Lecture 1
Part 1

Design by Contract (DbC):
Motivation & Terminology
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Informal Requirements
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Id a ‘working payment system. B

@deali%ser can use it to pay their electricity b|ll

It should be easy to use and 7~|+h a 4-phased B
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Roadmap of this Course
o o

. )
Design by Contract (DbC): E 1 -F-Fe]_
Class Invariant, Pre-/Post-condition ~_.

Abstract Data types (ADTs) Information Hiding Principle
Cohesion Principle Eiffel Testing Framework ( ETF)
Single Choice Principle Abstraction (via Mathematical Models)
Open-Closed Principle Regression Testing
Design Document Acceptance Testing
jl Justified Design Decisions Void Safety
Generics

Architecture: Client-Supplier Relation Multiple Inheritance

Architecture. Inheritance R2Jation Sub-Contracting —— .
Program to Interface Architectural Design Diagrams Specification Predicates

: = £ > 5 .
Not to Implementation Contracts of Loops: Invariant & Variant |

Modularity: Classes = PkrOgr}?;ln COI{‘{r.ef(.:tne{s‘sN N
. 1ifinon
Design Patterns eakest Precondition (WP)

(Iterator, Singleton, State, Template, — Hoare Triples !
Composite, Visitor, Strategy Specification: digher-Order Functions

Syntax: Implementation vs. Specification
agent /. Xpression, across constructs
expanded types, export status

Runtime Contract Checking

Observer, Event-Driven Design)
Anti-Patterns

Code Reuse via (nheritance Axioms, Lemmas, Theorems
Substitutibility Equational Proofs
Polvmorohism (esp. Potymorphic Collections) Proof by Contradiction (witness)
Type Casting

Static Typing, Dynamic Binding

Unit Testing
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Client vs. Supplier in OOP

classﬂMicrowave]{
private boolean on;

private boolean Iocked;

¥ 9

void power() {on = true;g
void lock() {locked = true;‘*
void(heat)Object stuff) {
/* AsSume: on && dlOPked */
stuff not ex@0sive
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class MlcrowaveUser {
- rd mainf...) {

Object( obj 27 }
m.owr(), _m. Hloeki()il

| @ /new Microwave () |
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class Microwave { :
private boolean(on
private boolean Iocked;
void power() {on = true;} |
void lock() {locked = true;}

class MicrowaveUser ({

public static void main(..

2

m = new Microwave();
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Lecture 1
Part 2

Supporting DbC in Java:
Preconditions,

Class Invariant,
Postconditions



A Simple Desiqgn Problem: Bank Accounts

N\

REQl/. Each[ account ik associated with the

(e.g., "Jim") and an integer balance that

(R?Q? : We may withdraw, ari integer amount from an account.




Bank Accounts in Java: Version 1 ,

Cogpley

1 |public class AccountVI {

s private String owner;

3 private int balance;

4 public String getOwner() { return owner; }

.2 public int getBalance() { return balance; }

6 public AccountVl (String owner, int balance) {

7 this.owner = owner; this.balance = balance;
8 }

9 public void withdraw(int amount) ({

10 this.balance = this.balance - amount;

11 }

12 public String toString() {

13 return owner + "’s current balance is: " + balance;
14 }

18 (3




Bank Accounts in Java: Version 1 Critique (1)

private int balance;
public String getOwner() { return owner; }

I public EccountVl (String OWW
this.owner = owner; this.™flance = be=aTICe;
: <o)
public void withdraw(int amount) ({
this.balance = this.balance - amount;

O©CoOoONOCOPA~rWON =

}
public String toString() {
return owner + "’s current balance is: " + balance;

~“
System.out.println(alan);

4_;?\7}/‘9‘/ Console QOutput:

Create an account for Alan ] balance -10:
Alan’s current balance isf -10 -




Bank Accounts in Java: Version 1 Critique (2)

public class AccountV1 {
private String owner;
private int balance;
public String getOwner() { return owner; }
public int getBalance() { return balance; }
public AccountVl (String owner, int balance) {
this.owner = owner; this.balance = balance;

I
| public void withdraw(int amount) {
this.balance = this.balance - amount;

1
2
3
4
5
6
74
8
9

}
public String toString() {
return owner + "’s current balance is: " + balance;

}

o
l public class BankAppV1 {
Supplier

public static void main(String[] args) {
System.out printIn("Create an account f u with balance 100:Y);

[ZEcounth mark J= new AccountVI1("Mark",
System.out.print loldmek) ;

=2
S a ) Z MM draw —1000000 from Mark’s account:");
C =l
< : MGl .
{ . . 2

Create an account for Mark i badance 100:

4‘” e - Mark’s current balance is:{100

)
Withdraw -1000000 from Mark’ ount:
Mark’s current balance is:\ 1000100




Bank Accounts in Java: Version 1 Critique (3)

1 |public class AccountVl {

2 private String owner;

3 private int balance;

4 public String getOwner() { return owner; }

5 public int getBalance() { return balance; }

6 public AccountVl (String owner, int balance) {
7 this.owner = owner; this.balance = balance;
8 }

9 public void'withdrawlint amount) {

10 this.b Tice = this.balance - amount;
11 }

12 public String toString() {

return owner + "’s current balance is: " + balance;

public class BankAppV1l ({ (//
——— public static void main(String[] args) { J

System.outpladgt In("Create an account £ Tom with balance 100:"
[E;countVJ tom new AccountVl("Tom",SlOO&;
m.out.pAintln(tom);
[ '"Withdraw 150 from Tom’s account:");

Create an account for Tom with balance 100:

4‘/. W Tom’s current balance is: 100
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Bank Accounts in Java: Version 2

—d
QOWOONOOOL AWN—
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public class AccountV2 { A Z [ @
public AccountV2(String owner, int bg«ance) throws [N"l A [

BalanceNegativeException
{
if( balance < 0) { yal=Yel
throw new BalanceNegativeExcfption(); }
else { this.owner = owner; this.balance = balance; }
} oo
public void withdraw(int ame+fet) throws
WitzgéﬁwAmountNegativeExc‘ption, WithdrawAmount TooLargeExceptig

if( <0) + negatfed precondition
> Yo ] }

XEthrow ne agativeException () ;

ea precol
awAmedrrt looLargeException(); }
=|this.balancef- amount; }
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Bank Accounts in Java: Version 2 Critique (1) 3?$P°’ed

public classlAccountV2 1‘ _lo Version l
public AccountV2(String owner, int balance) throws
e

BalanceNegativeException

{ . (]
1f ((beladeee < 08) { /* negated precondition */

throw new BalanceNegativeException(); }
se { this.owner = owner; this.balance = balance; }

}

public void withdraw(int amount) throws
WithdrawAmountNegativeException, WithdrawAmountTooLargeExceptid

O©CoONOOOO hWN =

if( amount < 0 ) { * negated precondit n
throw new WithdrawAmountNegativeException(); }
else if ( balance < amount ) { + negated precondit
throw new WithdrawAmountTooLargeException(); }
else { this.balance = this.balance - amount; }

I
|public class‘BankAppVZl(
e )
public static void main(String[] args) {

System.out.println("Create an account for

try {
| ‘AccountV2lalan = newIAccountV?("Alan"
Sa—

1
2
3
4
5
6 System.out.println(alan);
s
8
9
0

}
catch ( BalanceNegativeException bne) {
System.out.println("Illegal negative account balance.");

1 }

Create an account for Alan with balance -10:
Illegal negative account balance.




Bank Accounts in Java:

Version 2 Critique (2) Compared

with

1 |public class AccountV2 { oo o
2 [public AccountV2(String owner, int deeidas) throws ver5|0n 1
3 BalanceNegativeException
4 {
15) if ((balance < 0) { /+ negated precondit
6 throw new BalanceNegativeException(); }
i else { this.owner = owner; this.balance = balance; }
8 } -
9 public void lwithdraQ(int amewr) throws
10 Wit wAmountNegativeException, WithdrawAmountTooLargeExceptidn
11 ‘E’ 1f( M 0 ) { /# negated precondition
d2 throw new W1thdrawAmountNegat1veExceptlon() } °
13 else if ( balance < amount ) { + negated precond Cl|enf
14 throw new WlthdrawAmountTooLargeExceptlon() I
15 else { this.balance = thig.balange - amount; } ‘
‘public class BankAppV2 {

Supplier

Console Output:

public static void main(String[] args) {
System.out.println("Create an account for Mark with balance 100:
try {
AccountV2fl mark = new AccountVZ("Mark",.
System.out.printlp(ma :
")

catch (BalanceNegativeException bne) {
System.out.println("Illegal negative account balance.
}

catch

%)
( WithdrawAmountNegativeException wane) {

System.out.println("Illegal negative withdraw amount.");
}
catch

(WithdrawAmount TooLargeException wane) {
System.out.println("Illegal too large withdraw amount.

")

Create an account for Mark with balance 100:
Mark’s current balance is: 100

Withdraw -1000000 from Mark’s account:
Illegal negative withdraw amount.

}




Bank Accounts in Java:

Compared
Version 2 Critique (3) with

Version 1

public class AccountV2 {
public AccountV2(String owner,
BalanceNegativeException

int balance)

if( balance < 0) { /+ negated prec

throw new BalanceNegativeException(); }
else { this.owner this.balance

owner;

} aénaa:
public void‘ withdraq(int ) throws
, — . :
WlﬁwAmountNegatlVeException,
—if( t < 0) { /+ negated preconditior
Ktthrow new WithdrawA tNegativeExceptio
: 100 e
—Pelse if ( badenac < amownt ) {l/+ negate

©COoONOOO HWN =

else { this.balance this.balance -

}

withdrawAmount TooLargeExceptign {
n(); }

? throw new WithdrawAmountTooLarageException(); }
amount;

throws

balance; }

r
|public class BankAppV2 {

Supplier

Console Output:

public static void main(String[] args) {
System.out.println("Create an account for Tom with balance 100:"
tr
AccountV2] tom new AccountV2 ("Tom'"
e Smm——
syoeeq.out . .println(tom);
System.put ntln YWithdraw 150 from Tom’s account:");

tom, withard&i150)),
SyMn(com);
}
catch (BalanceNegativeException bne) {
System.out.println("Illegal negative account balance.");
}
catch

0O NO O hWN =

(WithdrawAmountNegativeException wane) {
System.out.println("Illegal negative withdraw amount.");
}

Create an account for Tom with balance 100:
Tom’s current balance is: 100

Withdraw 150 from Tom’s account:

Illegal too large withdraw amount.

catch (|WithdrawAmountTooLargeException] wane) {

System.out.println("Illegal too large withdraw amount.");

}




Bank Accounts in Java: Version 2 Critique (4)

Requirement

REea1 [ Each account is associated with the name of its owner|
(e.g., "Jim") and an integer balance that is always positive.

Console Output

Create an account for Jim with balance 100:
Jim’s current balance is: 100

Withdraw 100 from Jim’s account:

Jim’s current balance is: 0

1
2
3
4
o
6
7
8
9
0
1
2
3
4
5
6
74
8
9

°
1 |public class AccountV2 { suppller
2 public AccountV2(String owner, int balance) throws —
3 BalanceNegativeException
4 {
b if ( balance < 0) { + negated precondition
6 throw new BalanceNegativeException(); }
V4 else { this.owner = owner; this.balance = balance; }
8 }
9 public void withdraw(int amount) throws
10 WithdrawAmountNegativeException, WithdrawAmountTooLargeExceptidn {|
11 if ( amount < 0) { + negated p ) )
12 throw new WithdrawAmountNegativeException(); }
13 else if ( balance < amount ) { + negated preconditio °
14 throw new WithdrawAmountTooLargeException(); } Cl'ent
15 else { this.balance = this.balance - amount; } I S B
16 } T
|pub1ic class BankAppV2 {

public static void main(String[] args) {

System.out.println("Create an account for Jim with balance 100:"

try {
AccountV2 Jjim new AccountV2("Jim",
System.out.println(jim);
System.out.println("Withdraw 100 from Jim’s account:");
jim. withdraw (100) ;
System.out.println(jim);

}

catch (BalanceNegativeException bne) {
System.out.println("Illegal negative account balance.");

}

catch (WithdrawAmountNegativeException wane) {
System.out.println("Illegal negative withdraw amount.");

}

catch (WithdrawAmountTooLargeException wane) {
System.out.println("Illegal too large withdraw amount.");

}

100);




_Llass T g&ctl;‘m’( | \@j
NS’(afP L gl of attidues
bowtat mutodor »A\eﬂuol ol Fulwk
0 atod & wmookt] stpte
& g M'cgé) ( L J

<

RosByrtion
BYror -



Bank Accounts in Java: Version 3

—
QW O NOUTHA,WN =

PO T G G W ¥
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public class AccountV3 {
public AccountV3(String owner, int balance) throws
BalanceNegativeException
{
if (balance < 0) { /* negated precondition x/
throw new BalanceNegativeException(); }
else { this.owner = owner; this.balance = balance; }

LﬂA assert this.getBalance() >>(: "Invariant: positive balance"; |
}

public void withdraw(int amount) throws

if (amount < 0) { /+ negated precondition */
throw new WithdrawAmountNegativeException(); }
else if (balance < amount) { /x negated precondition */

throw new WithdrawAmountTooLargeException(); }
else { this.balance = this.balance - amount; }

IYRL-assert this.getBalance () > f(: "Invariant: positive balance"; |

} i Wzd;fﬁle oh

y
Ch/ndge/; %— VM\‘\ZI[E Flkw; 7

¥

WithdrawAmountNegativeException, WithdrawAmountTooLargeExceptidn {

4



Bank Accounts in Java: Version 3 Critique (1)

public class AccountV3 {
public AccountV3(String owner,
BalanceNegativeException
{
if (balance < 0) { /* negate

dp

else { this.owner = owner;

assert this.getBalance() > 0 :
} "‘)
;public void withdraw (int Cekedeed )

WithdrawAmountNegativeException,
if (amount < 0) { /+ gate

1 precc

o g g g
-l>(AJI\)—‘fQOGJ\l(Z!’)U'I-hCAJI\)—L
']

else if (balance < amount)
throw

int balance)

throw new BalanceNegatlveExceptlon() }
this.balance = balance; }

"Invariant:

throws L= ”

throw new WlthdrawAmountNegatlveExceptlon() )

Compared
with
Version 2

throws

positive balance”;

WithdrawAmountTooLargeExceptic

assert this. qetBalance(} >N0

new WigshdrawAmoun
else { this. this.balance - amount

wlNvariant:

p031tlve balance";

0>0

Supplier

QWO NGO WN =

—_

| public class BankAppV3 {
public static void main(String[] args) {
System.ou rintln("Create an account for Jim with balance 100:"
try {lAccountV3’jim = new AccountV3("Jim", 100);
m prlntln(jlm) -

Syst n("Withdgaw 100 from Jim’s account:");

<0

Create an account for Jim with balance 100:
Jim’s current balance is: 100

Withdraw 100 from Jim’s account:

Exception in thread "main"
java.lang.AssertionError:

Invariant: positive balance
_—




Bank Accounts in Java: Version 3 Critique (2)

S

):7:\\'PIP/
4 LS

1 |public class AccountV3 { -

2 | public void withdragint(amouft) throws (A_AfS)

3 WithdrawAmountMegativeExcpption, WithdrawAmountTooLargeExceptig

4 if((amount < 0,) { + negafed precondition +

5 throw new WithdrawAmounfNegativeException(); }

6 else if ([balance < amount]) { /* negated precondition

7 throw new WithdrawAmountTooLargeException(); }

8 Selse { this.balwh27““" aTTOUITCT ] —_

9 | ( ssert this.getBalance() > 0 : "Invariant: positive balance"b{b
| |

-~ ¥
)

———

-~ ahJAMzﬁdw C:giiz @

When the amount is neither negative nor too large,

is there anyobligation on the supplier of withdraw?
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Bank Accounts in Java: Version 4

with an evil supplier

1 |public class Accoungﬁy{

2 public void withdraw(int amount) throws

3 WithdrawAmountNegativeException, WithdrawAmountTooLargeException
4 { if (@mount=0) { /+ negated precondition */

2] throw new WithdrawAmountNegativeException(); }

6 else if (BN { /+ negated precondition x*/
74 throw new WithdrawAmountTooLargeException(); }

8 else { + WRONT IMPLEMENTATION M

9 | ‘this.balan—cle =lfthis.balan£f@amount; }

0 assert this.getBalance() > 0 :

1 owner + "Invariant: positive balance"; }

\
woant - 0 s ottt 3@( v efmﬂl" to
Gma g ovey oF e 7




Bank Accounts in Java: Version 4 Critique

public class AccountV4 ({ gvo <&~

P public void withdraw(int amermt)

wWithdrawAmountNegativeException, WdthdrawAmountTooLargeException
if (amount < 0) { /* negated precondition

X throw new wi thdrawAmountNegativeException ( ) ;

‘i7else if (balance < amount) { + negated precondition
X throw new WlthdrawAmountTooLargeExceptlon()
else {

] (V4 [}hls. /
1s.getBalance WCIT : H
owner + "Invariant: positive balance"; Cl|en+

|public class BankAppV4 {
public static void main(String[] args) {
System.out.println("Create an account for Jeremy alance 10
try { 'Accounav4, jeremy = new AccountV4("Jeremy" IlOOb
System.out.println(jeremy) ;
System.out.print "Withdraw 50 from Jeremy’s account:");

jeremy.ﬁr ig,)'

System.

- O O ONOOCOPPWN =

—h

QWO N WN —

i

Create an account for Jeremy wj balance 100:
Jeremy’ s rent balance is:{Q00
Withdraw@(rom Jeremy’s a

c 5
Jeremy’s rrent balance is(ilS{L 2)
-




Bank Accounts in Java: Version 5 o = o0 _—

=Y
1 |public classlAccounQ5 {
2 public void mmt amount) throws
3 WithdrawAmountNegativeException, WithdrawAmoyntTooLargeExceptidgn {
4 | int oldBalance = this.balance;{~> m L&lefP N\ FIP"Q@{P
5 if (amount < 0) { /* negated precondition */
6 throw new WithdrawAmountNegativeException(); } AI°E§ WO’(' 4‘%& ﬁp
’:\',7I7V? lse if (balance < amount) { /* negated precopdition x/ d qz ; /]
8 throw new WithdrawAmountTooLargeException (Y; [»0}’ WCM r
9 Lelse {[rthis.balance = this.balance@ amount ! w _— W'
1OTY\Y agse his getB sl o M " DOS balance"‘a/ ﬂ./
11 | ‘7)719"{1:“’? VAYE
12 |
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Bank Accounts in Java: Version 5 Critique ith

Version 4

public class AccountV5 { ba| N ‘w?—ﬂ‘t‘ﬂ’
publ:l.c void Wlthdraw(lnt ) throws
“ WithdrawAmount TooLargeExceptid

-
¥t (amount < 0) ({ ] ]
Kthrow new WlthdrawAmountNegatlveExceptlon() }
(balance < amount) {

o) 2 geExcept i
-W~H@» 4‘"‘}1 “'1’

i e A L PPNy S a balance";

asbert Qhis. getBalance ) ==(@ldBalanced- amount | .
e e~ led Client

| public class BankAppV5 {
public static void main(String[] args) {

System.out.println("Create an account for Jeremy w!! balance 10
[)

try { |AccountV5 [jeremy = new AccountV5("Jeremy“
.out. prlntln(jeremy)
"Withdraw 50 from Jeremy’s account:");

’

QWO NOOOHA WN =

Create an account for Jeremy with balance 100:
Jeremy’s current balance is: 100
Withdraw 50 from Jeremy’s accoun
Exception in thread "main}

java.lang.AssertionErr

: Postcondition: balance deducted




Design by Contract in Java

public clasg~AccountV5 .
public void withdraw(int amount) throws
WithdrawAmountNegativeException, WithdrawAmountTooLargeExceptic

> [I oldBalance = thislbalance;
1f(amount < U9 4 ted i ]
throw new WlthdrawAmountNegatlveExceptlon()
else if (balance < amoungt) { ! 1 precond +
throw new WithdrawAmountTooLargeException(); []I
this.balance = this.balance - amount; } -
> 0 :"Invariant: positive balance";

oldBai;:EE/) amount. .
ance deducte

public static void main(String[] args) {
ag.out.println("Create an account for Jim with balance 100:"

= new AccountV2("Jim", 100);
System.out.println(jim);
System,out pripntlpn("Withdraw 100 from Jim’s account:");
lj-;- withdraw (1 OM;
Syg?EETEE?T;;T;?ln(jim);
}

catch JBalanceNegativeException bne) {
S em.out.println("Illegal negative account balance.");
catch ithdrawAmountNegativeException wane) {
em.out.println("Illegal negative withdraw amount.");

catch JWithdrawAmountTooLargeException wane) {
em.out.println("Illegal too large withdraw amount.");

}




Design by Contract incEiffel )

Contract View

class ACCOUNT
create
make
feature Attributes
owner STRING
balance INTEGER
feature Constructo
make (nn: STRING; nb: INTEGER)
requi e cond il ion
positive _balance: nb > 0
end
i feature Commands
°1‘=‘S: \ACCOUNT § withdraw(amount: INTEGER)
reat Com— 3 B o ] 1
& p— require precc
feature -- Attributes
owner STRING ~
balance : INTEGER ensur — _postcc tion
feature nstructors alance_deducted: balance
makejnn: STRING; nb: INTEGER) end
~7 T requize  Licooiciin ERUEEEE - class invariant
positive balance: nb > 0 sitive_balance: balance > 0
end

do
owner := nn
balance := n ry
nd
feature Cor

withdraw(amount: INTEGER)
require - pr l

~—Tmon_negative_amount:
affordable_amount:

amount <= bala‘e J- problematic

non negative amount: amount R0
a!!oraagie_amount: amount <= balance problematic,

old balance amount

amount > 0

do
\ balance balance -

amount 7 I\-; -

ensu. DO ST p——
balance_deducted: ba

end
invari class Jouoriont

positive_balance: balance > 0
end
—

lhlance — amount

Im

plementation View

N—




Lecture 1
Part 3

DbC in Eiffel:
Runtime Contract Checking



Design by Contract in Eiffel

Implementation View

class ACCOUNT

create
make

feature Attributes
owner : STRING
balance : INTEGER

feature Constructorsf 6{
Qﬁﬁg(nﬁ+—sﬁaiﬂs; ot NBEGER )

require

lpositive_balance/ (p)> o
S =t
owner := ¥h n é_> o

balance := DR
end ensure a 7

feature Commands init: balance = '}Q and owner =’<n
withdraw(amount: INTEGER)

requirg -- precondition
- - amount > 0
mount @ balance —- prol
do 1<

balance := balance - amount
ensure —-— ?"_\‘;TCCOJIJ‘ifi on
balance deducted: balance = old balance - amount

econaition

do

end
@nUaRRanEY - class invariant
: balance > 0
end




Runtime Monitoring of Contracts | acc: ACCOUNT

postcond withdraw:

not (postcond_withdraw) .
v

f not (account _inv) not (precond_withdraw)

not (postcond_mak&i

_ >’
>,
.

