
Lecture 1

Part 1

Design by Contract (DbC):
Motivation & Terminology



Software Development Process
- Natural Language
  (incomplete, ambiguous, contradicting)
- Requirement Elicitation

- Blueprints
- Not necessarily executable & testable

- API Given
- Efficient (data structures & algorithms)
- Unit Tests

- Customer’s Acceptance
- Return?
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I’d like a working payment system.
Ideally, user can use it to pay their electricity bills and so on. 
It should be easy to use and secure with a 4-phased 
authentication (face, touch, verification code, password).

Informal Requirements

Incompleteness, Ambiguities, ContradictionsTao
.
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Client vs. Supplier in OOP
\

patent
class

KIT patient
method .

H⇒⇒?
O

argmaekupnt
Context

chat supplier fbJ"suppliermethod
.

E÷¥#oi÷⇒¥"Emass



Contravariant

D -

⇒AF- -

[ "
i
.

"
.

.

c

,
IT¥¥post-state .iq#ia9nesI um ,

contract
← Ttatsatisfies : t.g.g-nm.IIY.gs 's id

.if the obligations i s

'

or::¥¥÷Y:¥.ie#nm:i:i.iiEeienjiiEEinaeiiiiiay
③ obj non- explosive . checked by client.



class ¥Kay

sandier a : algae attention
u . binarysearch (a) s
/

"

3



Lecture 1

Part 2

Supporting DbC in Java:
Preconditions, 
Class Invariant,
Postconditions



A Simple Design Problem: Bank Accounts
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Bank Accounts in Java: Version 1
- supplier



Bank Accounts in Java: Version 1 Critique (1)

Supplier
Client
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Bank Accounts in Java: Version 1 Critique (2)

Supplier
Client

⑧

÷supplier blame.

.¥¥¥⇒m..
I



Bank Accounts in Java: Version 1 Critique (3)
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Bank Accounts in Java: Version 2
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Bank Accounts in Java: Version 2 Critique (1) Compared 
with
Version 1
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Bank Accounts in Java: Version 2 Critique (2) Compared 
with
Version 1
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Bank Accounts in Java: Version 2 Critique (3)
Compared 
with
Version 1
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Bank Accounts in Java: Version 2 Critique (4)
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Bank Accounts in Java: Version 3
⑧

Rl X
100

R2 X

100

change: b↳ matte places affectedsingle chop de).



Bank Accounts in Java: Version 3 Critique (1) Compared 
with
Version 2
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Bank Accounts in Java: Version 3 Critique (2)

When the amount is neither negative nor too large,
     is there any obligation on the supplier of withdraw?
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Bank Accounts in Java: Version 4
with an evil supplier=

[
II DO faulty
(
invariant : TS this contract "good " enough to

signal an error at runtime ?



Bank Accounts in Java: Version 4 Critique
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Bank Accounts in Java: Version 5
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Bank Accounts in Java: Version 5 Critique
Compared 
with
Version 4
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Design by Contract in Java

Supplier
Client
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Design by Contract in Eiffel Contract View

Implementation View

→



Lecture 1

Part 3

DbC in Eiffel:
Runtime Contract Checking



Design by Contract in Eiffel
Implementation View

ensure
    init: balance = nb and owner = nn

→
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Runtime Monitoring of Contracts acc: ACCOUNT
create acc.make(a, n)
acc.withdraw(a) ¥ m.

post . W.
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Precondition Violation: positive_balance
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Precondition Violation: 
non_negative_amount

Supplier
ClientE



Precondition Violation: 
affordable_amount
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Class Invariant Violation: positive_balance

Supplier
Client



Postcondition Violation: balance_deducted

Supplier
ClientEF



Runtime Monitoring of Contracts
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Lecture 2

Part 1

Modularity & Modular Design
Abstract Data Types (ADTs)



Modularity: Childhood Activities
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Modularity: Daily Constructions
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Modularity: Computer Architectures
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Modularity: System Developments
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Modularity: Software Design



Java Classes: Abstract Data Types?
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Eiffel Classes: Abstract Data Types?

Contract View

Design Diagram

iii.



Lecture 2

Part 2

Copying Objects:
Reference vs. Shallow vs. Deep



Reference Copy: c1 := c2-#ref . copy
↳ cheapest .
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Shallow Copy: c1 := c2.twin-07%shall y
*
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Deep Copy: c1 := c2.deep_twin-01€ deep copy .
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Reference vs. Shallow vs. Deep Copies
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Collection Objects: Reference Copy & Make Changes
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Collection Objects: Shallow Copy & Make 1st-Level Changes-0
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Collection Objects: Shallow Copy & Make 2nd-Level Changes
#
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Collection Objects: Deep Copy & Make 1st-Level Changes
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Collection Objects: Deep Copy & Make 2nd-Level Changes
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Lecture 2

Part 3

Writing Complete Postconditions



f
   require
       ...
   do
       ...
   ensure 
      ... old expr ...
   end

Contract View Runtime Contract Checks

call f

check precondition of f

check postcondition of f

execute implementation of f

cache old expressions'÷÷÷¥:÷÷÷÷iu



class BANK
   accounts: ARRAY[ACCOUNT]
   
   some_feature
      require
          ...
      do
          ...
      ensure 
         ... old expr ...
      end
end

Caching Values for old Expressions in Postconditions

class ACCOUNT
   id: INTEGER
end

#
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old accounts[i].id

(old accounts[i]).id

(old accounts)[i].id

(old Current).accounts[i].id

Caching Values for old Expressions in Postconditions

(old accounts[i].twin).id

(old accounts.twin)[i].id

(old Current.twin).accounts[i].id

ensure (in context of BANK)

BANK
accounts

i

id
ACCOUNT

23

How to cache at runtime?
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Revisit: Bank Accounts in Java V5

How does the corresponding Eiffel design look like 
(with automatic caching of pre-state values)?
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Use of old in across Expression in Postcondition

Hint: What value will be cached at runtime
       before executing the implementation of update?
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Unit Test for All 5 Versions 
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b.deposit(“Steve”, 100)

Version 1: Incomplete Contracts, Correct Implementation
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b.deposit(“Steve”, 100)

Version 2: Incomplete Contracts, Wrong Implementation
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b.deposit(“Steve”, 100)

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

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

1st Iteration

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

2nd Iteration
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across old accounts is acc
all
   acc.owner /~ n
   implies
   acc ~ Current.account_of (acc.owner)
end

Use of across in Postcondition

For each iteration:

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

Case 1: acc.owner is not n

Case 2: acc.owner is n
acc.owner /~ n implies acc ~ Current.account_of (acc.owner)

. a:÷÷÷÷÷÷s
post- state
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b.deposit(“Steve”, 100)

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

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

1st Iteration

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

2nd Iteration
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b.deposit(“Steve”, 100)

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

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

1st Iteration

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

2nd Iteration
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Complete Postcondition: Exercise
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Lecture 3

Part 1

Writing & Using a Generic Class



Stack of Strings vs. Stack of Accounts
T.ie/orhetypeofStack items
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A Generic Stack

Client

Supplier
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declaration
-

-

s sage
-

o

-000

8 "#⇒¥⇒l



Lecture 3

Part 2

Abstractions via Mathematical Models



Implementing a LIFO Stack

Strategy 1 Strategy 2 Strategy 3

“alan” “mark”“tom”

top

“tom”“mark”“alan”

top

“tom” “mark” “alan”

top

“alan”
“mark”
“tom”

②
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Developing a LIFO Stack

:



Abstracting a LIFO Stack

Strategy 1 Strategy 2 Strategy 3

“alan” “mark”“tom”

top

“tom”“mark”“alan”

top

“tom” “mark” “alan”

top

MODEL
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Using MATHMODELS Library
Implementing an Abstraction Function

Exercise 1: Write postcondition of model.

