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Arrays and Aliasing
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Constructors using this Keyword

E⇐ii÷÷÷÷÷÷
O



Accessors/Getters vs. Mutators/Setters
#

-

§

* ¥¥¥¥ea. sonata
⇒ Is ×③ ' '

canadian"¥n i lol
"

÷. "

Jim - nationality jonafhaaiI.IO



main C . - gf double all -
-2. o,

double da -

- 2.0 ;

String d-
" dani's died! Strong s2="aIn

SI don"
St ⇐ S2 ⑦

.

S2 3



'÷: ; :3 's

&both are primitives ( Tnt)
↳ compare values

&
2 .

both are references (Jim , Jonathan)→
↳ apace addresses



OOP: Use of Accessors vs Use of Mutators
-

→ --

→
-

d
-

→ valid but useless o•
C- Be
D- Be

void setueightc - - .) l . - - 3
double getBHIL) { . - 3



OOP: Choice of Method Parameters

=
= =

-0
.



class Point {
   Point(double x, double y) {…}
   
   void moveUpBy(double units) { 
      this.y = this.y + units;
   }

   Point movedUpBy(double units) {
      Point np = new Point(this.x, this.y);
      np.moveUpBy(units);
      return np;
}

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

Return Type: Reference Type
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Programming Pattern: Mutator

nop:
1. number of Point objects stored
2. index to store the next Point object
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Short-Circuit Evaluation: Common Errors
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Use of Static Variables: Common Errors
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Caller vs. Callee

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

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

-
caller : CI ml

-

.

allee :£n①
-
Ime to be Calle and cake at the same time ?

13 02 = nee 134,
02 . m3( ) }



Error Handling via Console Messages: Circles
Caller?
Callee?

-
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§ will still be executed.



Error Handling via Console Messages: Bank

Caller?
Callee?

caller calleecontext
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en an exception is thrown :

T
- Include " throws -

"

throws \ as part of the method

exception

try ! [2⇒h:aech the exception
that

may be thrown ,
and do somekey

catch } -- about .
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Error Handling via Console Messages: Circles
Caller?
Callee?

⇒ 8
←Q D

→E- ¥→ prcnearortoconsole
↳ when '

v
'

TS Taunted
, these two lines

should not be executed.



Error Handling via Console Messages: Bank

Caller?
Callee?

caller calleecontext

BankApp

Bank
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Catch-or-Specify Requirement•
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Example: To Handle or Not To Handle?
caller calleecontext
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Version 1: 
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Version 2:
Handle the Exception in Tester.mainTED
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Version 3:
Handle in Neither Classes on Call StackIi÷÷÷÷:
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Error Handling via Exceptions: Circles (Version 1)tael : valid radius S
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.

*✓
E¥¥=



Error Handling via Exceptions: Circles (Version 2)

Test Case:
User enters -5
Then user enters 10

=
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Tester.main
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What to Do When an Exception is Thrown?
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Review: Specify-or-Catch Principle€
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Review: Specify-or-Catch Principle
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Manual Test 1 from the Console

What if decrement is 
implemented correctly?

What if decrement is 
implemented incorrectly?

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

-
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Recap of Exceptions

- Catch-or-Specify Requirement

Normal Flow of Execution

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

When the exception does not occur

Abnormal Flow of Execution

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

When the exception occurs

→
mmmm -
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Class for Bounded Counters
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Manual Tester 1 from the Console

What if decrement is 
implemented correctly?

What if decrement is 
implemented incorrectly?

Calling c.decrement() 
when c.value is 0 should
trigger a ValueTooSmallException.
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Running Console Tester 1 on Correct Implementation

piece



Running Console Tester 1 on Incorrect Implementation



Manual Tester 2 from the Console

if



Running Console Tester 2 on Correct Implementation

I



Running Console Tester 2 on Incorrect Implementation 1
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Exercise

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

-

→Thatif one of these
G-

throws VTLE unexpectedly
→ -

→⇒r→ aappropriate -i once an error discovered,
tester should report
and terminate right

✓ away.
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Coming Up with Test Cases

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

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

c.increment()

c.decrement()

.

000
If ✓* r '#
I



A Default Test Case that Fails

What is the easiest way to making this test pass?

[ Emma



JUnit Assertions Examples (2)
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JUnit where an Exception is Not Expected

What if method increment is 
implemented correctly?

What if method increment is 
implemented incorrectly?

-

I -
° aced

⇒
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J
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throws VTB't unexpectedly

⇒
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JUnit where an Exception is Expected (1)

Console Tester  

JUnit Test⇒⇒¥÷÷i÷÷*⇒¥
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Exceptions : Error handling
↳ forum caller to

"handle " errors

I when they occur .

catch- or
-specify
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The equals Method: To Override or Not?

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

extends

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

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;
  }
}

extends÷i¥÷÷÷÷÷÷



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

extends

The equals Method: Default Version

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

x
y

PointV1p1 x
y

PointV1p2 x
y

PointV1p3

¥0
Boom

⇐ =
P' →l⑦¥¥µ"'" Bogo

0¥
④-equalscnelb F

pl . equabcpzlf ④8B④ pl.EE#sfIsF



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

The equals Method: Overridden Version

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;
  }
}

extends

x
y

PointV2p1 x
y

PointV2p2 x
y

PointV2p3

Example 1

**¥t÷¥÷¥¥*÷¥÷. i÷.•

°

¥¥¥¥±g±÷÷¥.ie?:i:I::*.::a::::i*:eo..



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;
  }
}

Point VI pl -- nee . -
-

Point U2 p2 = nee . -

* = ¥
⇒.tn#.?y--- -

¥¥÷÷¥÷÷÷:÷i⇒.



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

T:E¥
→ • .EE/sdi::et:i:*.."'oh :&
, y, nt⇒¥¥¥

0¥ this.fog¥
arm's:c:L:i%%%%¥%e
object dedaedEpeofot#



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;
  }
}

>
- -
I

pl→ null

V2 V2

PointV2 pl = nee - -I
. .⇐÷÷÷÷i¥:÷÷¥÷÷: .

→ Farnum
↳ redandat ' i a NPE would 've occurred

already
.
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returns the type of objectpointed tf o currently.



The equals Method:
To Override or Not?

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

extends

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

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;
  }
}

extends
:



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;
  }
}

→

-00
⇒

→@@
µ equals473

)
p2 . X p3X



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

The equals Method: Overridden Version

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;
  }
}

extends
x
y

PointV2p1 x
y

PointV2p2 x
y

PointV2p3

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

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

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

Example 2
--

Bama

D
88

⇒ EE.am
o
TpF=p2 pl¥cp7
pi4 pl==p2
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The equals Method: To Override or Not?

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

extends

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

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;
  }
}

extends

.



pco.

asseritqudsc , off)
↳

ohgI.equdsCobj3asseeEqealsobQs@oIbLobgz.egudscobjl)



✓ asset't# notcute
"
E

↳ lag overridden- - version

O
.

' do eons redo

- -

VT p⑦. equals
-

v2→ p2 = =p3 F

✓

'e'tends:pFEIYEE:p, ×
IfEEETBBo.si#I.lEWI



tpl = new
?"'s Cottee og,

P④ pz
-

- new -
- E,mpnE7.TheV2 p3 = new - - -E
'

DDI PI V Y same type
Yate . equals→ Pom-Ni which is an object

③ pp3X not compile 'i diff types.
pages.
"④ every ref type is an object



Testing Default Equality of Points in JUnit

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

extends

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

x
y

PointV1
p1 x

y

PointV1
p2

#

-98 →⇐

*EFFI
..
¥¥.