A )

not (precond_ make)
call ' precond makez execute

DO. and_maks

acc.balance = a gn@acc.owner = n )
— )




Precondition Violation: positive_balance

g |o APPLICATION x:l @ ACCOUNT I

o 0 ELOB 6w

Feature
RIEE A RIS Z N
“lat view of feature " make' of class ACCOUNT

make (nn: STRING_8; nb: INTEGER_32)

require

B a( positive_balance: nb >= 0
do

2 owner := nn

2 balance := nb

2 end

bank ACCOUNT make <4 » & O &

exception pending
PRECONDITION_VIOLATION v.uw(D

positive_balanc

# InClass  |From Class | @
P> make » ACCOUNT
make » APPLICATION 1

Supplier

Client

class BANK_APP
inherit
ARGUMENTS
create
make
feature —-
make
—-— Run application.
e

Initialization

local

alan:\A

lation
make
Pa’ard

class ACCOUNT

create
make

feature Attributes
owner STRING
balance INTEGER

feature onstructors

makefnn: STRING; nb: INTEGER) _[lo

o~—' require precondition
‘positive_balance@> 0
end

feature - C ands 1‘ -
withdraw (amount: INTEG!

require - prec
non_negative_amount:
affordable_amount: amount <=

ensure postcondition
balance_deducted: balance =

n

amount » 0
balance

old balance

end
invariant class invariant

with tagq
("Alan",

positive_balance: balance > 0

blema

amount




Precondition Violation:

J |0 APPLICATION ;1| @ ACCOUNT

o0 RO ewa R

bank ACCOUNT withdraw < » % O X

Status = Implicit exception pending

. featire {non_negative_amount: PRECONDITION_VIOLATION raised)
non negat've amounf !E Ialyzipe ..: HEAVAB & In Feature |ln Class |Fromclass | @
 c— c— Flat view of feature *withdraw' of class ACCOUNT — b withdraw  + ACCOUNT 1
=T - - make - APPLICATION 2
withdraw (amount: INTEGER_32)
require
(non_negative_amount: amount >= 0)
g affordable_amount: amount <= balance
do
2 balance := balance - amount
ensure
2 balance = old balance - amount
2 end
—
class ACCOUNT
o create
Supplier| ™ "
L feature -- Attributes
owner STRING
. balance INTEGER
< I'enf feature nstructors
-4 lb 4588 make (nn: STRING; nb: INTEGER)
require precondition
class BANK_APP positive_balance: nb > 0
inherit end
ARGUMENTS feature - Cc
create w1thdraw(ar.nount: INTEGER}
require ——- precondition
make £y .
o ) ) non_negative_amount: amount » 0
feature -- Initialization affordable_amount: amount <= balance problema
make ensure postcondition
-— Run application. balance_deducted: balance = old balance - amount
local : , exid
invariant class invariant
mark: ACCOUNT positive_balance: balance > 0
do end
create {ACCOUNT} mark.make ("Mark", 100)
—-— A precondition violation with tag "nc

mark.withdraw(-1000000)
end
end




Precondition Violation: 5
affordable_amount

@ APPLICATION ::| @ ACCOUNT

ez alztal SV A B
Flat view of feature " withdraw' of class ACCOUNT

withdraw (amount: INTEGER_32)

20 call stack

Foowewa

In Feature | In Class
| » withdraw . ACCOUNT
| make s APPLICATION

bank ACCOUNT withdraw < b # O &3] aatus = Implicit exception pendi
{3"0((13[”973(“0!](\! PRECONDITION_VIOLATION raised

| From Class | @
2

2

require
non neqative amount: amount >= 0
® (affordable_amount: amount <= balance)
do
o balance := balance - amount =
ensure :
© balance = old balance - amount
© end =l
° class ACCOUNT
Supplier [
0 make
feature Attributes
owner STRING
M balance : INTEGER
'en feature uctors
make (nn: STRING; nb: INTEGER)
class BANK_APP require -- precondition
inherit positive_balance: nb > 0
end
ARGUMENTS feature - Co S
create withdraw(amount: INTEGER)
make require precondition
I e ; g non_negative_amount: amount 2 0
feature Initialization affordable_amount: amount <= balance problen
make ensure postcondition
-— Run application. balance_deducted: balance = old balance - amount
local : . end
invariant class 1nvariant
tom: ACCOUNT positive_balance: balance > 0
do end
create {ACCOUNT} tom.make ("Tom", 100)

-— A precondition violation with tag
tom.withdraw(150)
end
end

"




Class Invariant Violation: positive_balance

B |o APPLICATION ml @ ACCOUNT |

,
o0 ELdOdewarOR

bank ACCOUNT _invariant €4 » % O3

e positive_balance: INVARIANT_VIOLATION raised o
. g t= 2 =8 g ®
‘!E R e gaics ": 5“ vYan B Y Testore iln Class iFrom Class i '
Flat view of feature " _invariant' of class ACCOUNT > _invariant - ACCOUNT 0
o withdraw ACCOUNT 5
[posmve_balance: balance > 0] make APPLICATION 2
[ class ACCOUNT
Supplier |-
9 make
feature -- Attributes
owner STRING
° balance : INTEGER
Cllenf feature -- Constructors
=1 1 | make (nn: STRING; nb: INTEGER)
class BANK_APP require —-— precondltlon
inharit positive_balance: nb > 0
end
ARGUMENTS feature - Cor s
create withdraw(amount: INTEGER)
make require precondition
feature - Initialization non_negative_amount: amount » 0
make affordable_amount: amount <= balance problema
-— Run application. ensure —- postcondition
local balance_deducted: balance = old balance - amount
jim: ACCOUNT _ _ end v
do invariant - class invariant
. positive_balance: balance > 0
create {ACCOUNT} tom.make ("Jim", 100) J. 4

jim.withdraw(100)
-— A class invariant violat
end

end

"positive_balance"




Postcondition Violation: balance_deducted

O |@ aeeuication |0Accoun1'zz] T ot
E— bank ACCOUNT withdraw < » % O 3 u&w malpilcit excaption pend
balance_deducted: POSTCONDITION_VIOLATION raised
‘!E I ea SYAR o In Feature IIn Class IFrom Class | @
Flat view of feature *withdraw' of class ACCOUNT » withdraw  + ACCOUNT '
o affordable_amount: amount <= balance al make . APPLICATION 12
do
o balance := balance + amount
en
s (balance_deducted: balance = old balance - amount )
© end
® class ACCOUNT
Supplier |~
make
il feature tributes
° owner STRING
Cl'enf balance : INTEGER
—_— L feature onstructors:
make (nn: STRING; nb: INTEGER)
class BANK_APP require S rerondit
inherit ARGUMENTS positive_balance: nb > 0
create make end
feature —- Initiali feature, ammangs
withdraw(amount: INTEGER)
make require prec lition
-— Run aPPliCﬂinYT- non_negative_amount: amount 2 0
local affordable_amount: amount <= balance problema
jeremy: ACCOUNT Shsure ot o
do balance_deducted: balance = old balance - amount
B end
-— Faulty implementation of withdraw in ACCOU}jinvariant class invariant
—-— balance := balance + amount positive_balance: balance > 0

create {ACCOUNT} jeremy.make ("Jeremy", 100)

jeremy.withdraw(150)

violati

ion

-— A postcondit
end

end

===

end

"balance_deducted"”




Runtime Monitoring of Contracts

postcond_f:

Qf
a_inv: call precond_f: o
SIATE: I af(..) ...  Pf .
attributes of f------ >‘—>; R >
not Pf .

Postcondition
Violation

Precondition

Violation
. A
i : not Qm
not Pm: Q :
call + precond_make: execute '
create {A} a.make(...) -, Pm --. create {A} a.make(...) --.
: Rl Suais mmoos dikince » Bl s e mcmin Biifinn o scavain Somie >
postcond_make:

Qm



Lecture 2

Part 1

Modularity & Modular Design
Abstract Data Types (ADTs)






Modularity: Daily Constructions




Modularity: Computer Architectures

Reset/WDT
Control

Serial |
Port |-

Power Supply—»
——

16-Bit
Address Bus

8-Bit
Data Bus

Rear Fan DIMM DDR2
Connector Memory Slots (x2)

CPU Fan CPU Socket
Connector (LGAT775)
4-pin
ATX Connector
S

1/0 Panel
Connectors

e—

Integrated Ethernet
chip
PCI Express x16
Slot
PCI Express x1
Slot

SuperlO
Chip  24-pin ATX
. Power Connector
Floppy Connector
IDE Connector (x1)

Chasis Fan

Connector
SATA
Connectors (x4)

Panel Header

USB Headers
Southbridge

3 PCI Slots (x2)
Front Audio
Header

Integrated HD-Audio

codec chip




Modularity: System Developments

(* Function block

(*+ DECLARATION *) (
o

"""" o
A -t |LIMITS'Y"
ALARM
REAL —|H QHf| - BOOL |

REALAH-|X Q| -fBoOL
REALH- |L oL | —BOOL\

| ot —

FUNCTION_BLOCK LIMITS_ALARM
VAR_INPUT
H : REAL; (* High 1
X : REAL; (+ Variable value H-(EPS/2 NC(No change)\
: ; Jariable v | \ HYSTERESIS
L : REAL; (* Lower limit - \ IN1

EPS : REAL; (* Hysteresis QH=0(FASLE)
END_VAR
VAR_OUTPUT L+EPS

QH : BOOL; (+ High flag ) LeEpsi2 / e \

Q : BOOL; (* Alarm output x)

QL : BOOL; (* Low flag *) L

QL=0(FALSE)

D_VAR QL=1(TRUE)
END_FUNCTION_BLOCK » TIME




Modularity: Software Design

* new_cursor*
ITERABLE [G]

\ after*: BOOLEAN

sorted-maps

e ——————

SORTED MAP_ADT [K, V]*

feature -- model
model: FUN[K, V]
sorted_keys: ARRAY [K]

feature -- commands
extend (key: K; val: V)
require —has (key)

ORTED_MAP
remove (key: K) DESIGN [K, V]
require has (key)

feature -- queries
item(key:K): V
has (key: K): BOOLEAN

| — :

3
7/ del t): SORTED_RBT _ SORTED_BST_

s mocel.count): ) MAP [K, V] MAP [K, V]
sorted_keys[i] < sorted_keys[i+1]

sorted_keys.count = model.count

Vk € model.domain : k € sorted_keys

i

implementation

+
SORTED_LINEAR _
MAP [K, V]

implementation

SORTED_ADT [K, V]*

feature -- model
model: SEQ [KV_PAIR[K,V]]

feature -- commands
extend (a_item: TUPLE [key: K; value: V])
require —has (a_item.key)

remove (a_key: K)
require has (a_key)

feature -- queries
item alias "[]" (a_key: K): V
require has (a_key)

as_array: ARRAY[KV_PAIR[K,V]]
invariant
Vi € [1, model.count):
model[i].key < model[i+1].key

Vi € [1, model.count]:
as_array[i] ~ model[i]

implementation

SORTED_ SORTED _
LINEAR [K, V] TREE [K, V]

SORTED_MODEL_MAP [K, V]

implementation




Java Classes: Abstract Data Types? Ko .

isetlint index, E element) ([

Replaces the element at the specified position in this list with the specified element (optional
operation).

E set(int index, éet( f—. ’ &ew\)
E element) /

(Replaces the element at-the specified position in this list with the specified element (optional operationu

Parameters: T

index - index of the element to replace

element - element to be stored at the specified position

Returns:
the element previously at the specified position 7{‘0»‘

(ntertacg LSHAED)

UnsupportedOperationException - if the set operation is not supported by this list

ClassCastException - if the class of the specified element prevents it from being added to this list

‘E - the type of elements in this 1ist] NullPointerException - if the specified element is null and this list does not permit null elements

eq_- if some property of the specified element prevents it from being added to this list

All Superinterfaces:

Collection<E>. Iterable<E> r IndexOutOfBoundsException )if the index is out of range (index < 0 || index >= size()))¢

All Known Implementing Classes:

AbstractList, AbstractSequentiallist, ArrayList, AttributeList, CopyOnWriteArrayList, LinkedList, Rolelist,
RoleUnresolvedList, Stack, Vector

public interface List<E>
extends Collection<E>

‘An ordered collection (also known as a sequence).’l he user of this interface has precise control over where in the list each element is
inserted. The user can access elements by their integer index (position in the list), and search for elements in the list.




feature -- Commands
l"assign_at (i: INTEGER; s: STRING)

-- Change the value at position 'i' to 's'.
require

class interface ARRAYED_ CONTAINER valid_inde

feature - Commands ensure

ontract View )~

\ 4

assign_at (i: INTEGER; s: STRING) size_unchanged: imp.count = (old imp.twin).count
—-— Change the value at position ’i’ item_assigned: imp[il =.§
require L thers_unchanged(v j:1<j<imp.count: j#i=>imp[j] ~ (old imp.twin) [j])
valid index:{1 <= i and 1 <= count

feature -- { NONE }

24 -- Implementation of an arrayed-container

grze guglangen: imp: ARRAY[STRING]
imp.count = (old imp.twin) .count

item assigned: invariant
imp [i] ~ s consistency: imp.count = count

others_unchanged: \_ _
across

1 |..| imp.count as j
&P !all!

j.item /= i implies imp [j.item] ~ (old imp.twin) [ j.item]
end
count: INTEGER
invariant
consistency: imp.count = count
end —-- class ARRAYED CONTAINER



Lecture 2
Part 2

Copying Objects:
Reference vs. Shallow vs. Deep



Reference Copﬁ@gp_Z ve.l.\. A?g,
A DERSE— -




Shallow Copy: (c D(:Qlczg’rwin,’ gha“;ﬂ?%




Deep Copy: cl(=Xc .deep_’rwin7 a{ee{) &pd,




Reference vs. Shallow vs. Deep Copies

= Initial situation: name
[_Iandlord

‘:Ioved_one

“Aﬁavival ‘

01

-—

e o

= Result of:

“Susanna”

c :=(a.twin

d := a.deep_twin

loved_one

“Almaviva”

“Fiqaroﬂ

“Susanna”




DECNEPIEEP) - Result = true

(1T e, - £tP
across(l)|..| @mp.count _dis j
B mp ( J:’ @old_imp @

end - Result = true

imp[2]

\l {'(’A fé STRING STRING STRING
]7’ P/ m \\Alanll m \\Mark" m \\Tomll




Collection Objects: Shallow Copy & Make

1 | old.imp :=(imp.twin N *hgf ‘J(
Result ;= old imp = imp —- Result_ = false (me] - o0l_& J

3)| imp :=) "Jimy

4 |Result = _ Pﬂ"‘? D{

5 across 1 |..| Imp.count is j ?v “( (MF[}! ~ c(l)(_(ul []

6 all imp [j] ~ old _imp [j] sm‘P f»e-g-m

s end —— Result = false

dA_TMF Gj T m})["lzj f\‘ RRAY[STRI
. o)

3 s

STRING

STRING

value P EI &

lue 0




Collection Objects: Shallow Copy & Make 2nd-Level Changes

twi Lr’ﬂ V0 1(011‘()

147? MD{/'A

'f*i")imp —— Repult falsey "~ MPE‘:] oyd.-{\/l‘l?z—:]

1 old-imp :=(imp.
2 |Res =

3 | im®K[2]1¥.]a end’

4

5 across 1 |..|

6 all imp [F] ~
7 end —— Result

Lﬁ r STRING STRING STRING
L “Unde se5657

= true

iflng.c?oun?"ié 7 )Wé;ffai? @4 PL?] JD(_MF(J
old_imp [J] \Fos\c Stafp

apz] efo(_r';’t}?@?

ARRAY! TRING]

)

EL)
imp[1] imp[2] imp[3]




Collection Objects: Deep Copy & Make 1st-Level Changes

2
old_-imp := imp Fieep_twir Aﬁ! 7'74#

R = 3 = 1t
l;}s;z_l—l')(9 "Jlm" imp esu | 1;{_ @
Result := ¢ (I"PL':( (LD—"'[J

across 1 |..| imp.count is j ?5{»_&4#
all imp [j] ~ old imp [Jj] end —— Resul

-~

’ O(‘\M[)LZ ’LO_(_[ZJ

o0 5= L. obep- R raily
ﬁ\; ARRAY[STRING]

)

u T /\bl I imp[1] imp[2] \W imp[3]
ol MF ! l ‘
'[ STRING STRING STRING
‘l/ 17 I '/ “Alan” “Mark” value
ﬁ o




Collection Objects: Deep Copy & Make 2nd-Level Changes

old-imp := imp.deep-twin
Result := old imp = imp -- Result = |

imp[2].aggend ("xxx™) {
— e ?ﬂ?"“

across 1 |..| imp.count is j _gea®?
all imp [j] ~ old imp [Jj] end - Redult = false

F\’ ARRAY[STRING]
\

im

p
—td]
ou_,'('m /\?/l; rI [‘ P:niilj imp[2] imp[3]
["“"'g i - STRING STRING
] (] e ok
o

STRING

ake wesex 7



Lecture 2
Part 3

Writing Complete Postconditions



Contract View Runtime Contract Checks

of f

expresgons7

execute implementation of f
ra:(-—gfwﬁ"
check postcondition o




Caching Values for old Expressions in Postconditions

class(f BANK.
accounts: ARRAY|A
O\

some_feature
[req uire




Caching Values for old Expressions in Postconditions e 7

. . Gne Fa
ensure (in context of BANK) | How to cache at runtime? Fstand.

)] old('accounts[i]zf?sv ol (Z‘__I,)
A[ e q_BANK ﬁ e 0 0o ! » e o o
|@(old ccounts[| @/_\ dCCounfs;j :
2n -47 1L ,'l' b B Y ey
nel iI=

(old ,ccount;[l] twin).id @
Ls Aetsout ~
@(old[accounta)[l] id @ wl “
Z T baran et
(oldaccounts.twin)[i].id :vat'{WM Qo4
L (A4 %
® (old Current accounts[l] id
)

~

obl_aa;s_z ol = A't&anﬂftl.?o(
|23



Revisit: Bank Accounts in Java V5

public c1asslAccountV5 ﬂ
public void withdraw(int amount) throws

L= int oldBalance = this.balance; é—",’?——m
“if (amount < 0) { + negated precondition #
throw new WithdrawAmountNegativeException(); }
else if (balance < amount) { + negated precondition
throw new WithdrawAmountTooLargeException(); }
else { this.balance = this.balance - amount; }

O©CoONOOOOL A~ WON =

WithdrawAmountNegativeException, WithdrawAmountTooLargeExceptig

10 assert thi&s—getBalance()\> 0 :"Inwassant: positive balance";
Wil | assergetBalance( == amount : |

wlonddf

12 | "Postcon{i ion: baigzce deductdd"; }
s —Shet0 ');»ét-g
How does the correspondigg\Eiffel design/look like

n




Use of old in across Expression in Postcondition

class lLINEAR CONTAINER ’
create make /_2 e -
feature - Attributes _— c —

a: ARRAY[STRING] 7~ T_"ctem :ngé('[' M/
feature —- Queries / _J 9 —

count: INTEGER do Resdlt := a.count end

get (i: INTEGER) : S8TRING do Result := a[i] end

feature -- Commaads A T 3
lmake éze/(e a.make_empty end N # L
update INTEGER; é-) STRING)
) e N 0 N

& ‘ensure —- th@r: (J???]“Pmapd &

[acrossl °

L |..| count é‘%)-—)

\7’ Gl . -
j.item /= 1 implieg gé £

N2

end
end
end

/
Hint: What value will beﬁacheaaf runti

before executing the implementation of update?




class

inherit
ANY
rede

ACCOUNT

feature - Attributes
owner: STRING
balance: INTEGER

feature - Commands
make (n: STRING)

fine is_equal end

end

deposit (a:

ensure
balance
end

is_equal (other: ACCOUNT) :

do
Result

owner ~ other.owner
and balance

end

INTEGER)

class BANK

create make

feature
accounts: ARRAY [ACCOUNT]
make do create accounts.make_empty end
account_of (n: STRING): ACCOUNT

Sts

require -- the input name exi
exlisting: across accounts is acc some acc.owner ~ n end
(across accounts 1s acc all acc.owner /~ n end)

not
do ensure Result.owner ~ n end
add (n: STRING)
require —- the input name does not exist
non_existing: across accounts is acc all acc.owner /~ n end
end)

(across accounts 1is some acc.owner ~ n

ACCOUNT

—— not
local new_account:
do

create new_account.make
accounts. force
end
end

acce

(n)

(new_account, accounts.upper + 1)

balance + a

old balance + a

BOOLEAN

other.balance




\(/ 74 , Ko - o

7@?( Ry - 777(7f>>



Unit Test for All 5 Versions

class TEST BANK
test_bank_deposit_correct_imp incomplete contract: ‘BOOLE
local
@ BANK
do
comment ("tl: correct imp and incomplete contract")

lcreate b.mak

b.add | "Blll"

b.add 1 ?

—-— deposit 100 dollars to Steyve’s account
b.deposit_on-vl ("Steve",
Result :=
[b.account_of "BilTl"M. balance = 0
and .balance = 100
check Result end

end
end




Version 1: Incomplete Contracts, Correct Implementation

>Pr€
b.deposit{"Stev

>
C ([ eccounsy/ AT "—>f~=ct

b ——

ACCOUNT ACCOUNT
“B owner
balance balance
class BANK
deposit_on_vl T G; a: INTEGER)
== require across accounts is acc some acc.owner ~ n end]
-7 el local i: INTEGER
, Sq do

from i := accounts.lower
\\ until i > accounts.upper

|\ loop
P if accounts[i].owner ~ n then accounts[i].deposit(a) end




Version 2: Incomplete Contracts, Wrong Implementation

BANK m
<i////"’ —— b.accounts ‘ N I"’7'

ACCOUNT ACCOUNT

owner

balance

deposit_on v2 (n: STRING;(a:)INTEGER)
[fequire across accounts is acc some acc.owner ~ n end
local i: INTEGER

. of version 1, followed by a deposit into 1st account]

accountsifaccounts. lowe{] .deposit (a) k

—
num_of_ac unchanged: ’
counts.count old@accounts.count 2
balance of n Jnereased:
2

"/
urrent.acco = v
old{Current.account_of(n) .balancel)+ a /OO = 'D +

end
end




Version 3: Complete Contracts (Ref. Copy), Correct Implementation

b.deposit

(‘Stevel, 100))
: s

ACCOUNT

balance

class BANK
deposit_on_v3 STRING; a: INTEGER)
require across accounts is acc some acc.owner
Hlocal i: INTEGER

-— imp. of version 1, followed by a deposit into 1st account
ccounts[accounts.lower].deposit (a)

sure

num_of_accounts_unchanged: accounts.count = old accounts.count

balance_of_n_increased:

au:owner:N n n1phe Current.account_of(n) .balance =

old Current.account_of(n) .balance + a
Bdl Gae

Znd Iteration

(o

acc.owner /~ n implies acc ~ Current.account_of(acc.owner

end



Use of across in Postcondition T5F=*%
7 Pe-SBP F>pP="T
scrosgloaREE G pee-dixe “rehe”
P > > AoNT o pach Atwant

acc.owner /~ n
> ?ag@sfnﬁﬂ

acc éurrelyaccount of‘(acc owner))——> /GZ:C
end Ly }70«__ Gofd

fm!’-— stateé

For each iteration:
/@cc. ownej) is not|n] i v il

"I"
lacc ownep /~ “jmplv s@_(:urrgnt account of (acc.owner)

&)

Case 2*|acc. owner\ls@‘(’f“’e

F (aeamne@@kmplies acc ~ Current.account_of (acc.owner)
e




Version 4: Complete Contracts (Shallow Copy), Correct Implementation

b-deposi{oterd), 100)

Nt

et EEIR

CCO \ =" — .
; S = Lm&((]

Y/

0 deposit_on_v4d 2 ; a: INTEGER)
Ad/ [require across dccounts is acc some acc.owner ~ n end
local i: INTEGER
do ...

[ imp. of version 1, followed by a deposit into lst account
accounts[accounts.lower].deposit (a)g—-
l./ émsure
H num_of_accounts_unchanged: accounts.count = old accounts.count
1st Iteration ; ;
balance_of_n _increased: —
. | rrent. E_OfF .balance = /
|%ﬂim lie urrent.account_of[(ace-ewner) Cuzrel ascount_of (n)
S o B RO M w10 r o 3 74 o s eaa oo o s e o w o A o/ 8 S L G{ R |
Bl Jtap

A3 others_uncha

— — __Tj across, d{accounts.twin ace

H —p all

2nd Iferaf|on s acc.owner /~ n implies acc ~ Current.account_of (acc.ownef)
R N~ end

(R OMNRE 7 plies acc ~ Current.account_of (acc.owner)




Version 5: Complete Contracts (Deep Copy), Correct Implementation

b.deposi‘100
-[—emr[OJ = b.awslo].dt

“Steve” —»1?;1 b MS[‘] At
,.APF""?” (7 “"17

class BANK & <
deposit_on_v5 =) STR G; a: INTEGER)

require acros¥“Gccounts is acc some acc.owndr ~ n end
local i: INTEGER

-— imp. of version 1, followed by a deposi éﬁto Ist account
" a

accounts

ccounts[accounts.lower].deposit (a)@—

nts.count

'sure
ls«l- Ii-eraflon num_of_accounts_unchanged: accounts.count = old Yewes
= balance_of n_increased:
oW |m;fe€r0-urren raccount_of (acc.awner ‘ Current.account_of(n).balance = ﬁ
old Current.account.of(n).balance +_a

& ¥ e I a
'. ) across{oldfaccounts.deep-twin fis a
t.account_of

all
acc.owner /~ n
's acc ~ Current.account_of (acc.owner) ’ end
end

Z] . \

acc ~ Cur : (acc.owger)

end




Complete Postcondition: Exercise

Consider the query account_of (n: STRING) of BANK.

