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Lecture 2a

Part A

Exceptions - 
Caller vs. Callee in a Method Invocation



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?

✓ → party calling anothermethod cake

"""③""°""°
""

-
☐
☒
→ context of method "" forfeit of a method calk-nvocat.in

( caller)
I. class

callee : class :( type of⇒ 2. method
u method : m②a%Épd

class ↳ { Can A.mz be a caller as well?

wid m> c) { YES : make some methodat
④ o = nee CK) }

} E. the cake : d. ml €.IE



Lecture 2a

Part B

Exceptions - 
Visualizing a Method Call Chain as a Stack



call stack

Visualizing a Call Chain using a Stack

my ){
☐ 7M¥ ){

3m¥ ){
→
② MZC)µ⑧
④ return .④ ⑥ 1%9%11*1
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Lecture 2a

Part C

Exceptions - 
Error Handling via Console Messages



Error Handling via Console Messages: Circles

Caller?
Callee?

call stack

☐
⇒ftp.T#

×
"

console .

% T

. f.
caller

. Console

Of → printing
anew "9 Invalid radius

.

to Corlsdldoesnot Area 0.0
.

ca"É*
µ,

÷"¥
cause

-

T.o.edu
to



Caller?
Callee?

caller calleecontext

Error Handling via Console Messages: Banks

call stack

ina Bank. withdraw
From

4-""""" man Banked.am
µ..

"

☐B-ankwi-d-Eir.indraw
Account withdraw ✗



Lecture 2a

Part D

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



What to Do When an Exception is Thrown: Call Stack
/

search alter
→

where
the error

occurs
and

the;fYÉd¥n. except °bJ .
thrown

( specify option chosen)

pfñst caller with.h .

/ ( catch option chosen)

:&:&:*"
"x*YÉ¥y;¥% .



Catch-or-Specify Requirement

→ cake;YException up
"

an
invalid input

value

-

•-
-
→

header of
method

↳ callee throw an exception upon
an

^

may invalid amount



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

µ no exception was thrown → exception was thrown

*

*
→



Lecture 2a

Part E

Exceptions - 
Example: To Handle or Not to Handle?



Example: To Handle or Not To Handle?
caller calleecontext

call
stack

b

A ma

↳

""

µ
④thrown

→

B. mb

Tester
.main

✓



Version 1: 
Handle the Exception in B.mb

→
callwows NVE

→ B. mb already handles
the NVE

,
so

÷:*dÉ¥ need to catch



Version 2:
Handle the Exception in Tester.main

☐
↳ exception thrown

→
✓

↳ callee throws
a" "
"9*0^5

specify
t.gsequate

:

but in B.
mb she

"""
°

gayer of
B.mb

will be forced
to

either
catch

or specify
→

callee specifies I%y%Énown .
the
TVUE .

&✓ consequence.
Not "

"

☒ beIII.note.



Version 3:
Handle in Neither Classes on Call Stack

☐
↳ where the exception originated

÷
"

÷

;i



Lecture 2a

Part F

Exceptions - 
Error Handling via Exceptions



Error Handling via Exceptions: Circles (Version 1)

>4*1

fÉ;:::÷
once

the except

'

handled has be

* will E- pop% +her .



Test Case:
User enters -5
Then user enters 10

Error Handling via Exceptions: Circles (Version 2)

-
ÉeÉ ¥
TRIV ✓

I

⇒⇒ -
Enter a radius :

IRE⑤ 10

-5

TY9"" !
• ↳ area ,
É¥° - IE

Enter a radius :
fade with

radius to



Error Handling via Exceptions: Banks

Test Case:
User enters -5000000

Account
id
bal.

23

acc1

accounts
noa

b Bank

0 1 … b.accounts.lenth - 11

0

→
a

-1

*
.
"

for Acount.wi-hdrawlss-m@Bank.ni
-1hdrain

specifies its
will be

propagated to- BarkApp. man .



Lecture 2a

Part G

Exceptions - 
More Examples



More Example: Multiple Catch Blocks

Test Case 1:
a: -5000000
r: 23

Test Case 2:
a: 100
r: -5

-
①⇒→

i.
.

→
→ NRE - - - -- -- - -

.

'

,fix ! 0

✗ 1 !
✗to



More Example: Parsing Strings as Integers

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

t¥iÉ

•
¥

y"twen+y#"
" 23
"

'123
"

⇒ .
.

-

→
NFE

↳ may throw NFEIs É?gth-stone means the NFE did
It occur→ input string was successfullyI.¥ converted

"

twenty-three
"

Tato Fi
.



Lecture 2b

Part A

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



Review: Specify-or-Catch Principle

→
specify opt.

✓

↳ handle an error
↳ where the exception is originated

☐
✓ ✗ specify opt.

0

t.io
.

↳ may throw a VTSE=.→ subject to catch-ou-specify
reg .



Review: Specify-or-Catch Principle

✓

✓

¢0. ↳ may throw VEE
→ must either

catch orspecify. .
→ Exercise : Put 1T¥ instead

↳ match one of the exceptions that might
come from the catch block

> VTSE will n¥ be propagated further .



A Class for Bounded Counters

→
no need to access them using a context object

§↳ Gunter.MAXINE 3
= I ☒• rib I

HIN MAX
1 d
decline
↳ VTSE ↳ UTLE

✓

×* • 1-

< > ?HE
✓ / specify opt .

Exercises
:

* ①
value
< Counter

.

the

②
value >

Counter
.

MAX-
VALUE

counter
.

MINNIE *** @

② value
> Counter

.tl#-Hw-t < ,

** ③
value
<



Lecture 2b

Part B

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



Manual Tester 1 from the Console

What if decrement is 
implemented correctly?

What if decrement is 
implemented incorrectly?
e.g., It only throws VTSE
      when c.value < 0

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

Expected Behaviour:

☐→
→

→
→ .

→ correct → NTSE thrown as expected
✗

→

→

☐
→

→
→ → incorrect → THE net thrown
→
→
→

✗
✗
✗
→



Running Console Tester 1 on Correct Implementation

0 0I↳Ixpeaed
I

✗

→

→

÷



Running Console Tester 1 on Incorrect Implementation

→

→
✗

→

I °,⇒;;µ¥¥"I
⇒ =

I
✗

÷



Manual Tester 2 from the Console Test Case 3
  - Nothing unexpected occurs.
  - Everything expected occurs.
Test Case 1
  VTLE thrown unexpectedly
Test Case 2
  VTLE not thrown as expected

tÉÑÑown one



Running Console Tester 2 on (Correct) Implementation 1

0

É¥ P P P
Éq⑤- s

÷:÷;÷;::÷¥¥÷±n



Running Console Tester 2 on (Incorrect) Implementation 2

✗

¥



Running Console Tester 2 on (Incorrect) Implementation 3

✗
0 > 3 F

I
3 →
4 I °

→

0g 21

-3¥ 14 3

✗I
⇒

✗I



Exercise

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

→ throws
VKE (prematurely).£

¥→ this manipulation of the Counter objectwill still

proceed as if
there was re
error occurring

beforehand
.



A Manual, Iterative Console Tester

→
•

8-
a

=☐



Lecture 2b

Part C

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



Coming Up with Test Cases: A Single, Bounded Variable

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

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

c.increment()

c.decrement()

÷
,

-

"÷.

%⇒¥ 4.
%:&. do ⇒ c.getrainees



Lecture 2b

Part D

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



A Default Test Case that Fails

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

✓

② No
assertions
mn
to

check actual

expected Frames
.

useless
.

.

,*n%¥¥;¥¥%"
d. naming .

⇒"
"

for ;¥¥¥ paige
.

£



Examples: JUnit Assertions (1)

o o

*
f!¥¥F¥F">☒⇒¥§null

→"
0 00*0↳ unexpected exception→ test method
" fails& termites
→4,

☐
☐

①
✗ •

- - BE



Examples: JUnit Assertions (2)

→

- tolerance

Equals ↳ expected ↳actual
c-

Circle

radius 3.4



Lecture 2b

Part E

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



What if increment is 
implemented correctly?

What if decrement is 
implemented incorrectly?
e.g., It only throws VTSE
      when c.value < 0

JUnit: Where an Exception is Not Expected

automated.