Strategy 3

Exercise 2: What if Strategy 2 was adopted? Change what?
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Using MATHMODELS Library
Writing Contracts using the Abstraction Function

Exercise: What if strategy was changed? Change what?

Question: Can clients tell which strategy is being adopted?

=€¥⇒t
- No

,
⇒ Information Healing!€

↳ change Theabfwaction function
( T. e. Tnp. and contract
of model)



Checking MATHMODELS Contracts at Runtime Strategy 2

Pre-State
old MODELold IMPLEMENTATION

“tom” “mark” “alan”

top

s.push(“Jim”)
Post-State

IMPLEMENTATION MODEL

push (g: G)
   ensure model ~ (old model.deep_twin).appended (g) end

“alan”
“mark”
“tom”

•
dX* ✓ model gap
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Strategy 1: Mathematical Abstraction→
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Strategy 2: Mathematical Abstraction
⑧



Use of MATHMODELS:
Single-Choice Principle
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Lecture 4

Part 1

Architectural Design Diagrams



Classes: Detailed vs. Compact
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Contracts: Mathematical vs Programming
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Generic Classes "a
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Programming Classes: Deferred vs. Effective
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Presenting Deferred/Effective Classes in Compact Form
#

Do



Presenting Deferred/Effective Classes in Detailed Form
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Inheritace (1)
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Inheritace (2)
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Programming Client-Supplier Relation
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Presenting CS Relation in Diagram: Approach 1
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Presenting CS Relation in Diagram: Approach 2
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Programming Client-Supplier Relation
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Presenting CS Relation in Diagram: Approach 1
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Presenting CS Relation in Diagram: Approach 2
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Lecture 4

Part 2

Postcondition: Asserting Set Equality



Writing Postcondition: Exercise
all_positive_values (a: ARRAY[INTEGER]): ARRAY[INTEGER]
      require
         no_duplicates: ??
      ensure
         across Result is x 
            all 
               x > 0
            end

Problem

"'

=

↳complete but the output
WitnessMounter- example To Tncorrect

all
- p- vs ( 42,3 , -134. -277

) "

Fff. ↳
←

design④ flawed
.

↳ since
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Writing Postcondition: Exercise
all_positive_values (a: ARRAY[INTEGER]): ARRAY[INTEGER]
      require
         no_duplicates: ??
      ensure
         across Result is x 
            all 
               x > 0
            end

Solution
#

O .÷÷s¥¥
s =
. Is

all
- Pos- in-a- also- in- result :

all
-
nun
-Th-result-pos-and-

across a E x
Th
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at x so implies Result . has end across Result is x
AI X> 0 and a. hasCX) end



Lecture 4

Part 3

Abstraction of a Birthday Book



Testing REL in MATHMODELS

r.domain
r.range
r.image(a)
r[g]

.

÷
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Testing REL in MATHMODELS
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domain range

“Alan”

“Mark”

“Tom” August-11

October-15

Model of an Example Birthday Book

May-21

“Jim”EEA



Birthday Book: Design
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domain range

“Alan”

“Mark”

“Tom” August-11

October-15

Birthday Book: Model Operation (1.1)

May-21

“Jim”

book.put(“Heeyeon”, October-15)



domain range

“Alan”

“Mark”

“Tom” August-11

October-15

Birthday Book: Model Operation (1.2)

May-21

“Jim”

book.put(“Tom”, September-14)

.



domain range

“Alan”

“Mark”

“Tom” August-11

October-15

Birthday Book: Model Operation (2.1)

May-21

“Jim”

book.remind(August-11)
-

.
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domain range

“Alan”

“Mark”

“Tom” August-11

October-15

Birthday Book: Model Operation (2.2)

May-21

“Jim”

book.remind(November-29) "



Birthday Book: Implementation
-
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Lecture 4

Part 4

Design Pattern: Iterator



Principle of Information Hiding
-



iterable_collection

client

BANK+

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

			account_of+	(name:	STRING):	ACCOUNT
									--	The	account	object	whose	owner	is	`name`.
						require

									owner_exists:	
												∃acc	:	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:	
												∃acc	:	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:
												∀	acc	:	acc	∈	accounts.deep_twin	:
																												acc.owner	/~	n	⇒	acc	~	account_of	(acc.owner)

invariant

			unique_account_owners:
						∀acc1,	acc2	:	acc1	∈	accounts	∧	acc2	∈	accounts	:		
																																acc1.owner	~	acc2.owner	

																																⇒	

																																account_of	(acc1)	=	account_of	(acc2)

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

ITERABLE[G]*

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

									result_attached:	Result	≠	Void

new_cursor*

*
INDEXABLE_ITERATION_CURSOR[G]

+
ARRAY_ITERATION_CURSOR[G]

+
LINKED_LIST_ITERATION_CURSOR[G]

+
HASH_TABLE_ITERATION_CURSOR[G,	K]

+
ARRAY[G]

+
LINKED_LIST[G]

+
HASH_TABLE[G,	K]

new_cursor+
new_cursor+

new_cursor+

supplier

accounts+

o o



Implementing the Iterator Pattern: Easy Case
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class 
   CART

feature {NONE} 
   orders: ARRAY[ORDER]

end

Implementing the Iterator Pattern: Easy Case
-

inherit
IYERABLE LOREt÷÷÷÷::

.

end



Implementing the Iterator Pattern: Hard Case
-

iii*÷÷÷¥i¥÷



class 
   BOOK[G]

feature {NONE} 
   names: ARRAY[STRING]
   records: ARRAY[G]

end

Implementing the Iterator Pattern: Hard Case
#

data

aaoI⑧
that ITERABLE name,

private⇒i÷o÷÷÷:tea-wnrwjnrw.II-TUKEGEDA-aeaeefH-I.ES
,
3
.

end make - - 3.



Implementing the Iterator Pattern: Hard Case
-
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Iterator Pattern at Runtime

#
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Use of Iterable in Contracts
#
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Use of Iterable in Contracts: Exercise
#

⇐



Use of Iterable in Implementation (1)
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Use of Iterable in Implementation (2)
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Part 5

Exercise: Generics in Iterator



new_cursor+

new_cursor*
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Exercise
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Expanded Types for Compositions



Modelling: Aggregation vs. Composition

f - - -

in:*:c. GE
(
prepositions

)

× →
shared Astarte
(aggregations



Expanded Type for Composition

⇒( x -1¥:*:÷i÷L a÷
:*:↳

÷::*:÷::c::..i¥¥¥
.org

,

part .



Use of Expanded Type
\

f¥bYE"
gegfdre.es

÷¥¥÷¥":"⇐
T

V

- - - -

v
⇒
. -

→}⇒e TO
His u vdoesnotapy address to-t④EI4*.IE#sin9fYITYy.ovgkaFItents .