0¥ 0¥

O



Testing Overridden Equality of Points in JUnit

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

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;
  }
}

extendsx
y

PointV2
p3 x

y

PointV2
p4

i⇐÷i÷÷÷÷÷



Testing Equality of Points in JUnit

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

extends

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

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;
  }
}

extendsx
y

PointV1
p1

x
y

PointV2
p2

- ptequdscpz)

FO
- - -00 - -

I> defeat

#eqab¥, " " P2
' ""P¥÷i¥gµ÷,

"Hee

'

a:*.
q types '

¥7520
.



Point Vi pl -

- nee Barth (3,4);

That Vz P2 = nee Panth (334);
Knox :

pl . equals → I (different addresses)

P2 . equalsCpl>→ F ( different types)



boolean compareVIVZCP.in#pLsPoateVpeKretumpl.X----pz.x
}

* ply pay ,



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;
  }
}

EzFi
-

[
if ( obj null 11 this .get ! -- objgeek
y
return false }



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

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

Q1: At Lines 10 and 11 which version of the equals method is called?

Q3: At Line 5, what if we change it to:
          if(this.getClass() != obj.getClass() || obj == null)

E.nu#n*....ieunu*
→ a-

FEE

O.

C). → NPF .

-1
-

null



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

Q: At Line 10 of 
PersonCollector
which version of the 
equals method is called?

IF



④
this . persons . equals (other -personSED

£
this - persons . weight ==

other -persons . weight
¥
I

I



Testing Equality of Person/PersonCollector in JUnit (1)

Person
fn
ln
w
h

p1
Person
fn
ln
w
h

p2
Person
fn
ln
w
h

p3 p4

#



Testing Equality of Person/PersonCollector in JUnit (2)

(continued from testPersonCollector)

PersonCollector

persons
nop

pc1

PersonCollector

persons
nop

pc2

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

..

¥: .



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

PersonCollector

Person

PersonCollector

persons
nop

pc1

PersonCollector

persons
nop

pc2

Person
fn
ln
w
h

p1

Person
fn
ln
w
h

p3

Person
fn
ln
w
h

p2

p4

#

'÷÷÷¥±÷÷i÷÷i.io:÷÷÷¥÷i÷÷÷÷i÷¥⇐fnEEEE#Eo
'

nite
.



'

m .... .

@ Override
boolean equals C . - )



Ordering between Employees
name id salary
alan
mark
tom

2
3
1

4500.31
3450.67
3450.67

Sorting based on id’s 
(smaller id’s come first)

Sorting based on salaries and id’s 
(higher salaries and smaller id’s come first)

tom.id < alan.id < mark.id
mark.salary = mark.salary < alan.salary

Sorting: from smallest to largest

-

a

€E•¥⇒E#
←

tone at < make
O_O .

O
<marko



PROGRAMMING TEST I
THEVIEW SESSION
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Programming Test Format

JUnit Test Methods
Classes
Constructors
Accessors
Mutators

?? Missing ??

uses

Your Tasks

- Read the given JUnit tests
- Infer the necessary classes and methods
- Write suitable attributes and method implementations

FEE
⑦



Requirements

- Use primitive arrays and loops only to implement collections
- No use of any Java library classes (e.g., ArrayList, Arrays)
- No import statements at the beginning of your classesso



Programming Test Review Exercise: Test 1
-

÷.
!¥⇒÷: ÷÷÷÷÷÷

.



Programming Test Review Exercise: Test 2
-

I•F#"""



Programming Test Review Exercise: Test 3
-

B
not

↳
missing a new version of

contactor

O D O

-⇒
Tnssivg

overridden resin of this method!



Programming Test Review Exercise: Test 4

heeF.ge#ufseD.lagth----o
Tetum null

8- a-3

EEE
context object

lengthC)Xmissing methods Lom fondant



Programming Test Review Exercise: Test 5
-

⇒
⇒→ missing natator fun Student¥## taking CourseRecordTEE A
-

✓ T.IT#GuvseReordD
v t

END;¥ewdCourseRecord



ACA. = jyoon - courses

=3
A T 'T -_ jiyoon - Coursey;]

→ o
→pmmn⑧ a DoD

E- ==⇒ - o
¥

→-

a



:-.

get'i÷
a →tZ⑨→T#

"

C "

me

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

PersonCollector

Person

PersonCollector

persons
nop

pc1

PersonCollector

persons
nop

pc2

Person
fn
ln
w
h

p1

Person
fn
ln
w
h

p3

p2

p4
Person
fn
ln
w
h

#

'

i¥¥÷÷÷÷⇐
O .



Ordering between Employees
name id salary
alan
mark
tom

2
3
1

4500.31
3450.67
3450.67

Sorting based on id’s 
(smaller id’s come first)

Sorting based on salaries and id’s 
(higher salaries and smaller id’s come first)

tom.id < alan.id < mark.id
mark.salary = mark.salary < alan.salary

Sorting: from smallest to largest

⑤D①a±⑦maiQ



Unknown Ordering between Employees

Say: Sorting based on salaries and id’s 
(higher salaries and smaller id’s come first)I.E



Comparable Employees: Version 1

salary
id

CEmployee1
alan

salary
id

CEmployee1
mark

salary
id

CEmployee1
tom

alan
mark
tom

alan mark tomcompareTo  i¥⇒.
"

÷
€1



Comparable Employees: Version 2.1

salary
id

CEmployee2
alan

salary
id

CEmployee2
mark

salary
id

CEmployee2
tom

alan
mark
tom

alan mark tomcompareTo  

÷÷÷÷÷
.

01¥



Smaller id's come first .

If equal id 's s than higher salary
de satay original criterion : home first .

A 2 4500g A B
revised criterion :

B I 3000C B A



→
9751 ,

maid

x -Td Ed

E
. *

45000 30000

Tfc this . S - other - Seo){
return + l ;



Comparable Employees: Version 2.2

salary
id

CEmployee2
alan

salary
id

CEmployee2
mark

salary
id

CEmployee2
tom

alan
mark
tom

alan mark tomcompareTo  

Ott



Design Principles of the compareTo Method

T CJ J c K
↳ I e k

-o- o

go as ex



Naive Implementation 
of a Map

÷i÷÷÷÷
.

I o o o o



Naive Implementation of a Map: Retrieval of an Entry
-

÷÷i÷÷÷÷



Implementing a Hash Table via Hashing

- Converting k to hc(k)
- Indexing into A[hc(k)]

# indexqq.ae?igdieEYnsgoaccks*dex.h r p
A- Ily] , nailed -0

,

lag set ⑦ v ⑥
expert heheaay , &

Fedexb*ai¥¥¥{799.92875%7 25%11=-3
HI

"fief!¥ed ?I •o

-

ge:b's"i::T adenine,



Testing Overridden/Redefined hashCode()
#

-
Q D '

✓
--0 -

o o
⇒

-39
-
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Implementing a Hash Table via Hashing

- Converting k to hc(k)
- Indexing into A[hc(k)]

-

⑦ → efficient
index

HI

Q¥i. 25 t '7
HI

91¥. 347
④"

O



7 II. equals Cky hacks -- koku

hcckb heck'd
folk 5cal

head) ! ' heck 'd
zf '7



KCCKD ==hcckzyhctk.to/ll-zkl.eguakCk2) 3

Kl
. equals Ckz) 25 25 ]

)
he # function
To sound ,



Contract of a Hash Code Function

- What if k1.equals(k2) is false?
- What if hc(k1) == hc(k2) is true?

