @

CourseRecord cr2 = crl; }"foy a "&J m,' 7/

assertTrue (crl.equals(cr2));
assertFalse(crl.equals (null));
assertFalse (crl.equals ("EECS2030")

CourseRecord new CourseRecord((EECS203 @

cr3.setRawMarks

assertTrue(g_l' equals> cr'j_)«)u_” NBV((#M wgéw / ‘F[z} »e do( [

CourseRecord cr4 = new CoursgHecord("EECS2030", 3);
cr4.setRawMarks (87) ;
assertFalse(crl.equals(crd));




Programming Test Review Exercise: Test 4

@Test h
public void test04() | 97’& -\gé

* It 1s assumed that a student object can store

* up to and including 30 course records.

Studeny heeyveon = new Student ("Heeyeon");
intynumberOfCourses = M get NumberOfCourses ()

:mﬂll‘ﬂ"!ﬁ,’

taeges( ). legth== o
Qﬂ, =

yeturant vilf

sertEqua o Rlddddasiel
assertT ﬁ"_‘ l!
; —
7

—

}

//




Programming Test Review Exercise: Test 5

publj oid test05() {

@A@ = new Student ("Jiyoon");

V' crl = new CourseRecord("EECS1022", 3);

= new CourseRecord("EECS2030",

) ‘1/7 Wzt Y InATRE! AM A
7[?“: nur.n s =;_ugg@mber0f(?ou@ fA[_/ A"QF?&VJ

—>»WdssertEqual numberOfCourses)
LfassertTrue (jlyoon .getCourses () .length ==
assertSame ( jiyoon.getCourses () [0], crl);
assertTrue ( jiyeoni.getCourses () [Bd,.getTitle 2 .equals\'EECS1022"));
VAssertTrué (ﬁlyoon. getCourses O 118 == Cr2)}
assertTrue (jvlf .getCoursesiy V] AGetTitler .equalks ("EECS2030")) ;
}

N\
Staet 77



A &[] = P tunsi)
ﬁtj;liiic voidl test05() | . &5 t(:] - I(-YGO!A- &(AVS.PJ[.(J

crl )= new CourseRecord("EECS1022", 3);

new CourseRecord("EECS2030", 3);

Jjiyoon.addCourdg{{cr

a
int numberOfCourses™= jiyoon. getNumberOfCourses(); |
assertEquals (2, numberOfCourses) L
assertTrue (jiyoon.getCourses ( ngth == 2)); <~
assertSame 71yoonm‘ crl) viull \4»1'/

assertTrue jiyoon.getCourses () getTltle() .equals ("EECS1022"));
assertTrue (jiyoon.getCourses(\[1]) == cr2);

(
(
(
assertTrue (jiyoon.getCourses () [1]. get Title() .equals ("EECS2030"

%) -

2 A




= — (
for(int i = 0; i <€This.courses.length); i ++) { (' EHY>)
alZ] = this.courses|7];
} o
[
2=
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Testing Equality of Person/PersonCollector in JUnit (3)

cl JaddPerson (pl) ;
ssertFalse . equals

o (c

from testPersonCollector)

—— 2
ers
-@addFerson@; fn [
aSsertFalse (pclTpersons[0] =='Qgg.person@);
—AssertTrue (Fcl .persons[0d Zgﬂalg (pc2.persons[0])); n_jL ‘7 PersonCollector
assertTrue (pcl.equals (pc 2 w
? h nop ) NGO
pcl.addPerson(p3); pc2.addPerson(p4); afcﬂ cl erseﬁs
assertTrue (pcl.persons[l] == pc2.persons[l]); erson P ]
assertTrue (pcl.persons[l] .equals (pc2.persons(l])); _a-n “B,,
assertTrue (pcl.equals (pc2)); P3 Y ‘p4 01 2 “
1 |boolean equals (Object obj) { PersonCollector w 7‘,0 ‘ i ‘ .I II e o o I.I
2 if (this == obj) { return true; } h J l J
3 if (obj == null || this.getClass() != obj.getClass()) { 1
4 return false; } = + M“ M“ Ml M“
5 PersonCollector other = (PersonCollector) obj; erso
6 boolean equal = false; fn 7
7 if (this.nop == other.nop) { n ‘ PersonCollector
8 equal = true; T
9 for(int i = 0; equal && i < this.nop; 1 ++) { Tw 2 nOP /
0 equal = this.persons[i].equals(other.persons[i]); } } ‘ c Per on
1 return equal;
2 1 |class Person { Person
2 String firstName; String lastName; double weight; double heighty \ 2 “
3 |¢ boolean equals (Object obj) {
4 if (this == obj) { return true; } .I |I c L g I_I
5 if(obj == null || this.getClass() != obj.getClass()) { J l J
6 return false; }
74 Person other = (Person) obj; M“ M“ Ml ﬂ\‘“
8 return
9 this.weight == other.weight && this.height == other.height]
0 && this.firstName.equals (other.firstName)
1 && this.lastName.equals (other.lastName); } }




Ordering between Employees
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Unknown Ordering between Employees

class Employee {
int id; double salary;
Employee (int id) { this.id = id; }
void setSalary(double salary) { this.salary =

salary;

@Test

public void testUncomparableEmployees () {
Employee alan = new Employee(2);
Employee mark = new Employee(3);
Employee tom = new Employee(l);
Employeel[] es = {alan, mark, tom};

‘ Arrays.sort (es);

Employee|] expected = {tom, alan, mark};

assertArrayEquals (expected, es); }

©oo NOoOOoapr~rwWN—




Comparable Employees: Version 1 lf" CEmployeel
aian id

class CEmployeel implements Comparable <CEmployeel> ({
e ————

. /* attributes, constructor, mutator similar to Employee x*/

Z
salary| 4 %o

@O0verride

public int compareTo(CEmployeel@) { return{th:.s 1dl— ’ :

7 CEmployeel
@Test ; |d 5
public void testComparableEmployees_1() salary 5 ;: E

+ CEmployeel implements the Comparable interface.

o~ . N o a A 4
* Method compareTo compares id’s only. " r/ &{&Vl

_ %/ Ab N o= f)' CEmployeel

CEmployeel alan = new CEmployeel (2); 'l'om id /

CEmployeel tom = new CEmployeel (

4

(2
CEmployeel mark new CEmployeel (3);
= salary| sz¢o

alan.setSalary(4500.34) ; e So‘{
mark.setSalary(3450.67) ; mé -
tom.setSalary(3450.67); —7 \/
CEm loyeel[] es o Eon) . —

am
I---
fom JT 1 |

* their .nlar'vn

*/ ——
Vd
Arrays( sortfes) ;

CEmployeel|] eXpected

}




Comparable Employees: Version 2.1
/[ CEmployee2

class CEmployee2 implements Comparable <CEmployee2> { alan
id
@Override

pgblic_ift E ¢ ; N Sﬂil‘lrﬁ,

1tes st rictor muutator
tre mutator

to

tributes, cons

CoNOOOaR~rOON =

;>else if (this.salary < other.salary)
r(l;

rerur( 1) 4 ? CEmployee2
10 }
11 > else { /+ equal salaries =/ mark id

salaries */

12 return this.id - other.id; @ &
13 2 3 | salary

1 | @Test

2 ublic void testComparableEmployees 2

3 |7/ i plovees 20 1 [ [ CEmployee?2
4 * CI oyvee? Iimplements the C rable interface. fom id

5

6 res id’s for emplo

71 ‘ salary
8 CEmployeeZ alan = new CEmployeeZ(2);

9 CEmployee2 mark = new CEmployeeZ(3);

10 CEmployee2? tom = new CEmployee2(l);

11 alan.setSalary(4500.34);

12 mark.setSalary(3450.67) ;

13 tom.setSalary(3450.67);

14 CEmployee2[] es = {alan, mark, tom};

15 | Arrays.sort (es);

16 CEmployeeZ2[] expected = {alan, tom, mark};

i assertArrayEquals (expected, es);

18 |}
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|class CEmployee2 implements Comparable <CEmployee2> ({
. /* attributes, constructor, mutator similar to Employee */
@Override
public int co %eTo(CEmployeeﬂother) {

if (this. m > other {
) return X;

. . ;v/ o
else if (this.selaxy < other.setasy) |

return .K —l

}

else { /% equal salaries */
}




Comparable Employees: Version 2.2

4 ? CEmployee2
alan id
1 fclass CEmployee2 implements Comparable <CEmployee2> {
2 . /* attributes, constructor, mutator similar to Employee SGIGI”Y
3 @Override
4 public int compareTo (CE
5 | > int[salaryDiff =QDouble.compare
6 _>int[idpiff = this.id - other.id; CEmployeeZ
7 if (salaryDiff != QalaryDiff; mark .
8 id
salary
1 | @Test
2
3 [ ? CEmployee2
4 tom id
5 d : e
6 npares id’s for loyees with equal salaries.
71 salary
8 CEmployeeZ alan = new CEmployeeZ(2);
9 CEmployee2 mark = new CEmployeeZ(3);
10 CEmployee2? tom = new CEmployee2(l);
11 alan.setSalary(4500.34);
12 mark.setSalary(3450.67) ;
13 tom.setSalary(3450.67);
14 CEmployee2[] es = {alan, mark, tom};
15 | Arrays.sort (es);
16 CEmployeeZ2[] expected = {alan, tom, mark};
i assertArrayEquals (expected, es);
18 |}




Design Principles of the compareTo Method
d o< 2
Asymmetr/c [ < 02 @ 2 < d
c1 compa eTo( <Q A c2.comparelo(c1) <0) =

ﬁ(c1 compareTo(c2) > 0 A c2.compareTo(c1) > 0)

’45 7 < k
— . (> T <k
@Nccz €2 <3 ¢l <cs

c1.compareTo(c2)(<)) A ¢2.compareTo( c8XN (= ) cf .comareTo(cS@
c1.compareTo(c2) 20 Ac2.co To(c3)>0 = c1.compareTo(c3) >

% @b = _Qx
t® Q] —




private int key; 1
private String value;

(L7
0

public Entry(int key,
this.key = key;
this.value =

String value)

value;

public class ArrayedMap {
private final int MAX CAPCAITY
private Entry[] entries;
private int noe; /~# number of entries =
public ArrayedMap () { /o0

100,

[entries = new Entry[MAX CAPCAITY];
noe = 0;

}

public int size() {

return noe;
}
public void put (int Cey) String @
Entry e = new Entry . Gl ;
entries[noe] =
Hoe: i

€7

—E

}

Naive Implementation
of a Map

ArrayedMap

entries

m. entnes[ﬂ} . entrles[l] m. entrles[z%rles[.?]g Wntries[ﬂ
. .

@Test

public void testArrayedMap () {
new ArrayedMap();

—(9;

DArrayedMap m =
assertTrue (m. s1ze()

z

"E");
B
"A") ;
B
"Q");
assertTrue (m.size() == 7);
/* inquiries of existing key %/
assertTrue (m. get .equals(:g:));
assertTrue (m.get .equals ("Q"));
/% inquiry of non—-existing E;} i
assertTrue (m.G@®(3]l) == null);

noe

{

5 6

99

m.entries ‘ |

| null [ n;ll ] null ‘

m.entries[6]

Entry Entry Entry Entry
Y key key
SCZ value




Naive Implementation of a Map: Retrieval of an Entry

public class ArrayedMap {
private final int MAX CAPCAITY = 100;
public String get (int key) {

for(int i = 0; i < noe; 1 ++) {

Entry e = entries[i];
= e.getKey () ;

key) { return e.getvaluq4li ]
m. 32’((

return null;

ArrayedMap

m.entries

entries | / | null | n;;ll | null ‘

m.entries[0] m. entrzes[l] m. entrzes[ZZ/’—_’;r::irzes[iié%f

Entry
key

value

Entry

value

Entry

value

Entry

m.entries(4]

m.entries[5]

m.entries([6]

Entry
key

value

Entry
key

value




Implementing a Hash Table via Hashing

\eX5 |
;e e (kKo ek
‘}\M 7J~ hashing = l/ /
3&?’ ,4 Z)k( \ M‘A’ - Conver’rm@’ro hc(k)
y ?5 W‘ ‘@W A.length - 1 _ dexing into A[ )]
ﬁ é " (,‘h W’ <’(A[hc(k® ‘}n 3 @
N For ill tratlon‘\\assume A.lengthis 11 and he(k) = k%11. ~ P/?—

[ he®) = @Z&_j” (SEARCH) KEY [[ VALUE |




Testing Overridden/Redefined hashCode()

public voidt?aj;ﬁstomizedHashFunéj%on(){
IntegerKey(ikl/= new IntegerKey
/x 1 % 11 = :
VssertTrue (ik1 Sashcode () == 1);

IntegerKey= new IntegerKey(; /* 39 %
IntegerKeyQik39 2 new IntegerKey @ H

4

7

L

IntegerKey 1k6 = new IntegerKey(§); /+ 6
v

assertTrue(ik39iz.hashCode()

assertTrue (k397 2.hashCode () ==

assertTrue (iké6.hashCode () ==

assertTrue (1k39 1.hashCode () == ik39 2.hashCode());
assertTrue (ik39 _1.equals(ik39 2));

public class IntegerKey {
private int k;
public IntegerKey(int k) { this.k = k; }
@Override /
public int hashCode () { return@% il )
@Override
public boolean equals (Object obj) {
if (this == obj) { return true; }
if (obj == null) { return false; }
10 if (this.getClass() != obj.getClass()) { return false; }
11 IntegerKey other = (IntegerKey) obj;
12 return this.k == other.k;
}

assertTrue (1k39 1.hashCode ()

== jk6.hashCode());
assertFalse (ik39 1.equals(1ik6));

O©CoOoONOOOP~WN =
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Implementing a Hash Table via Hashing

- Converting k to hc(k)
A.length - 1 L Indexing into A[hC(k)]

/ . - = |
For illustration, assumé€ A.7 ength is 11 and hc(k) = k%11.

= | hc(k) = k%11 || (SEARCH) KEY || VALUE |
1 D
25 ¢
3 F 2 £
14 Z 5 7
6 A
[ 39 € 3 ¥ 7

i Q

BN o R

) I A !

YoV v ]

y
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Contract of a Hash Code Function F = ?_ =

e Principle of defining a hash function hc: 7? => 7/>
k1.equals(k2) = hc(k1) == hc(k2)
! o
Equal keys always have the same hashcode. & rem§S =
e Equivalently, according to contrapositive: 4 Aay
he(k1) + he(k2) = -k1.equals(k2) um-..7
—l "l L&J Um .- -f/
- What if k1.equals(k2) is false? 2 4 o Fams’

- What if he(kl) == he(k2) is true?



Overridding/Redefining hashCode() from Object
AT T TN

] |
; public t“"“?i%zkntege“e { « Principle of defining a hash function hc:
private int k;
3 +>public IntegerKey(int k) { this.k = k; } k1.equals(k2) = hc(k1) == hc(k2)
4 o) 1 d
5 @ugiizliit hashesdaly | zetuen & & dds 3 Equal keys always have the same hash code.
6 I; N - = e Equivalently, according to contrapositive:
7 public boolea@bject obij) A he(k1) + he(k2) = -k1.equals(k2)
8 if (this == obj) return true; }
9 if (obj == null) { return false; }
10 if (this.getClass() != obj.getClass()) { return false; }
1 IntegerKey oth = ' kl
return : Z
3] 7)) . 0= £ oty Jerhlodle ,Lﬁ
/ .
Lo \_/
k . @) ECHE
(: Can we replace Line 12 by:

return this.hashCode of ashCode();
e b5 heded) == he (k)



el ([




ﬂé k] = ney Ik<'3>5
T k2 = ma Tk (3D

* Principle of definin sh function hc:

\ k1.equals(k2))= hc(k1) =@
Equal keys always have the same hash code.