§ Expected counterpart inConsole Tester :
prattle.gentles↳ excuse manually→

reaching this line means VTLE thrown that 0 is printed to console
unexpectedly .

6



Console Tester  

JUnit Test
JUnit: Where an Exception is Expected (1)

→

→ doing noting⇒ in:-( trivial way
for

→ passing
atest

→



JUnit Test

Console Tester  

JUnit: where an Exception is Expected (2)

E→ unexpected
⇒

↳ if this assertion is executed
,

§
✗fail→ VIENE

-

expected. the entire test method
will terminate and fail

.

↳ test passes



Exercise

Why is the JUnit test 
logically correct 
but the Console Tester is not?

↳ reaching this tone will
cause the rest of the test method

to be bypassed and fail .

↳
logically
correct

↳ executing
this time will n¥

¥ prevent the rest of the
method from being executed

→ logically incorrect
> inappropriate

-i ther was already an error .



Exercise

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

I / throw"g¥⇐ µexpek)
+hang of rice isµ×p±→

°"f .

test should pass •
test should fail ↳ some VTLE thrown from the associated try block .



Testing Many Values in a Single Test
td.ec d.ec d.ec
'
o

'

• ¥
.

I
T1C Tnc Tnc

0.12

→ No3 → '

.xo¥" exception
←

☐ (HSE or
VTLE)

\ ✓

⇒ expected0
✓

→

→



Lecture 2b

Part F

Test-Driven Development (TDD) - 
Regression Testing



Test-Driven Development (TDD): Regression Testing
↳
↳ the list of Reading
test classes/methods

defines the correctness ✗
add new features

(""Iliads)hcriterion for Your
dad,>

meet
,
;efa¥ÉP%e+wds¥¥zÉ>

software . improves'M
"'t

intend d-code) =
↳ • quality of tests ↳

④
tests. 2. b⇒-fixes②wt regression#I

+ don't introduce ✓ 1
new bugs whilereassiifest-n-ff-x-T.ge/-d-bugs. correctness

and.de > of regression
:

are

running -14OVER

to fÉ"Goats,%gw'"ftp.es. oersameseeof#
Eset overseer



Lecture 3

Part A

Object Equality - 
To Override or Not to Override



The equals Method: To Override or Not?
public class Object {
   ...
   public boolean equals(Object obj) {
      retuen this == obj;
   }
}

extends

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

public class PointV2 {
  private int x; private int y;
  public PointV2 (int x, int y) { ... }
  public boolean equals(Object obj) {
    if(this == obj) { return true; }
    if(obj == null) { return false; }
    if(this.getClass() != obj.getClass()) { return false }
    Point other = (Point) obj;
    return this.x == other.x 
          && this.y == other.y;
  }
}

extends

inherited olden references/addresses

of this and obj
• Find;É¥µ,

"""

context

object argumentÑµeh of method call

in.d explicitly
7 override

t%qi%nod.

↳ implicit'Hq%¥É¥



Lecture 3

Part B

Object Equality - 
Version 1: Default equals method



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

extends

The equals Method: Default Version

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

x
y

PointV1p1 x
y

PointV1p2 x
y

PointV1p3

✓

PZ P3 ✓

⇒ X x
✗ .

I

PI P'
c.☐.

"9:PI null
c.0. II.

inherited P" s
§ OfP o O

'

context obj ↳ argument

3

> boils down :
5- sing

vat →
"
143 )

" p/==S
↳ writing thedñxHy⇒agEE:&



Lecture 3

Part C

Object Equality - 
Version 2: Overridden equals method



The equals Method: Overridden Version

public class PointV2 {
  private int x; 
  private int y;
  public PointV2 (int x, int y) { ... }
  public boolean equals(Object obj) {
    if(this == obj) { return true; }
    if(obj == null) { return false; }
    if(this.getClass() != obj.getClass()) { return false }
    Point other = (Point) obj;
    return this.x == other.x 
          && this.y == other.y;
  }
}

extends

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

x
y

PointV2p1 x
y

PointV2p2

Po-intlkpl-n@Ba-Nzt.bi
pl equals (¥1b→ f↳dY"4¥

÷:¥÷:÷
* @

this
!- % what if pl is also null ?

② obj!
""

should we return T. instead

µ
gridded ②

this .getClasses ==a dynamic typeofpl Cpl.getclasses)?

ñ¥:¥¥¥¥%
"""y
µ¥
:*.fi?:h::::nat#

☒•⇒☒
HE "%¥b%¥m¥µp*.ie?EiiepIfsT:0bieis-atip4ypeST: Barth

_←É•É→¥y¥E;I:[
⇒ E. e.g.og.ge

"""
"

Exercise > what dynamic type the✓context object is.q.IE?gE"
→%:b,j•¥¥?" ¥-9m"EÉ-version .



The equals Method: Overridden Version

public class PointV2 {
  private int x; 
  private int y;
  public PointV2 (int x, int y) { ... }
  public boolean equals(Object obj) {
    if(this == obj) { return true; }
    if(obj == null) { return false; }
    if(this.getClass() != obj.getClass()) { return false }
    Point other = (Point) obj;
    return this.x == other.x 
          && this.y == other.y;
  }
}

extends

x
y

PointV2p1 x
y

PointV2p2 x
y

PointV2p3

Example 1
public class Object {
   ...
   public boolean equals(Object obj) {
      retuen this == obj;
   }
}

DT of c.0.

£. [
RÉ¥Éon of equals a

→

=_→pTofplP^EkFailed
.

→ -0
=

.

I ←

Po
.

0 .

F8T-7QP:¥¥☒⇒É☒→other :
-obj→

⇒→ ×☒D☒☒"*¥ = t.fi#u-y.-p1.ge-ckssgST:B-itMp2.ge-dassg✗⇒ ¥ -
¥1"
"-=-•* ✗ g→s←ng@→ s.ge/dassd

=

real →
"Kid" pteguaklpz)

E) null ?⇒NPE.



The equals Method:
To Override or Not?

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

extends

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

public class PointV2 {
  private int x; double y;
  public PointV2 (double x, double y) { ... }
  boolean equals(Object obj) {
    if(this == obj) { return true; }
    if(obj == null) { return false; }
    if(this.getClass() != obj.getClass()) { return false }
    Point other = (Point) obj;
    return this.x == other.x 
          && this.y == other.y;
  }
}

extends

x
y

PointV1p1

x
y

PointV1p2

x
y

PointV2p1

x
y

PointV2p2

=

⇒
É.µ." n

✓

→

=
EE ←☒µÉ☒



The equals Method: Overridden Version

x
y

PointV2p1 x
y

PointV2p2 x
y

PointV2p3

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

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

Example 2

public class PointV2 {
  private int x; 
  private int y;
  public PointV2 (int x, int y) { ... }
  public boolean equals(Object obj) {
    if(this == obj) { return true; }
    if(obj == null) { return false; }
    if(this.getClass() != obj.getClass()) { return false }
    Point other = (Point) obj;
    return this.x == other.x 
          && this.y == other.y;
  }
}

extends

public class Object {
   ...
   public boolean equals(Object obj) {
      retuen this == obj;
   }
} j⇒If%¥÷.

g

§
' '

⇒
✗
n¥ necessarily the ⇒ plus. P2 .