- p ⇒q =

7g⇒ Tp
"
it rains

"

⇒
"
I bring
UM - . .

"

7
"

I brag um .. .

"

⇒
y
''
Tt rains"



Overridding/Redefining hashCode() from Object

Q: Can we replace Line 12 by:
     return this.hashCode() == other.hashCode();

I
→
- -

-

E E - I
•

• ! ÷n⇐mmE@¥¥¥:
retinue ←kl.eguQ→hIkD== heck2)



H H
-

Iamge
① ④

m
-get

Y'

÷÷÷÷÷÷:*
.



IK TH -
- nee Ik (3) i

IK ck2 -

- nee Ik (3);

Tooo
Tklhe4==hc The



How to implement a bucket array
?

I
.r.si?....s:*iiE:



Testing HashTable using Overridden/Redefined hashCode()

i÷÷•¥÷



Inconsistent equals and hashCode

÷:÷÷÷i¥¥÷÷¥•÷i÷÷÷.
p

zadefahtogashaeddeon
E g

address



Method Call: Callee vs. Caller 

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

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

→

÷÷¥÷



Call by Value: Primitive Argument

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

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

OH ¥



Call by Value: Reference Argument

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

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

→

±: iii.÷i⇒÷÷:I
- ④. O



Call by Value: Re-Assigning Primitive Parameter 

IF
⇒€ ⑦

¥⇐

iv. ¥0
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Method Call: Callee vs. Caller 

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

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

→

÷÷¥÷÷÷÷::÷¥¥÷÷



Call by Value: Re-Assigning Primitive Parameter 
→

*①← -①
""

o -

JAI 5 ,,
After lb , will e 's value

ame.ie?argmet ¥ be incremented ?

j



Call by Value: Re-Assigning Reference Parameter 
-

⇒
: .f÷÷÷÷÷÷÷.

When the cry

"

÷÷÷÷÷÷÷÷¥:
do not try to re- assign ¥8H C - i Tt's useless) -



Call by Value: Calling Mutator on Reference Parameter 

→'⇒0.÷¥÷¥i⇒¥÷¥.
to the same object ? J

lbs Is the object pointed to by p
Tattially modified ?



API: ArrayList

i÷÷""
D O



Generic Parameters: ArrayList

Caller of ArrayList

daring g.p.

e¥iE÷÷:÷¥.ae ." "
d E -

\ instantiated bff used

F⇒€ IF Arafat .
Insert
"

used



$7 Arraytfkobget > lists --
nee - -

s

DASH
.
add(nee Pom-43347)sX

② tstl
-
add ( " (3,43");

③ test . add(nee Pom-4334775

→
-
⇒

④ kstz
.
add4j, X

→-A -
+
→ String I Poytat

Stingy
×£"J p*

String That



Use of ArrayList
→

¥¥±
[ -0 o_O test

. length X
I

test → I
×
,



Hash Table
- 2-column table
- keys contain no duplicates
- Values may contain duplicates
- A key is used to identify a unique row

keys      values
“Alan”     “A”
“Mark”    “B+”
“Tom”      “A”

•



API: HashTable
-

two generic park



Generic Parameters: Hashtable

Caller of Hashtable
÷÷÷÷:

.

I = =



- o⑧
¥' # x⑤

-

Ey s .

I €2
¥t"vs . -rget⇒

⑤ DI.ph#
"alan's HIV

x x ② II. pet CEOs "akn"IX
Ix II. put C'

'Ian's#sX
④v. put 134 ,

"IN



Use of HashTable
⑧

# ' 'mark" TS an

existing key,
overwrite

' "A "
Te rate.

grades→ " "

F
"



§

do this if you're defining
your own.

ger - p . .



Solving a Problem Recursively

Given a small problem: Solve it directly: 

Given a big problem: 

Divide it into smaller problems: 

Assume solutions to smaller problems:

Combine solutions to smaller problems:

o_0'd ie .

A P
-OO

o.O

I# recursive call to the same method



Fibonacci number
.

I 1 I 3 S
.
-
-

- -

{factorial n ! § → Hoop anpkmae ?
Fibonacci numb ③ recursive methods

?
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Solving a Problem Recursively

Given a small problem: Solve it directly: 

Given a big problem: 

Divide it into smaller problems: 

Assume solutions to smaller problems:

Combine solutions to smaller problems:



Tracing Recursion via a Stack

Runtime Stack

7. U
→mE* Innit



→ size

n ! .FI?eTt#!--4xs
!

i:÷¥÷i¥¥HsxDO ye
3 ! -

as Is:*:
"" Fanion.EE#.s;:::n.



Example: factorial(3) Runtime Stack

Recursive Solution: factorial

o÷÷÷±÷:÷÷÷÷÷¥÷÷:



fac
,
(3) 3 *

facts

z
⑥

'
'



Common Errors of Recursion (1)
-

I

fall" fate, mtyss.mg bases
fact,

Lif
totem:*.

facto)
face)



Common Errors of Recursion (2)
-

'=
-D

ta" Eif
⇒



✓ v
'

l . ① ② 3 5

ties f."¥. .sit"



Recursive Solution: Fibonacci Number

Example: fib(4) Runtime Stack

the 1←f¥÷i±¥⇒ ②←Abq
+ t¥¥z



ABEDI3
/ t

Z-→fibCIJ 3
ftfb④



Use of String O
,
- I

-

-

±:÷÷÷÷÷⇐÷i
.

- - get from SH - SET



Sting S being s2) , is a valid
5- tubstagczsffegefhzy )

index

S - Substrng ( O , .

I )

t

S-

'Substrng (
T

s
s- length ))

:



±Fated: ±
C- E



Problem: Palindrome
-

.

''
→

=

-

⇒ i¥¥¥⇒÷÷
.we s

⇒
middle q

.

word



ispcmladda)

midea ⑦
/ y⑦



is RayDeaf ⑦
PEI



'

÷÷.



reverseof ( Btg )
I \

reverseof#geht e

Ii
reverseof Cy t f

fiery
-5€



occ ( "Blaise
"

s

'I ) baaba

I \
a-- --bot + occca.la#ia ')

/ I
a--ya + occas,Edi

a -_=a t OCCCIKID , 'a'I
'
t t

b a oa)
t

a-e -- a

l



Problem: Reverse of a String
-



Problem: Number of Occurrences
-

FEE



a

h - i

°
I I

⑨
2 5

3 54
→
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Solving Problems Recursively
#

- ④ -- Festus's.IEI
-

I - -
- -

017

- -
fiber) Hbcu) -0

-

- -

D= apes, he-7¥

÷

✓



Say a1 = {}, consider m(a1)

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

Say a3 = {A, B, C, D}, consider m(a3)

Recursion on an Array: Passing new Sub-Arrays

* an

m¥:÷÷*÷¥
II

sub

rub -94¥)



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

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

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

Recursion on an Array: Passing Same Array Reference

¥2

i
✓ ten to

→ q 3

-

÷÷:DI -

3 3



"

d-±Ha¥?,;P⇒me;
Are all numbers in an emptyarray .
positive ?
↳ Is it possible to find a
witness in A St . It is not

positive ?



o ① 2 ③
a→

t

allPca KI sa
&&

④ [all PC sub array from index to

index Z )



Problem: Are All Numbers Positive?
-



Say a = {}

Tracing Recursion: 
allPositive

allPositive(a)

allPH(a,0,-1)

¥.