— / ,S\ ( e Equivalently, according to contrapositive:
( C A e@ A he(k1) + he(k2) = -k1.equals(k2)

N ,\(1

\ (
- - e
L heO) == ez he D *
f_
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Testing HashTable using Overridden/Redefined hashCode()

Table (

> dﬂ‘ ‘tm Hashtable<>()

IntegerKey

IntegerKey new IntegerkKe
assertTrue (K1.equals (k 2)) '
= (kl hashCode () == k2. hashCodZ’

public class IntegerKey {
private int k;
public IntegerKey(int k) { this.k = k;
@Override —~

if (this == obj) { return true; }
if (obj == null) { return false; }
if (this.getClass() != obj.getClass()) { return false; }

IntegerKey other = (IntegerKey) obj;
return 1s.k == other.k;
bl




Inconsistent equals and hashCode
[de(

@Test
public void testDefaultHashFunction() |
IntegerKey 1k39 1 = new IntegerKey(39);:]
4

IntegerKey 1k39 2 = new IntegerKey(39);
assertTrue (ik39_1.equals(ik39_2));
assertTrue (1k39 _1.hashCode () != 1k39 2.hashCode()); }
@Test
public void testHashTable () {
Hashtable<IptggerKey, String> t e = new Hashtable<>();

IntegerKey [
=) & (2
? o E Aﬂi(,/\ fg,c/; ¢
0); A?ve ’

O©CoOoONOO OPRhwWN—

&
R
=)
:G
(!
&

12 assertTrue(% .

public clas€_IntegerKey
private int k;
public IntegerKey(int k) { this.k = k; }

/* hashCode () inherited from Object NOT overridden. ti}—f;
@Override

public boolean equals (Object obj) {

if (this == obj) { return true; } | p /
if(obj == null) { return false; } /J\ Z‘; 04
if (this.getClass() != obj.getClass()) { return false; } AﬂdéYCfSK

return this.k == other.k;

IntegerKey other = (IntqufKey) obij;



Method Call:/@e v@
~=c o 2

class B {

class A {

SIPRRETN void n(...){
‘ﬁl@)f{ — Ao = new A();
¥

} 'C'O;

’ ) ‘




Call by Value: Primitive Argument

class CircleUser {

void se Rad:us(mt() Circle ¢ = @W Circle();

:Zthls radius = )@_9
c.setRadius(arg);

) )}




Call by Value: Reference Argument

class Circle { class CircleUser {
—~int radius;
Circle() {3} 1> Circle©© = new Circl€();
>Circle(int () { 5 Circle arg = new Circle(d0);
this.radius =r; - A‘vg’ etRadius
RLES

)

W
_void setRadius(Circle(®) {

Ahis.radius = g.radius;
b ggmv\
b




Call by Value: Re-Assigning Primitive Parameter

@Test

public cla el | é
void eassignIny (int {

(GGt

vo¥d reassignRef (Point q) {
Point np = new Point (6, 8);
g = np; }

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

I\

oNOoOOOGTh~WN —




[elttime 12
Moy  Ocroser 2



Method Call: Callee vs. Caller

class A { rcv""'

void m@palr’am) {

/* use of param */

class B {

void n(...){
A co =new A();

co n@)
é’v ent



Call by Value: Re-Assigning Primitive Parameter

public class Util {

P

v01d rea551gnRef (Point q)
Point np = new Point (6,
g = np; }

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

8);

void re nInt 1nt6
<§ + ﬁg

A N
J:[ﬁwzm ﬂ‘(]“ -~
Y" J

1
2
3
4
D

@Test

int (i

-0

public vybid testCallByVal()
Util{uld= new Util();

@




Call by Value: Re-Assigning Reference Parame’rer/-Q,

public class Util {

new Point (

g.moveVertifally (4);

void reassignInt (int 7)

J= 315 4
void reassi ef

void changeViaRef (Foint Q)
g.moveHorizontdl1ly(3) ;

coooxloax-noom—u

@Test

public void testCallByRef
new Util();

Point p = new Point (3,
Point refOfPBefore =
u.reassignRef (p);
assertTrue (p=srefOfPBefore)

assertTrue (p. xk==3 && p.y== ;; 59‘?3 .L]’(‘ﬁ?

Util u

O‘wa 3 ro’ve-ac

® (0 w5 uths)

0 1 470‘4' LA}
2Ty

ot - fee

class Point {

ANt x;

int y;

Point (int x, int y) {
this.x = x;
this.y = y;

}

void moveVertically(int y) {
this.y += y;

}

void moveHorizontally (int x) {
this.x += x;

}



Call by Value: Calling Mutator on Reference Parameter

public class Util {
void reassignInt (int j7)
g = g% dF ]
void reassignRef(Poin
Pging np = new Poin
g = np;
01d changeV1§RgflP01n

1
2
3
4
=«
6
7
oveHorizontal ,2(/
qrww/sa

@Test
public void testCallByRef 2() {

/

Util u = new Util();
Point p = new Pointg& 4)
Point refOfPBefgre = p;

u.changeViaRe )
assertTrue (p==refOfPBefore);
assertTrue (p.x==6 && p.y==8);

n

int x;

int y;

Point (int x, int y)
this.x =
this.y = y;

}

X7

void moveV (cally(int y) {
}

[void moveHorizontally (int x) {

this.x += x;
— -—

}

{




APIL:(Arraylis

Vsize()
=3 Returns the number in this list.

add )
nds the specified*€lement to the end of this list.

add(int index,| E/element)
Inserts the specified 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.

boolean remove (Object o)

Removes the first occurrence of the specified element from this list, if it
is present.

\/indexOf(Object 0)

Returns the index of the first occurrence of the specified element in this
list, or -1 if this list does not contain the element.

\4 get 91 nt index)
turns the element at the specified position in this list.




Caller of ArraylList

’ArrayListgzgrié;l Jrst ]

ArrayList@P X list2 =
DR T

= new ArrayList<Strindg> () ;

new ArrayList1P01nt}();

"um




Amglzw Roet> fas =
class ArrayList{%} { ﬂd
boolean add(E

o vt it e @ Fstl. adpl Cpea Bt (3,5D5X

} ® Al add ( * 3,457

® kez. 2ol (oo et (3,455

| > @ 4 ;X%
PArrayList<StringlP list] = new ArrayList<String> ()
#ArrazList 1ist2 = new ArrayList<Point> () ;

class ArrayList<{> N g"f

class ArrayList
boolean add(
%fﬂ' remove (int index)

,F,M{.K get (int index)

boolean add (k=)
7 remove (int 1ndéx)
& get (int index)

}



Use of ArraylList

import iava. util ArrayList;

public class ArrayListTester {
public static id main(String(]
ArrayList{Strin ist) =

st —7

args) |

—Qprintln(list.size());a

—> printin(list.contains("A"));
println(list.indexOf ("A")); _’

—>list.add("A");

= list.add("B") j@——— T

~> println(list.contains("A"));
println(list exOf ("A"));
I o crelel({dl, | (WEY

‘é? println(list-cgntains("A"));
println(listgipdexOf("A"));

/;?llst remove \'C"

O —

println(list.contains("A"));
println(list.indexOf("A"));

O©CoONOOOTAWN =

for (int 1 =!!}, i <.;
println(liét.get (1) V;

println(ljsticontains("B"));
println(list.indexOf("B"));

printin(list.contains{"B®));
printin(list.indexOf ("

printlin(list.contains("B"));
printin(list.indexOf("B")

new ArrayList<String

T

println(list.indexOf("C")
B"));

printin(list.indexOf{"C

) ’

/rt/élﬁ’LX

printin(list.contains("C"
println(list.indexOf("C"));

println <l_g§_t_m;amuu) iz

printlni{list.containg("C"));

"))

)) i




Hash Table
- 2-column table

(="Keys contéin no duplicates )

- Values may contain duplicates
- A Key is used to identify a unique row




API: HashTable +00 QonetC VNCW

size()
Returns the number of keys in this hashtable.

boolean containsKey(Object key)
Tests if the specified object is a key in this hashtable.

—

boolean 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
map contains no mapping for the key.

?D)ut@ key,@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.




class Hashtabled
V. put (K\ key,

M

Caller of Hashtable

> L(.M/Ps a,f //>

new Hashtable<String, Integer>();
new Hashtable<Integer, String>();

Hashtable<String, Integer> t1
Hashtable<Integer, String> t2




class Hashtable<K, V> { @lass H ab% .
V put (K key, V value) gy put alue)
V get (Object key) get (Object key

} T )

tle CQ""‘)V’@

= newVHashtable<String, Integer>();
= new Hashtable<Integer, String>();

), ‘t] M( A’aw J; l/
O @ ,
class Ha@tab X, o { @1l 4'6 @5 ‘Alon ))X
I R put ( ey, value) V@L {-(dé‘ﬂ,)éLL,X

get (Object key)
9 Vi1 M(Blé “Gl")3

\Jed,




Use of HashTable

import java.util.Hashtable;

public static ,yoid maj
=5 Hashtable<String, Strfing>

System,
grade

grade

grades
System. out.
System. out.
System. out.
System. out.
System. out.
System. out.
System. out.
System. out.
System. out.
System.out.
System.out.
System, ot
#ystem.out.printl
grades.put ("Mark"

System.out.printl

grades.remove ("Alan"

put

println("Value
println("Value
println("Value

"Value
"Value

println

n("
(
(
(
(
println("Value
(
(
(
(
prlntln(

System.out.println("Value

public class HashTableTester {
(String|[]

System.out.println("Size of table: " +
System.out. prlntln("Key Alan ex1sts L

ze of table: " +
prlntln "Key Alan exists: " 4
println("Key Mark exists:
println("Key Tom exists:
println("Key Simon exists: "

System.out.println("Key Alan

e»'P'V
args) {
new Hashtable<str1ng,

g;}
grades.gize(

+ grades. con contams_ y ("Alan")

"o+ grades.containsValue("B+"));

bt ol
)T

> @

rades =

grades.size());
grades.containsk ey ("Alan"))

—j’grades containsKey ("Mark")

" + grades. conta;aﬁﬁey("Tom"

+ grades. contalnsKe Slmon

+ grades. contalnsValue "A")

" + grades. conta1nsValue("B+“

+ grades.containsValue("C
exists: " + grades.containsValue("A+“)),
existing key Alan: " + grades.get("Alan")
existing key Mark: " + grades.get("Mark")
existing key Tom: " + grades.get ("Tom"));
non-existing key Simon: " + grades.get ("Simon"

“hﬂt?l

ark: "

A exists: "
B+ exists:

C exists: "
A+
of
of
of
of

)i
)

’

)) i

70 e 7(6.&"

existing key + grades.get ("Mark")
exists: " + grades.containsKey("Alan"));

of non-existing key Alan: " + grades.get("Alan"));




class Hashtable<K, V> {
V put (K key, V value)

V get (Object key)
} 2
B,
do 743‘5?()6w79 ﬂéé%§>

)ﬁ”' v

o
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Given d(small problen< ) Solve it di"'eCﬂYC-)

ssume golutions to smaller proble

Combine solutions to smaller problems:

= ...) { /* base case: do something directly =/ }

,/* recursivg call Wlth strlctl&yaller value */
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Solving a Problem Recursivel

Given a small problen‘: | |> _--.._-_--n

Given a big proble \

Divide it into smaller problemg§|

————

{
1if(i == ...) { /#* base case: do something directly x/ }
{



Tracinq Recursion via a Stack

e When a method is called, it @ activated)and becomes active)

and pushed onto the stack.

e When the body of a method makes a (helper) method call, that
(helper) method is activated (and becomes active) and

pushed onto the stack.

= The stack contains activation records of all active methods.

o Top of stack denotes the | current point of wﬂm

o Remaining parts of stack are (temporaril@ended.) -
e When entire body of a method is executed, stack is popped .

= The | current point of execution

is returned to the new top

of stack (which was suspended and just became active).
e Execution terminates when the stack becomes empty .

_@(>)
uﬂ

mL-k)

wi(--
M-

Runtime Stack







Recursive Solution: factorial

e )
(n-1)! ifQ>1

3 2/

int 1nt/{ o

int result; E; P
?if(n == Q) { /+ base case */flresult = }
else { /* recursive case */ _
result = » [N (N — 1) ;

Z@*Jﬁ*ﬁ 2
return

(22 *

WL "fﬁﬁ*’)' |
Example: Fac’rorial@)

44:@

Runtime Stack






Common Errors of Recursion (1)

[
|int factorial (int n) {

| return

n * factorial (n - 1);

‘ }
Ja(®

4@?(%7
-t~

(o)
}[,c[ ()

Je(2)

C—

a(3) |



Common Errors of Recursion (2)

int (factorial (int n) ,{

[

| if(T == 10) | + base case x/ return 1; }

| else { /* recursive case +/ return n *lfactorial (n); [}
|} T e

_—

,‘0(‘-@) ,/\ «C(s/







Recursive Solution: Fibonacci Number

ol T
ey

a’é;ﬂJ n—1 Fn—

L=
ILRE2
B2

/

! ‘\)Jsl.»fy o a 3.8 pohbe 'Nu,_'

slrten to

auothe

int NN (int z/)/
int result;
I 7if(n == 1) { /* base cas

e x/{gesult
else if(n == 2) { /* base case »f&Lresult = 1) }

else { /* recursive case */

result = Flb ?E + f b—tn - 2)
return resu# Mt_%l,(z%\

2) +

(1

= 1;7}

Example: ﬁb(4)

/-Z

1
7

C2H- L

Flw

Runtime Stack







Use of String s, S s

public class StringTester {
public static void main(String[] args) { o r 23

String s = "abcd"; — ‘,I\, b%%
System.out.println(s.isEmpty/() ; /* false */ [A, L ¢

/* Characters in index rang 0) */2 M uﬁqﬂ

String t0 = s. substrlng —%‘“V 0, Ci)

System.out. prlntln(tO /* "rox/

/* Characters in index range [0, 4) */ ezréUli

String tl1 = s.substring(0, 4)i~_>5 jEf Ao S-EJ] s S(;]

System.out.println(tl); /* "abcd"

/* Characters in index range [l 3) */

String t2 = s.substring{l, 3 ‘7(36 d{;n Sr{] J(ZJ

System.out.println(t2); /#* "bc" */

SEYXing &3 = s:substring(l; 2) + S.substring(Z; 4);

System.out.println(s.equals(t3)); /* true x/

for(int i = 0; i < s.length(); 1 ++) {
System.out.print(s.charAt(1));

}

System.out.printlni) ;
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. Iy
Problem: Palindrome

< Ir

boolean isPalindrome (Stringfword) {
if (word.length() == ____I | word. ngth() == 1) { IJJ/
/* base case */ 0‘ m P _Jnlﬁ*jfl{) |
areturn true; ) — 5
} l
else { P <L L L )
/* recursive case */ TN e
. (A
char firstChar = word.charAt (0); /\W /-45‘1‘[‘4‘4/
char lastChar = word.charAt (word.léngth() - 1);
Strinmcm = word.substring(l, word.length() - 1);
return
firstChar == lastChar

/* See the API of java.lang.String.substring. x*/
&& 1sPalindrome (lmiddle 7

. WM& VW Wo'/p(
<_
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Problem: Reverse of a String

String reverseOf o (String s) ({

if(s.isEmpty()) { /* base case 1 #*/
return "";
}
else if (s.length() == 1) { /* base case 2 */

return s;