Lecture 3

Part D

Object Equality - 
assertSame vs. assertEquals in JUnit



assertEquals: Reference Comparison or Not
✗ reference types

d-depending on
mum f. the dynamic

expl==expz(default dynamic type of co.Object class) (expl)
-

-

pin *→ E. E→☒÷ overrides the
plequalscpz)⇒pl=F

-
.

equals method.*

P> ' equalsCps> ⇒ pzp,
Marham

Mmm

↳ customized version in dynamic
↳ take.ro?jP#Y"↳ps.ge-14)

* •
"±::*É÷÷;÷::pl.equak.cl>2) ⇒ pl ==p2(default from

object)



Lecture 3

Part E

Object Equality - 
Asserting Reference vs. Object Equality



Testing Default Equality of Points in JUnit

x
y

PointV1
p1 x

y

PointV1
p2

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

extends

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

I
☐

F-
-

f-
-
-

-

• ftp.?=pP=I-aiseF "
(default ton object,

-

pZ==pl
① Ease÷☒④÷☒① I



Testing Overridden Equality of Points in JUnit

x
y

PointV2
p3 x

y

PointV2
p4

public class PointV2 {
  private int x; 
  private int y;
  public PointV2 (int x, int y) { ... }
  public boolean equals(Object obj) {
    if(this == obj) { return true; }
    if(obj == null) { return false; }
    if(this.getClass() != obj.getClass()) { return false }
    Point other = (Point) obj;
    return this.x == other.x 
          && this.y == other.y;
  }
}

extends

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

☐
Pdt

✓ ☐ td±
± To ✓

o
→

,
p
; equalsCPD

↳ overridden versa#from PointV2

÷☒I§ px.ge/scpssf
④

→

-

-
xx

→
E- I



Testing Equality of Points in JUnit: Default vs. Overridden

x
y

PointV1
p1

x
y

PointV2
p2

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

extends

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

public class PointV2 {
  private int x; private int y;
  public PointV2 (int x, int y) { ... }
  public boolean equals(Object obj) {
    if(this == obj) { return true; }
    if(obj == null) { return false; }
    if(this.getClass() != obj.getClass()) { return false }
    Point other = (Point) obj;
    return this.x == other.x 
          && this.y == other.y;
  }
}

extends

→⇒⇒←o→
→- → pl==p2

→ → pl==p> False . f
-

① (default from

↳ objects.
pz.getdac.sc) !=µI

pl.ge-1¥"¥①. I
→☒ → xp

> xp
'



Lecture 3

Part F

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



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

logiofon.pk-161

☒ =3
↳ opt 88 OP2

> guarding constraint
.

005 better
0
" should nÉµa☒d%, ntif if ¥ is known to

✗
1-www.befals.es it does

n¥ matter what
→→

. -

→ 0¥ - evaluates to
F 5 ! 8--104%0.

→

→
0 ! ④ 10/00 > z bypassed

" battalion of opZ
can be bypassed.



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

- logicaldisjunction

5 3

opt I1 0PZ0.5

go.io
" 10/0>2

"

if opl is knownevaluation
✗

y⇒ bypassed to be true
,

guardingoperant
↳⇐ ① 101%3=1--0. it does not matter

what OP2 I
→ Hop 's evaluation bypassed



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

✗
order of G.C.

Trucial.
opt 88 OP2 evaluation at runtime

=

opt I1 0PZ] is from left to right

↳ 10/0>2 880 1=0
£1-
useless

→

dt-w-xonbfzeoerwrf.tn
.

↳ 10/0<=2 11 0=-0 useless
→ +division by zero error



Lecture 3

Part G

Object Equality - 
Exercises on the equals method



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

Q1: At Line 6, will there be a NullPointerException if obj == null?

Q2: At Line 6, what if we change it to:
          if(this.getClass() != obj.getClass() || obj == null)

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

t.mg#fEfbJiExerc-ise :
£1 ⑦

✓

why is this
↳
guarding constrain ↳ evaluation bypassed equivalent the↳ overall result The

earlier version with
pl. equals( null> 3 two if-statements ?c.0 . HyÉ type is string.✓ ⇒ equals in String invoked !

→ •a¥¥j%%st, H-obj-sr.dkwill result
7

short-circuit NPE.
effect Evaluation at runtime is from 4 to R . ↳g.c.net useful



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

Q: At Line 9 of PersonCollector’s equals method
    which version of the equals method is called?
①

Nb v1 : equals from
Object class

{
→
"T. Person .

④

Context object
:

dynamic type
?

Person



Lecture 3

Part H

Object Equality - 
Equality of Array-Typed Attribute



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

.

• jfE'%÷.ae
these

•

two
assertions

?☒!{É;É; ? passed
ditto"Y?

p.Ygetdas.sc,
i

Recall :
Referee equal

Being ,mpµ,
fantails

"→
[
¥ →pzps-i.pt ,

↳Strong



(continued from testPersonCollector)

PersonCollector

persons
nop

pc1

PersonCollector

persons
nop

pc2

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

Testing Equality of Person/PersonCollector in JUnit (2)

- -

É
tea
* Him In

✗ PC1 ✗PC4
PC2X ✗

→

±¥ -5 -0

,% ←
⇒⑦
↳ n¥t.fi ①→ empty PCs are equal.
at

"J¥f.nutntut.vn!, →



Person
fn
ln
w
h

p1

Person
fn
ln
w
h

p3
Person
fn
ln
w
h

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

PersonCollector

persons
nop

pc1

PersonCollector

persons
nop

p2

Person

pc2

PersonCollector

p4

a
false

⑦ .

☐ ↳ Person - equals .

↳ pc
↳ Person ¥¥¥*É⇒÷

É④_☒z
→ ✗X

xx

µ . . !¥*ÉÉ_É÷;⇒:→→ PC2 0 I

→
Fi -0☐> Person version☐ True .



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

(continued from testPersonCollector)
Testing Equality of Person/PersonCollector in JUnit (4)

Person

PersonCollector

Person
fn
ln
w
h

Person
fn
ln
w
h

✓
- -
=
-

⇐ if
←Mason .

;

→ XP" ✗PC2X

ix.
-

✗

,
I
③ I que

O T⇒

person
. -

⑤



Lecture 4

Part A

Call by Value - 
Primitive vs. Reference Arguments



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);
   }
}

avg
→ both cases

of pain.

/headorofme-mody.cat/bYvaHeparaw=argument&reftypes.f
tcontext object

↳ (application context)%aa-iionldef-n-t-H.tomethod usage
of

( called a
method
( caller)



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);
   }
}

eatT÷"¥ paan
↳ argument

(~ Circle

10 radius☒ 10
✓ Eg

1°



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);
   }
}:¥!•÷÷.→ ¥

radius to ÉdeUser
.

radius ☒ÉiÉÉ%£f
"" c→ t.de

main

10



Lecture 4

Part B

Call by Value - 
Asserting Call by Value in JUnit



Call by Value: Re-Assigning Primitive Parameter 

parameter
→0 - - I →

→

I①→argument
↳ rather than

II.

Given that
a copy

g. argument
" "

call by value to

f.
store
"J ' ¥

=

µµwee✗
"" j=[ I

É5" 'nochtngewdlbedonetoavg. I .



Call by Value: Re-Assigning Reference Parameter 
>Will executing this line redirect avg.pt

.

call by value
-

. . g. =pI ↳

phasnotojhfbe.mgre-assigned been re-assigned

np→¥[yrefofPBe¥ by the method.

s"¥ ;;✗ 3

(param
)£



Call by Value: Calling Mutator on Reference Parameter 

←

t=É%
"" :@ =p
.

. ¥.am?rg .
⇒

→
caller side
able to

*ftp.je#ref0fPBetEy observe the

change;;¥É!;¥:ÉÉ¥*hx⇒ .1--4 ✗=3 the Param .alias
. (f)

.es#I:*:&:L!
- *

£ -
=

;



Lecture 4

Part C

Aggregation and Composition - 
Terminology, Modelling, and Implementation



“Advanced OOP”

“Software Design”

Course
title
prof

Course
title
prof

Faculty
name
te
Faculty

name
te

“Jackie”

“Jonathan”

Student
id
cs

“Jim”
f1

f2

eecs2030

eecs3311

s

Terminology: Container vs. Containee

✗
Container

container ✓container

÷:¥#⇒
fontaines !

when "ebYÉ.IE?tawYaifxa-.neemif
or
the I"É¥fwdat

)gesha.pl/aonta-nedbf-sdestwYedsdthgfoddmultiple
containers.

other ☒ exist.



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
↳ lang;£padat container ↳ language.

specific
Abuse •¥;µfas¥P¥ifa""""sÉ?ame
Ofofanta-neetontaaeraggfegat.MGcontainednamt¥
A student list of

a:*:*:;¥:&:*
"☐-i¥¥É→I

go.q.gg?.g....,,g......