-

o_0
amp



allPositive(a)

allPH(a,0,0)

a[0] > 0 Say a = {4}

Tracing Recursion: 
allPositive
- o O

%.
QQ.ae . sya

?



allPositive(a)

allPH(a,0,3)

allPH(a,1,3)

allPH(a,2,3)

allPH(a,3,3)

a[0] > 0

a[1] > 0

a[2] > 0

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

Tracing Recursion: 
allPositive

→¥7 # ⇒ BE
/\ 2 2+1 3

-
&&-1€ a. length I
-

e

, fam:i$⑦ .

- HEAT aus >0



allPositive(a)

allPH(a,0,3)

allPH(a,1,3)

allPH(a,2,3)

allPH(a,3,3)

a[0] > 0

a[1] > 0

a[2] > 0

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

Tracing Recursion: 
allPositiveFO
--

⇒÷÷i÷D- O



An array⇐ is sorted in :

y@ascadQngovdeiYiEziIIs.s\④yas order

t.fi#%desand-agorderILan "
"

a, 'ad:



non - descending-

! (ato] > atD)
=

aEJ E ATB

-



a-

is Greedca,
= a-6J Eat ] && is freed(

sub array tow
indices I -64)



Problem: Are Numbers Sorted?
-



isSorted(a)

isSH(a,0,-1)

Say a = {}

Tracing Recursion: 
isSorted

↳
rearm

.



isSorted(a)

isSH(a,0,0)

return true Say a = {4}

Tracing Recursion: 
isSorted

I
P .

O



isSorted(a)

isSH(a,0,3)

isSH(a,1,3)

isSH(a,2,3)

isSH(a,3,3)

a[0]<=a[1]

a[1]<=a[2]

a[2]<=a[3]

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

Tracing Recursion: 
isSorted

÷. . .

¥79.7
a④

too 1 -Q
④- - II



isSorted(a)

isSH(a,0,3)

isSH(a,1,3)

isSH(a,2,3)

isSH(a,3,3)

a[0]<=a[1]

a[1]<=a[2]

a[2]<=a[3]

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

Tracing Recursion: 
isSorted

t



“Advanced OOP”

“Software Design”

Course
title
prof

Course
title
prof

Faculty
name
te
Faculty

name
te

“Jackie”

“Jonathan”

Student
id
cs

“Jim”
f1

f2

eecs2030

eecs3311

s

Container vs. Containee

7¥-
tgtneaaee Theater #

earner

Gnea -

what if a course is deleted ?



Aggregation: Design

Design 1: Single  Containee

Design 2: Multiple Containees

Course Faculty1
prof

Student Course*
courses

class Course {
   Faculty prof;
   ...
}

class Faculty {
   ...
}

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

class Course {
   ...
}

Java Implementation

'

.

I
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Aggregation (1)
Course
title
prof

Faculty
name

Course
title
prof

Course
title
prof

Faculty
name

Faculty
name

-

÷÷÷¥÷÷÷÷÷÷i÷÷:'÷÷x÷÷÷



Aggregation (2)
Student
id
cs

Faculty
name
te

Course
title
prof

Faculty
name
te

Student
id
cs

Course
title
prof

Course
title
prof

I, = -=
"

"""¥¥¥¥*i⇒÷¥÷÷÷



Dot Notation for Navigating Aggregations (1)

/* Name of this faculty
  */
String getName()

Examples
f1.getName()
f2.getName()

“Advanced OOP”

“Software Design”

Course
title
prof

Course
title
prof

Faculty
name
te
Faculty

name
te

“Jackie”

“Jonathan”

Student
id
cs

“Jim”
f1

f2

eecs2030

eecs3311

s

#

②



Dot Notation for Navigating Aggregations (2)

/* Instructor’s name 
  * for this course 
  */
String getName()

Examples
eecs2030.getName()
eecs3311.getName()

“Advanced OOP”

“Software Design”

Course
title
prof

Course
title
prof

Faculty
name
te
Faculty

name
te

“Jackie”

“Jonathan”

Student
id
cs

“Jim”
f1

f2

eecs2030

eecs3311

s

#

-

re¥÷¥Y
⇐ *

"in
TEN



Dot Notation for Navigating Aggregations (3)

/* Instructor’s name for 
  * course stored at index i 
  */
String getName(int i)

Examples
s.getName(0)
s.getName(1)

“Advanced OOP”

“Software Design”

Course
title
prof

Course
title
prof

Faculty
name
te
Faculty

name
te

“Jackie”

“Jonathan”

Student
id
cs

“Jim”
f1

f2

eecs2030

eecs3311

s

←
return this.es?getEs:pnf.name--$s→



Dot Notation for Navigating Aggregations: Exercise

/* Title of the ith teaching course 
  * of the instructor for this course 
  */
String getTitle(int i)

“Advanced OOP”

“Software Design”

Course
title
prof

Course
title
prof

Faculty
name
te

“Jackie”
Student
id
cs

“Jim”

Examples
eecs2030.getTitle(1)
eecs3311.getTitle(0)

eecs2030

eecs3311
s

f1

-

O

retur.TK#zyfte.getttk.

I



Composition: No Sharing

I I. txt"
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class Directory
Directory ( Threctory other> E

g
s

- otter ,

-

off
Directory di = nee Rectory (

"DID;

Three.org#IneeDxee-ayCdDiJ



Composition: Copy Constructor (Shallow Copy)→

-÷÷i¥¥÷÷÷÷:i÷÷÷÷:
di

.
files to] da files to]



Composition: Copy Constructor (Deep Copy)

.



Copy Constructor (Composition?)
-

File Src -

- di. IoT ;
'

÷i÷÷¥÷÷÷⇐¥¥¥±¥7
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Inheritance: Motivating Problem
Nouns -> classes, attributes, accessors
Verbs -> mutators→
=

- -

-

-

=
-

-
nee -

-
mi"n -



class Student {
   Course[] courses;
   int noc;
   int kind;
   double premiumRate;
   double discountRate;
   Student (int kind){
      this.kind = kind;
   }
   ...
}

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

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

First Design Attempt



class Student {
   Course[] courses;
   int noc;
   int kind;
   double premiumRate;
   double discountRate;
   Student (int kind){
      this.kind = kind;
   }
   ...
}

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

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

First Design Attempt

Good design?
Judge by Cohesion

-

÷÷÷÷÷÷÷:÷i:
mystified tea single purpose

.



class Student {
   Course[] courses;
   int noc;
   int kind;
   double premiumRate;
   double discountRate;
   Student (int kind){
      this.kind = kind;
   }
   ...
}

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

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

First Design Attempt

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

-

- o

" "st.
. .