}

else { /* recursive case */
String tail = s.substring(l, s.length());
String reverseOfTail = reverseOf (tail);
char head = s.charAt(0);
return reverseOfTail + head;



Problem: Number of Occurrences

int occurrencesOf_ (String s, char c) {
1€ (s Tohmply()) |
/* Base Case */
return 0;
}
else {
/* Recursive Case */
char hgad'= s.charAt (0);

String tail = sxfggggginggi, s.length());
if (head == c¢){ P §
return 1 + ]occurrenc_eas& ;
}
else {

P
return O-+loccurrencesOf§tail? c)!
} —
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Solving Problems Recursively

N
Problem ~Base Case(s)/ Recursive Solutlon!s! to Sub-Problem(s) (So ution,
(Pn) (Po, i, P2) (Pa-1, Pu—2) . Selutr> %
facto‘r{al(n) @: factorial@ :.1__ P,_1 = factorial(n — 1) @X'Pn_] l &/
~ i At
Py =fib1) =1 _}‘L Pn 1 —Mnf 1) b n) [
.f-b(ﬂ P, =fib(2) =1 [§ (ﬂ) P,_2 = fib(n — 2 .1? ( )3
Py =(isPY") = true l.: isP(k.substring (1. s.length() — 1)) s.char At(0) == char At(s.length() — 1)
S P =tz =true S - s &
-— me e
P2
rev(s) Py = rev(" .)._ n P,—1 = rev(s.substring(1, s.length())) P,y + s.substring(0)
= P, = rev("a") ="a
occls e P = occ("",c) =0 P, _1 = occ(s.substring(1, s.length()), c) 14 P,_1 if s.charAt(0) == ¢
-_ < 0+ P, if s.charAt(0) '= ¢
/allPosH(a, from, to) £ i ?:ZOSH(G" fmom, Fo) P, —1 = allPosH(a, from+ 1, to) af0] >0&& P,y
if from > to
P, = allPosH(a, from, to)
= a[from] >0
if from == to
\AsSortedH(a, from, to) Eo i ZiiZnEdH(a’ finoms 24) P,y = isSortedH(a, from + 1, to) a[from| < a[from + 1] && Pn_1
if from > to
isSortedH(a, from, to) P = isSortedH(a, from, to)
= true
if from == to
binSearchH(a, from, to, k) Po i ;Zf:ath(a’ g ko ) Piesp = binSearchH(a, 0, LMJ —1, k) Pt if k< a[[%”
if from > to
Py, = binSearchH(a, from, to, k ; romsdEto . rom + to
% = wlifeonl ::( f ) Pighe = binSearchH(a, |_f+] +1, to, k) Pright if k> a[[f%ﬂ
if from == to
true if k == qf| 2ot to|]




Recursion on an Array: Passing new Sub-Arrays

void m(int[] a) {
if(a.length == 0) { /* base case */ }
else if(a.length == 1) { /% base case #*/ }
else {

int[] [sub|= np':.?int[a.length = Tl
— Vs
for{inkt i ::{233 i1 < a.length; i ++) { sub[0] = a[i - 1];

m(sub) } }

o / 2 5
Say al = {}, consider m(al) m ( -{‘ﬁ_g 5_5 Qﬁ_ lZS)
4
Say a2 = {A}, consider m(a2) LJ‘ML Vf\)(l*‘ (." ’; |>

Say a3 =[{A, B, C, D}\ consider m(a3) m
Sub “{l (o]

D



Recursion on an Array: Passing Same Array Reference

void (m(int[] a, int@int@/) {

if(from > to) { /» base case “x/ }
else if(from == to)

{ /% base case */ }
else { m(a, |from + 1|, to) } }

v /z(//r/////////Q

. (LA (1 VSV A2 A
Say al = {}, consider m(al, 0, al.length - 1) e

- o~
v ﬂéﬂ to
Say a2 = {A}, consider m(a2, 0, a2.length - 1) - 1
% )

Say a3 = {A, B, C, D}, consider m(a3, 0, a3.length - 1—)’> %D

)

Q

w W

Z
‘QID
- 3

{v»,:
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Problem: Are All Numbers Positive?

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 #*/

return true;
}
else if (from == to) { /* base case 2: range of one element =*/

return a[from] > 0;

}
else { /x recursive case
> 0 && allPositiveHelper (a, from + 1,

return al[ from] to);



Tracing Recursion:
allPositive

|

allPH(a,0,-1)
T

YE{’«VV( fwe

-

}

}

return allPositiveHelper (a,

2
fooolean allpPositive (int[] A) {.)
& 0, €length) - 1);
e — -

T 7]
17 -/

Ibooleaﬂb alngjltlveHelper (int[] a, int from, int to) {

if { /* base case 1: empty range x*
return true
}

else if(from == to) { /+ base case 2: range of one element x*
return a[from] > 0;

}

else { /+ recursive c
return a[from] > 0 &&

}

ase

allPositiveHelper (a, from + 1, to);

Sa@=@
A T




Tracing Recursion:

allPositive 145

aIIPositive@

a||PH(a@@
@ >0

L

/-

2

|boolean allPositive(int[] a) {
return allPositiveHelper (a, O, .length - ;

—
} — 4] 0
Jboolean allPositiveHelper (int[] a, int from, int to) {
Kif (from > to) { /* base case 1: empty range */
return true'p 174
Xe 4
else if (fro = to) { /* base case 2: range of one element

—return al[from] > 0;

else { ,/'A recursive case */
return a[from] > 0 && allPositiveHelper (a, from + 1, to);

}
}

el 79 se1- @)/

/; ml - \_(\c‘ qd= - O



fboolean allPositive(int[] a) {

TraCinq RecurSion: return allPositiveHelper (a, 9’, a.length - 1);
——.S—

) e

allposrl-lve %777 §§ Jboolean allPositiveHelper (int[] a, int from, int to) {
7 X :

Xif (from > to) { /* base case 1: empty range */
return true;
H }
a”POSItlve(a) —9 KXXelse if(me == toj { /* base case 2: range of one element #*/
returnla[from] > (;
}
| else { /* rec

recursive ggse */
P
—? -+ return al[from] > 0 allPositiveHelper (a, from + 1, to);
e —— —

S ON S (e w Pl 3

/ \ 2 2+, 3
a[0] >0 gL aIIPH(a@@ Say a = {4,7,3,9}

/ \ boleagth 4

2, 3

i R ool
@' 5[2] >0 X<t allPH(a &E%B >O




fooolean allPositive(int[] a) {

TraCinq RecurSion: return allPositiveHelper (a, 0, a.length - 1);

}

a, int from, int to) {

L] o
allposrl-lve Jboolean allPositiveHelper (int[] a,
‘% ba ase 1: empty range +

if (from > to) { /* base case
return true;

H = }
aIIPOSItlve(a) else if (from == to) { /* base case 2: range of one element =*

return al[from] > 0;

}
| else { /% recursive case */
to);

return a[from] > 0 && allPositiveHelper (a, from + 1,
allPH(a,0,3) .

\ Say a = WS;}

a[0] > 0) (2% /allPH(a,1,3)

g T
= @{@aIIPH(a@,@_ /};

Q(«\













Problem: Are Numbers Sorted?

boolean isSorted(int[] a) {
return isSortedHelper (a, 0, a.length - 1);

boolean isSortedHelper (int[] a, int from, int to) {

if (from > to) { /* base case 1: empty range

return true;

*/

4 ?: range of one element

else if (from == to) { /* base case 2:

return true;
}

else {
return a[from] <= a[from + 1]

&& 1sSortedHelper (a, from + 1, to);

*/



TraCinq RecurSion: boolean isSorted(int[] a) {

return isSortedHelper (a, 0, a.length - 1);
}

isSorted -

boolealb 1sSorjedHelper (int[] a, int from

, AnE to) {

(from > t /* base case 1: empty range x/

eturn tru

isSorted(a)

else if (from == to) { /+ base case 2: range of one element
return true;
}
| else {
return a[from] <= al[from + 1]
|SSH(a,0,'1) && 1sSortedHelper (a, from + 1, to);

)
)
S e

T Say a A {}



Tracing Recursion:

isSorted

isSorted(a)

|
isSH(a(0,0)

return true

9 else if (from == to) { /* base case 2:

boolean isSorted(int[] a) { 2
return isSortedHelper (a, 0, a,Length - 1);
} 6 4 :

boolean isSortedHelper (int[] a, int from, int to) ({
if (from > to) { /% base case 1: empty range x*/

return true;
}

range of one element x*/

return al[from] <= al[from + 1]
&& 1isSortedHelper (a, from + 1, to);

sy > )




Tracing Recursion:
isSorted

}

3 f

retury true;
isSorted(a) :

}
‘bO else {

| return true;

} -

boolean isSorted(int[]

boolean isSortedHelper (int[]
(from > to) { /+

else if (from == to) { /=

a) |

return isSortedHelper (a, 0, a.length - 1);

a, int from, int to) {

base case 1: empty range */

base case 2: range of one element =+

<= a[from + 1]

—>re rn alfrom] =
E—— —————
&& JisSortedHelper (a, from + 1, to);

/ \ }

isSH(a;2,3)

a[l]<=a[2]

D

[2]<=a[3

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

a 23 1:-1:-{56!

/\©

|sSHga,3,3) l




Tracing Recursion:
isSorted

}

return true;

}

else if (from == to)
return true;

isSorted(a)

}
| else {
return al[ from]

isSH(a,0,3) }

boolean isSorted(int[]
return isSortedHelper (a,

&& 1isSortedHelper (a,

{

boolean isSortedHelper (int[] a,
if (from > to) { /~ ase

0, a.length - 1);

int from, int to) {

one elemen

<= a[from + 1]

from + 1, to);

/ \ }

a[0]<=a[1] isSH(a,1,3)

/T

al[l]<=a[2] isSH(a,2,3)

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

/N

a[2]<=a[3]

isSH(a,3,3)




Container vs. Containee

f1 [“Faculty ] " Jackie” ,J Sourfe | “advanced 00P”
\>[name[ 37 cecs2030 ;I‘f\ e
te a 0

Student | “TJim",

£2 “Jonathan” 7 > id | 17

Faculty onarhan Course | “Software Design” cs -
Slname] =17 o 7 title " S

te 5= eecs3311 f

pro
5 :
e
o0 ponts?"

Lonfome

-,

S

B
L\J[mt (P A Ludst 0(6[9(’@0(7



Aggregation: Design

Design 1: Single Conftainee

ECCLl Luvse 6\%0[‘{ pnteams L Q‘w’[ﬁf

Java Implementation

class/Course K

Faculty prof;

X

class Faculty {

.

elrett a5 1R POy -

Design 2: Multiple Con’rai/g{ees ¢
- o

Teth S*f'l)‘*f' DLIPCF ZM figficg egf;’ fhei

M%‘qu i AM{@'

Student@ﬁl Course

T ]
clas$s Student 4
Course[] courses;

!

class Course {

InE




[etire /%
Weaesmy Oroger 30



class Course {

°
. ; . class Faculty { A + (1)
String title; SEEiAE e :g-grega lon
Faculty praf;
Course(String title) {

Faculty(String name) {
this.name = name;

this.title = title; }

} . ! Z void setName (String name) { Course Facu“.y
void GEEENEN (Faculty ) this.name = name; 1'.1'[ name

this.prof = prof; } ’ — iTle

} ; rof

String getName () { p

FaCL;lty ieht_PrOf()f.{ return this.name;

sbuzn igia. o ; Faculty g

; ) name|] > [~

@Test
public void testAggregationl() | Course Py
Course eecs2030 = new Course("Advanced QQPRT); i tle e 4’0‘7’0
Course eecs331]1 = new Course("Software Design"); ol
Facultyprol = new Faculty("Jackie");
S2e S 2050 SEiti2iEoit (JRE@I) 2 v
eecs3311.setProf(prof); _ 'CZ? A
etProf() == eecs3311.getProf()); FGCU“'Y . -
rY'a
name -1 (4

assertTrue (eecs2030.getProf () == eecs3311.getProf());
assertTrue (eecs2030.getProf () .getName () .equals ("Jeff")

Course
Fac, rof2 = new Faculty("Jonathan'y ; 1'i1'le -
ee . setProf (prof2);
assertTrue (eecs2030.getProf () != eecs3311.getProf()); PrOF \/_
assertTrue (eecs2030.getProf () .getName () .equals ("Jeff"));

assertTrue (eecs3311.getProf () .getName () .equals ("Jonathan"))




class_ Stuglent { ‘ ele"fel/lf:f M iJf Al ?"ff °
String id; ArrayLls@ cs; /* courses x*/ /P ég-gregaf'on (2)

Student (String id) Jid = id; cs = new ArrayList<>(); }

{{f@.idd(c); }}
return cs;
— Student Faculty
id name
‘class Course { String title; Faculty prof; } ‘
cs te
class Faculty {
String name; ArrayList@ te: /* teaching =/ Course
Faculty(String name) { this.name = name; te = new ArrayList<>(); } =
void addTeaching(Course c) { te.add(c); } 'hfle
B e —
ArrayList<Course> getTE() { return te; }
: el — prof

@Test
ublic void testAggregation2() {
Faculty p = new Faculty (('Jackiel);

tudent s =_ne tudent ("Jim") ; FOCUH'Y f(l b rr
: new Course ("Advanced OOP"); namel L7

1 ; new Course ("Software Design"); n
eecs2030. se¥Proflp); e — 331/
@ecs33ll.setProf + é 4

addTeaching Eecs20

. : > Course Course
A-LL(}MW title | P [Fitle [ 1
e prof | ) prof

p— . \__/
assertTrue (eecs2030.getProf () ‘s.getCS(). et (0] . getPror ) @
assertTrue (s.getCS() .get (0) .getProf () g S"'Udenf ©

== s5.getCS().get(l) .getProf()); (]
assertTrue (eecs3311 == s.getCS().get(1l)); AIW‘p id 1T \]’1'4

assertTrue (s.getCS() .get(l) == p.getTE().get(l)); cs

\ &,




Dot Notation for Navigating Aggregations (1)

teaching
courses " N
Student © - Course prof Faculty
M 1
class Student { class Course { class Facu {
sString id; String title; String(name;
ArrayList<Course> cCs; Faculty prof; ArrayList ourse> te;
} } }
Examples

/* Name of this faculty

f1.getName() */

String getName()

f2.getName() Yetwrl Vil s

—

f1 [Faculty |\'Jackie” ,\;l Course | “advanced OOP”
S [Rame] secs2030Hitle N~ Student | “Jim”

te | A prof d m
f2 [TFaculty nathan” Course | “g ian”

oftware Design cs ~
k> name] -7 N title | +~_~ g
eecs3311
te ~ prof




Dot Notation for Navigating Aggregations (2)

teaching
courses *

<
Student © - Course . prof Faculty
1

class Student { classCourse { class Faculty {
sString id; String title; String name;
ArrayList<Course> cCs; Faculty prof; ArrayList<Course> te;
} } }

‘(\Ml /* Instructor’'s name
yetw, ?éthff A "f/ * * for this course

peCs7%¥9
/MStrmg getName()
"Ll? Faculty %TCEKE/I Course
name| 0 title | N _~
te it eecs2030 prof

f2 Faculty “Jonathan” Course | “Software Design"

= _7 ~A s —
k> name secs3311 title "
te — prof




Dot Notation for Navigating Aggregations (3)

courses

Student >

X

teaching

Course *

<
prof FaCulty

<>

1

class Student {
sString id;

ArrayList<Course> cCS;
.\-

}

class Course {
String title;
Faculty prof;
}

class Faculty {
String name;
ArrayList<Course> te;

/* Instructor’s name for
* course stored at index i
x/

String getName(i@i)