EXERCISE

mmmm



Reference Type or Expanded Type
-

i chaffed, AUTHOR µdaue¥¥AoTHoRad :

700uh
aggregation das;sB0¥¥ sharing )(sharing) author :

qd expanded AUTHOR
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Sharing via Inheritance



Shared Data via Inheritance Cohesion
Single Choice Principle#

→⑨⑤ ped

✓

A class has a unifying theme of
purpose (a1 features are

relevant w- r-t . that

inherited-6 purposes.
DEPOSIT



Shared Data via Inheritance

d1, d2: DEPOSIT
w1, w2: WITHDRAW
t1, t2: INTERNATIONAL_TRANSFER
...
d1.set_max_balance
w2.set_min_balance
t2.set_exchange_rate

ir
er
min
max

DEPOSIT
0.11
2.34
1000
1000000

ir
er
min
max

DEPOSIT
0.11
2.34
1000
1000000

ir
er
min
max

WITHDRAW
0.11
2.34
1000
1000000

ir
er
min
max

WITHDRAW
0.11
2.34
1000
1000000

ir
er
min
max

TRANSFER
0.11
2.34
1000
1000000

ir
er
min
max

TRANSFER
0.11
2.34
1000
1000000

Cohesion
Single Choice Principle--

÷ .÷÷¥¥⇐÷÷÷÷÷÷÷: i.
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Once Routines



Once Routine (1)

÷:÷÷.
--

→I
- - E--

→ 1st
call

=-

D
g- -¥÷¥i



Once Routine (2)
¥2 s "Mark's

→
s
- -

11K¥ .
o

. -
o

( subset. Once Routine

sina.fi:S:c .".in.
- -

r



Approximating Once Routines in Java (1)

ftp.harngis not guaranteed.

I

'' i÷i÷÷



Approximating Once Routines in Java (2)

on
.
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Export Status



Export Status Case 1

class SUPPLIER

create 
      make

feature 
   make (init_i: INTEGER)
      do
         i := init_i
      end

feature
   i: INTEGER
end

class CLIENT_1
   ...
   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

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

i -15:¥¥i¥¥ ' =÷÷:÷:...
"
"s E¥÷÷÷÷:.0¥ . .



Export Status Case 2

class SUPPLIER

create 
      make

feature 
   make (init_i: INTEGER)
      do
         i := init_i
      end

feature
   i: INTEGER
end

class CLIENT_1
   ...
   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

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 
      make

feature 
   make (init_i: INTEGER)
      do
         i := init_i
      end

feature
   i: INTEGER
end

class CLIENT_1
   ...
   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

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
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Singleton Pattern



Singleton Design Pattern: Code (1)
-

di
#
t

going
. as.aons-m.dz#t

- o
. *

-0 aeEATBmdae .
E'Ian¥¥i÷÷÷÷÷÷⇒÷.

IT#diii.ie



Singleton Design Pattern: Code (2.1)
#



Singleton Design Pattern: Code (2.2)

⇐

→



client_1

DATA+

create	{DATA_ACCESS}	--	Creation	Restriction
			make

feature	{DATA_ACCESS}	--	Update	Restriction
			make+
						--	Initialize	a	data	object

feature	--	Data
			v:	SOME_DATA_CLASS

									--	An	example	query
			c
									--	An	example	command	

DATA_ACCESS+

feature	--	Data
			data+:	DATA
						--	Reference	to	a	shared	data	object
									once
												create	Result.make
									end		

invariant
			shared_instance:
						data	=	data

data+

supplier_of_shared_data

data_access+

+

APPLICATION_1

client_2

+

APPLICATION_2

client_3

+

APPLICATION_3

data_access+

data_access+

•
data-a:TAAefIdFnd
I .

AO
-

I
← 0
I

.

→

& ref . eq .
→

O
.
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Abstract UI



ETF: Abstract UI vs. Concrete UI Concrete UI

abstract UI

Concrete UI Interaction 
- Insert a bank card
- Validate password
- Select Deposit Transaction 
- Select cheque account
- Enter amount
- Select confirm

=⇐ i¥i
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Abstract States, Acceptance Tests



Acceptance Testing

new(“alan”)
new(“mark”)
deposit(“alan”, 200)
deposit(“mark”, 100)
transfer(“alan”, “mark”, 50)

    {}
-> new(“alan”)
    {alan: 0}
-> new(“mark”)
    {alan: 0, mark: 0}
-> deposit(“alan”, 200)
    {alan: 200, mark: 0}
-> deposit(“mark”, 100)
     {alan: 200, mark: 100}
-> transfer(“alan”, “mark”, 50)
     {alan: 150, mark: 150}

input outputSystem Under Development 
(SUD)

-

→ →

O
''



Acceptance Test vs. Unit Test

s
-

-

-

tabseact
states abtsyggf.uaq.gg

,

¥pkmaxatondeta
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ETF: Abstract UI, Model, Regression Tests



ETF: Workflow now .



ETF: Separating User Interface and Business Model

abstract UI ←

EE



ETF: Singleton Pattern
-

-

= BANK

⇐
¥

-

-

-

-⇒?.÷÷÷¥¥¥¥Tornal case ↳
tinemdod dinner



ETF: Input-Output-Based Acceptance Testing

new(“alan”)
new(“mark”)
deposit(“alan”, 200)
deposit(“mark”, 100)
transfer(“alan”, “mark”, 50)

    {}
-> new(“alan”)
    {alan: 0}
-> new(“mark”)
    {alan: 0, mark: 0}
-> deposit(“alan”, 200)
    {alan: 200, mark: 0}
-> deposit(“mark”, 100)
     {alan: 200, mark: 100}
-> transfer(“alan”, “mark”, 50)
     {alan: 150, mark: 150}

input output

iii.



Regression Testing

Your Program

oracle programinputs
at01.expected.txt
at02.expected.txt
...
at99.expected.txt

expected outputs

actual outputs

identical?
at01.actual.txt
at02.actual.txt
...
at99.actual.txt

at01.txt
at02.txt
...
at99.txt



Automating Regression Testing

home copy
- development
- debug

school copy
- oracle
- regression

Github copy
- backup
- version history→



Lecture 7

Part 1

A Motivating Problem



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

- -

-

command
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1st Design Attempt without Inheritance



1st Design Attempt



1st Design Test
- sina.ES#E' is

÷ . sina.es?mii.n
.

-

"

"

"

a → 'EHS 3311
"

J
sin.ge:94?.:.esas-io.saeYTFxfEfEoIBY:s

"



1st Design Attempt

Good design?
Judge by Cohesion



1st Design Attempt
Good design?
Judge by Single Choice Principle
- A new kind is introduced?
- Change on registration policy?.¥÷i÷÷÷÷÷.



1st Design Attempt
Good design?
How do you build a 
STUDENT_MANGEMENT_SYSTEM 
class accordingly?Eo



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

Without Inheritance (Design 1) Collection of Students

c: COURSE
rs: RESIDENT_STUDENT
nrs: NON_RESIDENT_STUDENT
sms: SMS
create c.make(“3311”)
create sms.make

sms.add_rs(rs)
sms.add_nrs(nrs)
sms.register_all(c)

Clinet’s Code

.