,
name
of contained



Lecture 4

Part D

Aggregation and Composition -
Building Aggregated Object Structure



Aggregation (1)
Course
title
prof

Faculty
name

Course
title
prof

Course
title
prof

Faculty
name

Faculty
name

☒ ¥÷÷÷÷:::*÷:¥É±
, eeiE☒→"%;¥±:::⇐¥ÉÉ÷*ii:::i*-☒*:*&

--0 OT """YEA

carg
)pwH→→"ñc+ha¥



Aggregation (2)
Student
id
cs

Faculty
name
te

Course
title
prof

Faculty
name
te

Student
id
cs

Course
title
prof

Course
title
prof

☒☒☒
→

✓É¥¥i
.

.

③p.ge/-TeCt-oJ
a ③ s.ge#Eo]

F- ¥
"

%"

③⇐?⇐ÉÉ""" ' €s⇒☒÷÷eei¥s☒8



Lecture 4

Part E

Aggregation and Composition -
Navigating Objects via Aggregation Links



“Advanced OOP”

“Software Design”

Course
title
prof

Course
title
prof

Faculty
name
te
Faculty
name
te

“Jackie”

“Jonathan”

Student
id
cs

“Jim”
f1

f2

eecs2030

eecs3311

s

Runtime Object Structure: Student, Course, Faculty

É.

nah e¥És-we need class/method
def.

⑧using the type info. of attributes,£p/emanationknowing the contexts② using the links in an example

☒⇒



Dot Notation for Navigating Classes (1)

“Advanced OOP”

“Software Design”

Course
title
prof

Course
title
prof

Faculty
name
te
Faculty

name
te

“Jackie”

“Jonathan”

Student
id
cs

“Jim”
f1

f2

eecs2030

eecs3311

s

/* Get the student’s id.
  */
String getID() {

}

/* Title of ith course
  */
String getTitle(int i) {

}

/* Name of 
  * ith course’s instructor
  */
String getName(int i) {

}

☐ →

⇐ --

É O

p c.
0 C.0.

→
C.0
.

e.g. said e.gs#EgetTitle0e.g.sO.cs-i.getPnfc).getNY
return this. :D ,⇒¥¥÷É¥É¥¥g÷ÉÉip.ge#f:;ge-Y;-
☒⇒☐→☒÷÷T¥É_☒←-¥⇒⇒É%



Dot Notation for Navigating Classes (2)

“Advanced OOP”

“Software Design”

Course
title
prof

Course
title
prof

Faculty
name
te
Faculty

name
te

“Jackie”

“Jonathan”

Student
id
cs

“Jim”
f1

f2

eecs2030

eecs3311

s

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

}

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

}

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

}

✓

this?ÉHnÉ¥µ¥ '

ve-wm-t-s-i-e-e-wmt.is#-ge--e--.-h-i.E-.g--&-.E&.g¥¥
,ÉÉ÷g÷.



Dot Notation for Navigating Classes (3)

“Advanced OOP”

“Software Design”

Course
title
prof

Course
title
prof

Faculty
name
te
Faculty

name
te

“Jackie”

“Jonathan”

Student
id
cs

“Jim”
f1

f2

eecs2030

eecs3311

s

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

}

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

}

I ⇐

return this . name 5

retfh-s.tt?ge-T---

¥É÷÷:É÷☐⇒T?-



Lecture 4

Part F

Aggregation and Composition -
Implementing 
Composition via Copy Constructors



Composition: No Sharing

¥1:*:*
→ o ¥

,
€=

=

*tramp
.

Sitton .
000

*% ↳
→

are there multipleL

- D -

aliases for
each

⇒ ¥

file object ? sharing of
files.



Composition: Copy Constructor (Shallow Copy)
atast.dlofna.mg .call by Nate :dha=di F

I 3 É→a¥\D-
- ✗ nolongerthe great

" "

**÷⇒÷÷÷:!¥⇒laser:

(pain)
→ this.

¥;É¥¥÷;¥%aii%"¥
:D.

↳
↳ dz.

-

-

✗
④



Composition: Copy Constructor (Deep Copy) > calling
another

overloaded
constrictor

as

✓
call to a afforestation ⇒ ahdptrmethod.

⑦

• ÷÷÷:::÷¥÷cousin;E
← = Yi . . .

,aaGI→→→ .

others nt¥¥ÉET÷µµ ☐
⇒

00 I
-

→ 0 other

.fi/es-ojE*uE#-E-&-nt-iEY~:p..*z-E]
• 3 O

'

-



Exercise: Copy Constructor (Composition?)

src

↳ True -1 shaving .

d¥ -
*

1,2 , . . ya ⇒→ other.

I ①

-⇒:} * ties;¥⇐
✗1¥



Lecture 4

Part G

Aggregation and Composition -
Example and Exercise



Modelling: Aggregation vs. Composition

→
Composition

r

-

Exercise

↳ declare Java\G§gga;;¥g>. classes and attributes
for implementing this
design .



Implementation: Aggregation or Composition
✓ ✓

What if the author field gets modified ?

e.
✓

¥7 F o -
✗ 465↳

✗ 1865 ↳ unchanged.I↳
> change only applied to F1Schange is visible owning container .

to containers (books> sharing this author page



Lecture 5

Part A

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



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

µ
""It-wines (

"""" "Experience ② tray,
✓

NRS

Rs✓applicable
to only
one kind
of students



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

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

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

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

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

First Design Attempt
→

☐

I:B → RS

→ enood-ugf-2.MS
✓

-

→ NRS

-

.

✓

→
☐ →RSyNRs

RS : Student vs -- nee Student); a

NRS: Student nrs=nefmdat(2); [



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

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

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

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

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

First Design Attempt

Good design?
   Judge by Cohesion

⇒ app"i!% .

I
→

Intf applicableto
NRS.

v5→
kind IT.iq?!.w;-notappkabk⇒ wasted space

RS : Student E-- ne Student (D;

aAmmon
↳ In a single class,
all attributes and methods are related to each other under

""?



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

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

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

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

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

First Design Attempt

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

multiple
places -6
cancel

elseifi-h-s.k-nd.is){ . ..①NÑ.

kind __=3 : internationale

>Whenaohangeis >
/ needed> there's else _f(this

.

only a kind -_=3){
Single ( or min#of)

- - -3
→→

= - place to make such change.



Lecture 5

Part B

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



Testing Student Classes (without inheritance)

Course
title
feec1

Course
title
feec2

Res.S.

pr
rcs

jim

0 1 9

NonRes.S.

dr
rcsjeremy 0 1 9

The
soar

duplicates
⇒ violating
single choice✗ →

1 pickle
too*IF 1000×-0.75

A
=. =

→

I
-

→←€⇐oo!f
. .

±
"%""

⇒→☒i



Student Classes (without inheritance): Maintenance (1)

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

¥4094M ?f(no,>MADE

:} ;

→



Student Classes (without inheritance): Maintenance (2)

Maintenance e.g., a new tuition formula:
/* ... can be premiumRate or discountRate */
...
return tuition * inflationRate * ...;

+
* in

+
* Er



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

Ideal

student[ ] to stove
both kinds of
student

,

while satisfying
cohesion &

H1 ←TIÉ:*.
☒☒☒ ☒ ☒☒☒ ☒



Lecture 5

Part C

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



Visibility: Attributes and Methods

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



Lecture 5

Part D

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



Student Classes (with inheritance)

- ±%%% sub-class
this-

'?

µ;D;i:P>
→ eat"¥¥

. asif :
→ fiudeicname.

[
sat"¥e→

"

÷;÷÷:÷÷÷÷÷::÷
.

or;¥*¥¥ÑT¥É%¥ courses
✗ {

register§ lets

É% 3
:aecess

th-s.gettkt-NX-nf.int?avston



Visualizing Parent and Child Objects

✓

✓ child instance has at least as many attributes
as those of its parent

counterparts.
µ,,, g., µ, pa.gg

, guy,
da,

¥:¥



Testing Student Classes (with inheritance)

Course
title
feec1

Course
title
feec2

Res.S.

pr
rcs

jim

0 1 9

NonRes.S.

dr
rcsjeremy 0 1 9

1.25

0.75

500 500
2030 3311

Common attributes inherited

7.
tIt

,



Designs us . Principles
inheritance ? Cohesion ? single-choice principle

171

172

173



Lecture 5

Part E

Inheritance -
Static Types, Code Reuse, Expectations



Recall: Student Classes (with inheritance)

andden

→



Recall: Visualizing Parent and Child Objects

Inheritance 
Hirarchy

Declaring 
Static Types

Runtime
Object 
Structure

I

declared

(state
types

> expectation
types

¥:::÷¥!É¥¥%:*:*:€



Student Classes (with inheritance): Expectations

s.

rs.
nrs.