Yt s (S aiet @)-
(

/»«{f Al —

}
Examples

/_\
s e’rNaT&y

s/getName(1)

f1 [Faculty :B'GCkie" ﬂ;I Course | “advanced OOP”
Glname] = 0 2ecs2030 '"“:_ N_A S Student |“TJim"
te T pro -_— id “J
f2 ["Faculty |"Jonathan” Course | “Software Design” cs | A
k; name] -7 7 title N—""
eecs3311




Dot Notation for Navigating Aggreqations: Exercise

courses

Student >

X

class Student {
String id;

}

ArrayList<Course> cCS;

Course

teaching

X

<>

<
prof FaCUIty

class Course {
String title;

Faculty prof;

}

1

class Faculty {
String name;
ArrayList<Course> te;

}

/* Title of the ith teaching course Examples
* of the instructor for this course !
*/ Tl 0 eecs2030.getTitle(1)

String getTitle(int i)

vetu _ s - e - qet (DD it eecs331 1.getTitle(0)
pets3) {
Faculty ]| “Jackie” Course “Advanced OOP”

AJ title il - Wepe 2
nc;r:e ;—;ﬁ \{_Préf . N_A e Sii':den‘l'ﬂ jm |
ﬂﬂ\ N & f_Cfcliurse ‘\‘ngfware Design” cs 47 5

itle | —
N __Lprof




Composition: No Sharing

class Directory {
String name;

-f)void addFile (String faleMName) {

class File {
String name;
'—%>File(String TS

File[] files;
int nof; /* num of files x/ this.name =
Directory(String name) { }
this.name = name; }
files = new File[100];
) Btet”

Il txf”
) |

namey

@Test
public void testComposition() {
new Directory("D"

Directory dl =
Zdl .addFilé(TEL. tx)

)

)
dl.addFile("f2 .txt");

nof ++; K 74
} H.txt | Car. addFile ("£3.txt";
} assertTrue/
dl.files\0).name.equals ("fl.txt"))
Directory /@
name i ) 0 1 2 3 4 5 6 7 - 99
files S r ’ I | l null | null | null | null | null | null | null I
) o T
File File i File
name I name I namel
Zfltxt” (£2.txt ”f3;£§§:







Composition: Copy Constructor

@Test

void testShallowCopyConstructor () {

Directory dl =
@lzaedil le (P El ExE") ;
Directory(d2) =

new Directory("D");
dl.addFile("f2.txt"); dl.addFile
new Directory(gi‘,-________
assertTrue (dl.files == d2.file¥);

d2.files[0].changeName ("f11.txt");

assertFalse (dl.files[0]

Directory

name (

files

dl

/+ violation of composition i
Pt s

.name.equals ("fl.txt"));

~

/% adares cgh v1ng for
-E' &.nam

3 4 5 6 7 s 99

null | null ‘ null ] null l null | null | null |

di. flleS[lﬁl{les[Z](

Al ks == ol ks

Fi

“fl.txt”

File
name I

name I

/

“f2.txt”

“f3.txt”

/

ol fef (o)== k. £ 4o

j



ition: Copy Constructor Co

@Test
void testDeepCopyConstructor() |

Directory dl = new Directory("D"); Fiiﬁ(Flle claiei o
dl.addFile("fl.txt"); dl.addFile("f2.txt"); dl.addFile("£3.txt" ls'

class File {

) new Stfing(other.name) ;
Directory d2 = new Directory(dl); gé -—————-)

assertTrue(dl.files != d2.files); + composition preserved
d2.files[0] .changeName ("f11.txt");
assertTrue(dl.files[0] .name.equals ("fl.txt")); }

class Directory {
Directory (String name) {
this.name = new String(name);
files = new File[100]; }
Directory(Directory other) {
this (other.name);
for (int— = 0; 1 < nof; 1 ++)

Directory

name

files

nof

Directory

name 4 2 6 7 99

.files

files nutt | nun | nun | puan | nan | onan | nun |

d1 nof

3

dl.files[0] 1.files[1

File File

/ name I name I

O 7

“£2.Ext” “f3.txt”




Copy Constructor (Composition?) Fit se = ol #ts/d];

@Test
void testDeepCopyConstructor() |
Directory dl = new Directory("D");

class File {
File(File other) {
this.name =

Wirectory(d2)= new Directory|(
assertTrue(dl.files != d2.files); + composition preserved
d2.files[0] .changeName ("f11.txt");

assertTrue (dl.files[0] .name.equals ("fl.txt"));

4

dl.addFile("fl.txt"); dl.addFjile("f2.txt"); dl.addFile("f3.txt" : :
) new String(other.name) ;
(

{

this.name = new Strin Yoz
files =Lnew File[lUU : ‘/
t {

Directory

< nof; 1_++)

,_% Flle |sra = other flle@
)(Fe&frqﬁ?——quur-ﬂsJ-:;;;§~

4

name

files

nof

thig.addrile (S
void Bddrila(File f) {

b}

nof
Directory l
name — 0 1 2 3 4 5 6 7 99
(files/ —1; = null null I null | null I null | null I null |
nof 3 |

dl.files[0],

T e

: m:re/ =t ol s [

“£1 o EXE” “£2.Ext” “£3.txt”

File

name I
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Inheritance: Motivating Problem
Nouns )-> classes, attributes, accessors

(@3’ > mutators
Problem: Alstuden ment s steﬁ stores data about

students. There are two kinds of university students: resident
students and non-resident students. Both kinds of students
have a name and a list of registered courses. Both kinds of
students are restricted to register for no more than 10 courses.
When calculating the tuition for a student, a base amount is first
determined from the list of courses they are currently registered
(each course has an lated fee). For a non-resident
student, there is a discount rate applied to the base amount to
waive the fee for on-Cam accommodation. For a_resident

. o . \
student, there is a wﬁ@g}pphed to the base amount to

account for the fee for on-campus accommodation and meals.




First Design Attempt

Course| | courses;

int noc;

int kind;

double premiumRate;

double discountRate;

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

b

double getTuition|){
double tuition = 0;
for(inti =0; i < noc; i++){
tuition += courses[i].fee;

eIs£ if (this.kind = 2) {
return tuition=t=e .

double registel(Course c){

MAX;
iT(this.kind ==1) { MAX = 6:
else i IS.KIN
if (noct== MAX) { /* Er
else {
courses[noc] = c;
noc++;




) . double getTuition(){
First Design Attempt HohBlakukticn & 0;

for(inti = 0; i < noc; i++){
class Student { tuition += courses[i].fee;
Course[] courses; 3
int noc; ' f if (this.kind == 1) {
int kind; . . return tuition * premiumRate;
[cToubIe premiumRate;
doub ' -
Student (int kind){
this.kind = kind;
b

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

double register(Course c){
int MAX;
if (this.kind == 1) { MAX =6; }

ol else if (this.kind == 2) { MAX =4, }
Good design? /l if (noc == MAX) { /* Error */ }
T E else {
Judge by Cohesion courses[noc] = c;



double tuit®n = 0;
for(inti =0; i < noc; i++){
tuition += courses[i].fee;

b
if (this.kind == 1) {

class Student {
Course[] courses;
intnoc; [/: K
int kind; 2: /RS
double premiumRate;
double dis tRate;
Student (int Kind){

this.kind = kind;
b

return tuition * premiumRate;

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

double register(Course c){
int MAX;

T 1. if (this.kind == 1) { MAX = 6; }

Good desiqn?® | else if (this.kind == 2) { MAX = 4; }
. . i 180 if (noc == MAX) { /¥ Error */

Judge we_Chmce Princi else {

— Repeai‘ed if-conditions : courses[noc] = c;

- A new Kind is introduced? Ca
- An existing Kkind is obeselete?




VZ

e e

Rethot i bt
Al i
| oml?eﬁ'kfft\iao/eﬂ

/(ol/

e
o etk



Testing Student Classes (without inheritance)

class ‘ResidentStudent #{ clasg NonResidentStudept {
String name; String nane;
Course[] registeredCourses; Course[] registeredCourses;
int numberOfCourses; int numberOfCourses;
double premiumRate; /* there’s a mutator me double discountRate; /+ there’s a m me
ResidentStudent (String name) ({ NonResidentStudent (String name) {
this.name = name; this.name = name;
registeredCourses = new Course[l0]; registeredCourses = new Course[l0];
} }
void register(Course c) { void register(Course c) |
registeredCourses|[numberOfCourses] = c; registere S| numberOfCours fo}

numberOfC

Ty

fCourses ++;

le getTuition() {
double tuition = 0;
for(int i = 0; 1 < numberOfCourses; 1

tuition += registeredCourses[i].fee;

double getTuition/()

double tuition = 0;

for(int i = 0; 1 < numberOfCourses; 1 ++)
tuition += registeredCourses|[i].fee;

{

}

return tuition * |NpremiumRate ;

}

eturn tuition * |discountRate ;

class StudentTester {
static v main (String[] args) {

- new Course("EECS2030Y, 500.00); /+
ney Course ("EEC ', 500. OO) /x

jeremy.
System.

System.out.println("Jeremy pays + Jérem getlultlon()),
}




Student Classes (without inheritance): Maintenance (1)

class ResidentStudent {
String name;
Course|[] registeredCourses;
int numberOfCourses;

class NonResidentStudent ({
String name;
Course[] registeredCourses;

int numberOfCourses;
double premiumRate; /+ there’s a

mutator me double discountRate; /+ there’s a mutator m
ResidentStudent (String name) { NonResidentStudent (String name) {
this.name = name; this.name = name;
registeredCourses = new Course[l0]; registeredCourses = new Course[l0];

} }
void register(Course c) | void register(Course c) {

registeredCourses|[numberOfCourses] = c; registeredCourses|[numberOfCourses] =

= ¢;
numh®SrofCourses ++; numberOfCourses ++;
} }
dojible getTuition() { double getTuition() |
double tuition = 0; double tuition = 0;
for(int i = 0; 1 < numberOfCourses; 1 ++) { for(int i = 0; 1 < numberQfCourses; 1 ++) {
tuition += registeredCourses[i].fee; tuition += registeredCoukses|[i]. fee;
} }
return tuition * premiumRate ; return tuition x discountRate ;

} }

Maintenance: e.g., a new registration constrdint

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

:ilse{... ¥ J




Student Classes (without inheritance): Maintenance (2)

class ResidentStudent {
String name;
Course|[] registeredCourses;
int numberOfCourses;

double premiumRate; /+ there’s a

ResidentStudent (String name) {
this.name = name;
registeredCourses = new Course[l0];
}
void register(Course c) {
registeredCourses|[numberOfCourses] = c;
numberOfCourses ++;
}
double getTuition() {
double tuition = 0;
for(int i = 0; 1 < numberOfCourses; 1 ++)
tuition += registeredCourses[i].fee;
}

return tuition *

}

premiumRate ;

mutator me

{

class NonResidentStudent ({
String name;
Course[] registeredCourses;
int numberOfCourses;
double discountRate; /+ there’s

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

registeredCourses = new Course[l0];

}
void register(Course c) {
registeredCourses|[numberOfCourses] = c;
numberOfCourses ++;
}
double getTuition() |
double tuition = 0;
for(int i = 0; i < numberOfCourses; 1 ++)
tuition += registeredCourses|[i].fee;
}
return tuition x

}

discountRate ;

a mutator me

Maintenance: e.g., a new formula for tuition

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

return tuition * inflationRate * ...;




A Collection of Students (without inheritance)

class-StuderrtMamagement System {
Resident Stiident [ 1 Q‘SS
<.\NonResidentStudent[

Lfnt mors; /x number O

int nonrs;

resident students

*/

/+ number of non-resident students %/
void addRS (ResidentStudent rs){ rssl[norsl=rs; nors++;
void addNRS (RN rs) { nrss[nonrs]=nrs;nonrs++; }

}

void registerAll (Course C)
for{int 1 = 0; 1L € moers; i #+ {\gsslilRregister(c);

fori(int =

.

{

01
rss |I|l

Res.S

= mEsy 3 +F)
2 99
||| i il e III nr
Res. Res.S. Res.S.

{Qnrssl[i] Jregister(c)

rcs

rcs

rcs |

rcs

pr

pr

NonRes. ¥/

01 2
ddd - 1]
NonRe NonRes.fS.\|NonRes.
rcs rcs rcs | res
dr d




Student Classes (with _inheritance)

{

class Student
String name;
registeredCourses;

numbhe oo rse

this.name = name;
registeredCourses = new Course|

registeredCourses|[numberOfCourses
numberOfCourses ++;
S
double getTuition()
double tuition = 0;
for(int 1 = 0; i < numberOfCourses; 1 ++)
tuition += registeredCourses|.i] . fee;

{

/4

tuition; base amount only */

extends Student

/% there’s a gutator meth

ResidentStudentf(String name) ring name)

/* register method is inherited x/ L4 inherited
double g?ﬂk'xt:i%u_l__t\b l}
double (base )= |super.betTuition(); I t(;ﬁ“a ouble X stpey . Qet Tuttion
returfi base ¢ ~premiumRa 5 return( ba 4% diécountRateef
< ;z -

}

d
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Visualizing Parent and Child Objects

I.'S'tudent G)= new gudent ("Stella");

|Res.1.dentSt udent new ResidentStudent ("Rachael");
lNonReSJ.dentbLudent rg) = new NonResidentStudent ("Nancy") ;
S —
(“_’ Student
name “Stella”
° numberOfCourses 0 1 8 9
registeredCourses null ‘ null ‘ ’ null ’ null ‘
(’—’ ResidentStudent
name “Rachael”
i numberOfCourses 0 1 8 9
registeredCourses ‘ null | null ‘ ‘ null | null ‘
premiumRate
</—’ NonResidentStudent
name “Nancy”
nrs
numberOfCourses 0 1 8 9
registeredCourses null | null ‘ ‘ null ‘ null ‘

discountRate



Testing Student Classes (with inheritance)

Student(String name) String name
void register(Course ¢) Student Course[] registeredCourses
double getTuition() int numberOfCourses

AN

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

ResidentStudent NonResidentStudent

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

void setDiscountRate(double r)

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

class StudentTester {
static void main(String(]
Course c2 =
ResidentStudent jim new
jim.setPremiumRate (1.25);
jim.register(cl);
NonResidentStudent jeremy
jeremy.
jeremy.
System.
System.

register(cl);

args) {
Course cl = new Course ("EECS2030",
new Course ("EECS3311",

jim.register(c2);

setDiscountRate (0.75);
jeremy.register(c2);
out.printIn("Jim pays
out.println("Jeremy pays

500.00); /+

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

Res.S.

500.00); /+ t and fee

rcs )

ResidentStudent ("J. Davis");

pr |1.25

new NonResidentStudent ("J. Gibbons")

" + jim.getTuition());

" + jeremy.getTuition());

jer.

Course Course
title J2030] 2 title]3311
fee | 500 ¢ fee | s00
NonRes.S. |
rcs | Lo

dr |o0.75 01 9




Student Classes (with inheritance): Expectations

Iz > s
[&\/‘A ¢ g:;ul:::t(suing nTrIle)c) ?jtctiurse : ﬁfﬁ )é),fzg/ W’Z
A e ' memni

" {YCYPH thet va""t e ~ whe/td.