How do we specify (part of) its postcondition to assert that the

state of the bank remains unchanged:

(0]

(0]

(0]

accounts old accounts

acCounts old accounts.twin
ACeOUITLS old accounts.deep_twin
accounts old accounts

acecounts old accounts.twin
accounts old accounts.deep_twin




Lecture 3
Part 1

Writing & Using a Generic Class



Stack of Strings vs. Stack of Accounts

paviete T e Goo F Sk emS

pe

feature - Queries

ER do Result

CaHT | s d_(@/:} et

imp: ARRAY[ ACC
feature - Queries

count:
—-— Number of items or

top: ACCOUNT do Result

push (v: ACCOU. := 1 + 1 end
-— Add ’'v./7to top of stack.
pop do i ;
—-— Remove top of stack.

end




f"“MM mef“’

s Sk [Sﬁé& 1 74/ e



A Generic Stack

Supplier

test stacks: BOOLEAN

STACK
STRING ACCOUvq

class STACK @ = obtlavafo']

feature {NONE } Iﬂﬁ plementation
ili: INTEGER

imp: ARRAY,]
feature - “Yueries
count: INTEGER do Result := i end
—— Number of items on stack.
CE;B: o Result := imp [i] end
- urn top of stack.
feature - Commands
@ (v: (L imp[i] := v; 1 :=
—— Add 1’*f>top of stack.
pop do i := i - 1 end
—— Remove top of stack.
end

i1+ 1 end

10 s (5a) push (create

{ACCOUNT} .make ("Alan",

STACK JACCOUNH]

Jmake ("Mark", 200))

100))

11 sa.push(ﬁg;)
12 a = sa.top
13 s := sa.top

14 end




Lecture 3
Part 2

Abstractions via Mathematical Models



Implementing a LIFO Stack ©)
<7 wf/owz%
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Developing a LIFO Stack —————

feature {NONE} -
imp: ARRAY[G]

feature - Tnitic: lzation
make do create imp.make_empty ensure imp.count = 0 end
feature - C 1ds
push(g: G)
do imp.force(g, imp.count + 1)
= e

imp[couni ~ g

¢fhchanged:)across 1 |..| count — 1 as i all

imp[i.item] ~ (old imp.deep_twin) [i.item] end
end

pop
do imp.remove tail(l)

en
< chamj'::’) count = old count - 1
=

un ged:) across 1 |..| count as 1 all
imp[i.item] ~ (old imp.deep_twin) [i.item] end
end

class LIFO_STACK[G] create make
P Pam ae Lo feature {NONE} -
S i imp: LINKED_LIST[G]

class LIFO _STACK[
feature {NONE}
imp: LINKED_LIS

Strategy 3: linked-1

, ; feature -- Initialization
feature Initialization ; .
, . make do create imp.make ensure imp.count = 0 end
make do create imp.make ensure imp.count = 0 end i
- feature - Commands
feature 1ds B &
push(g: G) Plif (,9' ) .
do imp.put_front (g) o imp.extend(g)
ensure
imp.first ~ g changed: imp.last,'v g
across 2 | | count as i all unchanged: across 1 |..| count - 1 as i all
imp(i.item] ~ (old imp.deep_twin) [i.item — 1] end imp[i.item] ~ (old imp.deep_twin)[i.item] end
- end
0, pop
pop do i Gt o
do imp.start ; imp.remove o imp.finish ; imp.remove
e = ensure
change. count = old count - 1 changed: count = old count - 1
un&Mangeli: across 1 |..| count as i all unchanged: across 1 |..| count as i all
imp[i.item] ~ (old imp.deep_twin) [i.item + 1] end imp[i.item] ~ (old imp.deep_twin) [i.item] end

end end




Abstracting a LIFO Stack o \9 w““&( P{ &
ot T RS @) o
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Using MATHMODELS Library
Implementing an Abstraction-Function 5’%’7

class i\go STAgﬁ G > attached ANY] create ma

ke
imp: LINKED LIST[G]
/

=l ANQN luiﬂft“s*achAT
abs’ ! J#«M

across ime as cursor loop Result\§ap gursor. 1te4) end, 1

——> ok \REAE ‘
Exercise 1: Write pos gdel.

ercnse hat if Strategy 2 was adop’red? Change what?
5] & s,ﬂ_

)% \/—% —3‘9 m) >| l \

i G




Using MATHMODELS Library

Writing_Contracts using the Abstraction Function

class LIFO _STACK[G —> attached ANY] create make
raction function of the stack ADT

e —— Commands ’yafp Y/P/ga(e"

ush
M,I deep_twin) .appended(g) end

Question: Can clients tell which s’rra'regy is belgy adopted?

Exercise:What | AR in e
hat if s’rrafegy was changed? Chang what?

L tede e A St
(7.¢. /7 al bttt
ql wb|)




Checking MATH ELS Contracts at Runtime Strategy 2

e N

-|-OP @l IMPLEMENTATION olddMODEL




Strateqy 1: Mathematical

‘push(g: G)’ feature of LIFO_STA}.}_ADT D

[ public (client’s view)

= I  model ~ (old model.deep_twin).appended(g) ”~ N\
model: SEQ[G] ) model: SEQ[G
= 7 | /

convert the current array
into a math sequence

abstraction
function

abstraction | Jonvert the current array
Sfunction into a math sequence

7 mp—
old imp: ARRAY[G imp: ARRAY[G
( e ':7[J /| im force(s), imp.count + 1) -—gi

private/hidden (implementor’s view)
\




Strateqy 2: Mathematical Abstraction

'‘push(g: G)’ feature of LIFO_STACK ADT

( public (client’s view)

abstraction | convert the current liked list
Sunction into a math sequence

old imp: LINKED_LIST[G]

private/hidden (implementor’s view)

imp.put_front(g)

model ~ (old model.deep_twin).appended(g)
old model: SEQ[G] model: SEQ[G]

convert the current linked list | abstraction
into a math sequence Sfunction

imp: LINKED_LIST[G]




class LIFO STACK[G —-> attached ANY] create make

Use OF MATHMODELS: feature@.—— Implementation{Strategy 1
i_&_ARRAY[G]

— Abstraction function of the stack ADT

Single-Choice Principle | {5 @i 0
do create Result.make_from.array (imp) my Fbt

2

ensure
counts: imp.count = Result.count Wf
/ contents: across 1 |..| Result.count as i all ’
M Q . Result[i.item] ~ imp[i.item] z
/7 end -
t“ feature -- Commands ~

make 'do create imp.make_empty ensure
pushy (g: G) do imp.force(g, imp.count + 1)

pop do 1mp.remove_tall (@8

sl “N- ensure popped: (B~ (old model.deep-tuin) . front, end

/, “te%a end
class LJ'O_STACK[G -> attached ANY] create make class LIFO_STACK[G -> attached ANY] create make
featurf {(NONE} -- Implementation Strategy 2 (first as top) feature {NONE} -- Implementation Strategy 3 (last as top)
LINKED_LIST[G] imp: LINKED_LIST[G]
—-— Abstraction function of the stack ADT feature Abstraction function of the stack ADT
SEQ[G] model: SEQ[G]
do ckeate Result.make_empty do create Result.make_empty
across imp as cursor loop Result.prepend(cursor.item) end across imp as cursor loop Result.append(cursor.item) end
ensure ensure
’MV counts: imp.count = Result.count counts: imp.count = Result.count
contents: across 1 |..| Result.count as i all contents: across 1 |..| Result.count as i all
Result [i.item] ~ imp[count - i.item + 1] Result[i.item] ~ imp[i.item]
end end
feature - Commal feature ands
make do create imp.make ensure make do create imp.make ensure model.count = 0 end

push (g: G) do imp.put-fiont.(g) push (g: G) do imp.extend(g)

ensure pushed: model ~ (old model.deep-twin) .appended(g) end

ensure pushed: en

pop do imp.finish ; imp.remove

; lmp.remove
— antd ensure popped: model ~ (old model.deep-twin).front end
end

pop do imp.start
ensure popped:
end
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Architectural Design Diagrams



Classes: Detailed vs. Compact

—_—
| Detailed View @View

ﬂﬂﬂ!’-gAﬂxC}

-- features exported to classes A, B, and C

(Teaturg-- { NONE }

-- private features
{ invari <= S V
(- inv_Ig (; <;ba1anc®1 ,000,000
\_ J




Contracts: Mathematical vs Programming

( CARRAYED_CONTAINEKD) %o

~

feature{/(Queries F‘L(‘
ounYINTEGER

E— Number of items stored in the COHI(IiM(’Ij & N
feature - e UL lbnt dofored
[assign_a@pi: INTEGER; s: STRING)

-- Change the value at position " to 's’.
equir
valid index: l@igoum

ensure

e —— . .
size_unchanged: imp.count = (.count

item_assigned: imp|i @s
others unchanged:\¥) : 1 <j < imp.count : j # i =1mp[j] ~ (old imp.twin) [j]

feature -1{ NONE } )
RAY| STRING]

= mplemenlatlon OfClH anaved—contamel

invariant
L consistenc§_imp.count = count -
—




tlass  H_Taere1

D ol e 1D

-, ¢
4

Generic Classes . v

o Type parameter(s) of a class|may or may not be instantiated:

@LE][PERSON, 1@
o |If necessary, present a generic class in th€ detailed form:

-

feature

-- some public features here
feature -- { NONE }

-- imp: ARRAY|[G]
invariant

-- some class invariant here

¢V 1
ESTRING]
2 .

feature

-- some public features here
feature -- { NONE }

-- imp: ARRAY[STRING]
invariant

(some class invariant here

MY DB (] 4

feature

-- some public features here
feature -- { NONE }

-- imp: ARRAY[PERSON]
invariant

w,

(some class invariant here

_J




Programming Classes: Deferred vs. Effective

DATABASE
feature - Queries
earch/(g: G): '‘BOOLEAN

Does item ‘g' exist 1in database?

. deferred end

DATABASE_

inherit ﬁe
DATABASE @%ﬁf

Y (g: G) BOOLEAN

. Perform a(llnear searc d on the database.
do)end -

=— Perform albinary searchlon the database.
do_end




Presenting Deferred/Effective Classes in Compact Form

ARRAYED LIST[G]+

)

q ;IST[GQ
LIST[LIST[PERSON]]* LINKED LIST[INTEGER]+ ARRAYED LIST[G]+
DATABASE[G]* DATABASE VI[G]+ DATABASE V2[G]+




Presenting Deferred/Effective Classes in Detailed Form

-
DATABASE[G]*

DATABASE VI[G]+ |

([ DATABASE V2[G]+

feature@ -- Implementation
data: ARRAY[G]

feature --ommands
add_ite'*Ag: G)

- Rdd new item g’ into database.

l-require ot X
non_existing_i tem@xists (g
———

rensure
size_incremented: count = old count + 1
item_added: exists (g)

feature -- Queries
count+: INTEGER
-- Number of items stored in database
ensure
correct_result: Result = data.count

Q:i_s@: G): BOOLEAN
-- Does item "g" exist in database?

ensure

feature {NONE} -- Implementation
data: ARRAY[G]

feature -- Commands

addiileliz(g: G)
-- Append new item ‘g’ into end of "data’.
————

feature -- Queries
cour(+)INTEGER

-- Number of items stored in database

exisls: Zg: G): BOOLEAN

correct_result: Result @: 1 <i<count: data[i] ~ g))

-- Perform a linear search on ‘data’ array.
\_ ),

feature {NONE} -- Implementation
data: ARRAY[G]

feature -- Commands
add iter g G)
-- Insert new item ‘g’ into the right slot of "data’.

feature -- Queries
count+: INTEGER
-- Number of items stored in database

S:x_is@g: G): BOOLEAN
-- Perform a binary search on "data’ array.

invariant

sorted_data: Vi:1<i<count: data[i] < data[i + 1]




Inheritace (1)

e You may choose to present each class in an inheritance

Y LIST INTERFACR[G{*

feature
-- some public features here
feature -- { NONE }
-- some implementation features here

invariant
P -- some class invariant here




Inheritace (2)

More examples (emphasizing different aspects of DATABASE):

@nce Hierarch @eing (Re-)Implemented
= ~( @TA;ASE[@ )

. "
¢ ? l.::‘ )‘\T(' ] Implementatio
DATABASE[G@
E———
DATABASE_VI[G@

DATABASE V2[G]+

DNE} -- Implementation

DATABASE_V2[)

nf 2R




Programming Client-Supplier Relation

v
class DATABASE
£ e {NONE} - implementatio
datal ARRAY [STRING] —=» & X
featdre C

e
b

ommandas

'add_name (nn: STRING)
—— Add name ‘nn‘' to database.
require do . ensure . end
name_exists (n: STRING): BOOLEAN
—— Does name 'n' exist 1in database?
require
local
0y UeLLLLLLES
do ensure end
invariant

end

class UTILITIES

feature - Queries

search (a: ARRAY [STRING];
Does name '‘n' exist
require ... ’Q ... ensure

end

n: STRING) : BOOLEAN

1in array

. end

v
a




Presenting CS Relation in Diagram: Approach 1

If STRING is to be emphasized, label is
where ... denotes the supplier class STRING being pointed to.

data: ARRAY[...]}

i el

-

require

ensure

r datf) ARRAY}= JA@ 'éfsJ
DATABASE+ anss
feature
add_name+ (nn: STRING) M 73‘,
-- Add name ‘nn’ into database. {
require ks
\ "
ensure J\ (6/
name_exists+ (n: STRING): BOOLEAN n ,%
-- Does name 'n" exist? ‘
require
ensure
UTILITIES+
invariant u feature
ﬁ search+ (a: ARRAY[STRING]; n: STRING): BOOLEAN
\_ -- Does name 'n’ exist in array ‘a’?




Presenting CS Relation in Diagram: Approach 2

If ARRAY is to be emphasized, label is |data|.
The supplier's name should be complete: ARRAY [STRING]

[ DATABASE+

S

feature -
add name+ (nn: STRING) @ 7 .
-- Add name ‘nn’ into database. — p ‘m
require = S

ensure

+
name_existst+ (n: STRING): BOOLEAN STRING
-- Does name 'n’ exist?

require

ensure u E
UTILITIES

invariant

\— v,

s -
at
n




Programming Client-Supplier Relation

DESIGN ONE:

class DATABASE_ VI
feature {NONE} - implementation
imp: ARRAYED LIST[PERSON]
—— more features and contracts
end

DESIGN TwO:

class DATABASE V2

feature {NONE} - implementation
imp: LIST[PERSON]

: —— more features and contracts

end




Presenting CS Relation in Diagram: Approach 1

We may focus on the PERSON supplier class, which may not
help judge which design is better.

( CDATABASE V)+ )
fe_‘j‘t:)‘:le public features here @w

feature -- { NONE }

-- some implementation features here
invariant

-- some class invariant here

[ (DATABASE_V)+ |

feature W[ 5 ]
-- some public features here

feature -- { NONE }

-- some implementation features here
invariant

-- some class invariant here




Presenting CS Relation in Diagram: Approach 2

Alternatively, we may focus on the LIST supplier class, which in

this case helps us judge which design is better.
)

DATABASE V1+

feature im p+ +
-- some public features here -
feature -- { NONE } ARRAYED_LIST[PERSON]

-- some implementation features here
invariant
-- some class invariant here

\_ Wy,

DATABASE V2+

feature mp &
-- some public features here
feature -- { NONE }
-- some implementation features here
invariant
-- some class invariant here

LIST[PERSON]

ra

LINKED_LIST[PERSON

ARRAYED LIST[PERSON]



Clusters

Use clusters to group classes into logical units.

o T M o e e e e e e e e o a,

model

DATABASE_V1[G]+

DATABASE[G]+

feature -- Commands
add_item++ (g: G)
-- Insert new item ‘g’ into the right slot of "data’.

imp

db

tests

DATABASE_TESTS+

=

base-library

feature -- Queries
count+: INTEGER
-- Number of items stored in database

exists++ (g: G): BOOLEAN
-- Perform a binary search on "data’ array.

invariant

sorted_data: Vi:1<i<count: data[i] < data[i + lb

L -

P e S
- =
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Postcondition: Asserting Set Equality



Writing Postcondition: Exercise  Problem

all_positive_values (a: ARRAY[INTEGER]): ARRAY[INTEGER]
require

L5 R< 2"3; 4 =>>

r’vwoﬂrleﬂ’ Jup #° mM
Wreiess oittey- expuapl A ftorvect

A"_,Lf:/s (K Z,3,-54,-25>» WﬂM
Mg l_> & 1,8 ,T»
“F- b o oath un, 73 >0 S




Writing Postcondition: Exercise  Solution

all_positive_values (a: ARRAY[INTEGER]): ARRAY[INTEGER]"

require

no_duplicates: ??

ensure 20
across Result is x ﬁ%
all ®
x>0 S

end

ST =(Yxllxeb > x<¢T/S

/7\Cc—'[ > 7(65)@

A”_’ F{é_?ﬂ_a_ﬂko_rﬂ_ .’?I\'dt - A,L-Y;AA?:/I’_Y?kAl{_Pﬁ.AﬂA_
s 4 B ¥ -~
gl g 2o Feplt = %
> f. ( ) PANU>>
Al 7 >0 sl Kt ks @ i am BN




Lecture 4
Part 3

Abstraction of a Birthday Book



M@)n MATHMODELS v dount 9
Say r- (@(). B0). 9. @Y. 6. 66 &). G0 (1)

~r.domain - {@,L td, 0,48 [rmde() bt -1)

‘——__

rrange - {/,2,3,#%,6% B‘;@*"W el
Vr%{,sas %M‘:{( OMAM >§_f___@1

~valse 7
r[g d > Ya
onet ﬁ*
y b g 7
Say r = {@H7 (b, 2) WW{ 5), (M»'S (d.1).(e.2).(£.8)}
Goverridden(l@ ( a, 3)
- [EG 4>}u\€ 0] @ oy
r.gomain_subtracted tdoman
(=) |
= {(373):(074)7(b72)7(b>5)7(d71)7(e:2)7(ﬂ3)}




Testing REL in MATHMODELS

[‘omwa«o( - ﬁ'lzv:([;\o[e[

ADY - Lo (€S

Say r={(a,1),(b,2),(c.3),(a.4),(b,5),(c,6),(d,1

« [r.domain: set of first-elements from r
o rdomain={d|(d,r)er}
o e.g., r.domain = {a,b,c,d,e,f}

* [rrange]: set of second-elements from r
orrange={r|(d,r)er}
o eg. rrange={1,2,3,4,506}

« [r.inverse|: a relation like r except elements are in reverse order
o rinverse ={ (r,d) | (d,r)er}
o e.g., rinverse = {(1,a),(2,b),(3,¢),(4,a),(5,b),(6,¢),(1,d),(2,e),(3,f)

) (e,2),(f,3)}

r.domain_restricted(ds) ‘: sub-relation of r with domain ds.
o r.domain_restricted(ds) = { (d,r) | (d,r)erndeds}

o e.g., rdomain_restricted({a, b}

test_rel: m
local
r, t: REL[STRING, INTEGER] o r.domain_subtracted(ds) =
ds: SET[STRING] /l/'b o e.g., rdomain_subtracted({a, b}) =
do — .
create r.make_from tuple array (
Jgsr=g, ['O", 20, ["e", 3I, o r.range_restricted(rs)
[La2T], ["D", 51, ["c", 6], o e.g., r.range_restricted({1, 2}) =
- ["d", 11, ["e", 2], ["f", 316B)
create ds. make from _array (<<!a">>) b
O : Odoma:l. . rac‘ d’(“ds)f ‘dogaih o r.range_subtracted(rs)
A - [ S'.'Q'S o e.g., r.range_subtracted({1, 2}) =

X/z)r and pot t.domain.has (a")
check Result end

> command ‘domain_subtract’

: $arl
t ~ r and not t.domain.has
— CE— omm— =

end

) . {(a’ 1 )v (b72), (354)7 (b 5)}

« |r.domain_subtracted(ds) | sub-relation of r with domain not ds.

—{(d,r)|(dr)ernd¢ds}
{(c.6),(d,1),(e,2),(f,3)}

r.range_restricted(rs) ‘ sub-relation of r with range rs.

={(d,r)|(d,r)ernrers}
{(a1),(b,2),(d,1),(e,2)}
r.range_subtracted(ds) ] sub-relation of r with range not ds.
={(d,r)|(d,r)yernrg¢rs}
{(c,3),(a.4),(b.5),(c.6)}

("a") and not r.domain.has ("a")
— R, I e — eSS—

man)




Model of an Example Birthday Book

domain range

May-21

August-11

October-15



Birthday Book: Design

r

BIRTHDAY BOOK

) (@

.

BIRTHDAY )

def’ WA’AME RIRTHDAY
= f‘tracuon function [ J @

count: INTEGER
T number of entries

@@d@w
ensure

model_operation: model (old model. deep twm)ﬁvemden bz.
-- infix symbol for override operator

4 d BIRTHDAY( ARRAY@AME %—
ensure

nothing_changed: model~ (old model.deep_twin)
same_counts: Result.count = (model.range restricted by(d)).count

-- infix symbol for range restriction: model @> (d)
linva;jagt-]
consistent_bookiandimodelicounts (Eodell.count

0@5'
,,u,dzl@M L

same_contents: ¥ name € (model.range restricted by(d)).domain: name € Result

ST day: INTEGER
|h[’:—" month: INTEGER

invariant
1 <month <12
1 <day <31

‘invariant
item[1] EA..Z




Birthday Book: Model Operation (1.1)

book.put( October-15)

domain range

May-21

August-11

October-15




Birthday k: Model Operation (1.2)

book.pu \/ September-14)
domain range
“Alan”
I ., ‘ May-21
Mark
»’ August-11

“Jim” » OCfObel"-ls
SéFwLe/JL/




Birthday Book: Model Operation (2.1) S = #5
: N\
book.remind(August=11)

domain
PEEYRY
May-21 SZ Q__ Q /
\ ’P}Zg';[le-l-lll\

‘L@ 27

no~n P e

hn PN | )
VI | VN\TarI'TIAN LI
. —l FITTM YA TS

veletov : :
=0



Birthday Book: Model Operation (2.2)

book.remind(November=29) M
> én ]

domain

May-z 1

= Augus’r— 11

October-15




Birthday Book: Implementation

( ) )
BIRTHDAY BOOK i BIRTHDAY
model‘r‘UNaAME, IRTHDAY] day: INTEGER
-- abstraction funcfion model: FUN[NAME, ..] month: INTEGER
do ’
ensfrrgmote }ﬁh\ B invariant
same_counts . Résif connt “{implementation count 1 <month <12
same_contents: Y [name, date] € Result: [name, date] € implementation 1<day<3l
end \_ J
put(n: NAME; d: BIRTHDAY)
do
-- implement using hashtable
ensure
model_operation: model ~ (old model.deep._twin) @<+ [n,d]
end N
remind(d: BIRTHDAY): ARRAY[NAME] U £
do /\
-- implement using hashtable
ensure
nothing_changed: model ~ (old model.deep._twin)
same_counts: Result.count = (model @> d).count
same_contents: ¥ name € (model @> d).domain: name € Result
end
count: INTEGER -- number of names ( NAME w
feature {NONE} remind: ARRAY..] item: STRING
implementation: HASH_TABLE[BIRTHDAY, NAME]
invariant
invariant: item[1] EA.Z
consistent_book_and_model_counts: count = model.count
consistent_book_and _imp_counts: count = implementation.count
\— _J
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Design Pattern: Iterator



Principle of Information Hiding

Supplier:

Client:

class

CART
feature

orders: ARRAY[ORDER]
end

class
ORDER
feature
price: INTEGER
quantity: INTEGER
end

Problems?

class
SHOP
feature
earty CART
checkout: INTEGER
do
from
i := cart.orders.lower
until
i > cart.orders.upper
do
Result := Result +
cart.orders[i] .price
*
cart.orders[i] .quantity
i:=1i+1
end
end
end




e . 3

-

’

feature -- Queries
counts+: ITERABLE[ACCOUNT]
-- List of active accounts in the bank

account_of+ (name: STRING): ACCOUNT
-- The account object whose owner is ‘name .
require
owner_exists:
Jacc : acc € accounts : acc.owner ~ name
ensure
correct_result:
Result.owner ~ name

feature -- Commands
withdraw_from+ (n: STRING; a: INTEGER)
-- Withdraw amount “a’ from account with owner 'n".
require
owner_exists:
Jacc : acc € accounts : acc.owner ~ n
positive_amount:
a>0
affordable_amount:
a <account_of (name).balance
ensure
number_of accounts_unchanged:
accounts.count = old accounts.count
balance_of name_decreased:
account_of (n).balance = old account_of (n).balance - a
others_unchanged:
Y acc : acc € accounts.deep_twin :
acc.owner /~ n = acc ~ account_of (acc.owner)

invariant
unique_account_owners:
Yaccl, acc2 : accl € accounts A acc2 € accounts :
accl.owner ~ acc2.owner
=
account of (accl) = account of (acc2)

’

\_ J

~
~

T o e o mm mm e mm o e Em e Em e mm e Em Em Em mm o

accounts+

- .

feature -- Access
new_cursor*: ITERATION_CURSOR[G]
-- Fresh cursor associated with current structure
ensure
result_attached: Result # Void

A

iterable collection

+
HASH_TABLEJ[G, K]

D L o T T T B

e _‘A‘«- )

. J

new_cursor*

+
ARRAY_ITERATION_CURSORJ[G]

new_cursor+

ITERATION_CURSOR[G]*

feature -- Access
item*: G
-- Item at the current cursor position
require
valid_position: - after

feature -- Status report
after*: BOOLEAN
-- Are there no more items to iterate over?

feature -- Cursor movement
forth*
-- Move to next position.
require
valid_position: - after

¥

INDEXABLE_ITERATION_CURSOR[G]

new_cursor+

new_cursor+

T ey mm mw wm mm mm m m mm mm mm mm mm mm mm m mm mm m mm mm mw mw mw mm mw mw e mw mm mw mm mm mm mm mw mm mm mm mm

~



Implementing the Iterator Pattern: Easy Case

supplier

PN
ITERATION_CURSOR[G]}

~

feature -- Access
item*: G

M Af a -- Item at the current cursor position
M ﬁ\ require

valid_position: = after

feature - Access
new_cAw‘xor*: lTERATIIOI\_C URSf)R[G] ] new_cursor?, feature -- Status report
-- Fresh cursor associated with current structure 7 sl afier*: BOOLEAN

ensure 3 -- Are there no more items to iterate over?
result_attached: Result # Void

7 feature -- Cursor movement
A D forth*
-- Move to next position.
require
valid_position: = after

iterable_collection

e m T - ———————

+ + +

+
HASH_TABLE[G, K/ LINKED_LIST[G] ARRAY, ITERATION, CURSOR]G] HASH_TABLE_ITERATION_CURSOR[G, K

1
1
1
1
1
1
1
1
]
}
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

new_cursor+

new_cursor+

[ O g gy g SR g g S




Implementing the Iterator Pattern: Easy Case

class
CART
TTER 4BLE (o7t
feature {NONE}
ARRAY[ORDER]

)[\eA'leP -

Ylwd;ba@w : I-C@’ZVFRE

T l?pml{- = oml%. o vV

&
end ‘—'Ol




Implementing the Iterator Pattern: Hard Case

supplier

ITERATION_CURSOR[G]*

feature -- Access
item*: G
-- Item at the current cursor position

( ITERABLE[G]* e

valid_position: = after

feature -- Access
new_cursor*: ITERAT_ION—CURSOR[(;] new_cursor® feature -- Status report
-- Fresh cursor associated with current structure = afier*: BOOLEAN
e =="Are there no more items to iterate over?
result_attached: Result # Void
feature -- Cursor movement
A forth*
-- Move to next position.
require
valid_position: = after

_Boot

iterable_collection

p———— -————————-

+ + +
HASH_TABLE[G, K/ LINKED_LIST[G] SH_T E_ITERATION_CURSOR[G, K

1
1
1
1
1
1
1
1
]
}
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

new_cursor+

n(’H'_(‘LII‘S())“"

new_cursor+

[ O g gy g SR g g S




Implementing the Iterator Pattern: Hard Case

it Tor ap ¢ (QoRElSREG
feature {NONE}

rames? A_&BA.Y[STRING
ARRAY

@ TE [S:6]

w I EMOERALS
mal@( - - p)




Implementing the Iterator Pattern: Hard Case

IV
Trerere

’Bc;ok

new— BASov”

ne - Qo

RSoVV

class

MY ITERATION_CURSORI[G]

inherit

ITERATION_CURSOR[ TUPLE [STRING, G] ]

feature

—— Constructor

make (ns: ARRAY [STRING]; rs: ARRAY[G])

do ..
fsgtur

end

{ NON —— Information Hiding

cursor_positfon: INTEGER

ARRAY [ STRING]

names:
l:records: ARRAY [ G]

fggture

—— Cursor Operations

[ftem: TUPLE [ STRING, G]

do ..