(÷
:*!!:¥*⇒
,

fa-tfoaomp-de.jo
""

r
-

y y y y y n . n . n
.
n
.

'

if y y y of y y n . it .

y y y y g n n of of



Lecture 5

Part F

Inheritance -
Intuition: 
Polymorphism & Dynamic Binding



Recall: Student Classes (with inheritance): Expectations

s.

rs.
nrs.



Intuition: Polymorphism
→ given a reference variable,what does its static type allow for↳ multiple ↳ shapes

%¥¥É!É¥;¥µdan*.→
¥

.

' to reassign
to ?

→
⑤ Opposite -6
D true :

ftp.y#T:Res.s-u- rs=s
③Execute invalid
rs=s

s→fw⇒# Rs↳
¥451: Student =

prime ④rs⇒setEc;¥ ↳ fail to compile
*
☒dude Expectations ↳ crash "

ST:Res .fm
- does

pr undefinedproof bybn-wadict-onatt.tl" s is on student
① Assume;É=T is valid ( compiles)

"9 "G Pr → Res.fm .

•by .get-1 get setpr specificname name
houses not courses noc expectation .



Intuition: Dynamic Binding

Course
title
fee

 eecs2030

Res.S.

pr
rcs

rs

0 1 9

NonRes.S.

dr
rcsnrs 0 1 9

1.25

0.75

100
2030

s

→ which version of the method will
be invoked ? ( there are

multiple versionsv1
of the same
method

v2 ⑧ existing )
→ I → when being re-assigned , can'the new object fulfill-the exp.¥→Tof Student
→¥ tots:

Non-Res.
✓ Stud

,

dynamic binding
means +*
µ%ÉF±%fs : Res. find. ↳→

- invokedd- get invoked correspond"¥=←%"Égpr. by using drto the DT. of c.0 .



Lecture 5

Part G

Inheritance -
Type Hierarchy Formed by Inheritance 



Multi-Level Inheritance Hierarchy: Students

Reflections:
  - For Design 1, how many encodings to check for each method?
  - For Design 2, how many arrays to store for SMS?
  - For Design 3, where are common attributes/methods stored?

if kñd==D{. . . } top/root of hierarchy
else-f- dead 2){ . . -3

> class SH59
eeif(kind:-. { - . . } extends

✓
(super >

DR5E]at,
'

→Dirhams all
DNRSI ]a2;

non-private attmethfomfmdat
FR5E]a3;

②stores common attmeth . FNRSTJALI ;
✓I
✓

. ✓ 2 ✓ ✓ 3 for DR58 ✓ 4

• . 4 .

DNRS
.

✓
4

✓ .

✓
✓



Multi-Level Inheritance Hierarchy: Smartphones

Reflections:
  - For Design 1, how many encodings to check for each method?
  - For Design 2, how many arrays to store for SMS?
  - For Design 3, where are common attributes/methods stored?

→ object a >bats >C ⇒ a > C

Exercise
☐ create Java classesextends

implementing this

type hierarchy.



IPhoneBR0 myPhone ,
declared tife
(static)

↳ at runtime
, myphone may stove

the address of some IPhoneBR0 -
"

compatible
"

object .



A

Inheritance Forms a Type Hierarchy/
exp
:mI

higher
""

8→:% .

exp : ml> MZ > M3

more detourftp.i.m/smZsm3,m4inheia%des-ws
I↳w¥f of A
lower v



ancestors expectations descendants

Inheritance Accumulates Code for Reuse
✓ ✓

↳ comin star

~

dear
""

'

u . ,¥¥¥¥¥.Hi
GS21> Sam> And, s-desyncsskypessuvfwebsd.cat GS21

IPBPN> IOSsspquaktakesfacet-messurfwebsd-aIIPB.pro
SP surfweb > dial Every class



Lecture 5

Part H

Inheritance -
Static Types and Rules of Substitutions



Inheritance Herarchy: Students

Inheritance Herarchy: Smart Phones

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

Declare:
NRS alan;
...
alan.??

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

Declare:
Samsung p2;
...
p2.??

✓%
i. . ✓✓

C-0
. • - §

YNRS is a✓
✓ descendant class

of student ⇒ alan
has more expectation

ftp.I ¥. P2 :
dial dial
surfweb surtweb skype sidesync ↳

← ⇐ expectation
than pts.

✓ loweradditional exp
on P2C nÉ pH



Rules of Substitutions (1)

Declarations:
IOS sp1;
IPhoneSE sp2;
IPhone13Pro sp3;

Substitutions:
sp1 = sp2;
sp1 = sp3;

☒ ofspl safe ?

µY¥É( stofsp}

antifa
1 STEPStheexpdst.tktheft

spl .,,.,
,

✓ spllantulf.it
Can we
substitute sp2 for spl ?ftp.of-heslspsof SP1 .



Rules of Substitutions (2)

Declarations:
IOS sp1;
SmartPhone sp2;

Substitutions:
sp1 = sp2;

.
" "" " " """"

cannot fulfill the exp.
of the ST of Spl ( Ios)

.

I
Can spz substitute for SP1



Rules of Substitutions (3)

Declarations:
IOS sp1;
HuaweiP50Pro sp2;

Substitutions:
sp1 = sp2;

descendant!f Ios
'

¥"I¥¥dY
.

✓

0
. I

Can Huaweiptopn fulfill exp . of I0S
?

No. - i Hpsopro is ¥1 a descendant
,#



Substitutions
safe us . unsafe

compiles fails to compile

if;;¥xad""
""

v1 = v2
^

IµÑ( fan V2 substitute NI ?
51?

Can the of v2 fulfill exp. of v1 's
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Inheritance -
Dynamic Types, 
Polymorphism, Dynamic Binding



Visualization: Static Type vs. Dynamic Type

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

Static Type: Expectation
Dynamic Type: Accumulation of Code

→
statictype

→ df¥jfe
→
ST:fmdat

✓
✓
✓ g. ? f. determines

I
✓ name

Courses

hoc

' ' → dµ¥fpe register >
expectation

✓

gettuittoll )

¥a¥ype , s⇐. premiumRates



Change of Dynamic Type (1.1)

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

for"¥Im

→ D1-0FS : RS
TH. ✓

← can fulfill→ .

µ exp. f- Student

student -5mF
"s ) its :NRS ':Rsxa descendant.

-confuted
51. ↳ NRS

exp of
Student NR5A a

descendant.



Change of Dynamic Type (1.2)

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

I

.
→ Proofbfbn-wa.liStudent obj.proposed dynamic type does not support

'

⇒"¥%ÉÉ . :*
. .ST

Can student

No ! - : student ☒
adescadaht-o-RS.EE?d



Change of Dynamic Type: Exercise (1)

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



Change of Dynamic Type: Exercise (2)

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



Change of Dynamic Type (2.1)

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

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

✓
.

I ✓
' '

.

.

☐ o.gr?5I!aiIesiE?fx-s-wdFs-Ypsnrs---&
£ o@nsjiwisttbeamesfwdethpf.org④ DT of Mrs



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());

✓

>
invalid ⇒ failto compile!

gy.gg/-X-TsT:S-mdat fan jim's 51 fulfil exp.
of the 51 of us ?



✓ to be
valid >

512 must
be a

¥= §
V2 descendant

of

§ 51, (
so
that

* can
fulfill

the

SÉE exp
of
5h )

polymorphism : allowable dynamic typesdynamicdescendants)f binding
µ

which version to
invoke

DT of v1.VI. ml . . . ) depends on
=↳ each descendant class of 51, may have its own

Version
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Inheritance -
Type Casting: Motivation, Syntax, Rules



Type Cast: Motivation
But
, given that Jim's DT is Res. Stud. ,

why can't the compiler know about this and
thus allow us to point to

that↳ object ?
undecidable
problem

.

xD .
o
in

→
'i ST of jim (Student) cannot fulfill

student ¥m~ Res. Send. exp of ST of rs (Restudy

Res. fmd.rs . - - -
'

'



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(...);
   }
}

AEE>☐-
>why

{

→

output :
Res . fond.