1st Design Test: SMS ne

CI →
"

EHS2030
"

sus -

his

aI⇐⇒¥i¥Itiessooitenhinhsoisaissonia



Lecture 7

Part 3

2nd Design Attempt without Inheritance



class 
   STUDENT
create
   make
feature -- attribures
   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
      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



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

Good design?
Judge by Cohesion

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

2nd Design Attempt

÷÷÷÷÷÷÷÷÷÷
-O



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

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

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

2nd Design Attempt

-÷.÷i÷÷÷.
I ""ei¥⇒-



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

Good design?
How do you build a 
STUDENT_MANGEMENT_SYSTEM 
class accordingly?

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

2nd Design Attempt



Without Inheritance (Design 2) Collection of Students

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

class 
   STUDENT_MANAGEMENT_SYSTEM
feature -- attribures
   students: LINKED_LIST[STUDENT]
feature -- command
   add_student(s: STUDENT) 
      do 
         students.extend(s)
      end
   register_all (c: COURSE)
     do
       across students is s 
          loop
             s.register(c)
          end
     end
end

Clinet’s Code
c: COURSE
rs: STUDENT
nrs: STUDENT
sms: SMS
create c.make(“3311”)
create sms.make

sms.add_student(rs)
sms.add_student(nrs)
sms.register_all(c)

#

C-
.

is : I-S¥÷÷i÷¥⇐¥⇒÷÷
-
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Using Inheritance for Code Reuse



Desigh 3: 
Inheritance
Code Reuse

 Cohesion?
 Single Choice Principle?
 Collection of Students?

i÷÷÷÷



 Cohesion?
 Single Choice Principle?
 Collection of Students?

Desigh 3: 
Inheritance
Code Reuse

DO



 Cohesion?
 Single Choice Principle?
 Collection of Students?

Desigh 3: 
Inheritance
Code Reuse

'

DO



With Inheritance (Design 3) Collection of Students

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

class 
   STUDENT_MANAGEMENT_SYSTEM
feature -- attribures
   students: LINKED_LIST[STUDENT]
feature -- command
   add_student(s: STUDENT) 
      do 
         students.extend(s)
      end
   register_all (c: COURSE)
     do
       across students is s 
          loop
             s.register(c)
          end
     end
end

c: COURSE
rs: STUDENT
nrs: STUDENT
sms: SMS
create c.make(“3311”)
create sms.make

sms.add_student(rs)
sms.add_student(nrs)
sms.register_all(c)

#

→ ST.

It> STi÷÷÷÷÷÷÷÷÷÷:÷⇒÷÷¥i÷i:
s.tn#ondynE.id..g . ⇒
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Static vs. Dynamic Types



Revisit: Inheritance for Code Reuse

III
: base rate

inherited ↳#inherited.
-

I 0 so
k

ez :
rtedefcnedEstiaseratexbasevatexd-r

per



Static Type vs. Dynamic Type
-

S
. s = new

RS.CH#JfgIYnaIHosseIsdyn.eq;gs!nINRsc...ssnoises
- =8⇐y→ state type

on

""e

-

' DYKE,56
create { STUDENTS S. makeL' 'Alan

")



Student Classes (with Inheritance): Expectations

s1
s2
s3
rs
nrs

→
=

.

=

¥i£⇒ compete - time
inherited.at?m

.

ST
.

→

o

'÷.
I

¥#t÷#¥FafNDEN÷
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Intuition: 
Polymorphism vs. Dynamic Binding



Polymorphism: Intuition
-

.

=

''

Es:-O 0
.

o
- *

FIEF . F¥F¥?¥
✓ , rs.ir . bfftfject.

C) x -
-
-
-
- - - - -- -Farah not supported

n tamped. oppositely
'd! -

d. Expectations on rs ?A
"Em⇒¥IeFh"Yea..gnma€In÷7s:"""



Dynamic Binding: Intuition
-

=
-

→ -⇐
→ -

- RS
f-=#

s'd
ad
.§F€8 ⑤I

µzs⇒v3 of tuition TNNRS -0

④ :
-
-E p

Dynamic called
.

rs.IE * a

o c→b

⇐→@#?qType
A
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Multi-Level Inheritance Hierarchy



Multi-Level Inheritance Hierarchy of Smartphones
#

€

① ⇒
"

-

-
. ⇒

't

-

O
es 1€

=
I
- -



equalsc,
out c- tofungo

o
.

Object :
;

i
inherit ANY
reid is

-equal end
TS
- equal C - -

-J :Bak .



Ancestors, Expectations, Descendants, and Code Reuse

A

-

i÷÷i÷÷÷÷÷÷÷:÷i÷÷⇐÷:÷÷÷÷÷÷÷¥÷÷÷÷÷÷÷÷÷÷÷÷÷÷i÷÷÷÷÷÷
.

if":



Substitutions by a Descendant Type
-

= - =

-

-

expel
. Is : STUDENT S :

E hrs
" nrf :wp④ expose expcnrs)

i. Quasar
. :g÷÷e¥¥¥dire keg . set-dr

tuition



Inheritance Forms a Type Hierarchy (1)
am

cm

hm

bm

dm em fm gm

im jm

A

B C

D E F G H

I J

B
G
J

ancestors expectations descendants

T

E¥¥÷÷i÷÷÷¥¥
T.gmim.am



Inheritance Forms a Type Hierarchy (2)

ancestors expectations descendants¥e#
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Rules of Substitutions via Assignments



Rules of Substitutions (1)

mp_1: IOS
p1: I_PHONE_XS_MAX
p2: I_PHONE_11_PRO

÷,
us.



Rules of Substitutions (2)

mp_2: IOS
p3: SMART_PHONE

=

⇒⇐¥¥¥¥÷÷±.÷÷
.



Reference Variables: Static Type

Design 1:

jim: STUDENT

Design 2:

jim: RESIDENT_STUDENT

-

I I

is
.

I wider
@=Pjm.IN/-im.nI.pr.

Efrain
'

Iwa,
't
-Pr



Reference Variables: Static Type

Design 1:
mp: SMART_PHONE

Design 2:
mp: IOSD- I wider expectation.mp- facetimeX
e.g.
facetiae .



Design 1:

jim: STUDENT

Design 2:

jim: RESIDENT_STUDENT

Change of Dynamic Type (1)

.

:

→
expes-w.eu#QnaEtgh.YneeeiEsI.E.IhE.ef:s.

-0
-

creates a ' creates#sina.ec
' '

Jim
→M SITES

.

. expectations.



Change of Dynamic Type (2)

STUDENT
n.
cs.

n.
cs.
pr.

RESIDENT_S.
n.
cs.
dr.

NON_RESI_S.

EE

s.EE#q*EEYYesImI7Ioys.yyageseIYztgs!
.

"



Testing of Dynamic Binding

STUDENT
n.
cs.

n.
cs.
pr.

RESIDENT_S.
n.
cs.
dr.

NON_RESI_S.

COURSE
t.
fee
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Type Casting



Type Cast: 
Motivation

n.
cs.
pr.

RESIDENT_S.

=

⇒ F- I

xnoIampile.expCRsjcXexpCSTD@noIvakdEeg.p.
E

just "Irani
'

si:R⑤ → p

vs X * is



MyClass.e

s last DT of s

Inferring the DT of a Variable is Undecidable

Your Program

class MyClass
   make
      local
         s: STUDENT
      do
         create {RESIDENT_STUDENT} s.make
      end
end

t

¥i÷⇒



Type Cast: Syntax

n.
cs.
pr.