[Ffter:
do ...

Z?orth
do ..

end
Boolean
end

. end




Iterator Pattern at Runtime .5 m #J

rray
it ITERA IE[STRING, G)}]

TERATION_CURSO UPLE[STRING, G]




Use of Iterable in Contracts

clas

CHECKE
feature - Attgibutes 2
collection: ’ITERABLE [( NTEGE
feature o]l = g
is_all_positive: BOOLEAN
—-— Are all items in qollection positive?

do

]

ensure
lacros

acros

collection is it
all I

item > 0 blnary_searf' acc_1id: INTEGER) : ACCOUNT
and —— Search on accounts sorted in non-descending order.
require

(across?

’—- i ,

1 |..| (accounts.count - 1) is 1
all

accounts@ id <= accounts
—

end

do

ensure
Result.id = acc_id
end



Use of Iterable in Contracts: Exercise

class BANK

accountsACCOUNT]

contains_duplicate: BOOLEAN
—— Does the account 1list contain duplicate?
do

ensure

. . 2
[@u . INTEGER | AL 0SS

1 < i< accounts.count A 1< j< accounts.count e

accounts[i] ~ accounts[j] = i = |

— —_—

end




Use of Iterable in Implementation (1)

class BANK
accounts 42 TERABLE QCCOUNTT)
max_balance: ACCOUNT

—— Acco with the maximum balance value.
require ( ??

local
CUrsor: ERATION CURSO CCOUNT]; max: ACCOUNT

Bc@ 1= accountanew_cursor ; max := cursor.litem
| §

@! cursor.|after

if cursor. item .balance > max.balance then

max := cursor. item

ﬂ e Lol /“77 ol A
e B $p @ ET




Use of Iterable in Implementation (2)

class SHOP
cart: |CART
checkout: INTEGER

—= Tcial lce calculated based on order a1t D/Cdfi.

require ??

L~ @q{ 5y .

Result := Result + brder;prlce ~{ordey/fqua

2T

Lard Bl 7

ensure

1ACCO NT} ——QElNEan hTERABLk[ACCOUNT] work?

ax_ balance ’ACCOU
= Account

require
local
max: ACCOUNT
do
1= accounts [1]

accounts’ls ace

loop

1f e > max.balance then
hmx := acc
en

end

ensure ??
end



Lecture 4
Part 5

Exercise: Generics in Iterator



deferred class

ITERABLE [G]

ExerCise feature - A

new_cursor: ITERATION_CURSOR [G]

deferred end
end

test_database: BOOLEAN
local
db: DATABASE[STRING, INTEGER]
tuples: LINKED_LIST[TUPLE [INTEGER, STRING]]
do
create db.make
create tuples.make
across
db is t
loop
tuples.extend (t
end
end

class
DATABASE[G, H]
inherit
rreraces (D
feature {NONE} - Implementation
gs: ARRAY[G]
[H]
feature - Iterable
new_cursor: ITERATION_CURSOR[-]
local
db_cursor: ITEM _ITERATION_CURSOR[H, G]
do
create db_cursor.make (-)
Result := db_cursor
end
end

deferred class
ITERATION_CURSOR
feature Cursor
new_cursor* item: G

deferred end

[G]
features

after: BOOLEAN
deferred end

forth
deferred end

class
ITEM _ITERATION_CURSOR[M, N]
inherit
ITERATIOALCURSOR['IIIIIIII.]
create
make
feature {NONE}
ms: ARRAY [M]
ns: ARRAY[N]
feature -- Constructor
make (new_ns: ARRAY[N]; new_ms: ARRAY[M])
do ... end
feature - Cursor features
item:
do ... en

- Implementation

after: BOOLEAN
do ... end




Lecture 5
Part 1

Expanded Types for Compositions



Modelling: Aqqreqation vs. Composition

< (W2) wr -

—

4 - | X
ke (QKEYBOARDI I) KK KEYBU;\RDL? h <}\'EYB();\RDI /
¢ CRi c CPLi2 o CPU3

, / / /
m | | MONIIORL- - Y\IONHoy/ m MONITOR3

| n n
n

= |
« A (WORKSTATION)|| \ (WORKSTATION) | (WORKSTATION)

A
LM X 1T ﬁaff’a"

(ﬁ
(NETW '(y




Expanded Type for Composition

EYB(_)Ay)... end class CPU ... end 7,
class MONITOR ... end class NETWORK ... e thzf

class WORKSTATION 740 b Loaed
: |expéfaded KEYBOARD
M%ME

: expanded CPU

: expanded MONITOR Lt o ;‘
: NETWORK - — adlhl
{éxpanded class{KEYBOARD/ ... énd
[ —— r e
expanded class CPU .. end gv .
expanded class MONITOR ... end
()Q Hizd z](‘ class NETWORK ... end

class WO
he \C LDM Ck‘sg 9 , N7
WA ‘Le BzﬁW oM (ﬁ? ﬁ( m MONITOR ﬂ/dw /

of @Nf enn d: NETWORK }?B&M QL\(HT




@ -

Jcheck . \ 0 and ‘eb2.1 = Q. end\/
€§eb2 end{7
—>eb2.change_i (1Y)

check ebl.i = and eb2.1 = 15 end

rx
: 15 and eb’2.1
ebl.chgnge 1 ((10)

change 1 (ni: INTEGER)




Lrertisk

L0 PNR class

B
feature
change_1i
do
i := ni
end
feature
i: INTEGER
end

(i

INTEGER)

N
QOWoONOOOTPA~WN =

S OO (ST CUP G
aOrwOND =

test_expanded

local
ebl,

do
check ebl.i =
check ebl =
eb2.change_1
check ebl.i =
check ebl
ebl := eb2
check ebl.i =
ebl.change_1
check ebl.i =
check ebl /= eb2 end

end

ebZ: B

eb”2 end

(15)

/= eb2 end

(10)

0 and eb2.1

0 and eb2.1

15 and eb2.1

10 and eb2.1

0 end

15 end

15 end

15 end




Reference Type or Expanded Type

- obsS  Aorrr cloSS B
74\11"!0' leﬂT)-bK

7
ad / g
reference-typed author

“The Red and the Black” “Life of Rossini”
1830 1823 “The Red and the Black” “Life of Rossini”
341 307 1830 1823
reference gference 341 307
e —
~~  “Stendhall” ” “Stendhall”
/ “Henri Beyle” / “Henri Beyle”
“Stendhall < 1783 1783
“Henri Beyle" 1842 7 1842
1783 NS = N
1842 -
\

%—ef <

Pock \/
; o I
Aﬂ%hﬁiﬁ> iaz&mﬁh;!dﬂwm (:" pd
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Sharing via Inheritance



Shared Data via Inheritance

@R po

Single Choice Principle

thowe o

Descendant: & chss s o
qqhg ( W@
class |DEPOSIT| inherit SHARED_DATA PA Cé_.j a '[LD?‘/&('
—— ‘maximum balance’ relevant Ancestor.\'e[efﬁ'/lf W-v-L-
end am( ' pAv o),
7 L}
1l |class
class WITHDRAW inherit SHARED DATA lSHARED_DATA}
—-— 'minimum_balance’ *elexa%e feature
end ' t_rate:
o erest_ f
'/ > "r"‘o“f/ {1 lexchange _rate:
class |INT TRANSFER inherit SHARED DATA i nimum ' balance® INTEGER
-— ‘exchange rate’ releva t =/ mTalance: INTEGER
end @JWf T

class ACCOUNT inherit SHARED_DATA
feature

‘interest _rate’ relevant

deposits:

end

withdraws:

DEPOSIT_LIST
WITHDRAW_LIST

Problems?




Shared Data via Inheritance Ccohesion

i

clas
SHARED DATA IS
feature

.interest_rate:

REAL

.exchange_rate: REAL
.minimum_balance:

maximum_balance:

d1d

4

DEPOSIT

INTEGER
INTEGER

/ WITHDRAW
,(t27 INTERNATIONAL_TRANSFER

: et_max_balance(ZIJl)
vt;;ls'et min_balance (s09)

.set_exchange_rate

Single Choice Pri

tl ~>

DEPOSIT

ir 0.11 — d2’9 ir 0.11

er 2.34 | er 2.34
min | 1960 Svip min | 1980.6®
max| /1008000 25,1 max| 108Q000
WITHDRAW W?:ZDRAW

ir 10.11 ir lo.11

er |2.34 9"7 er [2.34
min | 10d0 524 min | 2$Qo0 ST@
max 100)@% max| 110000
@ ﬁANSng

Ir 0.11 ir 0.11

er |2.34 er |2.34
min | 1060 €0 17/9 min | 19Q0 (85
max| 1008000 max| 100Q000

24 24
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Once Routines



Once Routine (l)

a7 A«Z .

“l"{d c/

A{vl 9

« hV(

‘-\
class (A
create make

feature - Constructor
make do end
feature - Query

new_once_array (s: STRING): ARRAY|[STRING]

— once query that returns an array.

once
create {ARRAY[STRING]} Result.make empty
Result. force s, Res 1t.count + 1)

end :L

test_query: BOOLEAN
local
a :@Z)
arrl, arr2: ARRAY[STRING]
do
2 create a.make

1& w\l

%7new_array (s: STRING Y [ STRING]

“ —-— An ordinary query that returns an array.
do
chreate {ARRAY [STRING] } Result.make empty
Result. force (s, Result.count + 1)
end o
end

check Result end

Result :=

check Result
end

rrl):= a.new_array ("Alan")
ReSult := arrl.count = 1 and arrli[l]_~ "Alan"
check Result end [__
2,.04 tp\l
:= a.new_array ("Mark")
Result := arrZ2.count = 1 and arr2[l] ~ "Mark"
—

)e@u@ F

v




Once Routine (2)

class A
create make
feature -- Constructor
make do end M!’
feature - Query @ —
> new_once_array (s TRING) : ARRAY[STRING]
once query that returns an array.

once
K [ create

{ARRAY [STRING] } Result.make empty
(s, Result.count + 1)

Result. force
end

test_once_query: BOOLEAN

new_array (s: STRING): ARRAY[STRING]

EUEIED l/

Result Glizizl
check Result end
end

%7local -— An ordinary query that returns an array.
a:(A d
o
s ﬂ'—ARRAY[STRING] create {ARRAY[STRING]} Result.make empty
do Result. force (s, Result.count + 1)

create a. make

end

bend

arrl/:= a. new once _array "Alan"
Result :=(arrl.count = 1 and arrl[l] ~ "Alan"
check Result ;;ﬁ g O/lt? Z T
arr = a. new once_array ("Mark")
Result := 2fcount = 1 and arr{[1l ~< "Alan")l / The -J;(g‘e mf/
check Result end 7 —~ .

2.4l ot talle




Approximating Once Routines in Java (1)

_7711;/?{ I@H&ﬂ Mﬂ/@ @ ‘(Et 6"‘“

BankData
BankData
double interestRate;
void setIR(double r);

class Account {

Account () { .
datg/= BankDataAccessWgetD

—_—

class BankDataAccess Problem? IW{'O"‘P sfa

static booleanGnitOnc

BankData data; Z,(; ml/

} B~
BakVasokletess g0 Tt s

ata (O

T T -
static BankData data;< , lTwp ﬂ |

static BankData getData () {
if ((Xnttonce) {
: el

—>data (= Jnew BankData?);
initOnce = true; -
Bouk ¥

}
return data; _
i 0.0

A

}
}

7‘%»4!(



Approximating Once Routines in Java (2)

e gan encode Eiffel once routines in Java:

class |BankData/ {
_brivate BankData () { }
L double interestRate;
\void setIR(double r); Problem?
[ static boolean initOnce; '
static BankData data;
static BankData getData/() /U%*kﬂﬁq [hhaﬁb/\
if(!initOnce) { <j -
 data = new BankDatal();
initOnce = true;

/. return data;
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Export Status



class CLIENT 1 E

=1

'T'Gfxpor’r Status Case 1

test: BOOLEAN
local
s, old_s: SUPPLIER
do —
~—> create s.make (5)-/
—2 old_s:=s
create s.make
print (old_s(=

Fei=

—>old
[Q'nakegczi

make (init_i: INTEGER)
do

i r=init_i
end

class CLIENT_2

test: BOOLEAN
local

s, old_s: SUPPLIER
do

create s.make (5)

old_s :=s

create s.make (5)

feature

P T i: INTEGER
old_s:=s JE=1

s.make (7)

print (old_s = s) end
end

end



Export Status Case 2

classgCLIENT_1 /-

test: BOOLEAN

local class SUPPLIER

s, old_s: SUPPLIER
do

create s.make (5) v/
old_s:=s | Create .{ QML—IS

create s.make (5)\/
print (old_s = s) ma ke

o

O feature &

make (init_i: INTEGER)
do

end

class CLIENT_2
e e

test: BOOLEAN | 1= Init_|I
local
s, old_s: SUPPLIER end
do
create s.make (5)7(
old_s:=s

feature

create s.make (5)X

print (old_s = s) i INTEGER
old_s:=s )
s.make (7)\/ end
print (old_s = s)
end

end



test: BOOLEAN
local
s, old_s: SUPPLIER
do
create s.make (5) X
old_s:=s
create s.make (5) X
print (old_s = s)

old_s :=s
s.make (7) )(
print (old_s = s)

end

class”CLIENT_2

test: BOOLEAN

local
s, old_s: SUPPLIER

do
create s.make (5)
old_s:=s
create s.make (5)
print (old_s = s)
old_s:=s
s(make/(7)
print (old_s = s)

end

end

Export Status Case 3

class SUPPLIER

create 3 Lasdl_3%

make

feature 3 (LIGIT_3§
make (init_i: INTEGER)
do
i 1= init_i
end

feature
i: INTEGER
end
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Singleton Pattern



Singleton Design Pattern: Code (1) ol }
Af@o;h, 28 & ¢ ﬁ

VAA

Supplier: / ta-’l we Clienty
class DATA ( test:) BOOLEAN
create (DATA ACCESS) make l;ca'l I//
feature {DATA ACCESS) —>access: DATA ACCESS '%V ng
makefdo v :—@end ~»dl, d2: DATA_ ﬂ
feature) - Data Attributes do
v: INTEGER (gl/: lagcess datalzs-f- eall
change v (nv: INTEGER) d2/:= laccess.datal Mr/
do v := nv end ’ Result :=(dl = d2' T.
end I and dl.y =10 and d2.v = 10(‘1:
I —_— check Result end
7‘“ = ol ~>»dl.change_v
<expand,eé’ class ” o ; Result := d1(= 22
DATAACCESS + | w0 "« and dl.v - 15 _and d2.v = 15
feataass ‘M end —
@ ﬂ end (T;.
T ooyl . PSS
once/create Result make [f2nd hii :
mvaqa‘,ftm@ata Trall & %ol Writing | create d7.make |in test

G a ;efumff feature does not compile. Why?



Singleton Design Pattern: Code (2.1)

Supplier:

class BANK DATA

create {BANK_DATA ACCESS} make

feature {BANK DATA _ACCESS}
make do ... end

feature - Data Attributes
interest_rate: REAL
set_interest_rate (r:

REAL)

) e xpanded -~
BANK DATA ACCESS
feature

BANK_DATA

——=- The one and only acces
once Xcreate Result.make end
invariant data = data

Client:

class
| ACCOUNT ?<——

BANK_DATA

data( :5/ data_access.data
—G = —

—_—

end
end

Writing | create data.make

in

client’'s make feature does not

compile. Why?



Singleton Design Pattern: Code (2.2

test_bank_ _shared data:

that

BOOLEAN

Test a

local accl, acc2: ACCOUNT

do

comment ("tl: test th
create (accl \makeq ("Bill")
create accZ.make ("Steve")

Result AcEedl el
check Result end
Result accl.data
check Result end
GeeNdata). sect_interest_rate
Result
accl.data.interest_rate
and accl.data.interest_rate
check Result end
accz.data.set_interest_rate
Result
accl.data.interest_rate
and accl.data.interest_rate
end

single data object
ingle data object is shared")

=) acc2.data

(~ 7acc2. data

fid 510G

is manipulated

bages the Tt all
L0_AZ dea

2ol wll 2o
12432

acc2.data.interest_rate
3 AL

8 sl )

acc2.data.interest_rate
2.98




~

~

’

client 1

‘ APPLICATION" .
» .

data_access+

data_access+

supplier of shared data

on WE Em mm Em Em o mm Em Em Em Em Em Em Em R Em EE Em Em Em Em Em Em Em B Em B Em Em Em Em B Em R Em RE Em Em Em Em Rm Em Em Em Em Em Em Rm B Em R Em Em Em R Em Em = E

DATA ACCESS+

[ ( DATA-) _

~

——
-—

-- Dgta
| DATA /
£ Refergnce to a shared data object
Conce)/
create Result.make
end

“invarianq )
Shareg={nstance:
datd =/data
_ V?P

&

make

make+
-- Initialize a data object

feature -- Data

3\/: SOME_DATA CLASS
-- An example query

> c

-- An example command

create {DATA_ACCESS} -- Creation Restriction

feature {DATA ACCESS} -- Update Restriction

-

- oam mm mm e mm mm mm mm mm mm mm mm mm m mm mm mm
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Abstract UI



ETF: Abstract UI vs. Concrete UI Concrete Ul

Concrete UI Interaction - eeposi
- Insert a bank card j k. ATV St 1012 Choaue Dtals
- Validate password ‘ " e o, st th " iomatn
- Select Deposit Transaction
- Select cheque account
- Enter amount

- Select confirm

\gb—s'rracf UI

TAKE BACK PHOTO

dlgnarel

system bank

Deposit To
Select...

new (id: STRING)

—— create a new Wg#k account for "id"
_deposi_t(id: STRING; amount: INTEGER)

——"deéposit "amount" into the account of "id"
withdraw (id: STRING; amount: INTEGER)

—-— withdraw "amount" from the account of "id"
transfer (idl: STRING; id2: STRING; amount: INTEGER)
"idil" teo "id2"

—— transfer "amount" from
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Abstract States, Acceptance Tests



Acceptance Testing

new(“alan”)

new(“mark”)

deposit(Malan”, 200) : .

deposit(*mark”, 100) -> new("mark”)

transfer(“alan”, “mark”, 50) {alan: 0, mark: 0}

-> deposit(“alan’”, 200)
{alan: 200, mark: 0}

-> deposit("mark”, 100)
{alan: 200, mark: 100}

-> transfer(Malan”, "mark”, 50)
{alan: 150, mark: 150}



Acceptance Test vs. Unit Test

i

—>new ("alan")

test: BOOLEAN
local acc:
do create acc. ("alan")

{alan: 0}
—>deposit ("alan",
{alan: 200}

acc.@ad@N(200)

pRboct st olStect Buents ﬂ?kwﬂfafm ot
( obdtect UTD
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ETF: Abstract UI, Model, Regression Tests



g

: Workflow

st
l a’eﬁne/ UL limplement

business
model

|
connect to |
|

ETE generate Code
Skeleton

redefine

fix or add

kS




ETF: Separating User Interface and Business Model

user_commands

-----------------------------------------------

o, N

T2 V

(%3
%g,
|

N e e e e e e e = =

system ban

new (id: STRING)
—— create a new bank account for "id"
deposit (id: STRING; amount: INTEGER)

—-— deposit "amount" into the account of "id"
withdraw (id: STRING; amount: INTEGER)
T —— withdraw "amount" from the account of "id"
transfer (idl: STRING; id2: STRING; amount: INTEGER)
=— transfer "amount" from "idl" to "id2"




ETF: Singleton Pattern

srr—opes Bk

fgature {NONE }
lmak%L.J

Iocal E;ka:

ma: BFF—HODEI, ACCESS

do

model ({EE{T‘
end

end

class

ETF_DEPOSIT

inherit

ETF_DEPOSIT_INTERFACE
redefine deposit end

create
make
feature

-- command

deposit(id: STRING ; amount: REAL_64)
~—do

o

if not model.has_user (id) then

-- Set_ some error message
elseif not amount <= model.get balance (id) then

-- Set some other error message

‘ SR
epositfid, amount)




ETF: Input-Output-Based Acceptance Testing

I-meW(“alan”)- {}

new(“mark”) -> new("alan”)
|dﬂmﬂ'ﬁﬂ‘alan” 200) S {alan: 0}
$ deposit(“mark”, 100) -> new("mark™)

afransfer( alan”, “mark” {alan: 0, mark: 0}

-> deposit(talan”, 200)
{alan: 200, mark: 0}

-> deposit("mark”, 100)
{alan: 200, mark: 100}

-> transfer(Malan”, "mark”, 50)
{alan: 150, mark: 150}




Regression Testing

expected outputs
atOl.expected.txt

oracle program ) atO2.expected.txt

inputs
atOl.txt at99.expected.txt
at02.txt
identical?
at99.txt

atO1l.actual.txt
’ atO02.actual.txt

Your Program

at99.actual.txt

actual outputs



Automating Regression Testing

> Github copy

- backup
- version history

home copy school copy

- development 1 oracle

- debug - regression
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A Motivating Problem



Inheritance: Motivating Problem SRS

| Noun;? -> classes, attributes, accessors
\Verbq -> mutators somanl

Problem: A studentmanagement system stores data about
students. There are two kinds of university students: #esident
students andnon-resident students. Both kinds of students
have amame and a list of registered courses. Both kinds of
students are restricted to register for no more than 10 courses.
When calculating the tuition for a student, a base amount is first
determined from the list of courses they are currently registered
(each course has an associated fee). For a non-resident
student, there is a discount rate applied to the base amount to
waive the fee for on-campus accommodation. For a resident
student, there is apremium rate applied to the base amount to
account for the fee for on-campus accommodation and meals.




Lecture 7
Part 2

1st Design Attempt without Inheritance



class RESIDENT_-STUDENT

151. DesJi n Affempf gzzzz:em?]feﬂttributes
name: STRING

courses: LINKED_LIST][COURSE]

premium-rate: REAL

feature - Constructor
make (n: STRING)
do name := n ; create courses.make end
feature - Commands

set_pr (r: REAL) do premium_-rate := r end
register (c: COURSE) do courses.extend (c) end
class NON_RESIDENT_-STUDENT feature -- Queries
create make tuition: REAL
feature - Attributes local base: REAL

name: STRING dO[base = 0.0 |
courses: LINKED LIST[COURSE] across courses as c loop base := base + c.item.fee end

discount_rate: REAL
feature - Constructor
make (n: STRING) end
do name := n ; create courses.make end
feature - Commands
REAL) do discount_rate := r end
register (c: COURSE) do courses.extend-(c) end
feature - Queries
tuition: REAL
local base: REAL
do base := 0.0
across courses as c loop base := base + c.item.fee end

Result := base x premium-rate
end

set_dr (r:

Result := base # discount_rate
end

end



1st Design Test JT\A —~>

test__students: BOOLEAN
local
.cl, c2~: COURSE @
e jim: RESIDENT STUDENT °
.« jeremy: NON_RESIDENT STUDENT
do
createl\cl). make ("EECS2030", 500.0)
create(c2)nake ("EECS3311", 500.0)
create \j'llm.make ("J. Davis"™)
jim.set _pr (1.25)
jim.reqistir (c/.

jim. re ister(?,
U/Result := jim.tfiition =

check Result end

create jeremy.make ("J. Gibbons"

1250

jeremy.set_dr (0.75)

jeremy.register (cl) ¢
‘/eremy.register (c2) .