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

ResidentStudent

pr

Student jim

cast type ✓
→

✓

Expectation ✓Resisted '

rÉµ~⑤ gin. (Restudy:^). ks . .
name
courses
not

the.¥fjjn registers
getTuition )
¥-117 ¥+17



Type Cast: Named vs. Anonymous

Exercise

( (IPhoneBPD aPhone)
.
facetime

↳ 51 : T-phojeBPW.TV
=

0 .

.

/
¥
":&:*
51?

! yanomfmf.at ✓*

✓

.

"

t
this call first

,I )•

↳ anonymous cast .
that cat later



Compilable Casts: Upwards vs. Downwards

Android myPhone = new GalaxyS21Plus();

SmartPhone sp = (SmartPhone) myPhone;

GalaxyS21Plus ga = (GalaxyS21Plus) myPhone;

dial
surfWeb

facetime
quickTake
zoomage

skype
sideSync

sp myPhone ga
Expectations

✓

✓

. →
standard
→ sittin!ne

1ST: Galaxysettles 1ST: Android
.
I
F- upward cast

⇒narrower expectation spskypex
✓ psTofmYP↳" myphoneskifpe

. ✓ myphone .KdetÑ'

. ✓
' downwards

,
ga.skfpev.EFEfffx.it" gasidesyncv



Compilable Type Cast May Fail at Runtime (1)
Run-time
(RS) jim fan DT of

✗ ST of jim ↳ jmkE¥

Ein
→① fulfill

dr exp. ofa:* the last
✓

cast type type CR¥?
No !

O ✓
v.NRSTS

→
,

← daseÉnd¥
,madame

Compilation Yesterday .
2? "

.
RH5

'

51 matches the cast type Rs!
① ✓ YNRSCDT) fulfills the exp.

✓

( Res. Still , which can fulfil

of jim's 51 (Tinder). the exp . of the ST of RS(Student.
21 Ii downward casting ③ ✓ STof rs (Res.tn .> can be expe¥%

.



Compilable Type Cast May Fail at Runtime (2)

Exercise 2 :
A classlastException

occurs at 22. Why ?

-

I
intended T.fi?Phone
cast type

✓
→
valid only if

the variable's
DTcan

fulfil

Exercise 1 : Explain why 4 , Lz , ↳ compile .
the exp. of the last type .



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

Compilable? ClassCastException at runtime?

downwaidast

→DT.

⇒
Runtime
Ian the

DT

of myPhone↳ downward cast
( Samsung?f

fulfill,£¥IPfµB



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

Compilable? ClassCastException at runtime?



Compilable Cast vs. Exception-Free Cast

Android myPhone = new Samsung();

Compilable Casts

Non-Compilable Casts

Exception-Free Casts

ClassCastException

7ampile
tree

'""É%j%ÉI%ypY
and exception

.

' ! ancestors
of myPhone

's

DT .
downward
-DTof.ie#b-tuHikd'j--IrdIIp?myPhone

→may:L!descendants of 51 k¥
""

É.↳ compiles butdasdas-itaepton.inancestor classes of ofmyphonewits
.



Exercise: Compilable Cast vs. Exception-Free Cast

A

B D

C

•

④

Pai¥Alternative to L2 e.g .
D d =☒=((A) b) ✓valid lamp-dable?>floor f-

=

☐→ vatd-feEYnwupwardd.%adcaswt.r.t.SI B (Floor)

E¥ Ethanp-dat-onlerwrofgpa-4-cksslas-K-xcept-onkob.pt)v)'i b's DT (C) Cantt 3

21 ✓ DT I can fulfill the exp. of
fulfill exp . ofcast type(D)

ST B C 'it is a descendant of B)
.

③
22 ✗ -: last type D is neither an ancestor }

DO
nor a descendant of b's 51 (B) cast '+ype

ancestor'%Éb£¥
.
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Checking Dynamic Types at Runtime (1) 
✓
3. Is ResidentStudent't

FST
an ancestor of☒ of

Jim?

✓ .

T DT

→

÷;y-.÷÷":÷:¥:*:*![ the expectation of
ResidentStudent?

expel"£ no
""" ,µµafÉxap""

denoting
"

object# %af.gg ,f
executed a

'

class "
" 2- Is DT of jim a descendant

of ResidentStudent't ?



Checking Dynamic Types at Runtime (2)

✓

✓

☒-
Ian DT of aPhone
fulfill expectations of{ IPhone 13B¥?

executing +1¥!:& a classlastException .



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 ??.

[
meant as a guard constraintto prevent

☐

"
"""

↳ m-ghtmn-n-ot.IE
☐

"
"
→

g. µ
,

⇒""I
cannot fulfilI exp.of ??

→ . . . -4 0b¥;¥k? ?

§?Tofobj .



Use of the instanceof Operator

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

'

✓
✓ ⇒ ¥%!%%e →"

"

✓

evaluate
-

t.it#adDTofmyphneHEYxD ?

-



Safe Cast via Use of the instanceof Operator

myPhone instanceof ?? 
evaluates to true if 
Samsung can 
fulfill expectations on ??.
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Inheritance -
Static Types, Casts, Polymorphism



Static Types, Casts, Polymorphism (1)
\✓

tsi
✓

descendant
✓

fulfil exp.j:÷::ancestor
^

-

I

txpeqat.io?..edonkfbYsT.



Static Types, Casts, Polymorphism (2)

•

•

•

•



Static Types, Casts, Polymorphism (3)

•

•
②

•



Static Types, Casts, Polymorphism (4)
1. Compilation ?w.isValid '

idownwwdcastz.dasslas-itxapt.at.
DT fulfill £↳

ST cast type ? No.

sp~IPB.pro

§,v→akÑ
"

express
"

smartphone :

has Fitting

cast-off .

I4
ref.ua

cast type being cast



Static Types, Casts, Polymorphism (5)

ResidentStudent

pr

Student s

¥
↳

fine ;¥¥%!¥¥*:{
"

iii.
""

~→☒
✓

- anonj%£ of
↳dynamic binding called. 51R⑦
⇒ version of Rs
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Polymorphic Parameters (1)

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

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

Q. Under what circumstances can the following      
    method call be valid/compilable?
            sms.addRS(o)

✓

ST of
✓ ¥4

.

✓

(
static type of elements of array 's5 "

""
"

is elements

.
.

✓

. rametw
: ¥::¥:

student ⇒ Dts of elements can be descendants of student

is a
descendant of

51 of g.µ, , , , ,
µ, ,,,,§µ,,,,-g,p①des;qd¥§

I
call by rake :p ST?-

c.0. of sus f
"JEFF 51: RS← 1--0=5



Polymorphic Parameters (2)

cant
walk ✓

-

rs=⑤
51:LTHEN -

✓

I:Éd
• callbyvalne:/ rated.• s=nrs ,
•
• SFS-wd.SE/vRS
•
•

•

✓ •
'

O



Casting Arguments

sms.addRS( (ResidentStudent) s) compiles?

sms.addRS( (ResidentStudent) nrs) compiles?

ClassCastException?

ClassCastException?

ClassCastException?

void addRS(ResidentStudent rs)

para,meta✓ ,
- downward

✓ ✓
① valid -i cast ②Runtime Exception→ = A

✓ call by value:rs=sf t ↳ only _fDTofs×✓ 51: RS ST: Stu. not a descendantof
✓

← yes, cast-off
YDTNRS not Read. And.

✓

← a descendant__oflasttfpepgNo . ' ! DTRS ✓
can fulfill

students→ Rs

✓ftp.fas-tfp
-

NOIRS is
✓ neither ancestor cast

☒
→

↳stars " "¥£ÉÉÉdescendant of
STARS .



A Polymorphic Collection of Students

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

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

wid addStudent(Students){x call by value :s=rs

☐

. _⇒

-

→ Each element has

ÉÉ•⇐nRps""" ST ST student.
-

2

t.sms.ss-oj.ge.tk) ↳
param.

°

pst:S
.ua?b!j?%1EE--?'