/*{new attributes, new methods */ /* "CK’ azfib:lsffsydilt’): g:t'{hﬂds 4
esibdlentStu(!ent(RSt:ing name) ResMentStudent nResidentStuden{—;dN(;)llllbl:s(;l;l‘lmn:lR::le( ring name)
ouble premiumRate

void Pu(double r C — [ voidsetDiscountRate(@oible r)

= l(([(f”“lh n mulm( (74 ( 7 /i I(|dltﬁmtfll"/mtt”“;dm methods */

doubl ( JPF {‘fw \ 0 double getTuition é?ﬂ/‘/‘

[ 4 1 -
Lz\mw l%// (rt . 7/ < g i a al
7 p*ﬁg_—————————jffﬁjﬁf
tud = _new ent ("Ste la") ,

g~ identStudent ("Rachae
WonResid nrs new NO sidentStud

7 NN

rcs | noc | reg ‘gefﬁ\

@. v J

rs

'S







Intuition: Polymorphism

Student(String name)

void register(Course ¢) Student

double getTuition()

String name _

Course[] registeredCourses
int numberOfCourses

=

/* new attrlbute\, new methods /4 \

ResidentStudent

V|

——— D

/* rede, fmm[/( fridden methods */
double getTuition()

/* new attributes, new methods */

NonResidentStudent NonResu.ientStudent(Strmg name)
double discountRate

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

Student ("Stella");

H%JV"Q YS »
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Review: Student Classes (with inheritance

N —
Coursel[] registeredCourses;
int numberOfCourses;
Student (String name) {
this.name = name;
egisteredCourses = new Course[l0];

}

void register(Course c) | ‘?
registeredCourses|[numberOfCourses] = ¢;
numberOfCourses ++;
) m—
double getTuition() {
“doubre—turtTomn 5=
for(int i = 0; i < numberOfCourses; ++)
tuition += registeredCourses|[.i].fee
}

return tuition; /+* base amount only x*

class NonResidentStudent extends Student {

double discountRate; /* there’s a mutator methoq

{ super (name); } NonResidentStudent (String name) { super (name); }
e Ls fed */ /#* register method is inherited */

double getTuition

double getTuition() {
e

double base = super.getTuition();
return base x discountRate ;



Review: Static Types and Expectations

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

String name
Course[] registeredCourses
int numberOfCourses

=

NonResidentStudent

Student

=

ResidentStudent

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

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

double premiumRate

Void setPremiumRate(doubler)
/®redefined/overridden methods™/
double getTuition()

double discountRate

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

Student s = new Student ("Stella");

_ﬂt B = new ResidentStudent ("Rachael");

NonResidentStudent irs = new NonResidentStudent ("Nancy") ;

name | rcs | noc | reg | getT Set PR

pr

S.

—
1




Review: Visualizing Parent and Child Objects

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

Student

String name
Course[] registeredCours:
int numberOfCourses

=

ate(double r)

/* new attributes, new methods */ /"'
Resi ! ing name) ResidentSt@
ouble premiumRat (. —
setPremiu

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

‘ double discountRate

N—
N /* new attributes, new methods */

Inheritance

.
‘ NonResidentStudent ; NonResidentStudent(String name) H'rarChx
[

double getTuition()

I“voidseiDiscountRate(double r)
/* redefined/overridden methods */

Runtime
/M Object

("Rachael");
(“Naney"™) ;

Declaring
Static Types

numberOfCourses
registeredCourse

ResidentStuden

name

rs
numberOfCourses 0

regi

,57/7 ¢§ Structure

(— NonResidentStud.
_
L~ name

nrs
numberOfCourses
| e

“Stella”

0 1 8 9
null | null ‘ | null | null ‘
“Rachael”

0 1 8 9
null | null ‘ | null ‘ null |
“Nancy”

0 1 8 9
null | null l | null ‘ null |




& navlf

Student(String name)
void register(Course ¢) Student

double getTuition()
/ /* new attributes, new methods */

. . NonResidentStudent(String name)
ResidentStudent NonResidentStudent O el b ol ca

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

/* new attributes, new methods */

=

dent ("Stellata—
new KResidentStudept ("Rachael");

SmramRate(1.25) ;

Js_= "bf; Is this vali&? */
qrs =&gﬁ){* Is this valid? iéfﬁf"_--‘\\\

1S E(rpcfa%ﬂs or | V]
13, N
: /e
040‘\;\/\ Lg & L2 Ao
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Intuition:

Course[] registeredCourses

int numberOfCourses

_—

0y 707 fff‘

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

void setPremiumRate(double r)

ResidentStudent

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

void setDiscountRate(double r)

NonResidentStudent

/* redefined/overridden methods */

/* redefined/overridden methods */

e ———

S

) ‘ eecs2030
9

7S

Course

\
1 |jCourse secs2030 Caurse(EECER6364—(00
) S A & P X
3 esTdentsyudent (s } new(ResidentStudent ("Rachael"); 2
4 ||NonResidentStuden new. NonResidentStudent ("Nancy") ;
5IN\rs. setPremipumRate {1 . rs.register(eecs2030) ; QT L&‘A 01f
6 setD"Zj’;untRate ; Nipew—agEsslor (oo 030) oo ° 5
7 MA System.out.p Htln(;/* output A)VS‘
8 3 System.out.println NoetTusRtaen@Nl: / ~ outpu

—Ttitle
fee

2030
500-
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Multi-Level Inheritance Hierarchy of Smartphones

B dial /* basic method */
SmartPhone — .
surfWeb /* basic method */
o
N [surfWeb ] overridden using safari */
facetime /* new method */
———

2
surfWeb /* overridden using firefox */
skype /* new method */

A
W AN

rd ) = D
- @OPW ( HuaweiMate20Pro GalaxyS10 GalaxyS10Plus
L:—- 7

7 —






Inheritance Forms a Type Hierarchy




Inheritance Accum for Reuse [/ phacses

1 1
@ Sma rtPho:le iay//* basic method */ &mﬁ b.{
Ui asic method */ & A0 Y J‘é‘/ ) ﬁ

® ik Jf"/

108 rfWeb /* overridden using safari */ .A droid surfWeb /* overridden using firefox */
time /* new method */ ndrol skype7-‘ new method */
g method */
IPhoneXS IPhone11Pro Huawei

A
S
)

\

zoomage /* new method */

—,
—
Huawei P30Pro HuaweiMate20Pro ‘W GalaxyS10Plu

NS

J.descendants-
0 2 o+ Q ~ @_
T, oL () @) ©

]
= {7 thal, Qaelule 5 4\*@.&! e &)

ancestors

S —




Static Types determine Expectations
Inheritance Herarch

> Student(String name) ‘ Stnng_rmr,
void register(Coursgq

double getTuition()

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

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

/* new attributes, new methods */
ResidentStudent NonResidentStudent NonResu.icntStudcnt(Strlng name)
double discountRate

void setDiscountRate(double r)

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

heritance Herarchy: Smart Phones
(vl Pl = <= 5T sorre s
Fl . 8‘«'!/4’ ¢ K =

{myPhone.??
e
y
108 surfWeb /* overridden using safari */ Androld surfWeb /* overridden using firefox */
facetime /* new method */ ndrol skype /* new method */
-
quickTake /* newymethod */ sideSyng)/* new method */
IPhoneXSMax IPhone11Pro ‘ Huawei Samsung
|

zoomage /* new method */

HuaweiP30Pro HuaweiMate20Pro GalaxyS10 GalaxyS10Plus




Rules of Substitutions (1)

SmiaitPhorie dial /* basic method */

———
surfWeb /* basic method * {\l ( S‘T'\/’z

/ /\ K-/a/eMNf °/\ '

surfWeb /* overridden using safa

—

Yl = 92
S

108

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

/ \ quickTake /* new method */ / \ sideSync /* new method */

IPhoneXSMax IPhone11Pro

facetime /* new method */ Androld

Huawei

Samsung

zoomage /* new method */ / \ / \

HuaweiP30Pro HuaweiMate20Pro GalaxyS10 GalaxyS10Plus

Declarations:
I0S spl;

IPhoneXSMax sp2;
IPhoneProll sp3;




Rules of Substitutions (2)

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

\

sul ~overridden using safari */ . surfWeb /* overridden using firefox */
10S . " > Android
( acetime / hew method */ skype /* new method */
quickTake /* new method */ / sideSync /* new method */
IPhoneXSMax IPhone11Pro Huawei Samsung
zoomage /* new method */ \
HuaweiP30Pro HuaweiMate20Pro GalaxyS10 GalaxyS10Plus

Declarations:




Rules of Substitutions (3)

SmartPhone

108

surfWeb /* overridden using safari */

/ \ quickTake /* new method */

cetime /* ew method */
<

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

T

Android

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

IPhoneXSMax

IPhone11Pro

Huawei

zoomage /* new method */ /

/
J

\ sideSync /* new method */

Samsung

/N

HuaweiP30Pro

HuaweiMate20Pro

GalaxyS10 GalaxyS10Plus

Declarations:

IOS spl;

uaweiP30Pro sp

2,




Visualization: Static Type vs. Dynamic Type

D !
Student’s;

Substitution:

—

3

/’Studekt S
N — el

S =/he esidentStuden
/’

@)

“Rachael”);

numberOfCourses

registeredCourses

premiumRate

“Rachael”



Change of Dynamic Type (1.1)

Student(String name) String name
void register(Course c) Student Course[] registeredCourses
double getTuition() int numberOfCourses

/* new attributes, new methods */

ResidentStudent(String name) ResidentStudent NonResidentStudent NonReSIfi?ntStudent(Strlng name)
double premiumRate double discountRate

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

/* new attributes, new methods */

double getTuition() S | double getTuition()




Change of Dynamic Type (1.2)

Student(String name) String name

void register(Course ¢) Student Coursef[] registeredCourses
double getTuition() int numberOfCourses

/* new attributes, new methods */

. . NonResidentStudent(String name)
ResidentStudent NanSesceiSIee 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()

new Student(...);
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Static Types determine Expectations

Inheritance Herarc

/* new attributes, ne
ResidentStudent(Stri
double premiumRate
void setPremiumRate(double
/* redefined/overridden methods */
double getTuition()

Inheritance He

methods */

name) ResidentStudent

(DfCourses

risteredCo

art Phones |[Declare:

double getTuition()

Declare: Declare:
Student jim; NRS alan;

SmartPhone

/

108

facetime /* new method */

quickTake /* new method */

IPhoneXSMax

surfWeb /* overridden using safari */

ic method */
asic method */

SmartPhone Bl;

1??¢. X

Android

verridden using firefox */
SV method */

IPhone11Pro

Huawei

zoomage /* new method */

HuaweiP30Pro

HuaweiMate20Pro

GalaxyS10 GalaxyS10Plus

(el T
2. J‘wr{UBLa

—_—



SmartPhone

urfWeb /* basic method */

surfWeb /* overridden using safari */ surfWeb /* overridden using firefox */

/| facetime /* new method */ Aandecd skype /* new method */
quickTake /* new method */ / \ sideSync /* new method */
IPhoneXSMax IPhone11Pro Huawei Samsung
zoomage /* new method */ / \ / \
HuaweiP30Pro HuaweiMate20Pro GalaxyS10 GalaxyS10Plus

Declarations:

Can ST oF sp2 fulfill Wff
whats expected on ST of sp1?

%/)\72



Change of Dynamic Type: Exercise (1)

dial /* basic method */

SmartPhone
surfWeb /* basic method */ /

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

el /* overridden using firefox */

»€ /* new method */

/ \ quickTake /* new method */ sideSync /* new method */

IPhoneXSMax IPhone11Pro Huawei Samsung

zoomage /% \ \

QweuPsoPro / HuaweiMate20Pro GalaxyS10 GalaxyS10Plus

Exercjge l:




Change of Dynamic Type: Exercise (2)

dial /* basic method */
SmartPhone
/( l: \J/ surfWeb /* basic method */
X GEdleb /* overridden using safari */ . surfWeb /* overridden using firefox */
Android
@ new method */ skype /* new method */
quickTake /* new method */ / \ sideSync /* new method */
IPhoneXSMax IPhone11Pro Huawei Samsung

N

HuaweiMate20Pro < \ GalaxyS10Plus

— 7 V/A\‘('Q[MP
pﬂmvfr’t/
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Change of Dynamic Type (2.2)

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

Student

g name
Cotygel[] registeredCourses
iphumberOfCourses

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

void setDiscountRate(double r)

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

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

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

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

Can of ke (’Z’P&If’/ }ﬁ

Y 3 P
He /wef\/U fat 0"”‘}7({?



SmartPhone

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

surfWeb /* overridden using safari */

103 facetime /* new method */

quickTake /* new method */

surfWel} /* overridden using firefox */
skype /{new method */

sideSync /* new mi

IPhoneXSMax

IPhone11Pro

N
X
?

Huawei Samsung

zoomage /* new method */

HuaweiP30Pro

HuaweiMate20Pro GalaxyStO/ GalaxyS10Plus )

Mvﬂi M%oﬂé = 7

iy GO



Type Cast: Motivation

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

/* new attributes, new methods */ ~
ResidentStudent(String na /
double premiumRate

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

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

void setDiscountRate(double r)

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

- e
\ Y e
S




An A+ Challenge: Inferrinqg the DT of a Variable




Anatomy of a Type Cast (1)

Student s = new ResidentStudent(“Jim”);

ResidentStudent

\

Student s
v/
(S

pr

B J(ew\Y fowt
ResidentStudent rs (Residentsgﬁ,s;




Anatomy of a Type Cast (2) ( "“‘M_é]}

[N vew aémf
Acateof

2. ST £ 4

yot  mipds II}?&/

3. a e dins
o 8T Ksy,d’ teentar]




T lat

L) c/mje e EVPC @l

j’)((eyeim/l C Tbss [\mg@




Compilable Type Casts: Upwards vs. Downwards

SmartPhone digh¥ basic method */ Vf " d (»’ S. _€; i
M/?/we. S ?Je!\ C >< e f“‘" ﬁ
S’E”Aﬁm"dze}fnaf J C vetlucp 9717”(\!’4#&9

surfWeb /* overridden using safari */ . rfWeb /* overridden using firefox */
ndroi

108 facetime /* new method */ Androic ype /* new method */
- oWl
P
20 SF
quickTake /* new method /i sideSync /* thod */ _7
IPhoneXSMax IPhone11Pro Huawei Samsun [ ( M
,r M 4“ ' zgomage /* new method '// \
1 ' ‘ —
HuaweiP30Pro HuaweiMate20Pro GalaxyS10 GalaxyS10Plus
P

-

i TS pectations
E% . dial
"‘ J

~ new GalaxyS10Plus();

x
S
®
®
(o
X1 S

AP AT NS

sideSync
facetime
quickTake
zoomage

(o)

\

€ pe A4
X

X

X

3

D R B ke







Android Einhonlg = newGalaxyS10Plus();

SmartPhone sp = (SmartP one Phone




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

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

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

ResidentStudent

¢ ourse[] registeredCourses
nt numberOfCourses

| /¥ new attributes, new methods */
NonResidentStudent '\‘ onResidentStudent(String name)
Aouble discountRate
@ void setDiscountRate(double r)
/* redefined/overridden methods */
double getTuition()

''''' ') Last vegzov :

fJ’"




Student jim = new NonResidghtStuniaontlT
ResidentStudent rs sidentStuden




Com vs. Exception-Free Cast

/

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

ilable Ca’r

SmartPhone

surfWeb /* basic.method */'

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

108

IPhoneXSMax

Compilable Casts

Non-Compilable Casts L1 1] ClassCastxcep’rlon
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Anatomy of a Type Cast

r/\
AStudentt = new esidentSt@“Jim”) :

N

o A
ResidentStudent
Sfudenf@//g(*e-’——”u e cf}‘tvgw
o))
T Swv.