Result := jeremy.tuition = 750

end

\'YM.M“[‘J =
Ja«eﬂ. owrtS ]
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classQ RESIDENT_STUDENT

create ni*wea

feature - Attributes
® name: STRING

® courses: LINKED LIST[COURSE]

® premium-rate: REAL

1st Design Attempt

Good design?

feature - Constructor
®*make (n: STRING)

(]
Judge by COheS|on do name := n ; create courses.make end
feature —— Commands
LD W. ® set_pr (r: REAL) do premium_-rate := r end

s register (c: COURSE) do courses.extend (c) end
feature - Queries
etuition: REAL

local base: REAL

class NON_RESIDENT_STUDENT
create make
feature - Attributes

e name: STRING do base := 0.0
e courses: LINKED LIST[COURSE] across courses as c loop base := base + c.item.fee end
W i scommsraizes  REAL Result := base x* premium.rate
feature - Constructor end
emake (n: STRING) end
do name := n ; create courses.make end
feature - Commands

e set.dr (r: REAL) do discount_rate := r end
e register (c: COURSE) do courses.extend (c) end
feature - Queries

e tuition: REAL

local base: REAL

do base := 0.0

across courses as c loop base := base + c.item.fee end

Result := base « discount_rate
end

end



1st Design Attempt

Good design?

Judge by Single Choice Principle
- A new kind is infroduced?

class.‘RESIDENT_S TUDENT
create make
feature - Attributes

name: STRING

premium-rate: REAL

feature - Constructor
make (n: STRING)

- Change on regqistration policy?

eature - Commands

class NON_RESIDENT_STUDENT

set_pr (r:

ature ——- Queries

create make

feature

set_dr (r:

end

tuition: REAL
local base:

feature - Attributes

—— Commands
REAL) do discount_rate := r end
COURSE) do courses.extend (c) end

- P S

£ tuition: REAL
local base: REAL

do base := 0.0
across courses as c loop base := base + c.item.fee end
Result := base # discount_rate

end

courses: LINKED_LIST|[COURSE]

REAL) do premium-rate := r end

do name := n ; create courses.make end

register (c: COURSE) do ,eurses.extend (c) end

F=

ke

name: STRING do base := 0.0
courses: LINKED LIST [COURSE] across courses as c loop base := base + c.item.fee end
T —— Result := base #* premium-rate
feature —- Constructor end
make (n: STRING) d
do name := n ; create courses.make end




R class RESIDENT_STUDENT
.|- -l--I- -I- create make
ls Des'gn A em_p feature - Attributes
name: STRING

GOOd dQSiqn? courses: LINKED LIST[COURSE]

premium-rate: REAL

How do you build a feature - Constructor

make (n: STRING)
STUDENT_MANGEMENT—SYSTEM do name := n ; create courses.make end
class OCCOf'diHQIY? feature - Commands

set_pr (r: REAL) do premium_-rate := r end
register (c: COURSE) do courses.extend (c) end

class NON_RESIDENT_STUDENT featPré -— Queries
create make tuition: REAL

feature - Attributes local base: REAL

name: STRING do base := 0.0
courses: LINKED LIST[COURSE] across courses as c loop base := base + c.item.fee end
S ceomme_raites  RIEAL Result := base x premium-rate
feature - Constructor end
make (n: STRING) end
do name := n ; create courses.make end
feature - Commands

set_.dr (r: REAL) do discount_rate := r end

register (c: COURSE) do courses.extend (c) end
feature - Queries

tuition: REAL
local base: REAL
do base := 0.0
across courses as c loop base := base + c.item.fee end
Result := base « discount_rate
end

end



Without Inheritance (Design 1) Collection of Students

class STUDENT MANAGEMENT SYSETM
rs : LINKED LIST[RESIDENT_STUDENT]
ES : LINKED LIST[NON_-RESIDENT_-STUDENT]
m_rs (rs: RESIDENT_STUDENT) do ... end
add_nrs (nrs: NON_RESIDENT_STUDENT) do ... end

register. all (Course ¢) —-—- Register a common course ’‘c’
do
[acrossis as ¢ loop c.item.register (c) end
across nrs as c loop c.item.register (c) end
end -
end

Clinet’s Code

c: COURSE
rs: RESIDENT_STUDENT
nrs: NON_RESIDENT_STUDENT

sms: SMS sms.add rs

create c.make("3311") sms.add__nrs
create sms.make sms.register_all(c)

Q: What if more kinds of students are to be introduced?



1st Design Test: SMS




Lecture 7
Part 3

2nd Design Attempt without Inheritance



Attempt

nd Desi

class
STUDENT %‘L
create
make ‘2
feature --fattribures
courses:|LINKED_LIST[COURSE]
‘kind: INTEGER
(premiumRate: REAL
‘discountRate: REAL
feature -- command
make (kind: INTEGER)
do
kind := a_kind
end

end

get_tuition: REAL

local
tuition: REAL
do

acrass courses is c loop
:= tuition + c.fee
end

if kind = then
Result : = tuition * premiumRate
elseif kind =®hen
Result : = tuition * discountRate
end il
end

register (c: COURSE)

loc
max INTEGER
|f kind :@hen MAX : ——_(63)
Ki

elseif hen MAX
_end
if courses.count =_MAX then -- I;Lor
else courses.extend (c)
end
end




2nd Design Attempt

class

STUDENT—"7
create

make
feature -- attribures ™

cg.unjes: LINKED_LIST[CQURSE]
kind:/ZINTEGER >
ul

| premiumRate: REAL A
discountRate;| REA oA

' ==CO and

R ok
ke (kind: INTEGER
make (kin ) m/P‘ED

do
kind := a_kind M

end

end

Good design?
Judge by Cohesion

get_tuition: REAL
local
tuition: REAL
do
across courses is c loop
tuition := tuition + c.fee

end
if kind = 1 then
Result : = tuition * premiumRate
elseif kind = 2 then
Result : = tuition * discountRate
end
end

register (c: COURSE)
local
max: INTEGER
do
if kind = 1 then MAX := 6

elseif kind = 2 then MAX := 4
end
if courses.count = MAX then -- Error
else courses.extend (c)
end

end




2nd Design Attempt

class
STUDENT
create
make
feature -- attribures
courses: LINKED_LIST[COURSE]
kind: INTEGER
Bt Reee AREE
discountRate: REAL
feature -- command
make (kind: INTEGER)
do
kind := a_kind
end

-

Good design?
Judge by Single Choice Principle

get_tuition: REAL

- A new kind is introduced?
- An existing kind is obeselete?

local
tuition: REAL
do
across courses is c loop
tuition := tuition + c.fee
end

MW it viss

plaseif kind = 2 then
Result : = tuition * discountRate

end \, ofpel baol =3 thon

end

register (c: COURSE)

local
max: INTEGER

elseif kind = 2 then MAX := 4
end {, eled fool=> thet
if courses.count = MAX then -- Error
else courses.extend (c)
end
end




2nd Design Attempt

class
STUDENT

create
make

feature -- attribures
courses: LINKED_LIST[COURSE]
kind: INTEGER
premiumRate: REAL
discountRate: REAL

feature -—cermmana
makeé (kind: INTEGER)
do

kind := a_kind -
end

end

Good design?

How do you build a
STUDENT_MANGEMENT_SYSTEM
class accordingly?

get_tuition: REAL
local
tuition: REAL
do
across courses is c loop
tuition := tuition + c.fee
end
if kind = 1 then
Result : = tuition * premiumRate
elseif kind = 2 then
Result : = tuition * discountRate
end
end

register (c: COURSE)
local
max: INTEGER
do
if kind = 1 thed MAX := 6
elseif kind = 2 the A
end

if courses.count = MAX then -- Error

[else courses.extend (c)
end
end




Without Inheritance (Design 2) Collection of Students

class
STUDENT_MANAGEMENT_SYSTEM
feature -- attribures
udents: LINKED_LIST[STUDENT]
fe reé -- command
add_student(s: STUDENT) ¥
do )E@_Q{
students.extend(s)
end
register_all (c: COURSE)

do '
across students is s“"*t l

loop

(3.register(c)
d

Clinet’s Code
c: COURSE

rs: STUDENT

; STUDENT

create c.make("3311")
create sms.make

Dot ve wate )
LErR g wae (2)

sms?add_student(gg_)
sms.add_student(nrs)
ms.aegister_all(c)

Q: What if more kinds of students are to be introduced?




Lecture 7
Part 4

Using Inheritance for Code Reuse



Desigh 3:

Cohesion?

Inheritance
Code Reuse -

-

RS

ak TUDENT 1 H H H
class| STU Single Choice Principle?
create make
feature - Attributes H 2
S STRING Collection of Students?
9 courses: LINKED_LIST[COURSE]
feature -- Commands that can be used as constructors.

make (n: STRING) do name := n ; create courses.make end
feature -- Commands

—_—°Queries

REAL
ocal base:
do base

feature

REAL
0.0

Result
end

base

‘registerl[m do courses.extend (c) end

across courses as ¢ loop base

LIRS

S

base + c.item.fee end

end

SEN|

T —
q RESIDENT_STUDEN
inherit
STUDENT
redefine tuition
——
create make

end

end

o

feature - Attribut{s
premium_rate :
feature - Comman
set_pr (r: REAL) do premium rate iJ= r end
feature - Queries sLZ
tuition: REAL W
local hase: REATL ﬂ
do| base :=@ Result := base * premium-rate end|

gat Teomtor £
o>

——

c
NON_RESIDENT_STUDENT
anerr—
STUDENT
redefine tuition end
create make
feature __4

(JtexcPe — C o ands
set_dr (r: REAL) do discount_rate := r end
feature - Queries
tuition: REAL
local base: REAL
do base := Precursor ; Result := base x discount_-rate end
end




Desigh 3:

Cohesion?

class

Inheritance
Code Reuse

feature
name:
courses:
feature
make (n:
feature
feature
cusliElems
lo
do| base

end
end

STUDENT
create make

STRING

across courses
Result

Attributes H
Collection of S

LINKED_ LIST[COURSE]

Commands that can be used as

STRING) do name :

Commands

constriuctors .
create courses.make end

= n ;

end

(c: COURSE) dogcourses.ext
Queries 4‘
REAL

AL
0.

+ c.item.fee end

base

Pral”

Single Choice Principle?

tudents?

class
RESIDENT_STUDENT
inherit
STUDENT
redefine tuition end
create make
feature - Attributes

premium.-rate : REAL

class
NON_RESIDENT_STUDENT
inherit
STUDENT
redefine tuition end
create make
feature -

Attri

discount-rate:

feature - Cc 1ds feature —- Co
set.pr (r: REAL) do premium rate := r end set_.dr (r: REAL) do discount_rate := r end
feature - Queries feature - Queries
tuition: REAL tuition: REAL
local base: REAL local base: REAL
do base := Precursor ; Result := base x premium.rate end do base := Precursor ; Result := base *
end end

discount_rate end




Desigh 3:

Cohesion?

Inheritance
Code Reuse

name: STRING
courses:
feature
make (n:
feature
register
feature
tuitions
local base:
do base

{ O

Result
end
end

Conm
STRING)
Conm

Attributes

LINKED_LIST[COURSE]
that can be used as

mmands
do name
imands

COURSE)

Queries
REAL

REAL
0.0

across courses as ¢ loop base

base

do courses.extend (c)

Single Choice Principle?
Collection of Students?

constructors.

n ; create courses.make end

end

base + c.item.fee end

class
RESIDENT STUDENT
inherit
STUDENT
redefine tuition end
create make
feature - Attributes

premium.-rate : REAL

feature - Cc 1ds
set_pr (r: REAL) do premium rate := r end
feature - Queries
tuition: REAL
local base: REAL
do base := Precursor ; Result := base x

end

premium_-rate end|

class
NON_RESIDENT_ STUDENT
inherit
STUDENT
redefine tuition end
create make
feature -

Attri

discount-rate:

feature - Co
set_dr (r: REAL) do discount_rate := r end
feature - Queries
tuition: REAL
local base: REAL
do base := Precursor ; Result := base x discount_-rate end

end




With Inheritance (Design 3) Collection of Students

class |5| (-
STUDENT_MANAGEMENT_ YSTE
feature -- attrib E__MS_E,.)) g'(
TUDENT] -
nrs: STUDENE> Gr
sms: SMS
create c.make("3311")

create sms.make

feature -- command
add_student(s: STU
do
students. extend(s)
end
register_all (c: U
do
across students is s

loop

pes YRGS 18- wake
izl { AE&S . wale

sms.fadd_student(rs
smsladd_student(nrs)
sms.register_all(c)

S
|s. reglster(c)—{ \9
end

end A
end w AMA d

Q: What if more kinds of

tudents are to be introduced?
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Static vs. Dynamic Types



Revisit: Inheritance for Code Reuse
4_4 . bage e

/* new features */
premium_rate: REAL

STUDENT

P

RESIDENT_STUDENT

ame: STRING

 LIST[COURSE]

MhM tl * /* new features */

NON_RESIDENT_STUDENT

discount rate: REAL
set_dr (r: REAL)+

%ed features */
(tuition; REALL+




Static Type vs. Dynamic Type S8 ,; resl KSE)3
Mﬁ;ﬁfﬂ o’/ﬂ“"'ﬂ 3* new  NKSG- s

o | ; n
new denf "Alan ) e
={new\ResidentStudent ("Mark") ;
N R
— s ——

local s( GO T

N {4
: 022 ("Algﬁ'e)

} rs.make ("Mark")

Zo In Eiffel, the dynamic type can be omitted if it is meant to be the

DL‘}E[:(S same as the static type:

local s; d
do create.s.make ("Alan")/ {_v;s

Lot @ S wako (' e



Student Classes (with Inheritance) Expectations

register (c: COURSE)+ . name: STRING
tuition: REAL+ STUDENT courses: LINKED LIST[COURSE]

pmfrﬁ -t

/* newfeatures ¥/ /* new features */

premium_rate: REA - iscount_rate: REAL
‘ set_pr (r: REA1L)+ ! - set_dr (r: REAL)+

/* redefined features */ ,NON_RESIDENT_STUDENT /* redefined features */

tuition: REAL++ tuition: REAL++

sl,@, s3 @\ rs: <RESIDENT_STUDENT/; (nrs : NON_RESIDENT STUDENT
create {STUDENT} sl1.make ("S1")

.>create {RESIDENT STUDENT} . make ("SZ")SZJ i
/’create { NON_RESIDENT_STUDENT} s3.make ("S3")
create {RESIDENT_STUDENT} rs.make ("RS")
create {NON_RESIDENT_STUDENT} nrs.make ("NRS")

courses BblliE alE)n




Lecture 7
Part 6

Intuition:
Polymorphism vs. Dynamic Binding



Polymorphism: Intuition

register (c: COURSE)+
tuition: REAL+

q STUDENT )

name: STRING
courses: LINKED LIST[COURSE]

L

/* new features */

~

/* new features */

remium rate: REAL
set_pr (r: REAL)+ -

redefin atures
ition: REAL++

—
RESIDENT_STUDENT
_/

NON_RESIDENT_STUD

discount_rate: REAL

/% r_edeﬁnedfeatures /
tuition: REAL++4

local

7o)

8. set pr (1.29)
V(s := rs /x Is this valid? x/

©

1
2 s:) STUDENT- Pl

3 RESIDENT STUDENT S nl 4} *7

4 |do (S

5 create (s)make ' — P ﬁ?ﬁ
6 create ¢s)make ("Rachael")

¢

8

Ld Jo
W$. P -etf.
72" oy e

g;:s thﬂsleralld’> h - =
ABET |2

> Rmtime: expiutl Y@-As;gvlmM{

E’tﬂ‘iﬂi’&s on vg 7




Dynamic Binding: Intuition

O oOoO~NOOOP~WN =

.’-"’-; (rsyRESIDENT STUDENT

local c : COURSE ; 5 : STUDENT

.rs : RESIDENT_STUDENT ; nrs : NON_RESIDENT STUDENT
do create c.make ("EECS3311", 100.0)
_»create {RESIDENT STUDENT} (£3).make ("Rachael")

create {NON_RESIDENT_STUDENT} nrs.make ("Nancy") - y

Is.set_pr(l.25); rs.register(c) S’d éﬂy"{)fp 2 )?é\

nrs.set dr(0.75); /'7 %WW (4/
D ):=C3)l ;i check (& .0 end = ; KS =z /&'// A

!@ (5):=(ors)) ;i checkl .tUlthI’l .0 end 34,5‘# N m 2z
" Oyt G Wp;fe Ll

courses

D premium_rate

@ STUDENT

nrs:NON RESIDENT STUDENT—’
= =

courses

discount_rate
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Multi-Level Inheritance Hierarchy



Multi-Level Inheritance Hierarchy of Smartphones

SMART_PHONE

dial > basic feature
‘surf web)- basic feature

10S

surf_web -- redefined using safari

facetime'-- new feature

/ \( quick_take >

S

ANDROID

-

IPHONE_XS_MAX

IPHONE_11_PRO

N

N

+

surf_web -- redefined using firefox
| skype l—- new feature

side_sync

/

< Zoomage > /

HUAWEI_P30_PRO

——
e

HUAWEIlMATE_ZO_PRO

GALAXY_S10

GALAXY_S10_PLUS
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Substitutions by a Descendant Type

register (c: COURSE)+
tuition: REAL+

/* new features */
premium_rate: REAL
set_pr (r: REAL)+

/* redefined features */
tuition: REAL++

STUDENT _

name: STRING
courses: LINKED LIST[COURSE]

/

RESIDENT_STUDENT

N

NON_RESIDENT_STUDENT

/* new features */
discount rate: REAL
set dr (r: REAL)+
mﬁned features */
tuition: REAL++




Inheritance Forms a Type Hierarchy (1)

@) Jam)

D

{

\
C

dm em fm
im @ 2
ancestors expectations | descendants
B [ {8.8% [ {tm.am¥ [{B.7,E.T§
G [16.0,8%] Somemsgt | $4,T8
3 0, b LB] 10 gy trsng § 7




Inheritance Forms a Type Hierarchy (2)

dral -- basic feature
surf web -- basic feature

SMART_PHONE

/

108

surf_web -- redefined using safari
facetime -- new feature

B

ANDROID

surf_web -- redefined using firefox

skype -- new feature

/

\ side_sync_

quick take
IPHONE_XS_MAX HUAWEI SAMSUNG
zZoomage \ / \
HUAWEI_P30_PRO HUAWEI_MATE_20_PRO GALAXY_S10 GALAXY_S10_PLUS
ancestors expectations | descendants




Lecture 7
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Rules of Substitutions via Assignments



Rules of Substitutions (1

dial -- basic feature
surf_web -- basic feature

S

urf web -- redefined using safari ANDROID surf_web -- redefined using firefox
facetlme - new feature skype -- new feature

SMART_PHONE

IPHONE_XS_MAX IPHONE_1 1_PRO HUAWEI SAMSUNG

— N\ /N

HUAWEI_P30_PRO HUAWEI_MATE_20_PRO GALAXY_S10 GALAXY_S10_PLUS

mp_1:/1I0S " 7-' := (7l
pl: I PHONE_XS_ MAX Yl
p2: I_PHONE_11 PRO  AP—'| *T'P¢ “¢7

§T




Rules of Substitutions (2

SMART_PHONE dial -- basic featyre
surf_web -- basic feature

L T

surf_web -- redefined using safari ANDROID surf_web -- redefined using firefox
([facetime)-- new feature skype -- new feature

—
quick_take side_sync

IPHONE_XS_MAX IPHONE_11_PRO HUAWEI SAMSUNG

zoomage / \

HUAWEI_P30_PRO HUAWEI_MATE_20_PRO GALAXY_S10 GALAXY_S10_PLUS




Reference Variables: Static Type

register (c: COURSE)+

name: STRING
tuition: REAL+ STUDENT courses: LINKED LIST[COURSE]
“—— —

/ \ /* new features */

discount_rate: REAL
set_dr (r: REAL)+

/* redefined features */
tuition: REAL++

wdlfined feammres */ | |RESIDENT_STUDENT)/ NON_RESIDENT_STUDENT
tuition: REAL++

jim:§TUDENTj>

Jf\/l . é y
(S
v

e ;q‘({w

jim: @ENT ST_@
e —

5P
Jl’t.]?./



Reference Variables: Static Type

( SMART_PHOND

surf_web -- redefined using safari
facetime -- new feature

/

—
\ quick_take

dial -- basic feature
surf_web -- basic feature

/ ,\

ANDROID

/

IPHONE_XS_MAX

IPHONE_11_PRO

HUAWEI

zoomage /

AN

surf_web -- redefined using firefox
skype -- new feature

\ sideisyn 7

SAMSUNG

/N

HUAWEI_P30_PRO

HUAWEI_MATE_20_PRO

GALAXY_S10

GALAXY_S10_PLUS

Design 1:

@: SMART_PHONE

m? #M(Tne )(

Design 2:

. 10;
L s walesr eprotatant.
9(7, ,é/em?ﬂ




Change of Dynamic Type (1)
regiéter (c: COURSE)+ na;ne: STRING
tuition: REAL+ < STUDENT) courses: LINKED_LIST[COURSE]

/* new features */ / \ /* new features */
premium_rate: REAL discount_rate: REAL
set_pr (r: REAL)+ set_dr (r: REAL)+

/* redefined features */ RESIDENT_STUDENT NON_RESIDENT_STUDENT | /= redefined features */

tuition: REAL++ tuition: REAL++

Design 1: Design 2 STr)ﬂS sader ﬂ%

M 5) o Joney m
@: STUDENT SIDENT_STUDE

7
Cvontl 1 ;"‘g wml(l ) (Geot? { ) . WL9(>
Lvoat J Cvent.

_’—L—w A?#// oy

. &}rtfafr&«ﬁ




Change of Dynamic Type (2)

1 | test_polymorphism students

2 local /-\

3 imsTopENEd, $)

4 Tk

5 nrs _STUDENT

6 | do ST: RS

7 —create {STUDENT} (jimfmake ("J. Davis")

8 acreate {RESIDENT_STUDENT}( rs?make ("J. Davis")

9 .acreqﬂ NON_RESIDENT STUDENT}( nrsJmake ("J. Davis")

10| Gig()EDV ~—> T ;‘ -

Sppt < 28t - - |
.() Jim(7=) nrs ,_7%'4 S . .% m |

13 =)jim x |

14 enc — ;
7/

A

“J. Vds‘(‘

=)
\X%IDENT,&.',

4

Cs.

pr.

nws
~ [NON_RESL_S.
n. [T 7P Y
cs.
dr.




Testing of Dynamic Binding

RESIDENT_S.
n.
CS.

pr.

STUDENT

NON_RESI_S.

n.
cs.
dr.

class STUDENT

n.

create make

Cs.

tuition: REAL

feature Att
name: STRING
courses: LINKED_LIST [COURSE]
feature o1 nds that c¢ sed as E
make (n: STRING) do name := n ; create courses.make end
feature Commands
register ( COURSE) do courses.extend (c) end
feature Queries

local base: REAL
do base := 0.0
across courses as ¢ loop base := base + c.item.fee end
Result := base
end
lend

AT

test_dynamic_binding_students: BOOLEAN
local

jim: STUDENT

rs: RESIDENT_ STUDENT

nrs: NON_RESIDENT_STUDENT

c: COURSE
do

create c.make ("EECS3311", 500.0)

create {STUDENT} jim.make ("J. Davis")
create {RESIDENT_STUDENT} rs.make
rs.register (c)

rs.set_pr (1.5)
jim := rs
Result := jim.tuition = 750.0

check Result end
create {NON_RESIDENT_STUDENT} nrs.make
nrs.register (c)

nrs.set_dr (0.5)

jim := nrs

Result := jim.tuition = 250.0
and

COURSE
t.
fee

class

RESIDENT_STUDENT
inherit

STUDENT

redefine tuition

create make
feature Attril

premium.rate :

end

feature -- Commands
set_pr REAL) do premium_rate := r end
feature Queries
tuition: REAL
local base: REAL
do base := Precursor ; Result := base »

end

class

NON_RESIDENT_STUDENT
inherit
STUDENT
redefine tuition end
create make
feature -- Attr

discount-rate
feature ds

set.dr (r: REAL) do discount_rate := r end
feature -- Queries

tuition: REAL

local base: REAL

premium rate end| do base := Precursor ; Result := base * discount.rate end

lend

("J.

("J. Davis")

Davis")
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Type Cast:

Motivation

A OON =

/* new features */
premium_rate: REAL
set_pr (r: REAL)

/* redefined features */
tuition: REAL

register (Course ¢)
tuition: REAL

STUDENT

name: STRING

=

AN

RESIDENT_STUDENT

NON_RESIDENT_STUDENT

courses: LINKED LIST[COUNRSE]

/* new features */
discount_rate: REAL
set_dr (r: REAL)

/* redefined features */
tuition: REAL

local (jim:

do create {RESI.
(rs):=(im) X weot

r%.setPrémiumRate (I, 5)

STUDI;'? SIDENT. STUDEN
NT STUDE 71my make ("J. Davis")

s\@ “ﬁk W

51@ ><

e.d. ad

RESIDENT_S.

n.

Cs.

pr.

A

ey (RO K ezp(;:r Q)

| <

XY



Inferrinqg the DT of a Variable is Undecidable

) —

-

// — R
. Your Program O
/ ol N 2| last DT of s

z& %S,
J ;

class MyClass
make

local z
C) STUDENT

create {RESIDENT "STUDENT} s.make
end
end DT




Type Cast: Syntax

fen $e U T"F

$ @ upde®! T "0‘“«# RS

1 ch k/éttached |@SIDENT smpmrlp@as !othen
2 o) O : o jlm /['
3

J

Q alzad o what o @ i

D anl t© HuP

rs.set_pr
yend

o with ST RS

n

J. Davies

CsS.

pr.