RESIDENT_S.jim J. Davies

1.5

eezioiae-ohanthesE.IE#eIpofrs
←TA-

-

f G
" t 89k£ -utnewhaejnepoaieag

ST : Rs .y
,

to with ST RS
.

Rs ② .

attached ! sina.ee
rs.set-prcl.SI

"

Rs

end
-



Violation-Free Cast: Upwards or Downwards (1)
-

O
.

-
E
--

- -
- -

④ A

⑦ ①



Violation-Free Cast: Upwards or Downwards (2)

Tiwari
(narrow) ' t?

D= it

⇐⇒
""WE

"an

-×

⑦ ①



Violation-Free Cast: Upwards or Downwards (3)
-

Iv downward
.

Carden?

⑧@
YES .

•yhasaird4EIeamty9phone.i@czSTiI-ll-Reo.I
- - -- - - -



Ancestors, Expectations, Descendants, and Code Reuse

C

y’s DT

-

*t¥¥
DO



Cast Violation at Runtime (1)

upwards .
V

O
.

✓→ ⇒
NO.ro/ct-on-.



Cast Violation at Runtime (2)

Howard
NE violation

v.



Cast Violation at Runtime (3)
-

Compile? YES
.

Downward.
Violation ? YES

.

I t

↳D
'EDT of mine

② ( HUAWEI)
cannot fulfil
the case

t.pe SAMSUNG's

•

expecte.g. side- synd



Cast Violation at Runtime (4)
-

Gupte ? YES .
Violation ? YES

winward.
" DT HUAWEI
can't

I fulfill the
I.

cast type
HUAWEI -17301720 's

exp. ( zoomage) .
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Polymorphic Routine Arguments



Feature Call Parameters: Supplier

Say:
   sms: STUDENT_MANAGEMENT_SYSTEM

When should the following calls compile?
   sms.add_s (o)
   sms.add_rs (o)
   sms.add_nrs (o)

te

f .

EFI
II add

-
sCs%%EnT)
de

i. E

end



Feature Call Arguments: Client

   sms.add_s (rs)    sms.add_rs (s1)

o .
EIsi : Rs

..
.

:¥¥÷÷±

⇒V i#
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Polymorphic Collections



Polymorphic Collection

n.
cs.
pr.

RESIDENT_S.
n.
cs.
dr.

NON_RESI_S.

ss
    SMS

COURSE
t.
fee

7ymorphifdfttffhf.de#o4IffIsxsIFEpE5uI@
rse]

:

'?

"

i÷÷÷"

3%0 →

terse I -0 .

V2 of tuition ¥ of tuition
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Polymorphic Return Values



Feature Call Return Values

Possible DT 
of Result?

n.
cs.
pr.

RESIDENT_S.
n.
cs.
dr.

NON_RESI_S.

ss
    SMS

COURSE
t.
fee

o

⑦ ← attached IRS} sms.get-stu.CDasrs.tt

s:÷E. ¥¥÷g¥g
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General Book: Storage vs. Retrieval



General Book
Supplier

Client

-

St: STK .

-0 fifa :*"
T

→ =
I

→ I

D -

→
-

"

o
'n%%:D?

*
-

'extent



General Book: Retrieval from Polymorphic Arrary

It

=
- -

t7
SI DI

records -3M¥ records STRING

✓
records TEY DATE

O
TST : DATE .

⇒ NToak¥¥f
.

⑦-

expectationQI on .ES#E↳ dowardcast but DT STR can't fulfil



General Book violates Single Choice Principle
Storage

Retrievals

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

-

÷:÷÷÷÷i÷÷÷¥-momma

%T attached {doB - - - thee . -

x

-
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Generic Book
Supplier

Client

→
declaration

X DATE ANI usage .

DATE .

① Ikari
- hI .

-700-3
←

more restrictive retrieval

- Ix outage .

does nroeeq,
✓¥951:

cast.



Instantiating Generic Parameters
→

I .

=
-

-

-

¥
'

⇒
"

aF



Generics vs. Inheritance (1)→ s
O

t.si:÷¥¥:
fists LISTED (more

Es
.

te:*:*.

LIST 3 LIST LIST

%



Generics vs. Inheritance (2)
-
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State Transition Diagram

State Transition Table
Finite State Machine (FSM)

⇒
,

7 CER) 7-
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Design of a Reservation System: First Attempt

wh-ieefsiiyEEE.sn#lIeeYfffa!.g7gas it's true

grunion:*.man ferries!
"
it

III.and¥¥
'

÷
:

o- ⇒⇒⇒:i::Ihx

-

.
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Design of a Reservation System: Second Attempt (1)

State Transition Table 2D Array Implementation

Examples:
transition(3, 2)
transition(3, 3)

=

I D=
'ee

DD



A Top-Down & Hierarchical Design

Design of a Reservation System: Second Attempt (2)
-

→
interaction

session

↳ where
the
exec

staves
from



Design of a Reservation System: Second Attempt (3)
I

-

t¥



Design of a Reservation System: Second Attempt (4)

T



Design of a Reservation System: Second Attempt (5)
I

Addanarstae?

tsunamis
Delete an existing

Sta

omnium→e¥↳",
- en
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Moving from Top-Down Design to OO Design

current_state: STATE
current_state.execute

current_state: INTEGER
execute_state(current_stste)

Top-Down

Object-Oriented

-

[
context object,

sending ' staff.int#Iddaea

⇒ -
→
--



State Pattern: Architecture

t÷f÷÷÷÷÷÷÷:⇐÷i\

,

- -



TEMPLATE

State Pattern: State Module
- jetty: mopeds.
snEI:IiI¥
9.

Q ⇒±⇒ ¥IkspkY
.

?E¥e¥a-¥¥÷¥¥
= II

¥¥T*M⇒7¥s
THEE I

⇒iEYI¥9t patterns
→

TESTATES . execute-348,435.49¥
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State Pattern: Application Modulef.
" Y fit:* .

→

-

a polymorphEfllection of States.

.
.

sequence of having a polymorphic argument I
we have

÷-- o

-

¥⇒...



State Pattern: Test

⇒

¥ -97 set

-ndh¥→

esetopky t
2¥ EE

sista.

d"⑧E&Bo••
" ÷÷÷¥¥**¥¥¥



State Pattern: Interactive Session



Interactive System: Top-Down Design vs. OO Design

current_state: STATE
current_state.execute

current_state: INTEGER
execute_state(current_stste)

Top-Down

Object-Oriented

Tia
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Weather Station: 1st Design
-

clients .

server
-

-

pkadthpggf.pe
"miistppker is .

e =

=
-

-

→
-

-
-- II

.

→

- - - - I

-

I
.

→



Weather Station: 
1st Implementation



Weather Station: 
Testing 1st Design

WEATHER_DATA
temperature
pressure
humidity

wd
FORECAST

weather_data
fd

STATISTICS
weather_data

sd

CURRENT_CONDITION
weather_data

cc
:÷÷i÷÷÷÷÷÷
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The Observer Pattern#%¥h%s÷s¥¥¥¥¥

job;e¥:
has 9,35978¥. . . . - sass,
TO.

O
"

jig1-
-

Ii i -
→

-

. : .