Coug) with T




108

surfWeb /* ove

IPhoneXSMax

IPhone11Pro

ew method */ /

zoomage /* ne

erridden using safari

facetime /* new method */

/ \ quickTake /* ne\

w method */

surfWeb /* basic method */

dial /* basic method */

HuaweiP30Pro

GalaxyS10

@= new GalaxyS10Plus():

) / GalaxyS10Plus
Android s




/SmartPhone

dial /* basic method */
urfWeb /* basic method */

surfWeb /* overridden using safari */ ) urfWeb /* overridden using firefox */
10s i " N Android
facetime /* new method */ skype /* new method */
quickTake /* new method */ sideSync /* new method */
IPhoneXSMax IPhone11Pro Huawei Samsung
zoomage /* new method */
HuaweiP30Pro HuaweiMate20Pro GalaxyS10 GalaxyS10Plus

Vo) Japucg( ;) dow




Type Cast
Named vs.
Anonymous

[
IPhoneXSMax IPhone11Pro
zoomage /* new method */, / \

SmartPhone '
10S facetime 2>new method */

w method */

overridden using safari */

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

Android

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

/

Huawei

ethod Y/
AN

Samsung

HuaweiP30Pro

HuaweiMate20Pro

GalaxyS10 GalaxyS10Plus

Named Cast: Use intermediate variable to store the cast result.

aPhone = g -
@ *AonellPro) hone.facetime(};x



Compilable Cast.vs. Exception-Free Cast

/

SmartPhone

IPhoneXSMax

IPhone11Pro

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

/ \ quickTake /* new method */

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

Android

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

&

Huawei

zoomage /*new method */ /

\

HuaweiP30Pro

HuaweiMate20Pro

GalaxyS10

GalaxyS10Plus

@nﬂ&b&ﬁe = new{ Samsung();

Compilable Casts

Non-Compilable Casts

Exception-Free Casts

CIassCas’rExcepfion



Compilable Type Cast May Fail at Runtime (1)

Student(String name) String name

void register(Course ¢) Course[] registeredCourses
double getTuition() int numberOfCourses

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

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

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

g j’w/\) J—f(m at winttae,
?tw'[( fuad thot Hee

vS ¢ — Cves
P D\aﬁ%v. < ,g\r—f(T ele éscpocmﬁig 4 ".F( (RS
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- Vowv/l cast Leyen 7
Pl A a{z,(( cows® 2 9%
TA Claeslesebvepeet
r , \{aﬂ (3)645
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Compilable Type Cast May Fail at Runtime (2)

—

108

surfWeb /* ovegffidden using safari */
facetime /* gfw method */

IPhoneXSMax
- M

—

\ .,
mrew method */

g/ /* basic method */

SmartPhone ’ )
A~ eb /* basic method */
R 2 ’

Android

skype /* new method */

Huawei

sideSync /* new method */

zoomage /* new method */

Samsung

<

=

HuaweiP30Pro

HuaweiMate20Pro GalaxyS10

4
IaxyS10PIus

CS

surfWeb /* overridden using firefox */

——

/‘—_\\

~

——
.
! 4

G ~fTorHeeyeon.quickTake ()




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

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

T

surfWeb /* overridden using safari */ —— surfWeb /* overridden using firefox */
facetime /* new method */ ndrof skype /* new method */

SmartPhone

/ \ quickTake /* new method */ / \ sideSync /* new method */

IPhoneXSMax IPhone11Pro Huawei Samsung

zoomage /* new method */ / \ / \

HuaweiP30Pro HuaweiMate20Pro GalaxyS10 GalaxyS10Plus

SmartPhone myPhone = new Samsung() ;
/+ ST of myPhone is SmartPhone; DT of myPhone is Samsung x/
GalaxyS10Plus ga = (GalaxyS10Plus) myPhone;

Compilable? ClassCastException at runtime?




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

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

T

surfWeb /* overridden using safari */ —— surfWeb /* overridden using firefox */
facetime /* new method */ ndrof skype /* new method */

SmartPhone

/ \ quickTake /* new method */ / \ sideSync /* new method */

IPhoneXSMax IPhone11Pro Huawei Samsung

zoomage /* new method */ / \ / \

HuaweiP30Pro HuaweiMate20Pro GalaxyS10 GalaxyS10Plus

SmartPhone myPhone = new Samsung/() ;
/% ST of myPhone is SmartPhone; DT of myPhone 1s Samsung x*/
IPhonellPro ip = (IPhonellPro) myPhone;

Compilable? ClassCastException at runtime?



Compilable Cast vs. Exception-Free Cast: Exercise




1 | sm o = new IPhonellPro();

277 (IPhonellPr aPhone. 0oty () ; )<
l

T dral-

| Joon

/



The instanceof Operator

- Compiles if
Up or Down cast w.r.t. A.
- ClassCastException if B cannot

- Evaluates to true if B can
fulfill expectations on ?72.




Checking Dynamic Types at Runtime

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

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

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

ResidentStudent

———

String name
Course[] registeredCourses
int numberOfCourses

%
5

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

void setDiscountRate(double r)

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

NonResidentStudent

("J. Davis");

ResidentStudent rs = ( ResidentStudent )
rs.setPremiumRate (1.5);

Jim;

SN

SmartPhone aPhone =

3 | I0S forHeeyeon =

forHeeyeon. facetime () ;

new GalaxyS10Plus();
2 |if (aPhone instanceof IPhonellPro ) {
( IPhonellPro )

aPhon

dial /* basic method */

SmartPhone
surfWeb /* basic method */

facetime /* new method */ Android

surfWeb /* overridden using safari */ ’

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

quickTake /* new method */

IPhoneXSMax

‘ IPhone11Pro

zoomage /* new method */

sideSync /* new method */

HuaweiP30Pro F T

GalaxyS10Plus




[ ]
Use of the t Operat
, ial /* basic method */
6 ~ urfWeb /* basic method */

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

> -
quickTake /* new method */

IPhoneXSMax IPhone11Pro

zoomage /* new method */

— "N
HuaweiP30Pro HuaweiMate20Pro GalaxyS10 GalaxyS10Plus
~— 7

SmartPhone myPhone = new (Samsung

Mnyphone instapnceof Android) ;e

/ * trug ., Samsung is a descendant of Android */'} myphone instanceof ??
println(myPhone instanceof Samsung); .

/* true ‘. Sa”ﬂswng is a descendant of Samsung */} evaluates to frue lF

prlntl Wﬁgne ipstanceof GalaxxSlQ) ,é—- samsung can
/ * P15 Samsung 1s not a descendant of GalaxyS10 .
println(myPhone instanceof IOS) ;@ fulfil expec’ra’rlons on ?2.

/* false . Samsung 1is not a descendant of

println imiPhone instanceof IPhonellPro);

//*

Samsung 1s not a descendant of



Safe Cast via Use of the instanceof Operator

SmartPhone

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

/

facetime /* new method */

/ \ quickTake /* new method */

T~

surfWeb /* overridden using safari */

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

Android

/

sideSync /* new method */

IPhoneXSMax IPhone11Pro

Huawei Samsung

zoomage /* new method ‘//

HuaweiP30Pro

HuaweiMate20Pro ‘ ‘ GalaxyS10 ‘ ‘ GalaxyS10Plus ‘

77 aent CLIC

s ﬂb

myPhone instanceof ??
evaluates to frue if
Samsung can

fulfill expTc’r’rions o

L] 4

7

7’

/
Phone 1is Sam

e

myPhone;

of }:Z,XI

{

n ??

1 SmartPhone myPhone = new Samsung() ;

2 |/ ST of myPhone 1is Sm D

3 rif(myPhone instanceof {

4 = Samsung samsung = [Sam Phone;
8 |}

6 |if (myPhone instanceof GalaxyS10Plus)
7 GalaxyS10Plus galaxy = (GalaxyS10Plus)
8 |}

9 | if (myphone instanceof HTC) {
10 HTC htc = (HTC) myPhone;
11 }




Polymorphic Arguments (1) @

]

class dentManagementSystem { jq L
tuden ] -

aOr0ON —

void dddRS e g
void addNRS (NonResidefitStudent nrs) { s = nrs; c++; }
void addStudent (Student s) { ss[c] = s; c++; } }

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

Q. In method addRS, does SS[C] = rS compile?
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Polymorphic Arguments (1)
/@@

agementSystem {

1

) (€ A .
(q) void AddRS ( ResidentStudent

4 void addNRS @onResidentStuden
5

void addStudent (Student s) {(S

Q fatic type of(ss[Oi? SS ss[gs%en th - 1]?
.?t«a/:ea-r

Q. In method addRS, does Ss[C] = rs compile?

ssLel = ()
Seolst, SISRS




aOrwOND —

clas entManagementSystem |
tuden ] —
void addRS (¥

void addNRS¢

S ent */ int c
= c ++; }
Yoy SHE

¥ 1

4




Polymorphic Arguments (2)

class StudentManagementSystem {
Student [] ss; /* ss[i] has sfatic type Student =/ int c;

void gddRS (ResidentsStydent { ssle] = £s; e ++; }

void addNRS (NonRes] Studeht nrs) { ss[c] = nrs; c++; }
void addStuden tudefitfs) { ss[c] = s; c++; } }
[ )

abrwON =

o permety: ST RS)
A=g

f 4 L4

Stude
Student

sl = new Student();

52 = new ResidentStudent () ;
Student s3 = new NonResidentStudent () ;
— om— _
ResidentStudent Is = new ResidentStudent () ;

NonResidentStudent nrs = new NonResidentStudent () ;
~

StudentMan mentSystem sms =
sms.addRS

sSms.
Sms.
sms.
Sms.
sms.

addRS(sZ)
2eRIRS (23
addRS (rs) ;
addRS (nrs) ;
addStudent (

X
X
X
v

sms.
sms .
sms .
sms.

addStuden

new StudentManagementSystem()

brgoment - ST (Jed.
Tk

045 vot peapck (LT of
&T"F Sl (mth)wfaD(Nm‘a(
ST o W (fram).




Student 2§3> compiles?

Wu valref olown Xf Wit ST
CGShnR'SA'r :lgmenfs sms.;ﬁd_R_S(l(Res'ident %

Student s = new Studi£;X"Stella");

EE——

/% s’ ST: Student; s# DT: Student »*/

StudentManagementSystem sms = new StudentManagementSystem() ;
.addrsS (%) ; @

AWN =

. ; — 2 ;)
D S bt s v 5

Student = new anResidentStudgntﬁ"Nancy");
/% s’ ST: Studen®, s’ DI: NonResidentStudent +*/
StudentManagementSystem smS/? new StudentManagementSystem() ;

A OWN =

.addRS (Y ; 2 »
Vi

& & @16

2N

1 f§f;§§é;>s = new ResidentStudent ("Rachael");
2 7= ST: Student; s . ResidentStudent x*/
3 | StudentManagementSyste

4_romg.addrs(¥) ; @ oij's\m%ftUdentManageme”tSYstem<>;
() 1S

Classc‘alstxcepfion?
YE < r’ ”
€ (oot

v St £
ClassCastException?

Tes.

ClassCastException?

p
@D

<RS> nyS sms.addRS(/( esidentStW’?
_— [!:::j’—> = t Ao -

<1€;;Residentstudent nr# = new NonResidentStudent () ;
/* ST: NonHesIdentstudent; DT: NonResidentStudent =/

A O =

sms.addRS(P?%); ®

StudentManggementSystem sms = new StudentManagementSystem() ;

LS

-

/25
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A Polymorphic Collection of Students (1)

13 |
14 |

ResidentStudent rs
rs.setPremiumRate(1.5);
NonResidentStudent nrs
nrs.setDiscountRate(0.5);
StudentManagementSystem sms
sms.addStudent ( rs )i /+#
sms.addStudent (“nrs)); /+ pn;\n»:phV
Course eecs2030 hew Course ("EEC620
sms.registerAll (eecs2030) ;

for(int i = 0;

Binding:

new NonResi

new St

polymorphi

1C

* Right version of getTuitjon will

System.out.println (SmsmsStucentisig

1 < sms.numberOZStudents;

lo.

new ResidentStudent ("Rachael");

dentStudent ("Nancy") ;

quo( aab/oé«o/%‘( Cg X>i
s$sle =83
4 _Cits*

udentManagementSystem()
cla
S #
30", 500.0);
i++) {

be ¢ d x/ }

alle

i W KS e—fims&sled @Getlaz bgtBUL S ;} N

2l vesia ,,cT 0l 89 0]

}

}
y

void addStudent (Student s) {
students[numOfStudents]
numOfStudents ++;

VA

void registerAll
for(int i =_0; i < numberOfStudents, i ++) {

studepnts(i] .

—— =

udentManagementSystem {
] studesrdts; SS
numOfStudents;

S

(Course c) {

$ rec‘uster c)

ﬂm@

2 3 4 5 6 7

",

null [ null l null I null | null | null

[ n;ll ;;—]§ZE1:I J7Q}Crcll>

“Rachael”

onResidentStudent }
—

sms.gotstudent(l)‘/
-

Sk = r8s

_:l null I

eecs203

o | nutt | nun |




Reference: Hierarchy of Students

String name
\void regi Course[] registeredCourses
double getTuition() int numberOfCourses

void setPremiumRa = — oid setDiscountRate(double r)
Livedefimed/overridden-wethods */

double getTuition()

L == — /“uew attributes, new methods */
ResidentStudent(String na N NonResidentStudent = ResidentStudent(String name)
double premiumRate ~ gigible discountRate
S




A Polymorphic Collection of Students (2)

CoNoOOGORrWN =

ResidentStudent rs
rs.setPremiumRate(1.5);
NonResidentStudent nrs
nrs.setDiscountRate(0.5);
StudentManagementSystem sms
sms.addStudent ( rs ); /
sms.addStudent ( nrs ) ;
Course eecs2030 new Course ("
sms.registerAll (eecs2030);
for(int i (0}
/* Dynamic Binding:
* Right

* polymc
/* polyn

version

System.ou de

of ggtTuitfion

new ResidentStudent ("Rachael");
new NonResidentStudent ("Nancy");

new StudentManagementSystem() ;

*/
10orphism */

EECS2030",

brphism

1 < sms.numberOfStudents;

will be
e b 11 |

getTuition() );

L ST: Spdat

S 85 @. gt@(/&)

c ntMan;%entSyste%{
Student students;
1 fStudents;

500...0):;
| ++) void addStudent (Student s) {
- students[numOfStudents] = s;
numOfStudents ++;
called */ }

void registerAll (Course c) {
for(int i = 0; i < numberOfStudents; 1 ++)

E
Vfgms

sslo]

",

}w‘ZS eecs>5%); | !

students([1i] .register(c)

1

{

3 4 5 6 7 99

1 2
| ‘(l null |

null I null | null | null | null [ null | null |

sms.getStudent

ResidentStudent
name

‘ numberOfCourses

‘ registeredCourses

sms.getStudent (1)

WES
@)

P

NonResidentStudent
nam

hncy” VT‘-

1 8 9
|/ | null |/ ‘ null | nulll

numberOfCourses

registeredCourses

[ ceo: NonResi P— S.s instanceof N i
ms.ss[2] mstanceof ResidentStudens(, - eecsz0s0 SMS:SS[]\instanceof ResidentStudent CQ
) Studen ® | eecszon [ ms.ss[1)/instanceof Student (7 ).
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-

° L StudentM tSyst {
Polymorphic Return Values "o o
- i dStudent (Student s) { ss[c] = s; ct++; }

getStudent (int 1) {
Course eecs2030 = new Course ("EECS2030", 500); ent s = null;
ResidentStudent rs = new ResidentStudent ("Rachael"); if(i <0 || i >= ¢) {
rs.setPremiumRate(1.5); rs.register(eecs2030); throw new IllegalArgumentException("Invalid
NonResidentStudent nrs = new NonResidentStudent ("Nancy");