)

_'@'Wd TRSS o &8 v gt

C:=vy
A 4ef_]7«<[s—)

]_ (

—_—




Violation-Free Cast: Upwards or Downwards (1)

dial -- basic feature
surf_web -- basic feature

T

SMART_PHONE

surf_web -- redefined using safari

facetime -- new feature ANDROID

surf_web -- redefined using firefox

skype -- new feature

O

side_sync
.
IPHONE_XS_MAX IPHONE_11_PRO HUAWEI SAMSUNG
zoomage \
HUAWEI_P30_PRO HUAWEI_MATE_20_PRO GALAXY_S10 GALAXY_S10_PLUS

Vv
o phone<IOS>
create {IPHONE 11_PRO} my phone.make

1 3 ] fe s defined in or ne
surf_web, etime v7 quick take, skype, side_sync, : ge X
check attached {SMART_PHONE} my phone as sp then E—
— side sync, 2zoc

end

check attached {IPHONE 1l_PRO} my phone as 1pll pro then

PRO on

skvope
sKype,




Violation-Free Cast: Upwards or Downwards (2)

SMART_PHONE

71

jal -- basic feature
urf_web -- basic feature

ANDROID

surj web -- redefinegq using safari
I0s 7A (
etime -- new fe: re
S emm——
S —
IPHONE_XS_MAX IPHONE_11_PRO HUAWEI

zoomage

surf_web -- redefined using firefox
skype -- new feature

Tick & \[ES / \ side_sync

SAMSUNG

/N

HUAWEI_P30_PRO HUAWEI_MATE_20_PRO

GALAXY_S10 GALAXY_S10_PLUS

my_phone: | I0S
create {IPHONE ll_PRO} my._ phone make

———
end

check attached {IPHONE_ll_PRO}me_phone as ipll_pro then

surf WDD facet

.::3'7&»‘0'* il ME cm" °k_t , skype, side_
check attached { lmy phone| as then
now call features® deri on sp
—= , surf_web Vv facetime, qui

side_sync,

—-— can now ”1"1 features defined in IPHONE_11_PRO on ipll

‘f"M

by AOOA..J ge

zoomage X




Violation-Free Cast: Upwards or Downwards (3)

SMART_PHONE dial -- basic featyre
surf_web -- basic feature

skype -- new feature

TES' / \

HUAWEI SAMSUNG

IPHONE_XS_MAX

P
(XD

L =

zoomage / \

surf_web -- redefined usmg safari B 4) surf_web -- redefined using firefox
facetime -- new feat re (J ANDROD

HUAWEI_P30_PRO HUAWEI_MATE_20_PRO GALAXY_S10 GALAXY_S10_PLUS

my_phone: IOS

—— can only call features defined in IOS on myPhone

-— dial, surf_web, facetime. quick_take, skype, side_syn zoomage. ’f&(‘” %
check attached {SMART PHONE} my_phone as sp then

—-— can now call features defined in SMART PHONE on

-—- dial, surf_web . fac tints, quick_take, skype age‘
end mva \ T ,,_.
check attached { s as(lpl 1_pro/then

. on ipll_pro
-- dial, sEffweb, facetlme, quu:kftake v skype, side_sync, zoomage X

—-— can now call
end

8

create {IWNE_II_PRO} my_phone.make AAP a ""dg E?

hodt




Ancestons, Expectations, Descendants, and Code Reuse

Ve
g Ul vf é]ﬁ(
MM |

check attached @} @ then ... end| always compiles
What if C is not an ancestor of v's DT?
A runtime assertion violation occurs!
's DT cannot fulfill the eerctation of C.




Cast Violation at Runtime (1)

dial -- basic feature
surf_web -- basic feature

SMART_PHONE

surf_web -- redefined using safari

facetime -- new feature ANDROID

/ \ quick_take

IPHONE_XS_MAX

IPHONE_11_PRO HUAWEI

surf_web -- redefined using firefox
skype -- new feature

side_sync

SAMSUNG

zoomage
HUAWEI_P30_PRO HUAWEI_MATE_20_PRO GALAXY_S10 GALAXY_S10_PLUS
test_smart_phone=tywpe cast_violation ‘
local mine £ ANDROID /
do create {HUAWEI} mine.make |
27— ST of mine 1isSgANDPROID; DT of mine is HUAWEI
check attached {SMART PHONE}|minelas sp then end
—-=»ST of sp is SMART _PHONE; DT of sp is HUAWEI
check attached {HUAWEI} mine as huawel then end
-— ST of huaweli is HUAWEI; DT of huawel 1is HUAWEI
check attached {SAMSUNG} mine as samsung then ... end
—-— Assertion violation
- SAMSUNG 1is not ancestor of mine’s DT (HUAWEI)
check attached {HUAWEI_P30_PRO} mine as p30_pro then end
—— tion violation
== HUAWEI_P30_PRO is not ancestor of mine’s DT (HUAWEI)
end




Cast Violation at Runtime (2)

dial -- basic feature

SMART_PHONE _
- surf_web -- basic feature

surf_web -- redefined using safari

facetime -- new feature ANDROID

/ \ quick_take / /

surf_web -- redefined using firefox
skype -- new feature

side_sync

IPHONE_XS_MAX IPHONE_11_PRO HUAWEI ‘ SAMSUNG
— ! =
zoomage
HUAWEI_P30_PRO HUAWEI_MATE_20_PRO GALAXY_S10 GALAXY_S10_PLUS

test_smart_phone_type cast_violation

local mine:| ANDROID

do create {HUAWEI} mine.make
-— ST of mine is ANDROID; DT of mine is HUAWEI
check attached {SMART PHONE} mine as sp then ... end
-— ST of sp is SMARI PHONE; DT of sp is HUAWEL
check attached {HUAWEI} mine as huaweli then ”... end
-— ST of huaweil 1s HUAWE

; DT of huawei is HUAWEI

—— Assertion violation

—— ** SAMSUNG 1is not ancestor of mine’s DT (HUAWETI)

check attached {HUAWEI_P30_PRO} mine as p30_pro then
Assertion violation

—— s HUAWEI_P30_PRO 1s not ancestor of mine

end

check attached {SAMSUNG} mine as samsung then ... end




Cast Violation at Runtime (3)

dial -- basic feature
surf_web -- basic feature

SMART_PHONE

surf_web -- redefined using safari
facetime -- new feature

/ \ quick_take

ANDROID

A"f 7 &8, Von wadd.

Nulptan? 5.

J
‘O o wp

surf_web -- redefined using firefox
skype -- new feature

IPHONE_XS_MAX IPHONE_11_PRO HUAWEI SAMSUNG )—‘ U Q ;J'E Z)
&
Z > [ t
zoomage [aﬂ t (
HUAWEI_P30_PRO HUAWEI_MATE_20_PRO GALAXY_S10 GALAXY_S10_PLUS _IJP M

test_smart_phone_type cast_violation
local mine: MD
do create {HUAWEI} mine.make
-— ST of mine is ANDROID; DT of mine is HUAWEI
check attached {SMART_PHONE} mine as sp then
of sp 1is SMART _PHONE; DT of sp 1is HUAWEI
attached {HUAWEI} mine as huawel then end
of huaweil disa HUAWEI, of huawei is HUAWEI
check attached {SAMSUNG} <min;as samsung then ...
—-— Assertion violation
* SAMSUNG 1s not ancestor of mine’s DT (HUAWETI)

end

end

check attached {HUAWEI_P30_PRO} mine as p30_pro then end
—-— Assertion violation
—— ** HUAWEI_P30_PRO 1is not ancestor of mine’s DT (HUAWETI)

end

e ety
oxpeC (09 <olp_sut)




Cast Violation at Runtime (4)

dial -- basic feature
surf_web -- basic feature

SMART_PHONE

surf_web -- redefined using safari

facetime -- new feature ANDROID

émr?(e 7 Yks.
Volotan 7 YES

surf_web -- redefined using firefox

o N Hoguez

skype -- new feature

7S 7

7
IPHONE_XS_MAX IPHONE_11_PRO < HUAWEI

SAMSUNG [a/l,'t

Zoomage

ﬁEI_PM_PRCQ HUAWEI_MATE_20_PRO GALAXY_S10 GALAXY_S10_PLUS

VAN 3

T~ L

test_smart_phone type cast_violation
local mine:' ANDROID
do create {HUAWEI} mine.make
-— ST of mine is ANDROID; DT of mine is HUAWEI

check attached {SMART PHONE} mine as sp then ... end
-— ST of sp is SMART _PHONE; DT of sp is HUAWEI

check attached {HUAWEI} mine as huawel then ... end
-— ST of huawei is HUAWEI; DT of huawei is HUAWET
check attached {SAMSUNG} mine as samsung then ... end

-— Assertion violation

—— ** SAMSUNG is not.ancestor of mine’s DT (HUAWEI)

check attached {HUAWEI_P30_PRO} mine as p30_pro then ... end

-— Assertion violation

—— ** HUAWEI_P30_PRO 1is not ancestor of mine’s DT (HUAWETI)
end

[est T
)-IOAN?I_?%D_ ﬁo%

1 ?oomy‘P) |
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Feature Call Parame’rers Supplier

U 5 S, - SSE«zbuatJ pee ST [ STtFEAl'()
class STYDENT MANAGEMENT j}iﬁz\ﬁr{ =F

(69 : ArRaY(lsTubENT) - /T /eSS

\add s) (s: STUDENT) dolss[0] (¢

add_rs (rs: RESIDENT STUDENT) do ss[0] := rs end
add_nrs (nrs: NON_RESIDENT STUDENT) do ss[0] := nrs end

Say:
sms: STUDENT_MANAGEMENT_SYSTEM /7/
= D] J’/ ‘

When should the following glls compile?

sms.add_s [(@f% ébU % (@ SorsaT)
sms.add_rs (o)
sms.add_nrs (0) AN

2ol



SS @

[2dd_s) (SpsTuDENT] .
hadd_rs . RESIDENT STUDENT)/do ss := rs end

add_nrs (nrs: NON_RESIDENT_STUDENT) do ss[0] := nrs end

test_polymorphism feature_arguments
local E_ ST&\)

@ s2, s53:CSTUDENT "
~%: RESIDENT STUDENT ; nrs: NON.RESIDENT_STUDENT| Vot 4 dk).

E@: STUDENT MANAGEMENT SYSTEM MD’P Wf z/aﬁ%ﬁ. 6/44} c{l

do nk velaat G T
create sms.make -
create { sl.make ("sl1l")

create { } s2.make ("s2")
create { ) Bo.make (MEE" )
{ } rs.make ("rs")

create { } nrs.make ("nrs")

lng-M/ "sms.add_rs (s1) Y|
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Y

SMS

I

4

) W
Y

[(RESIDENTS. )

ﬁf‘ﬂkﬁ’

CS.

pr-4/.

COURSE

t.

33

fee

foo

register (Course ¢) name: STRING
Tuition: REA].i STUDENT courses: LINKED LIST[COUNRSE]
A

/* new features */ / \ é ew features */

premium_rate: REAL : 1 discount_rate: REAL
set_pr (r: REAL) NON_RESIDENT_STUDENT | set_dr (r: REAL)

1 /* redefined features */
tuition: REAL

RESIDENT_STUDENT

class STUDENT MANAGEMENT SYSETM
students: LINKED_LIST [\STUDENT|]
test_sms_polymorphism: BOOLEAN add_student (é: STUDENT)
local d
T R T stiffents.xtend (o)
=: COURSE B end S:zms
sms: STUDENT_MANAGEMENT_SYSTEM registerdl] (c: COURSE)
do do
create rs.make ("Jim") across
rs.set_pr (1.5) students as s
create nrs.make ("Jeremy"
nrs.set_dr (0.5) e i
create sms.make
(]) sms.add_s Z end
sms add_s é-g

create c.maké ("EECS3311", 500)

s.item./register (c)
———
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< oktothel TRCT sms.apt_ s, (1) 48 -1
M class STUDENT_ MANAGEMENT SYSTEM {

(¥ ss: LINKED LIST (STUDEN'H]

SMS
\§ 5 | add_s (s: STUDENT)

do
vG [ RESIDENT .

L _S. ss.extend (s)
[0 o] TSN [heaf] L
-
0.8

end
CS. /\91 cS. get_student (i: INTEGER) :| STUDENT
pr. | |.& dr.

require 1 <= 1 and i <= s5.count
/ do i

COURSE 4
| \\;,)“.,( Result (s \@
fed 0O end ]

= end S‘T &TJ 2

test_sms_polymorphism: BOOLEAN
local
rs: RESIDENT STUDENT ; nrs: NON_RESIDENIT STUDENT
c: COURSE ; sms: STUDENT MANAGEMENT SYSTEM
do

Possible DT
of Result?

create rs.make ("Jim") ; rs.set_pr (1.5)
create nrs.make ("Jeremy") ; nrs.set_dr (0.5)
create sms.make ; sms.add_s (rs) ; sms.add_s (nrs)

create c.make ("EECS3311", 500) ; sms.register_all (c)
Result :=/

Swy(get_student(l).tuition = 750
and get_studen@ Nar'tnen = (250

end
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General Book

class BOOK Supplier
names: ARRAY [STRING] . -

records: ARRAY (ANQ]
. X 7 y
-— (reate an empty DOOK

make do ... end

A A~ A - ~ ~ S ~~ a1 1+ S/ + . } 1~
—— Add a name-record pair/to the book

add (name: STRING; record:{ANY) do ... end

o

[——
R 7 ~ 3 J ~ —~ ~~ SN~ T At ] 171 1+ } - LT n
Return the recorad gssociated with a givern name

STRING) : | ANY|/do ... end

Client

birthday: \DATE); phone_number: STRING
b: "BOOK; is_Wednesday: BOOLEAN
create {BOOK} b.make
phone_number := "416-677-1010"
b.add ("SuYeon", phone number)V
create {DATE} birthday.make (1975, 4| 10) }]0. s e of %7[
b.add ("YHE", ANY -

—_—
8” is_wednesday :




General Book: Retrieval from Polymorphic Arrary

birthday: DATE; phone number: STRING
b: BOOK; is_wednesday: BOOLEAN
create {BOOK} b.make

phone_number := "416-677-1010"

b.add ("SuYeon", phone_number)
create ({DATE} birthday.make(l975, 4,
b.add ("Yuna", birthday)

12z ST ¥

worls — L Ld et 2] oot
/ q?w> e, e [M] i

check attached {DATEY b.get ("Yuna") as yuna_bday then

enls_wednesday : _ : G | @ /U(OL(-M
: o€ RT.
check |attached (DATE/ |b AS suyeon_bda M{{,
is _wednesday := sﬂyeor_bday.get_day_;r_week = 7 °4 ;i
end

o Wt o SR et ./;[f (



General Book violates Single Choice Principle

recl: C1 S"'oragg

... —— declarations of rec2 to rec99

recl00: €100

create {Cl} recl.make(...) ; b.add(..., recl)

... —— additions of rec?2 to rec99

create {C100} reclO0.make(...) ; b.add(..., recl00)

Retrievals

—— assumptioen: “fl’ specific to Cl, ’'f2’ specific to C2, etc.
if attached {Cl1l} b.get ("Jim") as cl then

Lol B

. —— cases for L£2 tonC99

A CL P F A AL MO e B &l as” 8+ Blreh

%.
,a‘o'(\/aaﬂ' ¢ . N
A(J d r:;"_'j“d glmsf Nfﬂd 1ol -~ ey - .

if attached {C1} b get ("Jim") as cl then
cl. £l
eemmmmeadses.for C2 to C99
clseif-actached {ClOU) b.get("Jim") as—c1d0 tlien

Iz

3 gV A7ET0

A A e WY S
What if a new ’rype C101 is introduced? X

What if type C100 becomes obselete?

—— assumption: specific to Cl1, ’f2’ specific to C2,



Lecture 8
Part 2

Generic Book: Storage vs. Retrieval



names:

records:
—-— Create an empfy
make do ... end

he book */
“M’g
1th a given name =/

create{BOOK [DATE]§ b.make

phone_number = "416-67= o é’/
b.add ("SuYeon", GEE;;:i%%EEE)><
create {DATE} birthday.ma (;92&
b.add ("Yuna', birthdg ST VA

is_wednesdayY:=|b.get("Yuna") .get_day_of week




Instantiating Generic Parameters

Say the supplier prov/des a generic DICTIONARY class:

clasleICTIONA—ﬂ[5 .K1 —-— V type of values; K type of keys
add_entry (v: V; k: K) do ... end
remove_entry (k: K) do ... end

end

@entg’ use prcrronary With different degrees of instantiations:

class DATABASE TABLE
CI imp: DICTIONARY

( end ,[F v
S =

(Z e9. Declaring DATABSE_TABLE[INTEGER CSTRINQ instantiates
DICTIONARY[STRING, INTEGER] |.

class STUDENT BOOK [V
imp: DICTIONARY[V)” STRING]
end

e.g., Declaring [ szupznz_soox (aRRaY [coursE]]] | instantiates
“{ DICTIONARY [ARRAY [COURSE], STRING] |

! of 18T




Generics vs. Inheritance (1)

. Abstraction @

A
lType pafameterization |

INKED_LIS
OF

Specialization



Generics vs. Inheritance (2)

Inheritance

Inheritance and
I A N\ >
H

T Generalization genericily
Genericity

g (‘HAIN[TAXI] D SEREEEEEE 9
(type parameterization)
C—-- M LT (T > )

LINKED LIS
[T4XT]

4

‘Specialization

A




Lecture 8
Part 3

Motivating Problem: Interactive Systems



Finite State Machine (FSM)

@’re Transition Table

CHOICE 1 |3
SRC STATE
1 (Initial) 6 (5 |4
2 (Flight Enquiry) — |t
State Transition Diagram 3-(Seat-Enguiry 2
s 4 (Reservation) - 13
@ 5 (Confirmation) - | 4
] 6 (Final) — | = -

(1)
Initial
3 3

(5) <
Confirmation

3 2

3 i 2
R o R
Reservation Sea .
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Design of a Reservation System: First Attempt

hde (g ot

V. R a4Swer)

KH%(
L 4%
kPE)? cfet.‘nj

4“YDM \2 ,,IJ‘D\O |

M*MQ

_Inltlal_panel:
-— Actions ¥or Label

—— Actions J)Gr Label
_Seat_Enquiry_panel:
—-- Actions Jr Label
_Reservation_panel:
—— Actions M¥or Label
_Confirmation_panel:
—— Actions X'or Label
_Final_ panel:

—— Actions %}r Label

_Flight_Enquiry_-panel:

& ¢

M{LU ’{"9

“ot

| 3_.Seat_Enquiry-panel:

(5)
Confirmation

(4)

Reservation

from
lay Seat Enquiry Panel

not)(wrong answer : wrong choice) @_‘ wA7M (___

o 7

Read user’s answer for current panel
ad user’s choice for next step

if Jwrong answer or wrxong choice/lthen - Awed ﬂ. A

Output error messages

end

end @ kﬂg‘ &/Y&f (.

Process user’s answer

case in 'L'-W E
2: goto 2 Flight_Enquiry_panel ™=
3: goto 4_Reservation_panel

end
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L ]
K~
\transition’(src: INTEGER; choice: INTEGER): INTEGER

TP TN USORNN TIRUUIRRS SR, SO0 NRUSHORD, SR, R T U JE - f I i
>turn starcte Oy CtaxKking transition cnoice I rom SI( stateg.

require valid source_state: 1 < src £ 6
valid_choice: 1 £ choice £ 3
ensure valid target_state: 1 < Result < 6

Examples: f"’é'ﬁc
transition(3 @) > 2
transition(3,(3)—=> <«

State Transition Table (2D)Array Implementation
I choice
SRC STATE L @ @ N 4 £ 2
1 (Initial) 6 5] 2 o > 2
2 (Flight Enquiry) - |1 @ 2 1 3
3(Seat Enquwy) — @ ceate > 2 4
~Z (Reservafion) - 1315 4 3 5
5 (Confirmation) - 141 5 4 1
6 (Final) - = - .




Desian of a F . .

A Top-Down & Hierarchical Design (o5P
ec ‘,fgwﬁﬁbA
Level 3 {'\\Q E'( execyte_ ~—> M
5 \AWE g&N{S session
S ///////////////:;;7§Q::::::::\\\\\\\\\\\\\\\
initial transition _ggigﬂe_ is_final

Level 1 l////,//”’/j::::::::::::ijijjj7‘;;;i\\\\\\\\\\\\\

display read correct message process




Level 3 execute_
Session
.S
Level 2 / (-
. - execute :
initial transition S is_final
Level 1
execute_session display read correct message process
Execute a full intera
local
current_state , choice: INTEGER
do
from
current_state := initial
until
is_final (current_state)
do
choice := execute_state ( current_state )
current_state := transition (current_state, choice)
end
end




execute state ( current_state : INTEGER): INTEGER
—— Handle interaction at the current state.
—-— Return user’s exit choice.
local
answer: ANSWER; valid _answer: BOOLEAN; choice: INTEGER
do
from
until
valid_answer
do
display( current_state )
answer := read_answer ( current_state )
choice := read.choice( current_state )
valid_answer := correct( current_state , answer)
if not valid answer then message( current_state , answer)
end
process( current_state , answer) Level 3 .
Result := choice aue session
end
Level 2
initial transition is_final

Level 1

display

correct

message

process




display(current_state: INTEGER)

S require 2 7 | 8l & ved ftote 7 CO

valid_state: ¥ < current_state < % )

s o Tk an erzﬁgj\ ffafgé

o |

~l ") & o1l I8
elseif current_state = @then
Display Flight Enquiry Panel

—>oed o5 - Fer——

else Level 3 execute_
P session
Display
end
end Level 2
— e execute_ . .
initial transition Stals is_final
T %
- 4 ?( V24 x L€ X oL < o
display read correct message process
\ —
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fontett AKEC{' -
bject-Oriented<”

e

Level 3

execute_
session

APPLICATION

initial

transition

execute_

s is_final

display read correct message process
Level 3 execute_
session
Top-Down/
Level 2 state P
e t 1
initial transition ( St is_final curr tatée~~NINTEG
state ’
— execute_state(current_stste)
ONANS A~
state
Level 1 Ate tat state
isplz read corre essé g
= ) CES




State Pattern: Architecture

+
\\_ APPLICATION

(2)
Flight Enquiry

(4) (3)

Reservation

3 Seat Enquiry

: STATE
create {SEAT ENQUIR S.make

s.|execute w-vt. VT




State Pattern: State Module

S[:§dTE

Sy STATE
create
sllexecut

s .Jexecute >

deferred class !_

read
Read user’s 1
-— Set ’"answer’
deferred end

an ’choice’

xecute
- local
o = good: BOOLEAN

answer: ANSWER
—-— Answer for current statée

choice: INTEGER

20ice for next step

)isplay current state
ed end

( correc§ OOLE
d err end

re re correct <
deferr
messag ™~

1re not correct

deferred end

end

1 /J@ ,/d)

until
good Q'
loo .

display m
——_ o ansger eama choic

ead
go correct
if not gSSE'EKén
messag;
en
end
'orocess

{ SEAT_ENQUIRY} s.make

1ST4TE . exeoate

create {CONFIRMATION

79_E3. dlghe

1 S-EE
J‘r 4

S.make

7
TEMPLATE
CI?Atfém)



Lecture 8
Part 6

Template & State Patterns: Client



class (APPLICATION create make
feature {NONE} - Implementation of Transition Graph
transition: ARRAY2Z|[INTEGER]

-— State transitions: transition[state, choice] A{J\P />
states: ARRAY[STATE] @9 ‘
eopapl $

-— State for each index, constrail e of "
feature
initial: INTEGER
number_of_states: INTEGER

numver_of choices: mrepfr  Gtqte Pattern: Application Module

make (n, m: INTEGER)

* remben ot cheflos = n A plpopiee blector o gared

create transjyftion.make filled(0,

create stat¢gs.make_empty 3,\»(’ ”P ['Dvp
s et of "‘””{I : e “petd

—> put__ state index: INTEGER)

—> require < indéx < number_of_ states
8;.‘/ © states.force(s, index) end
" 5 5 i -— —
choose_initial (index: INTEGER)
require 1 < index < number_of_states

do initial := index end
put_transition(tar, src, choice: INTEGER) Flight Enquiry
require - - L f
1 £ src £ number_of_states t\hp
1 < tar < number_of states {
1 < choice < number_of_choices M(t”i7§) ®
do Seat Enquiry
transition.put(tar, src, choice)
end
invariant

transition.height = number_of_states

transition.width = number_-of_choices
end



State Pattern: Test P};;Wf

test_application: BOOLEAN

local
app: APPLICATION ; ‘current_ state: H INTEGER
do AU states

~Pcreate app.make (6, 3
_;ep_p.gut state (create

-— Similarly for ot
—> app.choose_initial
Transit to FINAL
-)app.put_transition (i, 1, L)

1ven curXent state INITIAL and choicqg

(4)

Reservation

Seat Enquiry

—-— Similarly for other 1Q _tran

—> ot mte to
1= lapp.j.nitiali[l:

current_state := app.states [in @

-
Result := attached ({INITIAL} current_state C S A
check Result end =t -
INITIAL to FLIGHTIST

- Say user’s choice is 3: trar@ fr
|~ _Ainded := app.transition.item (irfdex,

current_state := app.states [index

Result := attached {FLIGHT ENQUIRY} rrent_state (‘_&d@?’d
end

Us

APPLICATION
transition;JARRAY2[INTEGER]
) states: ARRAY|

som1] ST T
g 7




State Pattern: Interactive Session

choice
2

—

APPLICATION
transition: ARRAY2[INTEGER]
states: ARRAY[STATE]

app.states

class APPLICATION
feature {NONE} - Implementat
transition: ARRAYZ[INTEGER]
states: ARRAY|[STATE]
feature
execute_session
local
current_state: STATE
index: INTEGER

do \/’
from J b

index := initial I~/.
until

is_final (index)

N

loop
,;7A:urrent_state := states[index] -- polymorphism
current_state.execute -- dynamic binding
index := transition.item (index, current_state.choice
end
end

end




Interactive System: Top-Down Design vs. OO Design

P-/
Object-Oriented

,

current_state: STATE
current_state.execute

Level 3

execute_
session

execute+
read*

+ state+
APPLICATION

e o o i i —— — o oo )

display*
correct*
process*
message*

state_implementations

+
RESERVATION

[}

[}

I

[}

[}

[}

[}

. |
SEAT_ENQUIRY |
I

I

[}

I

[}

[}

I

[}

. |

CONFIRMATION 1

I

Level 2 m

TT T execute ; .
initial transition T is_final
state
Level 1 st State state state
display read correct message process

Top-Down

current_state: INTEGER
execute_state(current_stste)
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Weather Station: 1st Design

chents.