- -

I ② 3 4

obsazeEI.ie#EdateobjEIfsl7-sI7L7DT:oBS1dyntam-binding ¥¥¥⇒ version in 01351 -



Observer Pattern: Application to Weather Station

÷§ ,µµµ⇒µµ¥.µ¥.%q



Weather Station: Subject
-

e-

-÷¥*ud
-

;'B Finding
/
-

=

✓ I

p r i

redefine meat erdx
#

ST: OBSERVER

*



Initializing an Observer

WEATHER_DATA
temperature
pressure
humidity
observers

wd

FORECAST
weather_data

fd

→

weather-data : -- a
-
weather-data

a-weather-data . observers . extend ( turret ) *
a-weather-data .at#hCCurre--L)

✓ ⇒
✓ v

↳ 7

FIX



Weather Station: Observers

if



Weather Station: Testing the Observer Pattern

WEATHER_DATA
temperature
pressure
humidity
observers

wd
FORECAST

weather_data
fd

STATISTICS
weather_data

sd

CURRENT_CONDITION
weather_data

cc

0=8
÷⇐i÷÷i"÷



Multiple Subjects vs. Multiple Observers: Observer Pattern

Q1. Overall Complexity?
Q2. Complexity of adding a new subject?
Q3. Complexity of adding a new observer?

'⇒¥¥÷÷F÷÷÷
.
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Multiple Subjects vs. Multiple Observers: Event-Driven Design

Q1. Overall Complexity?
Q2. Complexity of adding a new observer?
Q3. Complexity of adding a new subject?
Q4. Complexity of adding a new event type?

  

n÷¥i÷÷÷÷
÷-0Ltry



Cyber-Physical Systems: Plant, Sensors, Controller, Actuators

PLANT

CONTROLLER

sensorsactuators

#

0¥.
:*.
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Implementing the Event-Driven Design
#

Modelled
: Subject

tloduk
: Event

.

Notate
: observed
Listener .



Event-Driven Design in Java
-

o -

-

O O
-

Bao

=



Event-Driven Design in Java: Runtime

WeatherData
temperature
pressure
humidity

wd

changeOnTemp.

changeOnHumi.

Event
actions

Event
actions

CurrentConditions
temperature

cc

humidity

key value

key value

MethodHandle
context
name
header

changeOnPres. Event
actions

key value

imp.

MethodHandle
context
name
header
imp.

- ←



Lecture 9

Part 5

Event-Driven Design in Eiffel



Implementing the Event-Driven Design
#

Modelled
: Subject

tloduk
: Event

.

Notate
: observed
Listener .



Event-Driven Design in Eiffel
I

-- -

⇐
TOPLEEREAD Beag

eighth,⇒Footnote f-III



WEATHER_DATA
temperature
pressure
humidity

wd

change_on_t
change_on_h
change_on_p

EVENT
actions

EVENT
actions

EVENT
actions

CURRENT_CONDITION
temperature

cc

humidity

Event-Driven Design in Eiffel: Runtime

PROCEDURE
context
name
arguments
imp.

PROCEDURE
context
name
arguments
imp.

÷÷:÷÷÷÷::÷⇐
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Assertions: Weak vs. Strong

x > 3

x > 4

- Predicates → Boolean values
→ set of satisfying

p
more

accommodating ,
valuesC)

✓
lag?;ef ④ Weakest ?

Est
.

:b is O
C-

@fhoIstIge.p.wy.eaccommodating
•
→ 4

smaller, .

' Strongly.
→ X> 3

To weaker .
5. b
, → -

- . . is X >4 ⇒

Stronger .



Assertions: Preconditions

withdraw_v1(amount: INTEGER)
    require 
      P1: amount > 0

withdraw_v2(amount: INTEGER)
    require 
      P2: amount ≥ 0

Example Input
100
0
-100

#
-

of
> Stronger ⇒ require

more

,

W- IC → normal
0 . .

W
-

VIC → violation

stronger ⇒#weaker
#

.→Elw- Vittal→ violation

-

W- VIGOO) → normal

w- E → normals

[
weaker ⇒ require less

W - EH → violation



p dividend, darer

require
dy'd} !?

'¥ : IND : INT

TEI

wet.e. remain f÷÷÷÷;:÷:imposing
any:p:#

smiles. ⇒ divideC 3. o) ↳Fix
↳ runtime errors require

y to



Assertions: Postconditions

f1(i: INTEGER): BOOLEAN
    ensure 
      Q1: Result = (i > 0) ∨ (i mod 2 = 0)

f2(i: INTEGER): BOOLEAN
    ensure 
      Q2: Result = (i > 0) ∧ (i mod 2 = 0)

Example Input
79
-34
62

-

tag ⇒ Xvy
False → 0 OE -

=

ACID -7T
-
D= HEED-2T

02 ⇒ 0 ,
ft →T

==F±£C → I

-#- v v tf →I
p output. fzcbz)→TWhat's the value of Result that -

will satisfy the posttondetton.



Input
T

'

- 33
01

I >0
Imod 2=0
(every

79
→az

-34

-62

}
ensure more about the Result
⇒ Tt's

"harder
"
to satisfy thepostandittoo .
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Subcontracting: Architectural View

my_phone: SMART_PHONE

create my_phone.make
list := my_phone.get_reminders

create {IPHONE_11_PRO} my_phone.make
list := my_phone.get_reminders

-

→ a←

→ BE

:÷::÷¥⇒⇐ .

""""

A
mumM

ur ¥ . Is
teddy child should require less re

on input : L ⇒ r E-
Postcondition child should ensure more on output : f ⇒§ .



Subcontracting: Example (1)

PHONE_USER SMART_PHONE

IPHONE_11_PRO

my_phone

my_phone: SMART_PHONE

create my_phone.make
list := my_phone.get_reminders

create {IPHONE_11_PRO} mine.make
list := my_phone.get_reminders

-

a ⇒ S *
be > 10% ⇒ be > 1506
= FL

• = iii.④ is ."

satisfy L bye not
-

.

µ
-

pv
↳ designs : stronger a 1¥.

precondition µF '

EKprea.net#oIvjidod9Eai
I# user .

T
-



Subcontracting: Example (2)

PHONE_USER SMART_PHONE

IPHONE_11_PRO

my_phone

my_phone: SMART_PHONE

create my_phone.make
list := my_phone.get_reminders

create {IPHONE_11_PRO} mine.make
list := my_phone.get_reminders

- rest :s⇒Bi¥÷ .

e happens today vtmw gonif
⇒? -E

up
✓ meme e happens EEYI , s

AB unnamed HE
↳ poorly designed ' '

censures less. 8
.

Foo
s

to
tmwaents

pony .
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Subcontracting: Example (1)

PHONE_USER SMART_PHONE

IPHONE_11_PRO

my_phone

my_phone: SMART_PHONE

create my_phone.make
list := my_phone.get_reminders

create {IPHONE_11_PRO} mine.make
list := my_phone.get_reminders

- Invalid r

d

': E ⇒ ± I
•
-

Runtime :

⑦
④d ¥0I = I

did

too
-



Subcontracting: Example (2)

PHONE_USER SMART_PHONE

IPHONE_11_PRO

my_phone

my_phone: SMART_PHONE

create my_phone.make
list := my_phone.get_reminders

create {IPHONE_11_PRO} mine.make
list := my_phone.get_reminders

- In

:did ⇒ s
*
•. . ¥.

✓

=N#

-



Contract Re-Declaration: 
Missing Pre-Condition in Ancestor

→

#Ftop of hierarchy.

ft

⇒ I
- ⇒ .