. 3 }
nrs.setDiscountRate(0.5); nrs.register(eecs2030); else {
StudentManagementSystem sms = new StudentManagementSystem() ;

sms.addSt EES) ; 65T AE(EES) ; ) g= aglaly
Student (s = sms.getStudent(0) ; /+ dynamic type of s? x/
N S

return s;
static return type: Student } o}
Dorint (s instanceof Student && s instanceof ResidentStudent);/+truex

-;)print(s ing A nﬁ)ﬂﬂ_faﬁdsﬂ/ l/
' .
Priz?t( ); /*Version in ResldéntStudent called:750%*/ gt, (&_t S = S'V/U‘. -.Qd%‘ ) )
identStudent rs2_= s.getStudent (0) ; X A 3
l sms.getStudeZ:: )1

= H /* dynamic type of s? *x/ ‘! U
static return type: Student

-—
print (s instanceof Student && s instanceof NonResidentStudent);/*trfe S /: ;a/faé(
print (s instanceof ResidentStudent) ; / *

false */

l})rint sjgetTuition () ‘;/*".fersion in NonResidentStudent called:
e

-
NonResiden udent nrs2 = sms.getStudent(l); x 5 ?e'{' q{(o MD[I
P
0 1 2 3 4 L 6 7 99 V

l null l null l null | n;ll | null | m
sms.getStudent (1) A/Rg

" -
—wame | vancy”
1

1 s 9
)] T ]

discountRate 0.5 /
———

Course

AR

“EECS2030"

eecs2030




Overridden Methods and Dynamic Binding (1)

bogiean equals (Object obj) {

Object return this == obj;
g

A
:
:

|
T

wWwn =

class A {

/*equals not overridden+
}
class B extends A {
/*equals not overriddenx*/
}
class C extends B {
‘*equals not overriddenx*/
}
Object clI = new C();
Object c2 = new C();
println(cl.equals(c2));

L3 calls which version of
equals? [ ObJect ]




Overridden Methods and Dynamic Binding (2)

-
_ | boolean equals (Object @bj) {
Object return this == obj; clans & | | D
1 '*equals not overriddenx*/
i = )
: class B extends A {
! ‘*equals Ot overriddenx*/
}
A class C extends B {
boeiean equals (Object obj) {
+ overridden version
}
1 |Object (cl1)= newl C«) ;
7y 2 |Object c2 = new C();
3 |println(cl.equals(c2));
— ) . , ; ;
boolean equals (Object obj) { L3 calls which version of
C /* overridden version */ o
\ equals” [C]




Overridden Methods and Dynamic Binding (3)

~
boolean equals (Object obj) {

return this == obj;
}

Object

$

}

] /* overridden version */
i

1
2
3

A
T
K
T
o

-

}
boolean equals (Object obj) { |~

class A {
/*equals not overriddenx*/
}
class B extends A {
boolean equals (Object obj)

* overridden version '
class C extends B ({
/*equals not overriddenx*/

Object ¢l = new\C();
Object c2 = new C();
println(cl.equals(c2));

L3 calls which version of
equals? [ B.]
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Abstract Implementation vs. Concrete Implementation

abstract double getArea();
double[] sides;

Polygon | void grow() { ... }

Nble getPerimeter() { ... }

Rectangle Triangle

double getArea() { ... } double getArea() { ... }

c
i ak

a*b i ,\]s(s-a)(s-b)(s-c)




Abstract Class vs. Concrete Descendants

stract Jclass Polygon
sides;

\ Polygon (double[] sides) { this.sides = sides; }
7 M .
void grow () {

oL C for(int i = 0; i < sides.length; i ++) { sides[i] ++; }
aer,“ }
Tdouble getPerimeter() {
double perimeter = 0;
for(int 1 = 0; i < sides.length; i ++)
w perimeter += sides[i];

0
¥ }
return perimeter;

St A
extencﬁmi 672 Subiash

ly o7

— N\ n ,
public clagls Rectangle tends Polygon { PUbl}c e §§ Ixiiﬁﬁﬁ s POlygon
i Triangle(d S, , double side2, double side3) {
Rectangle (double lefigth, double width) { s ioweinex douk le 1l
super (new double[4]); - .

ides[0] = sidel; sides[l] = side2; sides[2] = side3;
sides[0] = length; sides[l ] = width; SRSl = Bonios snecelll] Sresty sndtElall S gred

}
sides[2] = length; sides| = width; double getarea() {

} /+ Heron’s formula =/
double { return 51de * side double s = getPerimeter() = 0.5;
} = Math.sqrt(

double area =

s x (s — sides[0]) * (s — sides[l]) * (s — sides[2]))
return area;

}
=




Ipublic abstract class(Pol

Polymorphic Assignmen’rs)_

(1A 7
of Polyqons/)l f*‘u A
ol

-_——
295 )
double[] sides;

[Polzgon(double[] sides) { this.sides = sides;
void grow() {
for(int i = 0;

]

i < sides.length; i ++) { sides[i] ++;

ouble getPerimeter() {

double perimeter = 0;

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

}

return perimeter;

{

abstract double getArea()q

System. out printl

System.out.println 172z

ge

s

/
pi

Trianqgle

sides

%cvmy_/e










® . -
Polymorphic Collection oo meeime ©
i Polygon(double[] sides) { this.sides = sides; }
of Polygons

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

&@ ouble getPerimeter() {

tol polygons (1] mtronteef- o it S0 1
Lol ]70/;/ npll
Lol po

perimeter += sides[i];
}

return perimeter;

}
abstract double getAreal();

WM/Pb/'\ /17?0(2}7

f'"”'
Polygonbol ectoﬁLEE Polygon¥oMector() ; )
col.addPolygon (new  ymoz

col.addPolygon (new Triangle(3, 4, 5)); + polymorphism *
$Fystem.out.printin(col.polygons[0]. getPerimeter ()); /

PSystem.ou rintln(col.polygons[l]. getPerimeter ());

Sys 7 .println(col.polygons([0]. getPerimeter ()); Tﬂangw
tﬁﬁystem.out.println(col.polygons[l]. getPerimeter ()); sides

public class PolygonCollector {
Polygon[] polygons;
int numberOfPolygons;
PolygonCollector() { polygons = new Polygon[10]; }
void addPolygon (Polygon p) {
polygons[numberOfPolygons] = p; numberOfPolygons ++;

}
void/growAll ( {
for (1 1< 0; 1 < numberQfPolygons; i ++) {

(%olygons[i].gfgw();j]
}

Q

J |
}

=

nop
polygons




Po morphlc Return Value of Polygons

&N

Polygfp AConstructor con
pbdouble [ ] {23

new PolygonConstr

recSides
s(=tere e ()

te rintln(p VA
con(grow( p) ) -
Systém.out” println(plgetPerimeter ()

System.out.println(p.(getAreal));

double[] (3, %, 57

triSides
System.
System.
System.
System.
System .
conggrow( p )

out.println(p instanceof Triangle);
out.println(p.getPerimeter

intln(pfgetAreal)) ;

out.println(p instanceof Rectangle);
> _TOSTanceot o g é
12

)I /*

/% 6.0 */

Sys

System.out.printlnfpfinstancedf (Po vo
System.out. prlntln(bnstanceof Rectle),
System.out. prlntln);
System.out.println(p.getPerimeter()); /x 14.0 =/
Sys (pdGECAEEAN() ); /* 12.0 */

AT, B on. getPolygon (triSides) ;
= N"’g"\;f‘ e e STl
out.println(p_instanceof Polygon);

> ectangle o 1 2 3
ST A Bt o L]

€S « ¢

Polygo

Triangle

sides

——
Ipublic abstract class Polygon {
double[] sides;

Polygon (double[] sides)
void grow() {

{ this.sides sides; }

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

double perimeter = 0;

for(int i = 0; 1 < sides.length; i ++) {

perimeter += sides[i];
}
return perimeter;
}
abstract double' getAreal() ;

pubdicTRass PolygonConstructor {

=

Q
QPolzg fgetPolygonldouble[] .s.l-éés
7 Polyg =

glf ides.length == {
i als d 0 d des|[2
ﬁp new Trianglé(sides[0], sides[1l ], sides[2])

7|_/
else J.f(f_lde;slengt == 4) {
P)= new Rectangle(sides[0]1,
—_—
} >
return p;

}
void grow(Polygon p)
}

5

sides[1]);

{ p.grow(); }




Representations of 2-D Points: Cartesian vs. Polar

@ys’mm @ System




Cartesian vs. Polar: Example

)
Recall: @ C)and €0s309 = ; C

2 | L
& |ee

a3 J
We consider the same pomt represented differently as:

e r=2a,=230° [ polar system |
e x=2a-c0s30°=a-\/3, y=2a-sin30° =a [cartesian system ]







Earfesianpoip
X ;,.E
y g

\Y4

interface Point {
double getX()
double getY()

/ implements

~e

~e

implements

Point
PolarPoint
r 10
phi 209
double x;
double y;

CartesianPoint (double
this.x = x;
this.y = y;
}
public double getX()
public double getY()

public class (CartesianPoint implements @oint {

double phi;

double r;

x, double y) {
this.r = r;
this.phi = phi;

}

public double getX()

public double getY()

{ return x; }
{  return y; }

}

public PolarPoint (double r,

Ipublic class PolarPoint implements @oint) {

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

double phi)

E
&

CartisianPoint((X

s <

/* polymorphism x/

& 0

2a - 5in30° = E|

<

print(" (" + p-ietx()‘ _ll_a" ") "),
plc jnew PolarPoint (2 * A, 2283 » /
print(" (n + =8 getX() AL n, I B getY() ) u) n),. /

2a - c0s30° a- ‘P
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Implementing a Hash Table via Hashing H-(’f“‘l’d‘z> >

he(kl)= he(E2S

0‘1 z ashin
‘Yﬂ'§ o\v‘!(« KO-\% ﬁ/!?’ - Converting k to hc(k)
0 hc(k A.length - 1 Indexing into A[hc(k)]

/ A[hc (k)] Y d
X (o) O]

For illustration, assume A.lengthis 11 andjhc

Q(k) - k%D] (SEARCH) KEY [ VALUE |
D
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Implementing a Hash Table vi@ o ([0/
o 2]

o M O, A g %
,‘, A\;(( hashln/g? W g‘le d(’m’;\c&/ f

- Converting k to hc(k)

he (k) ~ _ Addength - 1 _ Indexmg into A[hc(k)]
/ ALzc (k)] w/
N For illustration, assume A.lengthis 11 andihc ){S? a [l X 3{//2_
[}\/\\L& [ he(k) = k%11 [ {SEARCH) KEY [[ VALUE | /*
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Call by Value: Primitive Argument

|nt radius; _
[nge c = new Circle();

> int arg = 10;

—c—.s_etRadiu

—




class Circle {
int radius;

Circle() {}
Circle(int r) { Vl’f

)

oA 1P new Circle();
4 arg)= new Circle(10);

this.radius = r; e . ' ;

1Y
void setRadius(CircIé Q)
this.radius = €.radius;

S
) (D,o‘{@vlw l‘ﬁro(e(fgo);




class Circle { class CircleUser {
int radius;

Circle() {} Circle(c)= new Circle();
Circle(int r) { \ Circl¢"arg)= new Circle(10);
this.radius = r; setRadius(@rq);

i w8 =4 );
_, . asithe (g vodas :@Lf
mzl I —)

[ —=| Cucle R, Ponce

v | (j 4 E%
(0 _ =













Generic Parameters: ArravylList
class ArrayListiE} 0’?0&;? A T)ﬁ /4"/4“"(’@

boolean add(E e) ée ?71(7

E remove (int index)
E get (int index) 6‘/0%

bt add G Tornt (3, 25955

}

aller of ArraxLis’r

ArrayLlstgm.nJ @ty— new ArrayList<String> ();

ArrayLlst<B01nt) 1ist?2 = new ArrayList<Point>();

=t
Elass ArrayLlst< g{ 7_] class ArrayList<g>
'boolean add _H/ boolean add (% e)
9;& remove (int index) £ remove (int index)
Y. get (int index) &

. get (int index)
Yo+ :
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Example Experiment

Computational Problem:

o Input: A character ¢ and an integer n
o Qutput: A string consisting of n repetitions of character ¢
e.g-Given input Y+’ and 15, OUIRUL * # % % % % % % % % % % % * .

Algorithm 1 using String&oncatenationg:

public _sefatic String repeatl (char ¢, int n) { )(
String answer = ""; o~
for (int i = 0; i < n; 1i ++) { answer(tﬁ/C° ]

return answer;

}

Algorithm 2 uging

publj : ring regeaglcm, int nz { J” 9
t ringBuilder Jsb new StringBuilder()

for (int i = 0; 1 < n; 1 ++) { sb.a EE @

return sb.toString(); }



Counting the Number of Primitive O%%mfions
0 o= G.

i A v
1 | findMax (int[] a, int { - -
1 2 currentMaz [0 &Qg ’
(3 for (int b , l<ONT
-4 [1f currentMax) | 2
15 currentMax =_a[i]; }’| '
. - H
-6 7+ (=L T+ ) v (4
V4 return cugrentMa = ‘[/"6
LAWY

] : jp= : n _
Q. # of timeg i < n inlLine 3 is executed? (L e8]

Q. # of times loop body (Lines 4 to 6) is ;éxecufed?

N-| te} Ten @
Nl ta  Tewm @
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here are:

f(n) =8n + 5

Asymptotic Upper Bound: Big-O :
—Y—Lmlygf — Example:
T

f(n)keO(g(n)

such that:

o Areal constané
o An integer constarft ny)> 1

f(n)<c-g(n) fornxng

Running Time

g(n) =n

Choose:

Prove:

f(n) is O(g(n) )

c=9
What about n0?

oued
e
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Asymptotic Upper Bound: Example
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Asymptotic Upper Bouri: Big-0
ﬁﬁﬁ & ot of fuetons
:(Zreafggr(rgn@))n‘;f;gre i M”” “0" J ( )

o Aninteger consfént ny > 1 Enecf
such that:
f n)m for n 2@

Running Time

What about n0?

o Input Size
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symptotic Upper Bound Example
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l‘rt

Upor bound efectstarts whorkG) (D

00" ‘l’al’,"‘“‘ + 4d - ]
=ﬁ2'+;&+'h" 4 z{

T or -+ (_7> ¢ lz[d-a

If f(n) is a polynoial of degree d, i.e., bz
[0)- 0P P... 9 @”

and a, a1 ..... agy are integers (i.e., negative, zero, or positive),

d J

< l&hl&lf
-l

[f(_) < nd] 1

+ 1



O( g(n) ): A Set of Functions

Each member f(n) in O( g(n) ) is such that:
Higest Power of f(n) <= Highest Power of g(n)

@)j‘i«o Bl o @

sz"

0(n*) <
(= lz",’+ I<71= ‘?




Asymptotic Upper Bounds: Example (1

‘<%223§n logn Egn +@ is O(r?

l_e.
S S T

Y’o’— 7@ <t / /
8 S’vh@%ﬂif?ﬁ <

T T (DT 2T+
/2




Asymptotic Upper Bounds: Example (2)

CF T o (G0l




Asymptotic Upper Bounds: Example (3)

Eos] <4272 -
ér 7 3.-1‘2,
“Roue .