( WEATHERDATA:

Qe.(de(

=

FORECAST+

-

weather_data

feature

display +J .
Jo -- Retrieve and display the latest data.
‘urrent_pressure: REAL
last_pressure: REAL

_J

temperature: REAL
humidity: REAL
pressure; REAL
correct_limits (t, _&l}l BOOLEAN
-- Are current data within legal limits?
variant
correct_limits (temperature, humidity, pressuure)

(- CURRENT CONDITIONS+

~

feature
ldis'élaz + Z
-- Retrieve and display the latest data.
temperature: REAL

weather_data

humidity: REAL

STATISTICS+

weather_data

display +J .
-- Retrieve and display the latest data.
temperature: REAL




Weather Station:
1st Implementation

class WEATHER DATA create make

feature - Data
temperature: REAL
humidity: REAL
pressure: REAL
feature —- Queries
correct_limits(t,p,h: REAL): BOOLEAN
ensure
Result implies -36 <=t and t <= 60
Result implies 50 <= p and p <= 110
Result implies 0.8 <= h and h <= 100
feature - Co s
make (t, p, h: REAL)
require
correct_limits (temperature, pressure, humidity)
ensure
temperature = t and pressure = p and humidity =
invariant

correct_limits (temperature, pressure, humidity)

end

h

class FORECAST create make

feature —-
current_pressure REAL
last_pressure: REAL

weather_data: WEATHER DATA
feature - C
make (wd: WEATHER DATA)
ensure weather-data
update
do last_pressure

current_pressure

a-weather_data

CUrreNlaoreS UL e
weather datafpressure
———

class CURRENIT_CONDITIONS create make
feature Attripbu
temperature: REAL
humidity: REAL
weather_dat
feature
make (wd: WEATHER_DATA)
ensure weather_data
update
o temperature
humidity

displag
do ¢update
P

WEATHER DATA

wd

weather_data. [f€mperature

weather data.bfmidity
—

/' [

class STATISTICS create make

feature - ributes
weather_data: WEATHER DATA
current_temp: REAL
max, min, sum_so_far: REAL
num_readings: INTEGER
feature - ds

make (wd: WEATHER DATA)
ensure weather_data

update
rrent_temp

a-weather_data

weather data.tfmperature
——— L




(]
We a* h e r S faf' o n ° class FORECAST create make
L feature - ALLributes
current_pressure: REAL
last_pressure: REAL

Testing 1st Design S——

g (wd WEATHER DATA)

= i,
class WEATHER STATION create make u:;st":e Heacherdara
feature Attributes O last_pressure := current_pressure
cc: CURRENT_CONDITIONS ; fd: FORECAST ; sd: STATISTICS current_pressure := (Weather.data.pressure
- — . — - end —_—
wd: WEATHER DATA Ay
displa
feature Commands @
do Qupdate
make . . . . —
d reate wd.make (9, 75, 25) class CURRENI_CONDITIONS create make
create cc.make (@) ; create fd.make (wd) ; create sd.mak&(wd/||lfeature —- AfiTributes
- - temperature: REAL
wd.set_measurements (15, 69, 30.4) h”miiltyzj IZ‘EALWEATHER —
& . L. — wea er_qdata: -
cc.d%splay - fd.d%sggég - sd.d%splav feoTure—— is
.l' cc.dlsﬂﬁy ;i fd.display ; sd.display Make ( ey AR,
ensure weather._data =
2wd.set_measurements a4l 20, 20) update
cc.display ; fd.display ; sd.display do temperature := weather data.tggperature
end humidity := Wgather data.humidity
_— R
|end -
ispl

*\@ do _update
WEATHER DATA ’ class STATISTICS create make
- ‘I feature -- Attributes
femperafure * ’z @ RECAST weather data: WEATHER DATA
%0

wea‘l‘her‘_dafa current_temp: REAL
pressure

max, min, sum_so_far: REAL

e numﬁreadlnﬁgs wIN)TfZGER
humidity 2L (el CURRENT_CONDITION] 15 i s

& fh d + ensure weather-data = GekiGdbbedetlsts
L/ weather_da azl update

do current_temp := weatherudata: temperature
—— Update

, max 1f neces:

end
display
do update
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The Observer Patter

subjects

attoch ( 2S:  OBSERYER)
obtach CobS: DBSHRUER )

choned ] has ST: OBSERIER OBy

) . DL OBS, OBl Y
. (llecteq Re - s

o SUBJEC/+ )

feature -- { NONE } / -

observers: LISTIOBSERVER
feature -- { OBSERVER }
il +
~1’ - Notify an update to observers

ensure wp-
o . . . .
Vi) : observers : _q.npdaie_to_date_v&é sub‘ect

T
attach, detach

feature -__{ SUBJECT }
updat M n
-- React to a update. ) 4 R
e et tire { SUBJECT } 0EP-
up_to_date_with_subject: BOOLEAINGE \/
/t -- Is current observer up to date with

-- the latest state of the subject?

Wy,

- o o w E E E o

—————————————————————

oy v 1:l,u|3_ulm obtewers
O 08l MLNNMLN
S ot o

Y5/

\R

-— e m mm omm o el

—————————————————————————

- em e em e e e o e e e e o = = = P



Observer Pattern: Application to Weather Station

~

~

observers
o mm e E E m e ———————— -
’
4 \
)

: (@
OBSERVER*

feature -- { SUBJECT }
update *
-- React to a update.

attach, detach ,

subjects
—— e = m
’ - ; ~
’ \
\
SUBJECT+
feature -- { N ) E}
observers\LISTIOBSERVER]
eature -- { OBSERVER }
notify +
-- Notify an update to observers
ensure
Yo : observers : o.update_to_date_with_subject
LL J

- R o

-

((2 WEATHER DATA+ |

temperature: REAL
humidity: REAL
pressure: REAL
correct_limits (t, p, h): BOOLEAN
P - Are current data within legal limits?
invariant
correct_limits (temperature, humidity, pressuure)

’

] - - -

L

feature -- { SUBJECT }

up_to_date_with_subject: BOOLEAN *
-- Is current observer up to date with
-- the latest state of the subject?

\_




—

P

A d
class WEATHER DATA

end
end

class SWBZELT create make

featu e te
observer < g} OBSERVER]

featung

%ake

do create

QEINKED LIE)[OBSERVER]} observers.make

ensure no.. observers/observers count = 0 end
feature -- Invoked by an OBSERVER
attach (o: OBSERVER) -— Add ‘o’ to the obs

require not_yet_attached: not observers.has (o)
ensure is attached: (o) end
detach (o: OBSERVER) e the obse
require currently attached: observers.has
ensure is_attached: not observers.has (o)
feature 2
notif 1£fy ¢ 2
do across observers as cursor loop cursor.item. upda e end
ensure all views_updated:
across observers as o all(o.item.up_

observers.has

Add ‘o’ ) “Vers
Ada to Ve >

(o)
end

~ver about

) date_with subject end

( v
inherit SUBJECT Crenaqé>make as make_subject end
create make
feature

availabl®= observe

—— data rs
temperature: REAL
humidity: REAL
pressure: REAL
correct__ llmlts(t p,h: REAL): BOOLEAN
feature [
make *, p, h: REAL)
do
——_i[u'/, ialize empty observers
Set_measurements (t, p, h)
end
feature -- Called by weather station
set_measurements(t, p, h: REAL)
require correct_limits(t,p,h)
invariant
correct_limits (temperature, pressure, humidity)

end

VST: OBSERGER

tf




Initializing an Observer

classZFORECAST
inherit OBSERVER
feature - Commands
make (a_weather _data: WEATHER DATA)

wepthorepletpe=-dowenthorold

~ A A

wd
5 WEATHER_DATA e AR
temperature | 4
pressure nE fd~1 FORECAST
humidity 2% L/ weather_data
observers /




Weather Station: Observers

deferred class . dI:::ult = current_pressure = weather_data.pressure
OBSERVER do —— & only on demand
feature -- To be effected by a descendant end
up_to_date_with_subject: BOOLEAN
- Is this observer up to date with its £lafs S CONNILOS
- e o - o = e - N o inherit OBSERVER
deferred feature —-
end make (a_weather_data: WEATHER DATA)
do weather_data := a_weather_data
weather_data.attach (Current)
update ensure weather data = a_weather data
- Up(ﬂ the obse /s view of Yg? weather_data.observers.has (Current)
deferred end
feature leri
ensure up_to_date_with_subject: BOOLEAN
up_to_date_with_subject: up_to_date_with_subject ensure then Result = temperature = weather_data.temperature and|
end humidity = weather_data.humidity
update
end do same as lst design; Called only on demand
end
class STATISTICS
inherit OBSERVER
feature - ¢ s
make (a_weather_data: WEATHER DATA)
do weather_data := a_weather_data

class FORECAST
inherit OBSERVER

feature - C 1ds
make (a_weather_data: WEATHER _DATA)
do weather_data := a_weather_data
weather_data.attach (Current)
ensure weather_data = a weather _data
weather_data.observers.has (Current)
end
feature -- Que

up_to_date_with_subject: BOOLEAN
ensure then

weather_data.attach (Current)
ensure weather_data

a_weather_data
weather_data.observers.has (Current)

end
feature - 0
up_to_date_with_subject: BOOLEAN

ensure then

Result = current_temperature = weather_data.temperature

update
—_—

do

—end

on demand




Weather Station: Testing the Observer Pattern

class WEATHER_STATION create make
feature -- Attributes
cc: CURRENT_CONDITIONS ;
wd: WEATHER DATA

fd: FORECAST ; sd: STATISTICS

feature —— 1ands
make
do create@make (.2( _7_?, 2_5)
create cc.make (wd) ; create fd.make (wd) ; create sd.make(wd)]

a wd.set_measurements (15, 0, 30.4)

class FORECAST
inherit OBSERVER
feature - C¢
make (a_weather_data: WEATHER DATA)
do weather_data := a_weather_data
weather_data.attach (Current)
a_weather_data

ds

ensure weather data =
weathertdatasiobsenvenseias(CurEenty)
end

class CURRENT_CONDITIONS
inherit OBSERVER
feature ——
make (a_weather._data:
do weather. _data :=
weather_data.attach (Current)
a_weather_data

Con nds

WEATHER_DATA)
a_weather._data

ensure weather_data =
weather_data.observers.has (Current)
end

wd.notif - = U
4cc.displa}; ; fd.display ; sd.displayK g
cc.display ; fd.display ; sd.display —
ﬁwd.set measurements (11, 90, 2_0)_ we(?
wd.notify - = wdwle.
Tolsplay ; fd.display ; sd.display
end
end
WEATHER_DATA F wd
= fdT FORECAST
temperature | % || =t
weather_data
pres.s.t._lre % = ——
humidity 1 95#4 | (<) GURRENT_CONDITION
observers /
L/ weather_data
r 1 \ DQIANTLOTLICD

class STATISTICS
inherit OBSERVER
feature -
make (a_weather_data:
do weather _data :=
weather_data.attach (Current)
a_weather._data

Commands
WEATHER_DATA)
a_weather._data

ensure weather_data =
weather_data.observers.has (Current)
end



Multiple Subjects vs. Multiple Observers: Observer Pattern

-
wdi: WEATHER_DATA application ]
\ — _——
)
wdo: WEATHER_DATA
applications ]

\ ND(n*.‘.. J

< l QIZFAH /
wd,,—1: WEATHER_DATA

N y

s

wd,: WEATHER_DATA

applicatioQ ]

-

Q1. Overall Complexity? (J(m % )
Q2. Complexity of adding a new subject? O(Ll)
Q3. Complexity of adding a new observer? {)(m)
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Multiple Subjects vs. Multiple Observers: Event-Driven Design

[ w(?WEATHER_DATA applicatio(? }
[ wda: WEATHER_DATA subscribe application, }
b\)ﬂ - change_on_temperature: EVENT a ams l
L P
[wdn_u WEATHER_DATA Chﬁ '# 0 4 ]"e“'“‘” E"Eﬂ? application,,_;
{ !

applicatio@ }

wdyg: WEATHER_DATA

Q1. Overall Complexity? O(Wl + )
Q2. Complexity of adding a new observer? O(i)
Q3. Complexity of adding a new subject? ()/ 1)

Q4. Complexity of adding a new event type?
) olm + Vl)




Cyber-Physical Systems: Plant, , Controller,

71\,1[;1?0/

] e
N

LY 17~ Y4

ﬂ —,

ONTROLLER

_ i
;ng/g '?;M
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Implementing the Event-Driven Design

[ wdi: WEATHER_DATA application; ]

[ wdz: WEATHER_DATA s subscribe applications ]

change_on_temperature: EVENT

thn—li WEATHER_DATA [ application,,—; ]

[ wd,: WEATHER_DATA application,,

Modab - Mgec{: ool : Event . odal: DbSorer/

Lrtteney




Event-Driven Desiqn in Java

public class WeatherStation {
public static void main(String[] args) {
WeatherData wd = new WeatherData(9, 15, %§)i
CurrentConditions €c) = new CurrexEConditionsg )i
System.out.println(
wd. setMeasurements @
cc.display();

System.out.println (M=s======

wd. setMeasurement

cc.display();
b}

public class CurrentConditions {
private double temperature; private double humidity;

public void updateTlemperature(double t) { temperature = t; }
publicQyoidupdateHumidity (double h) { humidity = h: }

public CurrentConditions() {

MethodHandles.Lookup lookup = MethodHandles.lookup();
try f{
W@ = lookup. findVirtual (
this.getClass (), "updateTemperature",
MethodType.methodType (void.class, double.class));
WeatherData.changeOnTemperature {subscribé (this, ut);

H MethodHandle{uh)= lookup.findVirtual(

this.getClass(), "updateHumidity",
MethodType.methodType (void.class, double.class));

WeatherData.changeOnHumidity (subscribe (thig, uh);

} catch (Exception e) { e.printStackTrace(); }

}

public void display() {
System.out.println("Temperature: " + temperature);
System.out.println("Humidity: " + humidity); } }

public class Event {
Hashtable<Object, MethodHandle> listenersActions;
Event () { listenersActions = new Hashtable<>(); }
void (subscribe (Object listener, MethodHandle action) {

listenersActions.put( listener , action);

}
void (publish(Object arg) {
for (Object listener : listenersActions.keySet()) |
MethodHandle action = listenersActions.get(listener);

try { o U

.invokeWithArguments( listener , arg);
} ‘catch (Throwable e) { }

public class WeatherData {
private double temperature;
private double pressure;
private double humidity;
public WeatherData(double t, double p, double h) {
setMeasurements(t, h, p);

}

public static Event (changeOnTemperature = new Event();
public static Event (©hangeOnHumidity = new Event();
public static Event changeOnPressure = new Event();

public void setMeasurements (double t, double h, double p)
temperature—'?'!_','—
humidity = h;
pressure = p; .
changeOnTemperature .publish (temperature);
.
changeOnHumidity .eublish(humiditz 2
changeOnPressure .publish(pressure);
C—

} —

{




Event-Driven Design in Java: Runtime

@9/\/4

" CurrentConditions |

WeatherData fg~—wd
temperature | €K (-
pressure r&%ﬁ
humidity 2% - WO
/ =
h OnT: 8 key
changeOnTemp Event jlr
actions | 7|
key
changeOnHumi. Event ﬂ
k"\a actions | 7 |
changeOnPres. Event value

actions

~

temperature

header | )

imp.

context

name

header

imp.

humidity |r
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Implementing the Event-Driven Design

[ wdi: WEATHER_DATA application; ]

[ wdz: WEATHER_DATA s subscribe applications ]

change_on_temperature: EVENT

thn—li WEATHER_DATA [ application,,—; ]

[ wd,: WEATHER_DATA application,,

Modab - Mgec{: ool : Event . odal: DbSorer/

Lrtteney




Event-Driven Design in Eiffel

class WEATHER STATION create make

class CURRENTI_CONDITIONS
create make
feature -

Initialization

feature
make (wd: WEATHER DATA)
cc: CURRENT_CONDITIONS do
make Wd.change,on,temeerature.subscribe agent Jupdate temperature)
d reate wd.make (9, 73, 25) wd. change on_tespesaiise. Subscribe (agefit update humidity)
create (cc.make (wd) end ,N"dt —_—
] wd.setiumeasurements (15, 60, 30.4) feature
o’ c—
ﬂcc.display temperature: REAL °
wd.set_measurements (11, 90, 20) humidity: REAL
cc.display e — update_temperature (t: REAL) do temperature := t end
end——— — update_humidity (h: REAL) do humidity := h end
display do ... end
end play
end
TRE [ZEAIJ
ﬂ class WEATHER DATA
create make
Class EVENT [ikG6mewes -> TUPLE | Eeatuze: — Measuremencs
create make temperature: REAL ; humidity: REAL ; pressure: REAL
feature —-- Tnitialization coireCt_llle?(;ﬁh:dREAL): EOOLEAN do ... end
actions: LINKED_LIST[PROCEDURE [ARGUMENTS]] fe’iiuie(t’ O )1_:’8 - ff‘ﬁ‘
make do create actions.make end Seh- ol e & changes
Faittire M[ZFALI Ghangeson.tenperature : EVENT[TUPLE[REAL]]once create Result end
Subscribe (an_action: PROCEDURE [ARGUMENTS ] ) change-on-humidity : EVENT[TUPLE [REAL] Jonce create Result end

do actions.extend (an_action) mm&
ensure action_subscribed: ion.has(an_act1
publish (args: ) o
do from actions.stTart until actions.after
loop actions.item.call (args) ; actions.forth end

R eARE

require action_not_already subscribed: not aiions.h.

) end

end
end

change_on_pressure : EVENT[TUPLE [REAL]]once create Result end

£ Command
set_measurementf (t, p, h: REAL)
t_limits(t,p,h)
do temperature := t 4 ¢ Qumidity := h
change_on_tempera
change_on_humidit
change_on_pressure .publish ([h])
end
invariant correct_limits(temperature, pressure, humidity) end




(_/
Event-Driven Design in Eiffel: Runtime ¢ ~_5/CURRENT_CONDITION
% { [ temperature
%’ﬂé; > humidity
wd ? &
WEATHER_DATA |¢e—" %M_MFMM
A

temperature
<]/ PROCEDURE 1 !
EVENT confext LoR Lo

pressure 74
| hame " - !
actions f\;@ﬁ‘@rgumenfs —> A':g ;;1

change_on_p

EVENT
gr=

actions ) %ﬂ u‘PMrh\AM.

EVENT S 3 PROCEDURE ].. [
actions context ﬁﬂl@

name - ;
argumen’rs +9 m

= w. —=T
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Assertions: Weak vs. Strong (M?CNPS = Bole aalees

C/@ o 07 o .- ot f viifef

ValeS

I/[Aﬁi/;%@ M'z
?QQM

MAW s




Assertions: Preconditions

Stoey 7
\\
withdraw_fvl(amount: INTEGER)

reguine |, o0
: amount > 0

u_ul (100) > oyl

W_vl (@) = awulstds

Wﬁ” @@ @ wa@’ wW_ V[ o) > aioftol

withdraw_v2(amount: INTEGER)

require —e0
|00
é amoblnt@o

W-v2(j09) —> wowal

M)—\/_E(g = ﬂofml

W — v 2 (o) = wiolatinr

l:"wea\rar > vedupe s



vtm;saﬂ

&
)
(3, ow
ool fath
() a

L

5 >

b

oz'ﬁd X

A

"



. opg o X/\ e ?(\/
Assertions: Postconditions _é = g 5’;“"‘?'3 Input

IALSE — ¢ ¢Q — -34

f1(i: INTEGER): BOOLEAN Sz

ensure o AT 9
Q;: Resuit =‘|(i > 0}@|0 mod 2 = Oﬂ ﬁ%;ﬁ:;

g > B> LD A3 T

f2(i: INTEGER): BOOLEAN -
Alensure ) P IE 1% 2(\3.07:4)'9 =
Q2: Result =|(i > 0)@)i mod 2 = 0) jcz(gglo_ﬂ:

7 Ntf‘t(i — T

Whats the wdie of Retulp that f-T

wl| SM’ZS%/ e pstomdeion
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Inheritance & Contracts - Static Analysis



Subcontracting: Architectural View

( )
(" R SMART PHONE
PHONE_USER o one _
get_reminders: LIST[EVENT]
my_phone: SMART PHONE 5 require 9L &—
\ J ) (ensure ??/3, —
JAN
my_phone: SMART_PHONE m& W‘e _ @Nufd
(Dcreate my_phone.make I l
list :=jmy_phone. get reminders
v ﬁ’ @
@create {IPHONE 11 PROY} my_phone.make

ONS AP PN NP PP
list : —|my phone.get__ remlnders,

oy [<TONEIPRyS

get_reminders: LIST[EVENT]

7\'?50/‘0(({'?04 thz{p{ d‘l'bv{(b{ yefwe / Iy require else 77 €—

ensure then ??
\_ .é-é—' )

Bemuiar il poil aes moe of S TSR




Subcontracting: Example (1)

class (SMART PHONE
get_reminders: LIST[EVENT]
require
a: battery level > 0.1 —- l/_%_
ensure
B: Ve:Result | e happens today

i szgr/ LTl e

class IPHONE 11 PRO ’V

inherit SMART_PHONE redefine get_reminders endflImy phone: SMART PHONE
get_reminders: LIST[EVENT] -

require else create myy_phone.make
list :=|my_%hone.get_reminders

[ v: battery_ level 2 0 ) —— 153
ensure then oll?é "wnf‘/
4

J# create {IPHONE_11_PRO} mine.make
list :='my_phone.get reminders

Y ‘EZQ W%/( v/o}afzo/)
my_phone = otk
PHONE_USER————$SMART_PHONE| ~ .z

1

IPHONE_11_PRO

d: Ve:Result | e hapE ens to or tomo
end P




Subcontracting: Example (2)

class (SMART PHONE

get_reminders: LIST[EVENT]
require
a: battery level > 0.1 ——- 10%

nsure V/
[/i,B: Ve:Result | e happens today
end

class IPHONE 11 PRO

inherit SMART PHONE redefine get_reminders end
get_reminders: LIST[EVENT]
require else
v: battery_level 2 0.15 —— 15%

epsgyre then
Ve:ResuIt | e happeng~today/ or@&omorrom

end

?g’fj §> 0

e hapewy o] v tow
>7 1

my_phone: SMART_PHONE

create my_phone.make

list := my_phone.get_reminders!é

create {IPHONE 11 PRO} mine.make

list := my_phone.get_reminder

>Faov r‘r 'O enduvel BSS
( y_phone
PHONE_USER——————9|SMART_PHONE

1

IPHONE_11_PRO

S
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Subcontracting: Example (1)

class (SMART PHONE
get_reminders: LIST[EVENT]
require u//
a: battery level > 0. 1'—— 10%
ensure

B: Ve:Result | e happens today
end

class IPHONE 11 PRO
inherit SMART PHONE redefine get_reminders end
get_reminders: LIST[EVENT]
require else

v: battery_ level > 0. l5l,, 15%
ensure then

d: Ve:Result | e happens today or tomorrow

end

Tavabel
N Y>>

E\M‘hﬂ @
Dl WY = L

my_phone: SMART_PHONE

create my_phone.make
list := my_phone.get_reminders

create {IPHONE_11_PRO} mine.make

list := my_phone.get_reminders

h
PHONE_USER}—=———§/SMART_PHONE

1

IPHONE_11_PRO




Subcontracting: Example (2)

class (SMART PHONE
get_reminders: LIST[EVENT]
require
a: battery level > 0.1 —— 103
ensure

B: Ve:Result | e happens today l
end

class IPHONE 11 PRO
inherit SMART PHONE redefine get_reminders end
get_reminders: LIST[EVENT]
require else
v: battery_level 2 0.15 —— 153
ensure then

d: Ve:Result | e happens today or tomorrow'
L
end

Tl =8
(=)