I
.

e:*:*. ..
only check III.ftp.etgd.



Contract Re-Declaration: 
Missing Post-Condition in Ancestor=

Stronger
I

£¥⇒
. Rmtmetmeananpox .
-

⇐⇒?Ynhe%Eh9p¥A'
for postcard.



Contract Re-Declaration: 
Missing Pre-Condition in Descendant=

1€
.

. *re8"7¥e
.

original- pre v ??

= original- pre
Fate



Contract Re-Declaration: 
Missing Post-Condition in Descendant=

is
.

. sente ;¥÷
originate " fined
= originate



tE¥

I
g- le

|P¥ =Fs↳ Peyton!h÷da¥aau
.



Lecture 10

Part 4

Recursive Systems - Design Attempts



First Design Attempt

ch: CHASIS
crd: VIDEO_CARD
d: DISK
create ch.make
create crd.make
create d.make
ch.add_child(crd)
ch.add_child(d)

- Eyhe⇐ .

②d⇐¥fd¥a¥¥! ¥±¥aicing
¥,
⇒

eeao*i¥¥
←

-

E

c:¥E*d

⇐#
0¥⇐

is . ¥¥
.

- - -



Second Design Attempt

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)

- SCI
.

I# EQUIP.

-

① a

preet preet preet

=

- - -

renren.com
.?¥ .

"actinias.
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ad, class-A extends B. Cx

II . only supported

=

'i'III: Henneman-
"

Fiji!I¥d way.
e* Enema.jo#Qaeetae
①

class A extends B V
.

⇐ implements CsD



Multiple Inheritance: Example
→

"fy±*y> My
- X ) ts -

.
.
.

xiy
⑥



Multiple Inheritance: Exercise
→

WINDOW
x

x
WIN.

X WIN -

v v

-

- - -
-

-
. Jp D

-

-
O
.



Multiple Inheritance: Name Clashes

=
-

L
.

EF
⇐ ¥

700

x : E → exp: fog, too.



Multiple Inheritance: Name Clashes
-

D°

}
addre

tho:add
:#
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The Composite Pattern: Architecture

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)

- I
.

cohesion?
V SCPV ⇒

a i¥÷f↳ina*True=
IA e

I
invariant
Childrens 10

.

O- X



Why is COMPOSITE a separate class?

The Composite Pattern: Architecture

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)

-

-
↳ satisfies SCP.



The Composite Pattern: Architecture
COMPOSITE class is reusable by instances of the composite pattern.⇒

EQUIP
.

11 FUR.

gEoIIP. FOR.

. I

aheqµp[Earth
?]

'

inherit GMP. [ FOR.]



The Composite Pattern: Implementation

=



Testing the Composite Pattern
-

D-
- -

=

shiitake
"
-

E ¥iL¥¥¥
cabinet -7 @7¥ I o

-

jus d drive-
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Design of Language Structure: Composite Pattern

Q: How to construct a composite object representing “341 + 2”?

Q: How to extend the design to include variables and subtractions?

⑧

GMPOSITE.tt
.

. fch-ddreniLISTE.tl#
⇐
q g

T¥

qbdceasevapi dscz : CONSTANT

→ reatrsasee add : ADDITION
-

. .

. Create d. make#D
'

.

.

.

ftp.createcz.makec#-

create add
.

make

adf.ME#iiTEiadd.vaEe9:
✓ .

-
a

✓
M
-



ET]

-

:
T

*
MMM inherit GMPOSITEEEXP. ]
GMpoSITE_Exp*

⑧

¥ii¥⇒



Design of Language Operation: How to Extend the Composite Pattern?

Structure

Operations evaluate
print_prefix
print_postfix
type_check

#

Cohesion v
*

single- choke pinnepefx : STR't - - -..principle npriieiposefx : STR't '

change⇒ affects type-check : Boat -
'
'

not related÷i¥÷¥÷¥¥:*.value : INT t value : INT t 3343 t

'¥hE¥Ef¥: 's'The.pe#c:iHFIhEEfsFExiEihItxpe.ohedcieoet(tme
✓ Gustaw v

set false.dk?eg?IFtIV:aIIg..:II ' t 6433

-

do ↳ not type correct
→

.
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Open - Closed Principle
How can the OCP be satisfied ?

system
D There should be a clear opjn

.

→
extensions

✓

separationdecomposition of
the system into open us. dosed

paris .

closed
.

.

→ e.xtff9.ISrarely )
If there's a change :
② Mostly the change should touch
the open part .

③ Rarely , if at all , a change may have to touch the closedpart .



Applying .me/ocpoe*p.CiiigiigEqjign.P.
AH I Atzdesignaanssteuxmtf.
✓ for Viktor Patten

.

structure . thongs structure
( 23325146) should ( 23,25146)

happen
operations here operationsc- changes should
( evaluates ( evaluates

type check) type check) napped
here .



Design of a Language Application: Open-Closed Principle

Structure

Operations evaluate
print_prefix
print_postfix
type_check

Structure Operations
Alternative 1
Alternative 2

Open
Open
Closed

Closed

-

Eii⇐•#



Design of a Language Application: Open-Closed Principle

Structure

Operations evaluate
print_prefix
print_postfix
type_check

Structure Operations
Alternative 1
Alternative 2

Open
Open
Closed

Closed

-

i¥f÷÷¥
¥e÷#•
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How to Use Visitors

Visitor Design Pattern: Architecture
-

T &
⇒
u ⇒

- Corelation: i
.

- -

# visit
-

* routines
- =

v.Ex
and

I

'

# effective dashes in e. 1. cluster.
0 A A

VTEfiR Value : STRING value : BOOLEAN.

telexed casts

¥¥.%¥÷
.

→ ST.
- E DT? E. P.P. TC.

¥⇐iIa⇒yaydd - accept
- -
- composite visitor

8€ createTRP31-makehekqzpgvasobfffthmob.tl"→ add . accepter eEdpp- value- " I -12"



Visitor Design Pattern: Implementation

Visualizing Line 4 to Line 6

÷÷i¥÷÷.

↳
a→Fifeget - '
T

Evaluator ↳
①TIE a-

'

FEET



Executing Composite and Visitor Patterns at Runtime
Tracing add.accept(v)
Double Dispatch

ADDITION
right
left

CONSTANT
value 1

CONSTANT
value 2

c1 c2

add

v
EVALUATOR

value

0¥20
lahdd.ae#I¥33 '
I dynamic > despatch2nd dispatch y U DT of add is ADDITION

↳IT If'YIohEuaw*or called
↳ accept in ADDITIONcalled

GNSTANTi÷÷÷÷⇒.I
, + z =3
=

ADDITION



H2

A : ADDITION
pallet . value t end- right-value→- -

a- •
.

eratef : Evaluator
t
"

aatgit: Evaluator
-

±
→ a. right. accept

eralirght)4 ur emigrea. left
.

-

acceptCoatees -
levt-lefe.ae



Visitor Pattern: Open-Closed and Single-Choice Principles

What if a new language construct is added?

If the visitor pattern is adopted, what should be closed?

#

A. I
.

Fist
-mak m: HUL.)*

s o • o

visit-mul. Cm : MOL.>t visit-mul cm :Mut visit-mail Cm :MUI
,

y→ violatesD single class to be added to the structure

② multiple places to modify Tn operations SCP.
=

-

Structure
.