±... ...play
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Testing Student Classes (without inheritance)

Course
title
feec1

Course
title
feec2

Res.S.

pr
rcs

jim

0 1 9

NonRes.S.

dr
rcs

jer. 0 1 9

I

[ [

'

→ 0
#geaeii.*



Student Classes (without inheritance): Maintenance (1)

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



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

Student Classes (without inheritance): Maintenance (2)

/* ... can be premiumRate or discountRate */
...
return tuition * inflationRate * ...;

IT



A Collection of Students (without inheritance)

0 1 2 99

Res.S.

pr
rcs

Res.S.

pr
rcs

Res.S.

pr
rcs

Res.S.

pr
rcs

rss

NonRes.S.

dr
rcs

NonRes.S.

dr
rcs

NonRes.S.

dr
rcs

NonRes.S.

dr
rcs

0 1 2 99

nrss



Student Classes (with inheritance)
-
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Visualizing Parent and Child Objects



Testing Student Classes (with inheritance)

Course
title
feec1

Course
title
feec2

Res.S.

pr
rcs

jim

0 1 9

NonRes.S.

dr
rcs

jer. 0 1 9

1.25

0.75

500 500
2030 3311



Student Classes (with inheritance): Expectations

s.

rs.

nrs.

Tinian
m%aed-mgicredef.IN.
-¥
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Intuition: Polymorphism
-
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#
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Review: Student Classes (with inheritance)

i÷÷÷÷÷o_0



Review: Static Types and Expectations

s.

rs.

nrs.



Review: Visualizing Parent and Child Objects

Inheritance 
Hirarchy

Declaring 
Static Types

Runtime
Object 
Structure

.÷÷¥÷%



Intuition: Polymorphism#s

assignments in

MAIL.%fa.ee#T-tIs$'
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Student s = . -

Residue Student rs -

-
-
-

i
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Intuition: Dynamic Binding

Course
title
fee

 eecs2030
Res.S.

pr
rcs

rs

0 1 9 NonRes.S.

dr
rcsnrs 0 1 91.25 0.75500

2030

s
P§€'s
'¥¥*¥i¥÷÷"

5
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Multi-Level Inheritance Hierarchy of Smartphones
#

=

din
- I -

o @
€0000



is :
a



A

Inheritance Forms a Type Hierarchy



ancestors expectations descendants

Inheritance Accumulates Code for Reuse "÷÷÷÷:*.
② ← Is ③

IT=

⑦

:O ..

OTTOi¥EF¥¥T.tl#daufWebfaeTgdIake.5T



Inheritance Herarchy: Students

Inheritance Herarchy: Smart Phones

Declare:
Student jim;
...
jim.??

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

Static Types determine Expectations

HEE.¥: #
pl .

#O o



Rules of Substitutions (1)

Declarations:
IOS sp1;
IPhoneXSMax sp2;
IPhonePro11 sp3;

Substitutions:
sp1 = sp2;
sp1 = sp3;

- Fai Fen
✓descendant of .

0¥:¥÷÷÷÷÷÷:*



Rules of Substitutions (2)

Declarations:
IOS sp1;
SmartPhone sp2;

Substitutions:
sp1 = sp2;

#

⑥ ¥⇒?sX



Rules of Substitutions (3)

Declarations:
IOS sp1;
HuaweiP30Pro sp2;

Substitutions:
sp1 = sp2;

-

→

X¥÷÷:÷.②st7@o.Iitoaweikot.A



Visualization: Static Type vs. Dynamic Type

Declaration:
Student s;

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

e -
I



Change of Dynamic Type (1.1)

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

-

=

> ST

t¥¥÷:i÷÷:
'Iii* fan Rs ane aetemped M)

Y'¥7 anti ene expected:&:D :f¥÷j
.



Change of Dynamic Type (1.2)

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

-

F-x

y satay am!xqe4
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Inheritance Herarchy: Students

Inheritance Herarchy: Smart Phones

Declare:
Student jim;
...
jim.??

Static Types determine Expectations
Declare:
NRS alan;
...
alan.??

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

Declare:
Samsung p2;
...
p2.??•



Rules of Substitutions

Declarations:
IOS sp1;
SmartPhone sp2;

Substitutions:
sp1 = sp2;

Can ST of sp2 fulfill 
what’s expected on ST of sp1?

→

②as

¥÷÷¥÷
.



Change of Dynamic Type: Exercise (1)

Exercise 1:
Android myPhone = new HuaweiP30Pro(...);
myPhone = new GalaxyS10(...);

-

x
Phone

• 00
EEE



Change of Dynamic Type: Exercise (2)

Exercise 2:
IOS myPhone = new HuaweiP30Pro(...);
myPhone = new GalaxyS10(...);

-

s:tE•

00 00
.

¥x÷÷i÷÷÷÷÷÷÷÷.
.



Change of Dynamic Type (2.1)

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

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

7¥08
''

C②c②
- 5¥

.

→ pr ④ ④
dr
←

-E-
¥%÷n¥¥I¥A•
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Change of Dynamic Type (2.2)

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

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

→
o

#
mine
.

:: do
.:* .
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Type Cast: Motivation
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•

k¥eE€ '⇒
to't

.

Edge TEJ
Rd E



MyClass.java

s last DT of s

An A+ Challenge: Inferring the DT of a Variable

Your Program

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



Anatomy of a Type Cast (1)

Student s = new ResidentStudent(“Jim”);

ResidentStudent rs = (ResidentStudent) s;

ResidentStudent

pr

Student s

is:¥¥⇒



Anatomy of a Type Cast (2)
-

( Iast
tee

.
i±⇐o¥.
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* i:÷¥¥q⇒÷÷÷÷÷.
as

' ' o:*:*

Hastened hotties and



Typecast .
↳ change the expectation

I.doesthecastamp.de#z.-cfthecastamp-te&
- doesitcauseaa
¥pClass CaseExc

.)



Compilable Type Casts: Upwards vs. Downwards

Android myPhone = new GalaxyS10Plus();

SmartPhone sp = (SmartPhone) myPhone;

GalaxyS10Plus ga = (GalaxyS10Plus) myPhone;

dial
surfWeb

facetime
quickTake
zoomage

skype
sideSync

sp myPhone gaExpectations

myphone.si#ncXYdedf8expeaea*o.s.fqgfIIdedoes'not "M"
"" '

€⑧g@
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Android myPhone = new GalaxyS10Plus();

SmartPhone sp = (SmartPhone) myPhone;

GalaxyS10Plus ga = (GalaxyS10Plus) myPhone;

D I
*i@o¥@

±.

ASloPlus ga
]



Compilable Type Cast May Fail at Runtime (1)#
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Compilable Cast vs. Exception-Free Cast

Android myPhone = new Samsung();

Compilable Casts

Non-Compilable Casts

Exception-Free Casts

ClassCastException

.

[downward cast'T✓
buetkofan%7a.IE?

-
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Anatomy of a Type Cast

Student s = new ResidentStudent(“Jim”);

ResidentStudent rs = (ResidentStudent) s;

ResidentStudent

pr

Student s

'Edie
fast ⇐

¥ "÷::
as T.it#daidii:srng.



Android s = new GalaxyS10Plus();

SmartPhone sp1 = (Samsung) s;

GalaxyS10Plus
Android s

SmartPhone sp2 = (SmartPhone) s;
GalaxyS10Plus sp3 = (Samsung) s;

Substitutions of 
Type Cast

.

.
-

Tamang°#0p#②tI ST: Samsung - Foe a

E#KITTIES in
.



Android sp4 = (Samsung) s;

o

=
fedele s -

- nee Samsung c.
down

it si:*"i¥÷÷÷④



Type Cast
Named vs.
Anonymous

Problem?

=

-
- qd.FI#-tphonellPg

.