(=%S

'x@e@ff.
\6-1’;@ > 3 A + 2]

[ SE 7/K3e + 2
0 022 W




Asymptotic Upper Bounds: Example (4)

™ is O@ZI




Asymptotic Upper Bounds: Example (5)

‘2n+ 100 - lognis O(n):l
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Determining the Asymptotic Upper Bound (1)

maxOf (int x, int y) {
int maxax E— 0(‘)
if (v > x) (g 0(,)
}max = V; 506)

return max; g— UC()
}

)

{%

olofS “’f

w"]

g avl-



Determining the Asymptotic Upper Bound (2)

1 | findMax (J.nt[] a, :|.nt n)

2 currentMax ; € 0(’)

3 for 1nt,1 . 1 £ i {0(7()
4 i;z currentMax —90(‘)
ﬂp current ax elm t > ﬂC|)
6 i Htd>

g return currentMax }

>1 =00

5220 O €fe--«[)
AN .

¢

S0 L oy
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Determining the Asymptotic Upper Bound (3

3‘: 0
1 | containsDuplicate (:Lnt[] g, 1nt n) )
2—=> for (int\i/= 0; 1i(</)n; :
3 for (int 0 = n:
4 if (1 '—/_7 && al == 3| 0<‘) ”’l
return true; Q___ OC() [ ]
L _tt7 ) 'i' =
7 d &5 7 3 .)
8 return false; } @

bk the patton of hoadtS on kop lunte
okt ~ oW fﬂ«* o 3

J
(= ._Vl.:_i‘
VA "E;.-.Ouv/\—l 0‘4)

(@) @p-01
O[JaO «. A=l #Jﬂoﬁﬁ'\, 1 L8
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SQwoo~NOCOTP,~,WN —

Determining the Asymptotic Upper Bound (4

sumMaXAndCrossProducts (Aane ] &, Aan€ B) i

p—
for (int\ =

int max = Ql)

—for(int i = l,

if (ali] > max) Lmax = aLi]; } OCVI

L} DC‘)

int sum s pax; & OCl)
(i Q; ;

< 1

for (int k = 0; k < 5 k +t) { 02.

Csum += al[j] = a[k]‘,]} } CA)
}

return sum;

U(l’rﬂﬂ—r@
(s




Determining the Asymptotic Upper Bound (5)
trlangularSum :|.nt int n)

int sum = 0; é—

for (int i = 0; 1 < i ++) &ﬂz)
| . . . ; AL

OO0 WON =

s-D+ .. <]

- Q)

e o),




Selection Sort

Keep selecting minimum from the unsorted portion
and appending it to the end of sorted portion.

0

1N+ D¢
N ) &




Insertion Sort 0(( fZ + -~ (n—Z))- ’
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Inserting into an Array O(V( 'H) F OQLL

String[] insertAt(String[] a, int n, String e, int é
Strlng[] 5 ] o I I 2 (
o j j , F o4+ {‘resul = a, I

LLLLLL




Ot ()¢ M)+~ () O(/+2€3 ¢---
Selection Sort ) ) Insertion Sort "n)

013







Selection Sort in Java O( @D+ =)+~ +_>
. /@Juz)*@;)

selectionSo int[] a, int n) (

for (int\GEEEEN 1 <= (n — 2); i ++) >
x°)

) Gint m1nIn<§x = 1;] 0(')
for (int(j)= 1i; j <= &_)_u-)
[;_f (al7] < al mlnInde B mMJ j OO)

Iint temp = al
alil mlnIndeX m)
a[mlnIndex = temp

(D\l@@@&l\)—*




Insertion Sort in Java

1

2

S

4

5

6

P4

8
=l 3)  Q(L+2 43«
AR mE e S
3 3-3 2| =0(RHEsY)
Moo w0 <o 0er)



Running Time: Ideas M?e\l’ ( > : r_'

boolean allPositive(int[] a) { return allPosH (a, O, Eaeng h = 1Y)

[

1|

2 |boolean allPosH (int[] a, int from, int to) { W”??‘
3 if |from > to return true; }

4 ‘ elséﬁ@mj;_:‘a { return CNREHIE=—, _J__'%_
9 ! Else { return E[from] > OllallPosHi’(a, from + 1

G TO) = 1
Empty Arrayé— . ¢ ' >
s> T(1) = 1

77

Recursive Case:

ArrayQF size > D .




Running Time: Unfolding Recurrence Relation




Correctness Proofs: Ideas

1 ibooleanlallPositive(int[] a) { return allPosH (a, 0, a.length - 1);i

2 |booleanfallPosERint([] a, int from, int to) { |

3 ‘ if (from > to) { return‘Ltrue; } \/ - |

4 else if (from ==_te}y—{t=seturn. a[froml > 0; } / |

9 | else { @weturn a[?’om] >0l &6 ) EninhEEEEm (=, from + 1, “to);=F) } |
|

-

((\
Base Case: m
<§mpfy Array ) * ‘kL\' *

Base Case:

CErmy of Size 1l ) |_*° * *

Recursive Case:
Array of size > 1




Correctness Proofs

1
CQ;Zboolean allPositive(int[] a) { return allPosH (a, 0, a.length - 12#
L) o ‘

2 |boolean allPosH (int[] a, int from, int to) {
3 if (from > to) { return true; }

4 else if(from == to) { return al[from] > 0; }
5]

| else { return a[from] > 0 && allPosH (a, from + 1, to); } }
|

e Via mathematical induction, prove that al1PosH is correct:

Base Cases
e In an empty array, there is no non-positive number .".

result is true. [L3]

e In an array of size 1, the only one elements determines the result. [L4]
Inductive Cases

e Inductive Hypothesis: |a11PosH (a, from + 1, to)
a[from + 1], a[ffrom + 2], ...,
e allPosH (a

and | 2) a[from + 1], a[from + 2], ...,

4

returns true if

a[to] are all positive; false otherwise.

from, to) should return true if: 1) a[from] is positive;

afto] are all positive.

e By LH.  resultis a[from] >0 A|allpPosH/(a,

—
<:dg£lPosit£ye(a

from + 1,

to) | [L5]

is correct by invoking

allPosH(a,'O a. length - 1)

BAtfR vande of LWJ

, examining the entire array. < [L1] )



Binary Search: Ideas

Inpufi.Array sorted in’non-descending order

N [ 1
ot ot

0 Q> 0 e

~

a

Search: Does key'k iexist in array a?

| \




Binary Search in Java

boolearl binarySearch/int[] sorted, int( kevy)/ {
return binarySearchHelper (sorted, O,

sbOrted. length - 1, key);
}

boolean | binarySearchHelper| (int[] sorted,
if (from > to) |

+ bgsg case 1: empty range x/
return false; } DZ‘} TC@ ..".’-\
Ca—
else if (from == to) { /* base case 2: range of one element #*/
return sortedfron) == key; } l(') :i
0(\,

int from, int to, int key

else {
int middle = (from + to)l/ 2;
int_middleValue = sorted[middle];

1f(ﬁeg < mlddleValE) { = [

key) ;
j

return binarySearchHelper (sorted, from, [middle = ]j
}

return binarySearchHelper (sorted to key) ;
}

else return tryef &}




Binary Search: Tracing

sea rch(a@lS)

M= (g&t)/z sb
k< pled
4!

search(a 18)

search(a,7)

search(a,0,8,7)

search(a,0,3,7)

search(a,2,3,7)

search(a,2,1,7)



Binary Search: Running Time

boolean binarySearch(int|[] sorted, int key) {
return binarySearchHelper (sorted, 0, sorted.length - 1, key);
}

boolean binarySearchHelper (int[] sorted, int from, int to, int key
if (from > to) { /* base case 1: empty range */
return false; }
else if (fr == to) { /# base case 2: range of one element x*/
return sorted[from] == key; }
else {
int middle = (from + to) / 2;
int middleValue = sorted[middle];
if (key < middleValue) {
ereturn binarySearchHelper (sorted, from, middle - 1, key);
}
else if (key > middleValue) {
._;’return binarySearchHelper (sorted, middle + 1, to, key);
] ———
else { return true; }

}




Running Time: Unfolding Recurrence Rela’rlon

T(0) - | Ten) = I@) |

T(() T()(/2)+1 (I(%‘P))“l

.L ‘i.

g O <(T(®>tl>J>
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/# Assumption:
private List<Integer>\g i : i {
L ; = + .
ist<Integer> merge = new ArrayList<>(); ’
if(L.isEmpty() | |R.isEmpty()) { merge.addAll(L); merge.addAll(R);
else {

int i = 0;
int J = 0; 064
while(i < L.size() && j < R.size(

if( L.get (i) <= R.get(j) ) { merge.add(L.get(i)); i ++; }
else { merge.add(R.get(7)); F ++; }
}
/+ If 1 >= L.size(), then this for loop is skipped. */
for(int k = i; k < L.size(); k ++) { merge.add(L.get(k));
/* If j >= R.size(), then this for loop is skipped. */
for(int k = j; k < R.size(); k ++) { merge.add(R.get (k));
}
return merge;

}

public List<Integ§r> (Llst<Integer % ”d“
List<Integer> sortedLi®t; W M
if(list.gizeQ == _0) { sortedList = new Arraylist<>() } °
else if (liskt.size() =1:D { —

sortedList = new ArrayList<>();
sortedList.add(listegat (0));

}
)sls
nt middle list.size“ ‘ 2i
- —— ; )
ILlst<Intogor> right ist.subList (middle, list.size());
IR Lo L)
sort (right) ;
sortedList = @ w sortedRight) ;

}

return sortedList;

}




Merge Sort: Tracing
I R4 L2 toraes

v
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Merge Sort: Running Time

Height N\ Timvel
J ) @,
A

n ‘
e K
o )
:g> _
[ N N ]
o000

Total time: O(nlogn)
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Correctness Proofs: Ideas S < to

[ |
1 |boolean allPosit&(int a) { return allPosH (a, 0, a.length - 1);|
2 |boolean dallPosHMint[] a, int from, int to) { |
3 if (from 5 <o) { return true; }
4 else if (from == to) { return a[from] > 0; 4
5 | else { return al[from] > 0 && allPosH (a,\from + 1 GoW; } }

|

0 f<<°“\

ase Case:
mpty Arra

Base C
Arras(g_f' Size 1 )

Recursive Case:
rray of size >







Correctness Proofs

[

| boolean 3l IPositivelint[] a) { return allPosH (a\ 0/ a.length - 1);
EE—— &
‘boolean allPosH (int[] a, Aigp rom, int to) {

if (from > to) { retur
= T
else if (from ==

else { return
l

IJ—I.

allPosH (a, from E@)F }

1
|

¢! Via mathematical induction,

Base Cases

prove that al1PosH is correct:

V(n an empty array, there is no non-positive number .. result is true. JL3]
e Inanarray ofsize 1, the only one elements determines the result. [L4

nductive Cases

from(+ ¥, to) |returns true if

e Inductive Hypothesis: | a11PosH (a; (4
d ‘ a[from + 1], a[ffrom + 2], . .., a|to| are all positive; false otherwise.

allPosH (a, from, to) should return true if: 1) a[from] is positive;

and | 2) a[from + 1], a[from + 2], ..., a[to] are all positive.

e By LH. , resultis a[from]>0 A|allPosH(a, from + 1, to) | [L5]
® lallpositive(a) |IS COrrect by invoking

allPosH(a, 0, a.length - 1)

, examining the entire array.  [L1]




Frau Vered 11
Temr Thwuzm (0



for (mt@ 0; i < n; i++) {
for(mt 1)—1 j <(n) J++ {

b % «» Qg = (A t&3¥n
A + 42 ‘ C__v___?_(_' @ ’@
void prog(int[],a, int,n) K \"77
1
/

V) N‘
X

K= 0(\ ¥ 4o fosat)




Gt -

=N =

oo ~JOy O

void prog(int[] a, int n) |
for (int i =0; 1 < n; i++) {
S (IR =2 J £ j++)k{+34
for (int k = j; k& &; k—=)"{
System.out.println(i * j + k);
}
}
}
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Correctness Proofs: Ideas A""?H (0,25 2)

1 |boolean allPositive(int[] a) { return allPosH a, 0, a.length - 1)
2 |bo'olean allPosH (int[] a, int from, int to) { )Al" )i(a,?
3 if (from > to) { return true; } L
4 else if (from == to) { return a[from] > 0; } >4”’;$H(4,
5 | else { return a[from] > 0 && allPosH (a, from + 1, to); } }

| rl

Wy
o &0 o~

Empty Arfay X, =, - oy

Base Case:
(Array of Size 1)
N~ ~

Recursive Case: X\

Array of size > 1




Correctness Proofs P ,\;W

1
int g) { return allPosH (a,@ ;‘

2 ‘boolean ‘ int a, int from, int to) ‘
3 i £ { { return true; } . i z. !;.” 9

Jr4 f(from == to) { returpgalfrom] > 0; I [#1 ]’
o /e ' ' ;

ia mathematical induction, prove that al1PosH is correct: ut?“

an empty array, there is no non-positive number .". result is frue. [L3]V.

n an array of size 1, the only one elements determines the result. [L4]

ductive Cases

e Inductive Hypothesis: |a11PosH(a, from + 1, to) [returns frue if
a[from + 1], a[from + 2], .=, Ifive; 7alse otherwise.

‘/’ allPosH (a, from, to) should return true if: 1) a[ffrom] is positive;

and | 2) a[from + 1], a[from + 2], ..., a[to] are all positive.

o B(H resultis a[from] >0 A|allPosH(a, from + 1, to) | [L5]
® lallpositive(a) |IS COrrect by invoking

allposH(a, 0, a.length - 1) |, €xamining the entire array.  [L1]
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1 |void prog(in a, int n)
2 for (int(§ = i0< n; i++) {
3 for (int(j £ ).Jj < n; j++ *;29
4 for (int k -éé? k &z A; 4
53 System.out.println(i * j + k);
6 3
7 }
8| 1}
N terf
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Intuition: Polymorphism

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

/* new attributes, new methods */ /* new a.ttributes, new me{hods */
ResidentStudent(String name) C f " ) N onResidentStudent >NonResndentStudent(Strmg name)
double premiumRate

double discountRate
vofTsetPremumitate(double r) = | .ﬁé void setDiscountRate(double r)
/* redefined/overridden methods */ ofi /

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

double getTuition()
udent@: dent ( Stella") E
e51 ent tudent

ntStudent("Rachael");
rs. setPremlumRate(l 2:5)

/% Is this valld? */
/% Is this valid? =/

il & 5 M
L 2 rab @ /f\

CEEE
¢ s b
-y *"@







(T a z(l)(E%}é-;)] —> (CE -




public static double avg(List<Double>

double avg = 0.0;
int n = 0;
for (int i = 0; i < x.size(); i++)
H?double xi = x.get(i);
< if (xi > 10.0) {
4;( n=n+1;
avg = avg + Xxij;

ﬂfﬁl— )@ P

public sta
double avg
int n = 0;
for (int i i < x.size();
double xi X get(l),
if (xi > 10.0)
n n+ 1;

\l\°
Mt All sy & <

double avg(Llst<Double>-_) {
0.0;

0; i++)

avg

v
el

}
}

return avg / n;

X)
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public static double awv

int n = 0;
a for (int 1 = 0; 1 < x.size(); i++)
- double xi = x.get (i);
l'-')) if (xi > 10.0) {
n=n+1;
avg = avg + xi;

}
( >
Feturn avg / n;

T




public static double avg(List<Double> x) ({

public static double avg(List<Double> x) ({
double avg = 0.0; % —
£ double avg = 0.0;
int n = 0; : i e
for (int i = 0; i < x.size(); i++) { e To= O
° L e i for (int i = 0; i < x.size(); i++) {
double xi = x.get(i); e :
) ) double xi = x.get(i);
if (xi > 10.50)F if (xi > 10.0) {
n=n+1;
avg = avg + xi;

}
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