Visitor Pattern: Open-Closed and Single-Choice Principles

What if a new language operation is added?

If the visitor pattern is adopted, what should be open?

#

s.

-±
-

I.ie#..ogsiifEanoia.Ya:Esidi3
. ' ,

satisfies SCP.
×

⇐ngkaifkssnanageddedae're EEIEE.org/edassT--
operations-
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Program Correctness: Example (1)
⑧

ehggrrectnessofpwgaind?
're)

°
¥yI¥eytaton satisfies spec .

'i÷⇒¥÷÷÷¥÷÷:÷÷.in#d.::::::::t::::::::is
missile.

W'"
LD terminate

→ T.poseond.ee#prIofdY" ⑦ upon termination ,} nda qtE.IE#aduedsthepostandetion-o↳ this program is nee Arrest . Satisfied.
Fix% weakenpotshtfondtteon : I> 12



Program Correctness: Example (2)
⑧

kuakngPrncipµ¥±yshewill not cause posted
Precondition cannot be too weak

-

'dat
.

÷:÷÷:÷÷:÷÷÷÷÷¥÷!
fixed ↳ all values satisfying Eiiisthaoiidaed
HE N T up to

subject precondition well guarantee the

teenage) satisfaction of postonditto:
"G '

(after executing the implementation!↳ forget . ( assumingsthafhouid be excluded).
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Hoare Triple as a Predicate

Q

S

Rwp(S, R)

- ② : partial correctness
Dt② : total correctness
#
noegxagtfekfatdafaceoywa.fwiaeedbaedm.int'

t
proof obligation of- - -

- - - ⇒ of R .&
posted.

.
.
.
-
-a-
givenT - • - - Hoare Triple .-2T

I0.FI#sFdeethewpdsR
)

implementation
postcodes*¥÷÷i¥"E. terminate tassumag

set of G
termination

→
largest

"jidda, separate
pve-EIEIIFadeisfae.of.PY.feande.eu .



Program Correctness: Revisiting Example (1)

Q

S

R

wp(S, R)

I>4

→ . ⇒¥¥¥÷÷n.

→ .

{ i > 33 -

i :#9E-isis3-ntgi.ee#IeaeEt:::7.'a÷!



Program Correctness: Revisiting Example (2)

Q

S

Rwp(S, R)

→
at.¥¥%:*.

→I f
-

"¥ .gs/Ionge.:fagpeamd'
'''Este
,

{ as } if { ↳ B }→
" Ianthe proved as a tautology

↳ correct .
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Rules of Weakest Precondition: Assignment

     x := e

e.g. x := x + 1

R
e.g. x > 0

wp??

-

I replace every
fee occurrence

massitgeii.se?igIii::ntea-a
-
-
-
- - -

-
-
-

, an
equivalent

of

E
-

- for
the

¥*÷÷a¥"read
""

mm

t

two! ate
= @

values G

only -

pre
-state value

{E3 {E3 -=a⇒twpcxz×
Rtx



Correctness of Programs: Assignment (1)
-

wp##i¥%Idok
sign

= { wp rule of assignment 3 ftp.???#beaorrece :
←

⇐Ex -④ is anqyeoqd.ie/:I:IfTe,ptve-state value : Xo t I establish
= { replace each free occurrence of X by Xo + I }

X >%
.

Xd -it > XI -

- { arithmetic} -- lT@Ifw.p.



Correctness of Programs: Assignment (2)

=



Rules of Weakest Precondition: Conditionals
wp(if B then S1 else S2 end, R)
-

①
= =

=

Etcs.PRO#??M:sr:Rzin)
\ / - tf-

- 3

arbitrarily complicated -

loop

a ?

B ⇒ wplsz , RT
A. V?

×
? ✓

713 ⇒ wplsz , R )



Rules of Weakest Precondition: Conditionals
wp(if B then S1 else S2 end, R)

Consider:

vs. ??

wp(if y > 0 then x := x + 1 else x := x - 1 end, x >= 0)

   B ⇒ wp(S1, R)
   ∨ 
 ¬B ⇒ wp(S2, R)

   B ⇒ wp(S1, R)
   ∧ 
 ¬B ⇒ wp(S2, R)

y=1,x=-4

TO
False Ex : = XtD = Fate

#o¥5sjiIjw¥gd
.I

- -



Correctness of Programs: Conditionals
Is this program correct?

D-



✓
intermediate

S? ¥
.

S2

WPI , Sask) ?? The

wplsziwplsz.RDTH.se??aiqegneE...n
↳ ending gfditjg.nu "establish



Correctness of Programs: Sequential Composition

I
Steph : calculate wp Step

=Ep{ temp
'

:=X⑤X:=YsJ tmp , X>Y ) Thoveordtspove :
wpmletorseq.com/3 .

True Y >X

wpctempi-xseptkfkfntmpix.fi) =Iy⇒?
nottaatogy. Counterexample

.

= cwpmkforseq.aomp.es
✓
X>tm# fgj.ttwptiempi-xswplx-Y.to#EPGD)yseupI-IIf

={wpmtefor-3wpctempi-xslwpcx.ie#sXT-mp) correct
.

={wpmlefr-s3.no#Cte*=IOsystmp)--Ewpmlefor-s3Y>X



Rules of Weakest Precondition: Summary

EE



Proof Rules using
Weakest Precondition

EE
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Part 4

Contracts of Loops



Contracts of Loops
Syntax Runtime Checks
⑧



Contracts of Loops: Example

Runtime ChecksSyntax

I-

V N-0
-

Iteration ↳
at the

end
of 5th Heaton

agreed

①

A- I

6- 6
'

O K O
Iteration I

Zag-
3=0-
¥

¥ €→ El output .



Contracts of Loops: Violations

Runtime ChecksSyntax

invariant: 1 <= i <= 5
O

↳ At the end -of teh Iteration :

I E e 5 ⇒ LI violation
.



Contracts of Loops: Violations

Runtime ChecksSyntax

variant: 5 - i
↳ At the end of fth iteration

LN : 5 - b =-D → O E F ⇒ W violation



Contracts of Loops: Visualization
-

¥⇐÷÷÷÷¥.⑧¥÷÷""



Contracts of Loops: Loop Invariant

Invariant: Result stores the max of the array scanned so far.
1 2 a.counti

a

-

DAfter art before 1st

i÷÷i÷÷÷÷÷÷iii.③ At the end of Eth iteration : loopcounter EI



Finding Max: Version 1 1 2 3 4
20 10 40 30
-

t

7¥:*
-

on resin. :*
.

= Ef Z Zo E KS€÷ .

LI Violation
'

i Result 20 I not
Max of the fast 3

items.

••.o••o•€•• ⑧ Ba • ⑨
0• • • • a



Finding Max: Version 2 1 2 3 4
20 10 40 30

Top↳→ =-D. "
o

I nation

→



Lecture 12

Part 5

Correctness Proofs of Loops



Correct Loops: Proof Obligations
#

I ¥d¥w.ua#Yebegan-u9↳ Lvvdaeattendoffeweaaetion.ofaIFI.am↳ ← *÷÷i.s¥..⇒
.

⇒← t.sn#E



Initialization:

Before Termination:

Upon Termination:

Non-Negative Variant: Decreasing Variant:

Correct Loops: Proof Obligations-
E { True} I :=a - lowers

→

①
"s
't:Y¥¥÷¥¥,
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