Compilable Cast vs. Exception-Free Cast

Android myPhone = new Samsung();

Compilable Casts

Non-Compilable Casts

Exception-Free Casts

ClassCastException



Compilable Type Cast May Fail at Runtime (1)
-

Ooo
¥EF*T##↳a¥%:
S jimI Fearing this at runtime,
rs
✓ it will be found that the

RS classHester.← attitude ftp.feaI?on7on9FFtrslrsl
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- Down east always compiles. A offs nee
- Down cast before the
PT of obj will cause

BC ) ;
classCaseException
( ?? ) objF T?" any classes strictly lower than'

n
::* is
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::D ④ support.
go,
④ D



Compilable Type Cast May Fail at Runtime (2)

To

€#wm⑤Dvalid



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

Compilable? ClassCastException at runtime?

O



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

Compilable? ClassCastException at runtime?

O



Compilable Cast vs. Exception-Free Cast: Exercise
-

✓
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as"s.class? is .sc.
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The instanceof Operator

B

A

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

- L1 compiles if B can 
      fulfill expectations of A.

- L3:
     - Compiles if
       Up or Down cast w.r.t. A.
     - ClassCastException if B cannot
       fulfill expectations on ??.
- L2:
     - Evaluates to true if B can
       fulfill expectations on ??.

i÷8÷
designed!"



Checking Dynamic Types at Runtime

u



Use of the instanceof Operator

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

¥

o

. .

'? ←



Safe Cast via Use of the instanceof Operator

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

-

Janina

to see
if

the④et III: fulfil dhextng.hn



Polymorphic Arguments (1)

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

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

-
- RS

a ✓ fittest
:O

I iz JESSE

- - -
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Polymorphic Arguments (1)

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

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

- o
(
fade.t

'
'

⇒⇐⇒⇒÷3;;i⇒
fade -

→ run
O
-
-

sq

SSE C] -
- FI , V
⇒ STIRSO£
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Polymorphic Arguments (2)

→
parameter : St
I =I -

--

#
Q

-

= =
- -

#s argument : ST Studied
-⑦ Stdiescgdf:{ not compete ' i ST of

of Sl (argument) not a
descendat

Poraanddfud. of ST of rs ( param) .



Casting Arguments
sms.addRS( (ResidentStudent) s) compiles?

sms.addRS( (ResidentStudent) nrs) compiles?

ClassCastException?

ClassCastException?

ClassCastException?

-

WHIST:
addRSCRS.rs ) - l
-

- O

⑤ suis fit'EE÷¥¥e¥
.

- o
-

y
⑤ c py

'Es
.

" 1=8.0
.

Ds
x



class SMS {

g

wid addRS ( RS rs ) { - - }

Student S = nee -
-

( sms.gdd.rs
h¥is'Fan:tpelti

"
of valid down cast

Tf ( s instanceof RS) { RS . with ST RS

z
Sms . add RS ( CRS) s ) ;



A Polymorphic Collection of Students (1) Mrs
# *

wed addfadatcs $4

⇒⇒ f¥¥¥¥
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¥4↳ ✓
Ss = rs;
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Reference: Hierarchy of Students
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A Polymorphic Collection of Students (2)

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

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

t.IT#.ePrCtxs

⇒.
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Polymorphic Return Values

#¥¥¥±⇒
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Overridden Methods and Dynamic Binding (1)

=

-



Overridden Methods and Dynamic Binding (2)

€



Overridden Methods and Dynamic Binding (3)

¥
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@Test
public void test C) { ④

I - -si
class - - 3

} class④I



aggregation .

I. allow sharing
2

. aliasing possible
Composition
→sharing not allowed

z . aliasing is absent .
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class Personate.org#Mtk-=pcIpszo-D

Person ps ;
→ wid addPerson esonPp④{

int n'op ; Pdth#Pp9Enop]①p,
3pct -1k¥. nop et ;personalecb
Papel.p -

- plsthis. ps -- new Person -40T ;-
z

this
. nop

-
- o ; fc2.pk = pls
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pl
wid addPerson ( Person {
⇒Person u= nee Person

PI this . pstnop = newPerson ;

gtp this . nopet ;
PI pcl.pk nop] -- newPerson ;

per - pstnop] '- newPerson,
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class Person61kcal
Person p④
Tnt hops
PersonCollector ( Personblkctor other){

*±¥¥¥:* ÷,works tµ-thtS.psEJ=other.psE#aggregation
'

g Iz person np -- ne Person} this .pk#np-Xother.p5L-is . age ) ;



B
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this . ps = neePerson ( other .psk?. age);

④
-

✓ this . ps
= nee Person (other .psfi);
class Person {

z

Person (Person p3{ this . age-1
page 53



PersonAlecto (Personalector other){
no;D add¥tk§ P" this. nop = other . nop ,t#kpxExEp,

this . nope
-is

this . Ps = ne PersonTothe . ps. leaf;
for ( Tnt T -- O s TL this. nop 's it-DE7¥

.pin welp"
,
this. addPerson ( other. peed;

3
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Abstract Implementation vs. Concrete Implementation

Polygon

Rectangle Triangle

abstract double getArea();
double[] sides;
void grow() { ... }
double getPerimeter() { ... }

double getArea() { ... } double getArea() { ... }

a

b

a

b

c

a * b s(s - a)(s - b)(s - c)

TQ
O O

o o
-



Abstract Class vs. Concrete Descendants

extends extends

#

÷±:*
p. . grow
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Polymorphic Assignments 
of Polygons

Rectangle
sides

Triangle
sides

0 1 2 3

0 1 2

Polygon p

s
E-
O

,

¥

¥¥¥k
.. of rectangle
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Polygon p
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- nee Pg¥ Is X
abstract class

Polygon T J ps
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- nee polygonKoji
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Polymorphic Collection 
of Polygons

PolygonCollector
nop

polygons
0 1 9

Rectangle
sides

Triangle
sides

0 1 2 3

0 1 2

col

T.potygnsnaeeofpol.grig¥¥¥
¥

.
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Polymorphic Return Value of Polygons

Polygon p

Rectangle
sides

0 1 2 3

Triangle
sides

0 1 2

- →⇒

¥¥¥0 I *=nm 53

,

•
¥⇒ @E¥*i



Representations of 2-D Points: Cartesian vs. Polar

Cartesian System Polar System

r * cos(phi)

r * sin(phi)
r

phi

( r * cos(phi), r * sin(phi) )( x, y )

y

x



Cartesian vs. Polar: Example

F-as
.1•I

*
"
"

f. o
o£Eo



Thine p
-

- nee Tf#te,
interface

.

= Tae CartesianPoint 4
tree Polar Pointy



implementsimplements

Point p

CartesianPoint

x
y

PolarPoint
r
phi

* I
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class Collectors
CE] Cs ;

t

}
widaddcco t③obJ -- nee Is;

Collector c -- neatly X Eoa=C¥ohg ;
c. add newest

¥:
"

-617 - q ⑦od -
- ④ obj ;

&.ua#::i:::::::::.:?d=-iEsnBdexerqp
.

X Eoe -
- (E) obj -s



- Inheritance
↳ try eclipse demo
↳ practice test 1¥
- RECURSION

↳ class Collector 9 T
'

→ wid add I - .- 3

. :B

'
Eike::D

I hceshgnbdsde,call by value lolkceion -



HI
. get tenethos . getStark S.gexxc,

t.ge#eItC0.getftaItC.setXIoo)
ta-' I

I



HI ' le2
. getLineAko) . getStark J.geXXc,

geec.