AE =
Rt €

B S =&

my_phone. SMART_PHONE

create my_phone.make
list := my_phone.get_reminders

create {IPHONE_11_PRO} mine.make

list := my_phone.get_reminders

h
PHONE_USER}—=———§/SMART_PHONE

1

IPHONE_11_PRO




Contract Re-Declaration: H+(FoO top ,{l h—amy
Missing Pre-Condition in Ancestor
&

s

— class (| BAR
Clj?SS[F_,_OO7 inher:'(L:. FOO redefine f end
= f require elseg| new_pre
do ... do )
\(/nd end
vl Qv wope
@ 1
e > 2t e
]
aon i VU z B

Mg [/’Pfé m ¢€’



Contract Re-Declaration:
Missing Post-Condition in Ancestor

class BAR
class FOO inherit FOO redefine f end

4 f
do ... do ...
end ensure then| new_post
en end
&/ end

DASAR %M tmb
@] : Igze_ A ne.d_f:h’-

= 211194 Dl Z}gfa:(
@' R ix

n



Contract Re-Declaration:

Missing Pre-Condition in Descendant

class FOO

f requizxe

Qergnarze D
s [ -
end

end

class BAR
inherit FOO redefine f end

£ > gt e
7 do ... 'ié
end the,

end

aﬁgma’—]we v [ 127

= vaﬂaml, Ffe

p\/ﬁ




Contract Re-Declaration:
Missing Post-Condition in Descendant

class FOO
P class BAR
inherit FOO redefine f end
(s [ TR -
ensure
— ' do ...
|original_post | endS At +hen
end . : —
end ?4(%2:f;>
end =

otlial _pst. A T
— S

= O\flq A I—PD.S{
4 |



3
s
Ng"‘\
& %
?(\
3 c‘R
(-Q—
"\
\&

R,
[L7> A C=LL}_\__@

[ Vm(dé@w) O

v o L Lo/ JLMM yeot
‘ﬁr"_@é ot et o




Lecture 10
Part 4

Recursive Systems - Design Attempts



First Design Attempt9 77erer) . () add (b o =
N L fomp?® 2N oy

O FQUEp  30cp
. 8 QUIPMENT* ] children+: -]éI-ET[g

feature MM@
price: REAL*

| feature / OF Eg
add_child(e: EQUIPMENT)+

—ensure children|children.count] =ec_

+ et
CLIENT

*

- ==

create ch.make
create crd.make

_create d.make /\\I -------------------------------------------- g

g.add_child(c_gg)wl/ A o

C .add_child(_cL)




Second Design Attempt QC_E

+ et

€4

uipment

EQUIPMENT* )

CLIENT

feature
price: REAL*

ch: CHASIS

d: DISK
create ch.make
create crd.make

create d.make

crd: VIDEO CARD
— —

P i

~ensu rechildren[children.count] =c

N n’

_______________________

,t‘um’dv“";_,
L7,
2 AOMF‘ é ’ (
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Multiple Inheritance: Example

r
X< ,\q ¢ X)
e’

.. COMPLEX

i



Multiple Inheritance: Exercise

class RECTANGLE

V37 )

change_width
change_height

feature - Queries
class TREE
width, height: REAL I)U .
bosS 0s: REAL feature - Queries
il s descendants: ITERABLE [{]
teature —— Cemmancds feature - Commands
make (w, h: REAL) o : WIK.

add (c: y&) WIN-

-— Add a child ‘'

|

c

end
move
end
test_window: BOOLEAN
local wil, w2, w3, w4: WINDOW
class WINDOW do
inherit
create .make (8, 6) ; create w2.make(4, 3)
RECTANGLE
create w3.make (1, 1) create ﬂﬁ.make(l, 1)
TREE [ WINDOW]
end T w2.2dd Q) - w1 Gddw2) ; FLadd (wID
Result := ! descendants.count =
end =




=

2 0,



address
tax_id
age
pay_taxes

US._ SWISS™
TAXPAYER TAXPAYER

address ., (US_address address n, (SWiss_address
tax_id ~, us_tax_id
pay_taxes n, pay_us_taxes

oolte s

tax_id w, swiss—tax_id
pay_taxes n, pay_swiss_taxes
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The Composite Pattern: Architecture
fohecin” / sy v’

equipment

P e

L4
1
1
1
et | feature -
' price: REAL*
! NS
1 </ A \/
1
1
1

——
(  (CcowmpositE[T)/ )
/ -

feature

ch: CHASIS :
crd: VIDEO_CARD ', ki
d: DISK e — et

create ch.make

create crd.make TANOEN

create d.make ’b[ L
ch.add_child(crd) thitlen < 10,

ch.add_child(d)

C:Q.add child(d) X



The Composite Pattern: Architecture

( COMPOSITE[T]* )
feature
children: LIST[T]+
add_child(c: T)+
ensure children|[children.count] = ¢

equipment

EQUIPMENT*

— feature
price: REAL*
g?

ch: CHASIS

crd: VIDEO _ CARD
d: DISK

create ch.make
create crd.make
create d.make
ch.add_child(crd)
ch.add_child(d)
crd.add_child(d)




The Composite Pattern: Architecture

COMPOSITE class is reusable by instances of the composite pattern

;§|'
l

( comrosiTEf/ ) B)
feature
{chihﬁ‘en: LisT(d)+/ F\)g

add_child(c:
ensure childfen[children.count] = ¢

.
EQUIPMENT*

feature <
price: REAL*

children+: LIST[..]

children+: LIST]..]

feamrc
lé’l’ REAL*

.
IDEO_CARD

.
.
.

:

:

.

:

.
 Cscbaye)
:

! COMPOSITE FURNITURE M m 3
. l



The Composite Pattern: Implementation

deferred class deferred class
EQUIPMENT COMPOSITE[T]
£ feature
eature children: LINKED_ LIST[T]
name: STRING
price: REAL deferred end add_child (c: T)
end do

children.extend (c) ——- Polymorphism
end
end

class class
CARD COMPOSITE_EQUIPMENT
inherit
EQUIPMENT
COMPOSITE [EQUIPMENT]

inherit
EQUIPMENT
feature {NONE}
unit_price: REAL
feature

make (n: STRING; p: REAL) make (n: STRING)
_ A 5 _ do name := n ; create children.make end
do name := ; unit_price := p end . ) )
) price : REAL —- price 1s a query
RELCE ) . —— Sum the net prices of all sub-equipments
do Result := unit_price end do

end across

children is c¢
loop
Result := Result + c.price —- dynamic binding
end
end

end



Testing the Composite Pattern

test_composite_equipment: BOOLEAN

local
card, drive: EQUIPMENT
cabinet: CABINET -- holds a CH
chassis: CHASSIS —-- contains a
bus: BUS —-- holds a CARD

do
create
create
create
create
create

{CARD} card.make("1l6Mbs Token Ring", 229)
{DISK DRIVE} drive.make("500 GB harddrive",
bus.make ("MCA Bus")
chassis.make ("PC Chassis")
cabinet.make ("PC Cabinet")

b/bus.add(card)
chassis.add(bus)
chassis.add(drive)
cabinet.a chassis)

500)

Result := caEEBZETEEice =1700
end
- LARTKEX
et — G G0
hsts TOASTS, 2 CJ
. T 7

class
CARD
inherit
EQUIPMENT
feature {NONE}
unit_price: REAL
feature
make (n:
do name :=
nrice
|do Result ::(Lnit_price)end |
end -

STRING; p: REAL)

n ; unit_price := p end

—

class
COMPOSITE_EQUIPMENT
inireric— —
EQUIPMENT
COMPOSITE
create
make
feature

[EQUIPMENT]

price REAL -- price 1is a que
—-— Sum the net prices of al
do
across
children is c
loop
Result :=
end
end
end

Result(+)c.price
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Design of Lanquage Structure: Composite Pattern

)i chdobven - LT[

value: INTEGER left right/ EXPRESSION
72

hlden=2 )
M R A

ao‘o( Aopr Tz
([ constanT+ . ) ADDITION+ - Lo (], wabe G4D
{ - J : Lt (2. ml’é (2
lls €2
ALU 'val«

6 How to construct a composite object representing’ ‘341 @ ®2 2”? |

[ EXPERSSION* \ COMPOSITE* ( OARSTE® 1

l

Q: How fo extend the design to include variables and|subtractions?




[ EXPERSSION*

value: INTEGER

G

COMPOSITE*

&

left, right. EXPRESSTION

W,

wew GURSITEL B



Design of Lanquage : How to Extend the Composite Pattern?

EXPERSSION* I | COMPOSITE* |

| value: INTEGER¥* left right: EXPRESSION

t"ﬂk e . dr* - Structure

not ve&t

but pat M

;M “S o oﬁ tohegon

343
CONSTANT+. ADDITION+ ‘b3 38

(\/ALAQ s Iﬁf(“’ ‘
prat_pefex: SR | tf
evaluate / (8T
print_ preﬁx~/ dﬁlﬂzvlr@ we by  +C l}‘o‘gl
print_ pos’rﬁx» U2 + ﬁl.l(’ = > (o 8euy
type_check L ot fyrp Mﬂgkb whe |2
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Design of a Lanquage Application: Open-Closed Principle

)
EXPERSSION* COMPOSITE*
lue: INTEGER ‘oht:

value left, right: EXPRESSION Structure

\ .. -

J ; \
CONSTANT+ | [ ADDITION®
_> evaluate - Structure
print_prefix. |

Alternative 1 Closed &——
print_postfix Df*““"zeK @ >

tybel-checks w_é.— Alternative 2| Closed Open




D

esign of a Lanquage A

lication: Open-Closed Principle

\_
5/
>
AR

EXPERSSION*

valu

e: INTEGER

CONSTANT+

COMPOSITE*
left, right: EXPRESSION

)

evaluate
print_prefix
print_postfix

(" appmon: ) -
N <=

Structure

Structure

godl?

Alternative 1

Open Closed

4 :
typerchedk f:@ze v |Alternative 2
opt
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Visitor Design Pattern: Architecture

................................
i EXPERSSION*

P
~ -
b ‘ v
\

LY A
L >
: -

accept% VISITOR)*

...........................................

COMPOSITE* :
left, right: EXPRESSION | !

ﬁ»ebtm

| visit constant(c:(CONSTANT )*
visit _addition(a: ADDITION )*

visit_constant( =€
visit_ addltg)n(a ADDITION)+

& N '
visit_addition(a: ADDITION)+ ‘

wlue STIRG

Adlue :

..............................

1 | test_expression _evaluation:

2 local add, cl, c2: EXPRESSION ; vV;
3 do -
4 create {CONSTANT} cl.make

5 {create {ADDITION} add.make (cl, )c2)
6 create {EVALUATOR} v. maka

7 |-[@aa: accept-vha «r&bv

8 check attached

9 Result :=

10 end

11 +2end

BOOLEAN

Sl) ; lcreate {CONSTANT} c2.make (2)

(oo {V_P3 4.

ookl psept ()




Visitor Design Pattern: Implementation

1 | test_expression_evaluation: BOOLEAN

2 local add, cl, c2: EXPRESSION ; v: VISITOR

1k > bl

4 create {CONSTANT} (clwmakem(l) ; create {CONSTANT} c2umaken(2) ¢ ‘g M
8 create {ADDITIQN} add.make (cl, c2)

6 create {EVALUATOR)(“V nake /

7| add.accept((v)) Wﬁﬁ }e“M/S?P
8 check attachéd {EVALUATOR} v as eval then o‘%}'@f.

9 Result := eval.value = 3

10 end

11 end

VisualizingCine 4 to(Line ¢

- AT |
et ) fgﬁ A hute]

C) A




Executing Composite and Visitor Patterns at Runtime

X ADDITION
@ right -~
left B

v'l A“
< | value| ONSTAN CONSTAELT\E
| \walue 2
% Azjmh S S
C C
L DT+ VT pawang, =

L vist- oddeom ™ EAAZR
deferred class VISITOR
visit_constant(c: CONSTANT)
visit_addition(a: ADDITION)
end
class EVALUATOR inherit VISITOR
ST CONS et c: CONSTANT)
visit_addition (Zr—APBFFFON)
local eval left, eval_right:

deferred end
deferred end

dr value | := c.value

value | := eval_ left.value + eval_righttivalue

/

nd
end

EVALUATOR
do a.left.Ecceptkeval_left) - M W i
L a.right.laccept (eval right) .

end
end LT /T
and class ADDITION
VM' inherit EXPRESSION COMPOSITE
e ... A/
Pﬁlf’l accept (o=
do ) ac/o(
AP il BRI Gevont)
o Wiy
end e

Tracing add.accept(v)
Double Dispatch

Y

L st cd/mm:c h) dzJ]ert
Lom odd 75 Avorran
D orrept o1 @ERETION o

class CONSTANT inherit EXPRESSION

accept(v: VISITOR)
do

v.visit_ constant (Current)




/€2

5’0\’ Jeﬁ' : "\@_LAQ t @/AI_ ygylfﬁvali
U .

g/&(_v%?ﬁf: Y

vt Gl (
/ el vl(/&f)




Visitor Pattern: Open-Closed and Sinale-Choice Principles

EXPERSSION*

-
i VISITOR* ]

yigit constant(c: CONSTANT)*
visit_addition(a: ADDITION)*

accept(v: VISITOR)*

' 1
. i
] 1
E( evatuatole) ) [ ererry pRNtECD) ) [ TvPE cHECKIR: ) ) !

L visit_constant(c: CONSTANT)+J L visit_constant(c: CONSTANT)+J L visit_constant(c: CONSTANT)+J !

1
1 | accept(v: VISITOR)+ accept(v: VISITOR)+ isit_addition(a: ADDITION)+ isit_addition(a: ADDITION)+

" A _wdl Mz LD TS [ (W: HUL)E VST wd] (o1 g,

What if a newmons’rruc’r is added?

D e 0t & 1o ool 2o e it T 5 TP
dmu ltepb Flaco& & walfy A ofevtay W4
If the visitor pattern is adopted,“what should be closed?

Jtndttyrd _

isit_addition(a: ADDITION)+ !



Visitor Pattern: Open-Closed and Sinale-Choice Principles

EXPERSSION*

i -
:aucpt ' VISITOR* ]
1

i visit_constant(c: CONSTANT)*
COMPOSITE* '

(5
. \V/sﬁfaddifion(a: ADDITION)* J
left, right: EXPRESSION :

accept(v: VISITOR)*

1
.
PRETTY PRINTER+ | [ TYPE CHECKER+ ) !

1
1| visit_constant(c: CONSTANT)+ visit_constant(c: CONSTANT)+ visit_constant(c: CONSTANT)+| |
! visit_addition(a: ADDITION)+ visit_addition(a: ADDITION)+ visit_addition(a: ADDITION)+ | |
\

J\
bV

]
' constants ) ( apprmon+ ) E 1t EVALUATOR+ (
' 1

'

4 [accept(v: VISITOR)+J {accept(v: VISITOR)+
\

\

—

What if a new lanquage operation is added?

O ¢ngle clss aoded o opavEzaS
@ aAl[ chavgey Ove veﬂched to Hi) Jz//p kX
If the visitor pattern is adopted, what should be dpen?

@Néﬂi
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Program Correctness: Example (1)

(velotme)
class FOO Ao«ectvegs o‘t ? BN :

(@} INTEGER ‘f’ %Wm Jotdfier <pet-
increment_by_ 9 g % q[;d{\ FBCM(
Squ - (raed gt (Jotdr
I v*”‘g‘“ KL A Gk 19
do,, bl Tt |Fibetetats. LN e et

>1 = i + 9 )‘)-'H
ensure  g.b- ( (D tohrmnte
i 13 ﬂolz‘tlm
1955 1| @ wpd toimntion
2 00 S biie st o
?” [

JN('J/;P .
hr Z: wealce?vgthﬁ, el - G



Program Correctness: Example (2)

class FOO é(\/lw‘md 7«% AT
i: INTEGER

increment_by_9 Mdﬁ(bﬂ (oot be W)

recllulre ibﬂ’ b (re @ b ot Al @
do@O— mpst Wlae 4ot (M oy
| oore—— 799%/’9/11%‘4 Yedlation) . h{:;’wtwmﬁlp
ensure S Al gy <ot ﬂ ﬂ(/‘ WWR{
1> 13 7&%0{?@4 w'// ﬁ/am/{ﬁ”? M
451‘(/7[\&[{‘04 qA f&w/?/w %

(A ey Cl 7 {/é fuf/é»m/b"m‘/afl)
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Hoare Triple and Weakest Precondition



Hoare Triple as a Predicate @ : puta| oneteess

Z): Al r
[(@s(r - asws.my | O = o
t R




Program Correctness: Revisiting Example (1)

class FOO
i: INTEGER

increment_by 9
require

&> 34V

do

21 =1+ 9v
ensure

21 > 13v
end

3> Y
(@) §{R) =<T= wp(S,RD




class FOO
i: INTEGER
increment_by_ 9
require

/a
(@)

ji:=i+9

ensure
2433
end
end

Loea'le roveo(

ay & tor
L5 foyvetl:
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Rules of Weakest Precondition: Assignment
erme_ &/ee( rf;ee_ aLlunti




Correctness of Programs: Assignment (1)

MF(X“ (Hme »/l oro(e/qcmf the o(pggq

P 97 i) LEA:WP[

= iyerlﬁm eﬁ(}h «ﬁfe ol OUv Ve OP x é 2/_{_(5 X>Z>




Correctness of Programs: Assignment (2)

What is the weakest precondition for a program x := x + 110
establish the postcondition x > xp?

{77} x := x + 1{x=23}




Rules of Weakest Precondition: Conditionals

Wp(lthhen@else@end R) CS‘%W*E_@
- -

-

&/lo('bml ..%/ LJorn (Mﬂ’O( - /:77

AT

B =$>w]7 (Sl 77\)
AV’



Rules of Weakest Precondition: Conditionals
wp(if B then S1 else S2 end, R)

B = wp(S1, R) B = wp(S1, R)

\ . AN

= ;@.
@Ti}?&:ﬁ% I X >§;=0 @") LC.I{ Ay :1'3

,__97(>= 0>7T~




Correctness of Programs: Conditionals

Is this program correct?

{x>0Ay>0}
if x > y then

bigger := x ; smaller :
else

bigger := y ; smaller :
end

{bigger > smaller}







Correctness of Programs: Sequential Composition

Is {@)}tmp = X,’IX =nyalyEsEntmp { X > ¥ ) correct?

Sy

Sepl: tboto wp
__]Z( p: =G| 2e=ys I 5 7{>%) :Yme_ o/JzJ]we:
£ LAI? mle‘f\w@? AMFS we(> H??C

ool Rk,

= fup e for 523 2o lx T 4]
"&’fﬁe"‘ (sw(xdwi—ﬂ}> >t

:{wF 3 ,leCY ,g Lotup)) b

:{lee%v S cw 1> fup) = -y b Ao SR

.'r‘ifi?w g




Rules of Weakest Precondition: Summary

wp(x @& e, R)=R[x:=e¢e]

B = wp(Sy, R)
wp(if B then S; else S; end, R)=| A
- B = wp(Ss, R)

wp(S1 & Sz, R) = wp(Sy, wp(S2, R))




croo Rules using [ @yisiR) = Q= wp(S,R)
Qys{R} = Q= wp(S,R
Weakest Precondition L e = 0@ wp(S, R)

{Q}x := e{R} — Q=_R[x:=¢]
—_———
Wp(x = e,R)

{Q}if B then S; else S; end{R}
({Q/\B}S1{R} ) ((QAB):>Wp(S1,R) )

A A

{Qr-B}S: {R} (QA-B) = wp(S, R)

{Q} S i S2{R} — Q= wp(Si, wp(Sz, R))

Wp(S1 ’ 32’ R)
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Contracts of Loops



Contracts of Loops
Syntax Runtime Checks

from
Sinit
invariant
invariant_tag:_[
until

B

loop
Sbody
variant
variant_tag: (W -
end

Loop
Invariant
Violation

Loop
Variant
Violation




Contracts of Loops: Example “/I

Syntax Runtime Checks = e el

test
local
i: INTEGER
do
from
1 :=(Z)
invariant
@<= i and i <=@
until
- 1 > 5
loop . .
> io.put_string ("iteration " + i.out
?® Li=i+1
variant
6 — 1
end

Invariant
Violation

Variant
Violation




Contracts of Loops: Violations

Runtime Checks

i: INTEGER
do
from

i:=1
invariant é;

1 <= 1 and 1 <= y{

until
i > 5

loop
io.put_string ("iteration " + i.out
i :=1+1

variant
6] — i

end

end

invariant: 1 <=i <=5
Ls At the ool f bh ttoraten:
[€<@D=z& > (1 amlhte




Contracts of Loops: Violations

Runtime Checks

i: INTEGER
do
from
i:=1
invariant
1 <=1 and i <= 6 ( VEzO.:

Invariant
Violation

until
i > 5
loop
io.put_string ("iteration " + i.out

variant: 5 - i
L At e ool of h ttectss
Wi 6-b=CD20:=F > 2V wwhta



Contracts of Loops: Visualization

Initialization

Invariant

FExzit condition

st/



Contracts of Loops: Loop Invariant G)é)#fe/ md L@de Lt

find max (a: ARRAY [INTEGER]): INTEGER

local i: INTEGER
do

from ( ’>
i := a.lower ; Result := al[i]

invariant
loop._ 1nvar1ant —— V| glopmas j < i o Result > aljl
across a.lower [ za) (ﬂl-, as j all Result >= a [j.item] end
until
i > a.upper
loop
if a [i] > Result then Result := a [i] end
i =1 + 1|
variant
loop_variant: a.upper — i
end
ensure

correct_result: Vj| a.lower < j < a.upper o Result > a[j]
across a.lower |..| a.upper as j all Result >= a [j.item]




Finding Max: Version 1 1 2 3 4
find max (a: ARRAY [INTEGER]): INTEGER 40 30
local i: INTEGER
do
, Toate| Bt 1T
i := a.lower ; Result := a[i] >
invariant — TJ['(’-E >.O L ’fj
loop_invariant: —- VjlaJower<j<i e Result> a[j] - <)
across a.lower |..|(i_ ks j all Result >= a [j.item] end s 2 T
until — l. m - ):J
i > a.upper —:Z
loop 2 2 >0 QKJ
2if a [i] > Result then Result := a [i] end e <3
ai =1 + 1
variant % s
enldoop_variant: a.upper — i + 1 LI. %’a‘t?w
SHsREs . . . Y fendt 20 a7 st
correct_result: —- Vj|a.lower<j< a.upper e Result > a[j]
across a.lower |..| a.upper as j all Result >= a [j.item] m”‘x qc fi‘P%é
end =
end AFTER ITERATION || i | Result || LI | EXIT (/i > a.upper)? | LV
Initializaton |@| @ ||@ ® @
1st e & © @ o
2nd ® © ® @® ®




Finding Max: Version 2

find _max (a: ARRAY [INTEGER]): INTEGER 20 lo 40 30
local i: INTEGER
do
from
i := a.lower ; Result := a[i]
invariant
loop_invariant: Vj| a.lower <j<i e Result > a[j]
across a.lower |..| (i - 1) as j all Result >= a [j.item] end
until -
i > a.upper
loop
if a [i] > Result then Result := a [i] end ‘F
i =1+
variant 4 _,S 7/ Y
loop_variant: m J -+
o LV velatied
ensure
correct_result: -- Vj|a.lower<j< a.upper e Result> a[j]
across a.lower |..| a.upper as j all Result >= a [j.item]
end
end AFTER ITERATION Result || LI | EXIT (i > a.upper)? | LV
Initialization 1 20 v X .
1st 2 20 v X 2
2nd 3 20 v X 1
3rd 4 40 v X 0
—
—= 4th 5) @ |@ o -1
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Correct Loops: Proof Obligations

{Q}

from
Sinit
invaria

/
untj
<)
lo

Shoady
variant

4

end

nt

{R}

e
=== . %”“ T4
o Aloop is partially correct if: '&9’“

 Given precondition @, the initialization ste@establishes Lil.

{Q}&m{ﬂ'{gzgékﬂi {jig

e Atthe end df Sbody)i ot to exit, L/ / is maintained._
~7

_ {In~B} Sooey (11| { IA—nBiLg,{li
. | and@nﬂt_a,i_n_ed. postcondition{B4s established.
R AT R
o Aloop terminates if:

e Given LI I, and not yet to exit,(Spody a1aintains LV V as non-negative.

T~ 1B Loy $0708 [ (1 7 -5 Sooqy TV 5 0}
4 j

e Given L/ I, and not yet to exit\Ssoq, decrements LL@

13 8T Sy {17781 S (V< W)




Correct Loops: Proof Obligations

Initialization:

L

2. ARRAY
INTEGER

find max (
ocal i:
do
£

Qm

[INTEGER] ) : INTEGER

1 a.lower ;

Result := al[i]

invariant

until
i > a.upper
loop
if a
i i+1
variant
loop_variant:
end
ensure
correct_result:
end
end

loop_invariant:

[1I] > Result then Result :

Vj| aJower <j<i e Result > a[j]

= [1I] end

a
a.upper — i + 1

Vj | a.lower < j < a.upper o Result > a[j]

Non-Negative Variant:

Decreasing Variant:

 Tmes T:= A lower 5

lerde = a1
§ 91 b £ 77

Before Termination: t7

45—:13

Upon Termination:
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