"%"
. a

- iÉsts+iikE'"%¥¥µ.
⑧ Student.

-

a-

Student,µµµ⇐¥¥¥¥%☒ym,⇐•µ,1. S5H . register Stof elements..tw.
ISSEI -registered Dtofde: descendants

of
DT?

.

① 51
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Polymorphic Return Types[
did? YES' :RT canfqtkeffpofbu-id.MGs-ftspymj.ph#yiii%EEeie" !ÉÉ⇒

→④-
→⇒

RTofgets-wdats.PE?i*sj:atidYdatexp..tF
"

"
'

trs-is-mda.ca>
✓ Tolan "%¥.fi?hg%ffdtqEy?

DT:

RS > static type of return value
from this sormetkd

.

off;s ↳ dynamic type of the
return value can be anyfÉÉ✓ descendant class of St.
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Overridden Methods and Dynamic Binding



Summary: Type Checking Rules
Exercise

2- = X.me (C)g) valid ?↳ compile time

1.01

return type

[
ST:c

II.me
if

d-
targnmat

yes ^É a descendant of C.



Overridden Methods and Dynamic Binding (1)

:
I "Erde .
I
i.

"Émde
I 7

wide 51 d-&?



Overridden Methods and Dynamic Binding (2)

pT?_?
\



Overridden Methods and Dynamic Binding (3)

closest %%¥ddY If;Dfind

→ DTof c.
←
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Abstract Classes



Abstract Implementation vs. Concrete Implementation

Polygon

Rectangle Triangle

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)

÷:÷:
"

No gettrea.ae

""¥"" abstract keyword -wsubes
Alternative :

Implementation
⑨ ' ! at thisPolygon .µµ%¥µÑ Hint : polymorphic levels

collection

4- polygons
" sides.BY" we don't know

⇒ 3
how to

calculate the
[ 51: Polygons¥a¥¥:^ f- area

v9 double total -_ 0

P①]ps : >
forint -1=0, _knopsi+t)-✓ }
total t-ps-KJ.ge-tro.cl#XdTsrE-GmpikngB4goe.-:gettreano-expected on



Abstract Class vs. Concrete Descendants

extends extends

-
. I 3

atleatfneenod " "
'

i 3.5

one abstract ! grow

→
i
'

"
"

: .

delayed .

implement
"

.

→
rather

than I -
2 4

93 !
4.5

¥:* ÷
:

→

!
☐ :3 . . 4 .

x
- -

I1-4IE

④④ it:\

⇒ -

×. s.

* ⇒ longer abstract
b-
static method



Polymorphic Assignments of Polygons

Rectangle
sides

Triangle
sides

0 1 2 3

0 1 2

Polygon p

✓
. µµ☐T

: Rectangle . fñ±fRg if
→ Polygon

.

.

→ Receiver . -

. . .

→Polygon. .I
→Triangle V.

valid? tree . ✓

lobster ✓
.

. .
.

¥;÷;;;;!¥i¥%"↳*
:*.ae

, ,
☒ If

:*
:*
"'t:¥¥¥-←gtÉ☒:
\

X

p=neBhf8^"' ↳
µ,g,

"

✗ invalid ¥-t
Assume valid
→

↳ p.getk.at?jh.iabFwax-9ettO



Polymorphic Collection of Polygons

PolygonCollector
nop

polygons
0 1 9

Rectangle
sides

0 1 2 3

col

Triangle
sides

0 1 2

Rectangle Triangle

µ,,g
,,

I
.

" "

↳DT.tv . ↳ vastnof Polygon.
I

- •
✓ Hall by value : ✓ DT

inherited ; Pine Rectangle.=←g
↳

⑦ PST: Polygon
✓ c- -

-
-
-

'
'

¥
,

= I DT:P"

qpdygonsti.gowcvzerk.im ¥É☒
DT:#polygons -4].gov) polygon



Polymorphic Return Type of Polygons

Polygon p

Rectangle
sides

0 1 2 3

Triangle
sides

0 1 2

Rectangle Triangle

(
valid ' :R%Éndci

⇒aofp's 51.
. . . -

-0
↳si.pt.gn→

→ Polygon.

! FIRE → Recover .

3 Mr

y
,

/

"

"

O¥¥É .

'

:

,
.

,HaUkf"'"P→t¥*¥¥→

- ✓→-
→ valid

, expression to return
cp> has ST Polygons

→ ① which is a descendant
of RT Polygon.
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Interfaces



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

" """""" "" """
two systems seamlessly.

absddtpfs-HHY-rxs.MXII.
¥ as✗



Example: Cartesian vs. Polar A-3 6
3
.

-

✓
Cartesian System

=

3.EE
✗ of 135+13.53}

☒arsrfstbh to→ point -6 represent = 62

(( try
f- rxs.mu/--2ax1-z=a=
•

⑤ ✗=r*Ffa*EB=a.rs
/



implements

implements

Point p
CartesianPoint

x
y

PolarPoint
r
phi

Interface vs. Implementations
interface used as a static type Then't p. = view-Point ) ;X

""d.

✗ p.gettcsxp.get.TO
'

( :
- →¥r:.

✓ Static .me?hodjy:farees-anTbint
•

. implementations✓ ✓ .

.

-
deferred

O '

DT:PokrPoñ
.

/ took
÷::::iÉwhere

methods

'
'headers of methods",across

packages. I;¥dÉ→ ←
✓

:
absolute position g.

'

relative post
→ → , ↳measured

Tirades
.
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General Book: Storage vs. Retrieval



General Book Supplier

Client

names
records ii.

>
STORAGE

>arg object
's 51

[
mustbeg

.

descendant
✓✓ d- Object

-

. ✓
⇒

auf
REtRIÉetnm value's DT must be a descendant of object

dis
"

µbyvaheÉk
"

%☒"µ valid :Ef
a. descendant
of object.

✓ ✓

✗ ✗
available on
the DT01-1ZV,

✗ I ' E- 51.
↳ stof RV Object



General Book: Retrieval from a Polymorphic Array

Client
THE
☒_DTg
I"¥9

. *
> DT.TK#b.getEkyeii)

with 51
: Date

⇐
anonymous

cast

✓✓
✓

[ object expression
↳ DT: strengths compile (downward cast) but
→ evaluates to fake classlast

DT:/ Excep.

Swing
↳ for any retrieval from ageneral book . it's requiredto have stanceof checks & typecast.



General Book violates Single Choice Principle

Retrievals

What if a new type C101 is introduced?
What if type C100 becomes obselete?

Storage•

.

p
retrieval

'

↳ storage
✓ ✓

↳preventdasslast-txcepeke-f-lvec-ns-c.nl#efemoycIa) { - - - 3

→
the same

exhaustive
checks

on the
DT of

else if Crec instanceof dot) { . - -3 +he retrieved
word

are repeated
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Generics in Java -
Generic Book: Storage vs. Retrieval



Generic Book Supplier

Client

y-vfpeparameterw-dmti-n-HTded.ofobj.me
,

Param
g.
this- 2- = this.7¥X} wetter

usage 1. ate -4K
> it uses for type declarations

't Param . i. me"p;aa.
→ F-type

a-type pm
"" ""¥ype EH;;%

tfpepañiipe
f.e.

entire
class)

tmeth.veturn-ypeanseqnq.aeinstantiates ✓

Elif ✗
Date fdeda.mg/2E&a+es

Date
mm

→ ☒

not ☒
- ✓

qafpateyrg.IN"Jµ →ST:Pa+e

aHyÉIÉ?
"

song
↳ ST: pate. read __ phone'ikm.
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Generic Collection Classes



API: ArrayList<E>
→ declaration of generic type parameterof,_iTHfwñG ArraytskP±

✓ →I"%"¥rg tests

✗Point ;

T-stl.addcplbxtst-I.addt.EE;
✗ Point uses

[ for Arraftstafwng>type
declaration ts-2-si.MS#.a-ddcp-Is

+point ✓kst2.addHE%



Use of ArrayList<String>
firing
firing

. .

instantiating →
,E- by firing.

✗String

✗String
↳

consequential
copyof

Aeroflot
strings



API: HashTable<K, V>
→ two type parameters .

.