÷÷÷÷÷÷÷÷÷÷÷⇒÷⇒.



Implementing a Hash Table via Hashing

- Converting k to hc(k)
- Indexing into A[hc(k)]

-

H . equdsckz> ⇒
heck D= becky

"piffle" "d"

ya,

-
1¥

"

bucket I =

⇒ *YETEETgt.is?n7eicegsseajYen--3""
a ngpanetonashbdet

¥¥E¥



class class

⑧b , ①ai
C c ; g

C c '

wid c c) 9

sea
"

s

:&!



obj Tnstanceof C

↳ True if D the dynamic type
Smartphone p =

of obj can
I

|I⇒
he IOSC ) ;④

fulfill the expectations
f instant Smartphone on C .

IPw f Estado Ies ② the DT of obj is
P instead INI a descendant of C .



if ( obj instanced C) {

Kloth
} . Compiles if eiehe upward or downwgads,

if the DT of obj is
not a descendconf glass



@doMEypvessionEseMseipsus-mstI.a: x1-
TI
T-

Taki .

Addition
htt

.eeThan . -

Gt3) t (3*4)-1 (3 >4)



Haskell
↳ fungi:{anning.



Implement keys & values
.

Naivest ④

f
'

toQ.

-

oY
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Implementation

(tf; anhi.÷÷i¥¥÷¥÷÷÷÷÷÷÷÷: ÷÷÷÷÷÷÷ii÷÷
Strategy .



Implementing a Hash Table via Hashing

- Converting k to hc(k)
- Indexing into A[hc(k)]

-0
.

If'oEft¥0
→
hashqdedeeemwqefeose.ve

-'"
"%

tI%%d¥d*
see;
""aii? * ④gQµ¥÷¥4¥÷g:dfn9÷

,
OG) ④* v directly as ↳

calf! '*" hoyfoshade *de,
value

↳A[hocks
)

②

④ 0

=



Arraytstc . - > test

list
. addc . . ) -110

Haohtablec Integer , Streng > table -

-

table .qd,d,
Harhtabkescs;

⑥ ' no
#

table .addlk2sN2
)

↳ yahoo.ME?y.nash6de4ft#vz,



Rackets .

Arrayksecs.yt.se .
Y



01 . does the cast compile?T⑦
.

02 . If it compiles, g- . ←
ST of obj

do we have CCE? BO F
d
←
PT of obj .¥78775 e

F obj = new GC ) ; DHC
✓ . : upward . ✓

⑨④ Kjv .
④ CBI obj wegE?⑧ # obj

do""d⑤ ca ,obyICcobjTfdes.ofc@uthos-svIiIIIoii.d" - t.EE#ia::Ear.iiii.



Upward_CastngiIaesshneoI@ameretiiaeobYt.p?....
q

→ It
③ passj"÷÷¥÷%.

lBobTneBcH-A@retriaeobjcsgseatka.t"
"

Ijf /
g

CA) obj ;



Call by Value: Primitive Argument

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

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

qq.ae#parameter
o

5¥ Tix. .



Call by Value: Reference Argument

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

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

-

> adf.IYI.de
object.

t÷÷¥÷*¥÷⇒÷⇒¥To.EE#IecE O
x.
A

Ett



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

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

¥ ¥
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HDMI .
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castexpression Expectations
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has static type
⇐

all attributes
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methods
declared
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off



Generic Parameters: ArrayList

Caller of ArrayList

are: Rule IIprayto
class

seat's't "six

six - xx¥b⇒←xiFrug . That
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T-me-tfficiencyoftdgy.e.gg.
sort an array of integers

i. site I i
r .

w



Example Experiment
→

be
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me



Counting the Number of Primitive Operations

Q. # of times i < n in Line 3 is executed?

Q. # of times loop body (Lines 4 to 6) is executed?

:*As I '
9 940 T

n Me too

z.cn -
of

n- l times ten ⑦
# Po Nth time Ten



find Max fate ] a
,
int n>{

:
' 6n} # Po

↳# To Rf
100

,

698

i
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.

÷÷*¥÷¥
↳Hemming time .
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a
??÷. I
" a#maintain. . ¥" ÷:¥÷;



RT, Cn) -- n .
'¥:
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Asymptotic Upper Bound: Big-O Example:
f(n) = 8n + 5
g(n) = n

Prove:
f(n) is O( g(n) )

Choose:
c = 9
What about n0?

-

I
111$
ill t

in , ill
'll Rfgftg .

↳ start.mg#YtggyhYYaaupperbomdten,



all functions whose

O (n)→ highest POWE ,

y ↳palltunetionsthatcanbeupperbounderby-n.co

:÷i÷÷÷÷i÷÷:
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ride 2
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To
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RTG) =#It ⑤
Ts Oca) 13713g .

↳ choose C = A 8-15=13

s -t . ④ = *① ,

↳ starring fin
inxD

13 .⑧ 71 8D't 5



⑤Rt③n - begat HI
↳ o
Three

.

-

choose E- 15

ched
. starring tonn=r
15 . R 3 the 3h . by hthtt



Asymptotic Upper Bound: Example

g(n) = n

f(n) = 8n + 59 * g(n) = 9n

5

45

5

T

t
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Asymptotic Upper Bound: Big-O Example:
f(n) = 8n + 5
g(n) = n

Prove:
f(n) is O( g(n) )

Choose:
c = 9
What about n0?

A



⇐



Asymptotic Upper Bound: Example

g(n) = n

f(n) = 8n + 59 * g(n) = 9n

5

45

5¥i•I.iiis



Proving f(n) is O( g(n) )
- 14-11-4-1

me!

c. nd
04¥⇒I.
→ is
do . it a . l 't - . . t ad - Id fl DE Kott la. It
= do +It - - - tad c . Had/ .

Tf q
Id

2t C- 3) t C-7) EHIII.4,



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)

O(n) O(n^2)

¥!! I-71=9



Asymptotic Upper Bounds: Example (1)

BI
-

choose C = ? 5C- 3 t 2 t f = 15
No = ? s. t .

15 Cx . my Intt3n¥t. hits
15 7 5-10,1-22-152



Asymptotic Upper Bounds: Example (2)

¥
✓

Prove
. choose f- #35

E -

- II sit.

I . # 7 sorption -bynt 5
35.1 I 20.13+075



Asymptotic Upper Bounds: Example (3)
-

5. toy 73 - bye
,

-12

f 753't 2↳
Prove " choose C = #5

④ = #*⑦ sit .

lc.byn033.byn-IS-ihgtoYE.GE2



Asymptotic Upper Bounds: Example (4)

¥
zntz =z⑨. 2

"

Trout
choose c -

- 22=40

c. * 7¥:



Asymptotic Upper Bounds: Example (5)

=



Determining the Asymptotic Upper Bound (1)
-

D ← OG)

- c- Oc,
-c-OG)

← OCD

OCD
. R
#does not
depend on

how large X
and if

a. e.



Determining the Asymptotic Upper Bound (2)
-

D- too,

sod → Oci,

→ I → Oa,
→ it> Oci? Oct t.tt - - et)
in

→ AHOLD ↳ Ocn)
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Will a double - nested loop give
OCD RT = Ochs ? No

,

for (Tat t -- O ; Ic 'd set e) {
an "



Determining the Asymptotic Upper Bound (3)
# = ?
→
.
e e :

8 LEE If"" n- t

- Eis J]
-

J
.

obserethffae@IfF.fe.Iq.I 8.1.55" Eiffel s
n
'÷ : I and .@*ons
-o - i n - I # of Iterations , Gpt for



Determining the Asymptotic Upper Bound (4)

÷
I out

← OCD

I e E.=, Jan's

O( It n t It
= Deny



Determining the Asymptotic Upper Bound (5)

⇐f%Eno¥T n
HJ=Ef n- I

i
→ n- I j -- n- I . . n,

Oc.



Selection Sort

0 1 2 3

0 1 2 3

Keep selecting minimum from the unsorted portion 
and appending it to the end of sorted portion.

unsorted
sorted

0 1 2 3

0 1 2 3

0 1 2 3

⇐t¥④
.i¥¥÷÷÷÷⇒÷÷.



Insertion Sort

0 1 2 3

0 1 2 3

Keep getting 1st element from the unsorted portion 
and inserting it to the sorted portion.

unsorted
sorted

0 1 2 3

0 1 2 3

-⇒i
o e"
I
①
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Inserting into an Array

Example: 
     insertAt({alan, mark, tom}, 3, jim, 1)

0 1 2a

result 0 1 2 3

-

anti ) =0€
.

-

l D 1-9
"

FETE, ¥F¥⇒
mm- OO

"agent
o

??II. aco
t GT = a TD
-¥m



Selection Sort Insertion Sort
0 1 2 3

0 1 2 3

0 1 2 3

0 1 2 3

0 1 2 3

0 1 2 3

0 1 2 3

0 1 2 3

0 1 2 3

0 1 2 3

-

"imam,

¥
.0 '

.

Q1 Q1



Off)

Tnput size loop
↳ Goof -4M€ .

Oh - login)
↳ tooo . by to .
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Selection Sort in Java OC # t (n -2) t - - - t!
- -

q
[ Toei Ocn?
-
C #= ]OCD

I ¥
⇒ F- O l

. .
n - I ] n- I

① 5- l Z - - - nd ] n-2

④,

⑦ 3=2 3 - - in - I ] n - 3
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⑦ f- NI - -I 2



Insertion Sort in Java
-

→
.

→ OCD

⇐
Gd

od) ]
=

-

. OG)

F-I F-① Out 2 -13T - - - t

F J --Z L Cn-ID
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-
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Running Time: Ideas

to from

from
, to

from from
 + 1

to

Base Case: 
Empty Array

Base Case: 
Array of Size 1

Recursive Case: 
Array of size > 1

T(0) = 1

T(1) = 1

T(n) = T(n - 1) + 1

- m÷%T(e)input size .
WITHsite

IE
- - I

←.

←

s¥IF⇒



Running Time: Unfolding Recurrence Relation

T(0) = 1
T(1) = 1
T(n) = T(n - 1) + 1

-

Tens -- Tush -11

r¥¥= =HIEE¥D
M NI

= ((Tcn-3)#Dtl
OCD .

-

jam
.

= jhI)+ - ' 'Htt -11



Correctness Proofs: Ideas

to from

from
, to

from from
 + 1

to

Base Case: 
Empty Array

Base Case: 
Array of Size 1

Recursive Case: 
Array of size > 1

÷÷÷:
se

¥. .



Correctness Proofs
T

-
--

-
Iwm
✓

entire range of away .



Binary Search: Ideas

Input: Array sorted in non-descending order

a

a.len
gth 

- 1

(a.len
gth 

- 1)/
2

0

Search: Does key k exist in array a?

-

se %
.

#dk
IT

< &em-did state
Ik>a[m-I



Binary Search in Java

sorted
from middle to

#-0
X

--

[ IF TC④ = I

I .
men

a key q.io#Kiceg



Say a = {3,6,9,12,15,18,21,24,27}

search(a,18)

search(a,0,8,18)

search(a,5,8,18)

search(a,5,5,18)

search(a,7)

search(a,0,8,7)

search(a,0,3,7)

search(a,2,3,7)

search(a,2,1,7)

Say a = {3,6,9,12,15,18,21,24,27}

Binary Search: Tracing

0 1 2 3 4 65 7 8

0 1 2 3 4 65 7 8

t*E
a t
- III. *oh --4i :*:*! !



T(0) = 1
T(1) = 1
T(n) = T(n/2) + 1

Binary Search: Running Time



Running Time: Unfolding Recurrence Relation

T(0) = 1
T(1) = 1
T(n) = T(n/2) + 1

→
Ten) -- TIED

¥ ¥ = LIEFELD-1
¥ # =

"EA : introof! T±④¥¥I
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Selection Sore

Insertions, ,
poo

elements

tooo =t⑦ .

merge
" agni

lo;:÷eg"
t

.

= loop



Merge Sort in Java

merge

T(0) = 1
T(1) = 1
T(n) = 2 * T(n/2) + n + 1

I::÷÷÷i ⇐⇒ :" ".

→ =? Forced
. split

"¥÷¥÷÷÷¥.



Merge Sort: Tracing split
mergeTries f ←

"

"¥¥⇒¥*i¥ ¥ gq sq
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Merge Sort: Running Time
#

me
D

z* I → t p
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-

4x4→O O O D
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Correctness Proofs: Ideas

to from

from
, to

from from
 + 1

to

Base Case: 
Empty Array

Base Case: 
Array of Size 1

Recursive Case: 
Array of size > 1

-

from E to

¥
-

-

Ten
Ei



¥

Thtdemye elements a[from] , a[ toneD s
-
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Exercise .
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Design
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algorithm
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X
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RUN



Jarod .

I . Read
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come
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Aptian - class Wydad
@ return - - wid my >E dividekyats*It @param X -

s -

[System .piatti ( V
'IF

d.nu#d&..iiEiPd.Ysiiiidiisiegxrthws
¥df0) { throw nee XC. . . ) ; 3

}
return x / Ys under what

¥:*.gs#.f:i::.aegd.:d9yedko.an;:.i:i%ae .
op⇒ate

't't 8dg.IE?gldJpreaI-ionyeoD✓ Iv double divide ( double x
,
double g)I

assign o . returnxl④
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Exercise
.

two counters O

Cl : min
-1) init

:

- max 3
ync .

.
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e : mm:.
are

dec



Correctness Proofs: Ideas

to from

from
, to

from from
 + 1

to

Base Case: 
Empty Array

Base Case: 
Array of Size 1

Recursive Case: 
Array of size > 1

-

↳
(as 0 , 2)
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Correctness Proofs
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heck D= -- hcckzghdk)
- kob "

hIy④h④vaH
hc (23 ) == he (a) → same result

for the
23%11 23%1 same input.
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@ throws Illegal ArgumentException when grade > Go
on Atgq go

↳ need test case
→ At
-a

¥790 100

I
@pregame Tap

"
7100

is
never



O .
Which of the following tests(** would reveal an error in the

* @param x Tmp. ?
* @ param Y
¥,@pre

. LEXIE and -3EYE2_
int aby ( Tnt X , Tnt g) {
→H imp. *IT s CA) abscess 17

}
× >Y

CBI abs (4 so)

a:*
"
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i::s%
-

-

retA
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It'¥ftp.xadxwf#-neg*Ef co④
@throw
'

double area ( double radius) {
viridis:{ing H - - *I

which of the following tests would be considered
%, boyndray cases ?
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(C,
-
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for ( int E -- I s I⇐ n ; I = 2* e){

for ( at je = I s j e t) {

i
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Intuition: Polymorphism
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