Hashtable< String >Person> Hi

✗ Person

¥7✗ person
+
person



Use of HashTable<String, String>
✓ ✓

✓ ✓

✗f.
.

-
✗S. → I ✗

s'

✗S. → .

D



Lecture 8
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Recursion -
Basics: Thinking Recursively, Call Stack



Solving a Problem Recursively

Given a small problem: Solve it directly: 

Given a big problem: 

Divide it into smaller problems: 

Assume solutions to smaller problems:

Combine solutions to smaller problems:

÷e-111
m

"¥mc¥
→

↳ recursive call of m ¥00



Recursive Solution: factorial

✓

§ ! = 5 * 4 * 3 * 2 * I |n- .

↳ 4 !

¥ ! = A* In- 1) * In-2)* . . - * 2*1

= 5 * 4 ! ↳
(1-1) !

= H * (n - 1) !
= 5 * (5 - D !

↳ strictly smallerproblem t.ee



Example: factorial(3)

Recursive Solution in Java: factorial

Runtime Stack

I .

→"
¥÷÷÷:÷É⇒⇒.

✓ Str"Y1a¥µkm case +

case +

f☒= I*.

""""

;:;÷÷;;É¥? """

7
-

①
. .

&
-
.

. > * tact" 2.④ ↳
strictly smaller→

'2*-1%3,191%1 problem
return?

I * facto)
,

__ I return £ fa#
0

.



Common Errors of Recursion (1)

↳
missing base case Infinite Recursion

facts)
↳ faces
↳ faced

↳ fado)
↳ fact;D



Common Errors of Recursion (2)

→
I

i
Infinite Recursion problem size for

recursive call is Etfacts)
strictly smaller .↳ faith

↳ fails)
↳ facts? ( never able to reach the base case)

:



Recursive Solution: Fibonacci Numbers

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

. .
.

. IT Is 7g

Base Cases Recursive Cases

-1-1=1

F④=Fm+FÉh↳ 4f-2=1 ✓ n >2 strictly
smaller than①solved

rewrsietfbtf-tq-T-y-T-s.AErear us



Example: fib(4)

Recursive Solution in Java: Fibonacci Numbers

Runtime Stack

fybt.IS
2T¥ fish I
-

/ \

1¥)'fix
' '

return

.

☐

returns fish
- return / fibz)

2-ib.tt# 1=3 return ? -1b¥
+t¥=2 return }-1b¥



⇒⇐
fib(4) t -fib

I \ / I
f-ibtdtf-bksfibly-t.ba
A
fib) + fish)



Lecture 7

Part B

Recursion -
Examples: Recursions on Strings



Use of String
6 1 23

substrngcna.my_nsml-nt.m-Tss-i@e_bid.tf
.

.

→ find"'ve [ valid index
• t.d-kexdus-es.substrnglb.it. I 1-

=

go S-sbstrmgtsh.lag.MY,
length → s

00
☐ =

-

"

ship , # Y1H
3. Charta) → 'a'
4. chastising-1hL ) - 1) →

'd '



Reversal
“abcd”

Recursions on Strings

Number of Occurrences

‘a’

‘b’

“abca”

Palindrome

“racecar”
“aracecars”
“raceacar”

f
"Pflag,

?- - - - - - . .
.

.

+

strictly smaller
→ → T problem

→ F

→ F

✗ strictlysmaller . . .

-

# of
occurrences

reverseof
problem

2=1+1
→ of the

shark

ta-dof-TY-w.mg .¥¥:jÉÉiba 1=0"

↳ ⇒ the
char equal

to

me Effing



Problem: Palindrome
word>

01

middle
.

""dinging -1
twod.substr-ngu-jword.leng.in#exdus-.e

= =

-
base cases

→
recursive

case

,g
'

.

. ¥É) .

• Iv==r&&isP(¥a)
i

T
. a==a&&iÉ
i↳ T

.

C==CEÉ¥recursive
call

to solve
asubpwbkm
with strictly

smaller size T
. ÷+



Problem: Reverse of a String

baecasesdcbafrwaseotcabd-sb.ae#Ed+adibdckY-a-di+b- ↳¥-1M
→ -

↳ recursive call
to solve

f.
✗ ✗

astray smaller problem.
5. lengthy -1recursive

cases-7M¥ ,
+

output -7
renren.eofta-yfs.bg-144-1



Problem: Number of Occurrences
g.→

°

. .

I0 head ¥④
→
based E. head t

c. f- head
occurrences#tail,

0 ② .

occla-bcaa.tlreÉ- t

case I f-
-

→ I •

a:-# +o¥↳£T

.
"" ""

÷;¥¥:
I

jhat-fs-s.la
" ?

-

↳
""



Lecture 7

Part C

Recursion -
Examples: Recursions on Arrays



Say a1 = {}, consider m(a1)

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

Recursion on an Array: Passing new Sub-Arrays

→ . ÷
base cases

→ premise:L
→✓ →

. 0 ¥-1 I
→ ⑨ sub-LE.fi at?

→ execute the base case

m( F- I B
' II )

↳m( ¥f)
↳m(¥, };¥,- efficient(for

each
v. C- ,

a¥⇒%:L,



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

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

Recursion on an Array: Passing Same Array Reference

( array
of length .
→

base
cases

→ reg:*ñÉ
.

¥.jp#range.+.-m(al,④①golf
'

from to↳ maxñde✗
↳

wHµdµ
m(also >

2)qq.at/ysmaIlera--z%1BlEproblem↳ m(a2 > I. 2 ) ( elements
to"

strict'IpEg{!¥%¥↳mjz
.
>,

indices /
"%



Problem: Are All Numbers Positive?

T
ma tide

max
index

t

↳ rewrite helper method
0 0

→
base

✓
↳ empty array cases

→
array of length I

→ recursive
- case

4_m font ' a.Ñg%- I
a~%EE-EE.ir

tail of the away.



Tracing Recursion: allPositive

Say a = {}

allPositive(a)

allPH(a,0,-1)

t

f} • ,
4 I

I
a. length- I
-



Tracing Recursion: allPositive

allPositive(a)

allPH(a,0,0)

a[0] > 0

Say a = {4}

± ±

1

,

i"}
✗ !

.

→akgth
- I
→

True

True

←
It :S



Tracing Recursion: allPositive

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

allPositive(a)

allPH(a,0,3)

allPH(a,1,3)

allPH(a,2,3)

allPH(a,3,3)

a[0] > 0

a[1] > 0

a[2] > 0

! 9
✓✓ ✓ ✓

3

→
If 1012%0,3333

-

y

✓ ✗ ✗ ✗ ✗

3 3
✗ ✗ ✗

→ → s I §
⇒ -1 .

0 I 2 3

/ IT
. g-

417☒⑨

?
*

f)
&? oaÉ .



Tracing Recursion: allPositive

allPositive(a)

allPH(a,0,3)

allPH(a,1,3)

allPH(a,2,3)

allPH(a,3,3)

a[0] > 0

a[1] > 0

a[2] > 0

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

I

✓

I
>y

Exercise : Trace!



Problem: Are Numbers Sorted?

☐ →
recursive
helpermethod.
→

base
cases

¥f .

→ recursive
case

sorted .

a-8D . . .
.

⇐ ↳ strictly smallerproblem



Tracing Recursion: isSorted

isSorted(a)

isSH(a,0,-1)

Say a = {}

{ }

.

- ,-

0 -1
-0 -1

,
/
{}



Tracing Recursion: isSorted

isSorted(a)

isSH(a,0,0)

return true

Say a = {4}
it

☐

→
✗

I
→ -

'
o

.



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

Tracing Recursion: isSorted

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

isSorted(a)

isSH(a,0,3)

isSH(a,1,3)

isSH(a,2,3)

isSH(a,3,3)

a[0]<=a[1]

a[1]<=a[2]

a[2]<=a[3]

3

1
- {3.636-7}

D-

% ?

T.!& TT0



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

Tracing Recursion: isSorted

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

isSorted(a)

isSH(a,0,3)

isSH(a,1,3)

isSH(a,2,3)

isSH(a,3,3)

a[0]<=a[1]

a[1]<=a[2]

a[2]<=a[3]

→⑦.

÷
/\

Exercise :Trace



I hope you enjoyed the journey with me .

All the Best D:


