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How is DbC Useful in Guiding System Development?
Client’s View:
- A console application.
- Keep entering names randomly until done.
- Keep inquiring if a name exists until quit.

 

Supplier’s Implementation Strategy
- Store names in an array.
- Upon an inquiry: Binary Search,
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Version 1: Wrong Implementation, No Contracts

- Data array in DATABASE is not kept sorted.
- Binary search in UTILITIES does not require a sorted input array.
- When user enters names in an unsorted order, output is wrong. 
- But no contract violation! 
- A bad design is when something goes wrong, there is no party to blame.
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Version 1: User Interaction Session
→



Version 2: Wrong Implementation, Proper Precondition

- Data array in DATABASE is not kept sorted.
- Binary search in UTILITIES now requires a sorted input array.
- When an unsorted array is passed for search, a contract violation occurs!
- A good design is when something goes wrong, there is one party to blame.
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Version 2: User Interaction Session
-
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Version 3: Fixed Implementation, Proper Precondition

- Data array in DATABASE is now kept sorted (so as to avoid contract violation).
- Binary search in UTILITIES still requires a sorted input array.
- A sorted array is always passed for search, a contract violation never occurs!
- Now finalize/deliver the working system with contracts checking turned off.
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Version 3: User Interaction Session
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Bankh-caounts-n-avai.Ves.io#3
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Precondition & Postcondition Exercise

change_at (a: ARRAY[STRING]; i: INTEGER; ns; STRING)
       - - Change index `i` in array `a` to string `ns`
    require
        ??
    ensure
        ??

--
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Bankh-caounts-n-avai.Ves.io#5
Current balance : 100
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Runtime Monitoring of Contracts acc: ACCOUNT
create acc.make(a, n)
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Precondition Violation: positive_balance
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Precondition Violation: 
non_negative_amount

"¥"



Precondition Violation: 
affordable_amount

c



Class Invariant Violation: positive_balance



Postcondition Violation: balance_deducted
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Precondition & Postcondition Exercise

change_at (a: ARRAY[STRING]; i: INTEGER; ns; STRING)
       - - Change index `i` in array `a` to string `ns`
    require
        ??
    ensure
        ??÷÷i¥"and

n
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   require
       ...
   do
       ...
   ensure 
      ... old expr ...
   end

Runtime fontract Checks
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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)Ithaki
- t ⑥÷i¥⇐÷i:

÷:::÷
⑥ : = Current
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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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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)Ithaki
- t ⑥÷i¥⇐÷i:
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⑥ : = Current



netcaaoss acan %!9.a an

a-
-

thx : Rex) . Rx)
⑦(Tx : Rex Rx )



f- f
res

go.is tag : -89,

go .

- s *
af



Unit Test for All 5 Versions 
→



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

across (old accounts.lower |..| old accounts.upper) is i
all
   (old accounts)[i].owner /~ n
   implies
   (old accounts)[i] ~ Current.account_of ( (old accounts)[i].owner )
end

Use of across in Postcondition

Version 1

Version 2

-
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b.deposit(“Steve”, 100)

Version 4: Complete Contracts (Shallow Copy), Correct Implementation
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b.deposit(“Steve”, 100)

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

current€. * *
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Complete Postcondition: Exercise
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Writing Postcondition: Exercise 1.1

is_positive (i: INTEGER): BOOLEAN
   ensure
      x > 0

-

TS
- p ( 3)

TS-p

-

C- 4)←
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but a post

and
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Violation



Writing Postcondition: Exercise 1.2

is_positive (x: INTEGER): BOOLEAN
   ensure
      if x > 0 then
         Result = True
      end

-

else
.. .."x so ay Result
ad

FX so)tnot Result
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a: ARRAY[STRING]
change_at (i: INTEGER; s: STRING)
   ensure
      across a.lower |..| a.upper is j
         all
            j = i implies a[j] ~ s
            and
            j /= i implies a[j] ~ (old a.deep_twin)[j]
         end

Writing Postcondition: Exercise 2

Complete Postcondition?

What if a.count > old a.count?

What if a.count < old a.count?
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s 4
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Writing Postcondition: Exercise 3

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

-
Pod : positEea.numbe.SE
mm
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①how the collection works
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LIFF
type of collection members
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Stack of Strings vs. Stack of Accounts
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A Generic Stack

Client

Supplier

-

-

declare

A
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Iterator Pattern at RuntimeT.ua#iaa.nt:a9::IIIYdEeiii-*e?
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Implementing the Iterator Pattern: Easy Case

class 
   CART

feature {NONE} 
   orders: ARRAY[ORDER]

end

"'

feature -- Cursor

new
-
cursor : ITERATION-GRfor [ORDERED
do

aI Result : = orders
. new.ae#
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BANK+

feature�--�QXeUieV
���accoXnWV+:�ITERABLE[ACCOUNT]
������--�LiVW�of�acWiYe�accoXnWV�in�Whe�bank

���accoXnW_of+�(QaPH:�STRING):�ACCOUNT
���������--�The�accoXnW�objecW�ZhoVe�oZneU�iV�`name`.
������require

���������oZneU_e[iVWV:�
�������������acc�:�acc�∈�accRXQWV�:�acc.RZQHU�a�QaPH
������ensure

���������coUUecW_UeVXlW:
������������Result.RZQHU�a�QaPH

feature�--�CommandV
���ZiWhdUaZ_fUom+�(Q:�STRING;�a:�INTEGER)�
���������--�WiWhdUaZ�amoXnW�`a`�fUom�accoXnW�ZiWh�oZneU�`n`.
������require�

���������oZneU_e[iVWV:�
�������������acc�:�acc�∈�accRXQWV�:�acc.RZQHU�a�Q
���������poViWiYe_amoXnW:�
������������a�>�0�

���������affoUdable_amoXnW:�
������������a���accRXQW_RI�(QaPH).baOaQcH

������ensure

���������nXmbeU_of_accoXnWV_Xnchanged:�
������������accRXQWV.cRXQW�=�old�accRXQWV.cRXQW

���������balance_of_name_decUeaVed:
������������accRXQW_RI�(Q).baOaQcH�=�ROd�accRXQW_RI�(Q).baOaQcH�-�a

���������oWheUV_Xnchanged:
������������∀�acc�:�acc�∈�accRXQWV.deep_tZin�:
����������������������������acc.RZQHU�/a�Q�⇒�acc�a�accRXQW_RI�(acc.RZQHU)

invariant

���XniTXe_accoXnW_oZneUV:
������∀acc1,�acc2�:�acc1�∈�accRXQWV�∧�acc2�∈�accRXQWV�:��
��������������������������������acc1.RZQHU�a�acc2.RZQHU�

��������������������������������⇒�

��������������������������������accRXQW_RI�(acc1)�=�accRXQW_RI�(acc2)

ITERATIONBCURSOR>G@*

feature�--�AcceVV
���iWem*:�G
���������--�IWem�aW�Whe�cXUUenW�cXUVoU�poViWion
������require

���������Yalid_poViWion:��¬�aIWHU

feature�--�SWaWXV�UepoUW
���afWeU*:�BOOLEAN
���������--�AUe�WheUe�no�moUe�iWemV�Wo�iWeUaWe�oYeU?

feature�--�CXUVoU�moYemenW
���foUWh*�
���������--�MoYe�Wo�ne[W�poViWion.
������require

���������Yalid_poViWion:��¬�aIWHU

ITERABLE>G@*

feature�--�AcceVV
���neZ_cXUVoU*:�ITERATION_CURSOR[G]
������--�FUeVh�cXUVoU�aVVociaWed�ZiWh�cXUUenW�VWUXcWXUe
������ensure

���������UeVXlW_aWWached:�Result���Void

neZ_cXrsor*

*
INDE;ABLEBI7E5A7IONBC856O5>G@

+
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+
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+
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+
LINKEDBLI67>G@

+
HA6HB7ABLE>G,�K@

neZ_cXrsor+
neZ_cXrsor+

neZ_cXrsor+

VXSSlieU

accoXnWs+

O o

⑦

T
→ pass

internal ⑦
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Implementing the Iterator Pattern: Easy Case
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collection
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Implementing the Iterator Pattern: Hard Case (1)
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Implementing the Iterator Pattern: Hard Case (2)
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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
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across
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Use of Iterable in Implementation (1)
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Use of Iterable in Implementation (2)
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new_cursor*

new_cursor+

Exercise 2

Still compiles? 

-→

⑥

1- %
. .

I ⇒

⑦↳
"

⇒

¥ ¥
→ In



Modelling: Aggregation vs. Composition-0
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Use of Expanded Type
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Point pl = need Pointless) ;
Pane p2 = pl;

Pomeps=p¥#F¥i's
→ p2 . Set Point ( 4. b) s
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Shared Data via Inheritance
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Once Routine (1)

→ - - - a→i#5→ med
- %. . kid.

D -D- a. force ( "d ''s d. count-4)



Once Routine (2)

⇒÷±*÷÷÷÷÷:÷⇐C) arr3
: ARRAHSTRING]
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⑤ ignored. i Tt's past

the 1st time
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Shared Data (single instance)

RI
.
Cohesion : separate between data

and shared access to data
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Approximating Once Routines in Java (1)

BankFadiBDIffsFEt@BankDatad2-BDf.y; data
⇒

in

⇒ a

- -e

⇒
IE: s:c. : n::c:

RI
.

Shared Data (single instance,

e--0 II.cohesion :

.
In.ae#:::I7oda.

§
.

.pe?7zseeallsnen-mstame.eeu.n
just existingfor subsequent calls , data .



Approximating Once Routines in Java (2)
I

d
'c'Is's" can..

d:¥§ .IR#snharedIEaCsTngk instance,

Cohesion : separate between data
and shared access to data



feature { NONE 's private

feature public

ti÷¥*afeature

data : Bbk- DATA



Singleton Design Pattern: Code (1)
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predates sharing if any client can create a
new data

.

✓ manage
myeloma

create dlmdclaea.ie da . make
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DATA_ACCESS +

data: DATA
        -- A shared data object.
    once
        create Result.make
    end

Invariant
shared_instance:
        data = data

DATA +

data +

DATA_ACCESS

v: VALUE
    -- An example query.
c
    -- An example command.

make
    -- Initialize a data object.

CLIENT_1

APPLICATION_2  +

CLIENT_2

APPLICATION_3  +

CLIENT_3

SUPPLIER_OF_SHARED_DATA
APPLICATION_1  +

Singleton Design Pattern

E.
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data Is data2 : DATAdal
,
da2 : DATA- ACCESS

do-aea.ie dal
.
make

-

adit's:#a
-

dad : .fi?Ittiyimake-@n-a-ar/ data idea?! aeai -- da"
1st "

"
Rl . sharing

↳yleqa, HANI make

Rz . 0hes qaywq.fr#GyHr3 . make



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÷¥÷¥



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

⇐⇒



Export Status Case 4

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

t¥÷÷÷÷÷÷÷.



Writing Postcondition: Exercise 4

is_all_positive (a: ARRAY[INTEGER]): BOOLEAN
      ensure
         across a is i
            all 
               a[i] > 0
            endtrade!

aes] X

a→ DI



Writing Postcondition: Exercise 5

names: ARRAY[STRING]
name_at (i: INTEGER)
   require
      names.valid_index(i)
   ensure
      names.count = (old names).count
      across 1 |..| names.count is j
         all 
            names[j] ~ old names[j]
         end
      

(old names.twin).count or old names.count

(old names.deep_twin)[i]

i÷÷÷÷÷÷÷÷
.

Votdnames.auuEt@dncwes.de)



→ o- e i = names

1-
ensure

nanescient =oXT.a

o



I



Violation of the 
Single Choice Principle=¥s#*
|¥s"



encode the kind of
student djeemanua.ly



I
⇐Kade eke-I-s.kedje.IT#-aaPend '

end

D. what gf get- tuition (S: Sarkar) :

adding a 4thd.%fes.kind-lthIK-duda.eqI-E.IE#-TdytIes:S.int?onavge4adjend



Without inheritance
-

.

'
¥n÷÷¥

a:÷:::÷÷÷fF¥¥÷gend tuition tuition
tuition "Lady +her ad

g.
STORE'T end[ elseeiafktnd-eehehaea.gg?ffIgEa"
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Violation of the 
Single Choice Principle

EEF



and C . . - S .

:preason. . ) "a:÷÷÷:end
Precursor f y



I
④
-

¥i¥
tea.#as-

✓



Without Inheritance: Collection of Students

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

F



Inheritance:
Code Reuse



Static Type vs. Dynamic Type
→

'FEET

-



Student Classes (with Inheritance): Expectations

÷÷÷÷÷÷¥¥¥÷÷÷÷:I
⇐kHt#H¥€



Polymorphism: Intuition

÷÷÷÷¥:
• ④ 1*7 teahouse

be aFI
was allowed

¥÷÷i÷÷:What can expect to call on ?

r
crash ' i no pv on a.Iff't""rs . set

- pr



Dynamic Binding: Intuition
-

aired ⇐I

¥ Foo
EE ⇒

,
in

¥90
in
•



I¥Fna_ausor*_
• T←
R¥RY new-

avant
GLCECTION
neo - cursor

't



WesWs

7E67BACC28N7
feaWXUe ­­ TeVW CRPPaQdV fRU CRQWUacW VLROaWLRQV 
  WeVW_ZLWKdUaZ_SRVWcRQdLWLRQ_YLROaWLRQ 
        lRcal 
            acc: BAD_ACCOUNT_WITHDRAW 
        dR 
            cUeaWe acc.PaNH ("AOaQ", 100)
            ­­ VLROaWLRQ Rf PRVWcRQdLWLRQ  
            ­­ ZLWK WaJ "baOaQce_dedXced" e[SecWed 
            acc.ZiWhdUaZ (50) 
        end 

acc

BADBACC28N7B:I7HD5A:
feaWXUe ­­ RedefLQed CRPPaQdV 
  ZiWhdUaZ (aPRXQW: INTEGER) ++ 
        dR
            PUecXUVRU (aPRXQW)
            ­­ WURQJ IPSOePeQWaWLRQ
            baOaQcH := baOaQcH + 2 * aPRXQW
        end 

ACC28N7
feaWXUe ­­ CRPPaQdV 
  ZLWKGUaZ (aPRXQW: INTEGER) 
        UeTXiUe
            QRQ_QeJaWLYe_aPRXQW: aPRXQW > 0
            affRUdabOe_aPRXQW: aPRXQW � baOaQcH
        dR
            baOaQcH := baOaQcH ­ aPRXQW 
        enVXUe 
              baOaQce_dedXced: baOaQcH = Rld baOaQcH ­ aPRXQW 
        end 

mRdel

o

PEA-us :%ewaEEo! ¥.

:¥¥¥a. ¥.



Adding Postcondition Tests
- LABI

1
. encourage to test

postsndTfTous

p- I- Z
.
do not submit

the new classes
that you created

-

I



Testing of Postcondition: Exercise

i



Multi-Level Inheritance Hierarchy of Smartphones

¥



Jim : fNr
rs : RSP
Is : = JIM

No . ' ST of Jim (fuD is

not a descadge
, !qss¥EY④



S : STUDENT

S
. tuition
↳ Sto DEN

RS

NRS



S : Stupar

÷÷
.
?
..
*F

as
"" EFF



Ancestors, Expectations, Descendants, and Code Reuse

A

#

e9"
" s

-

'em ⇐.

÷.



S
.

④ :=D@
S -

n an# expression whose

s.es Stateattpedesscendane of
the ST of

S
.



O⑤ :
-

- ④
skin
¥eadaH class of Stu ?



S : STOPEarl
=

Syd. tuition
u the

look up

↳ does
tutton

exist in
that ST

?

St of
S "
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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

b.BG?e7wofc#
is
and a ④
O 0,0090¥



Inheritance Forms a Type Hierarchy (2)

ancestors expectations descendants¥e#



Ancestors, Expectations, Descendants, and Code Reuse

A

%fF.de#aatn
÷:÷÷÷÷÷÷: ÷÷::÷¥.O



II. sis . ." "*I*y⇒
d. bm → B.sn/#bmpyntCB.bm ")

÷÷¥÷;:eg
-

create d. make
am

✓

oi.bm-sA.bm1bmttpTntcIedAej.bedm7T@afneep9.netB. bn
"

)



Type Cast: 
Motivation

n.
cs.
pr.

RESIDENT_S.

=

±ee=@
#

F5"""
""""

④ "- JETT per↳ t

sN St

qaeda.



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

"

⇒#÷÷÷÷÷÷÷
.



Type Cast: Syntax

n.
cs.
pr.

RESIDENT_S.
jim

- EE
MI rs ie rs-Jim
"

÷ :÷÷:
"

Mrs↳ was not modified
¥9, "s" as



+
BadEar Exp.

checky lateached3jm④rs-JI
a-
attached ? alan as nrs

- aka
they

⇐
I ÷:

stirs

ST : NRS



Ancestors, Expectations, Descendants, and Code Reuse

C

y’s DT

make
¥:*. .

o
.
O O -

for a case to be

DD successful .
"

line:# ¥451 .



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

ST of my
-phone

no
- -

e- a

① A

⑦ ①



Violation-Free Cast: Upwards or Downwards (2)

Fine ''

sp

e±•¥•÷.
'"

÷
'

m-



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

€

+t

it

i o.

← "T tan: expected
* ⑧o÷::÷yO ①



⑦ anpmttd.am?
I

B lmmttp-n-EB.am

÷÷÷÷:*:*: %13.am"



⑦ am b : #A

9 deeds attached

③ site co

4
""

whether this
cast

succeeds at mnemeDcm depends
,
gaita:{son?



Does a line compile ?

ST
Version of feature called ?

DT
.
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Violation-Free Cast: Upwards or Downwards (2)#
⇐

e x

D

*
. ÷.

"s

:*:*



Violation-Free Cast: Upwards or Downwards (3)

÷
④ O

⑦ ①



Cast Violation at Runtime (1)
#

ahead attached Emc!! ×
0 A ↳

÷
.000*7*0

•

0000



Cast Violation at Runtime (2)



Cast Violation at Runtime (3)



Cast Violation at Runtime (4)
To
D-

D

e-#⑦p → I
I

Lp. skype ?



Feature Call Arguments: Supplier

Say:
   sms: STUDENT_MANAGEMENT_SYSTEM

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

→ D-"if
, Irs, Esto



Feature Call Arguments: Client

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

.¥¥¥
.

x

" un Taitung --

EIA



£: STYYE→ create
SNRSS s-make --s

check attached % rsl the

Sms . add- rsc ITS
mum O

qI
✓ is :=rsI⇐⑤
Is RS
-

-



Polymorphic Collection

n.
cs.
pr.

RESIDENT_S.

n.
cs.
dr.

NON_RESI_S.

ss
    SMS

Es

÷i¥÷÷÷÷÷÷:
"

O



Feature Call Return Values

Possible DT 
of Result?

n.
cs.
pr.

RESIDENT_S.

n.
cs.
dr.

NON_RESI_S.

ss
    SMS

ETI!÷ us
.④as

÷: to



ss : a

x

ST :Rft



Ss :
ARRAY ESTUDENT]

Ss→

¥÷÷÷



Ds-ax:

⇐
restorer ÷÷s¥z
ss
→tf -÷÷÷÷÷

.



isms.EI#÷DI
- compile ?

2 . Version of tuition men
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General Book
supplier - Daomptlation ? ✓ ② runtime#Keon

.

IT C)
b→
t

a Ig-d-ow
↳ s
.O El

"



a →iTi
He
IF



General Book violates Single Choice Principle
Storage

Retrievals

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

# .

✓ repetition

¥i¥.a¥⇐ee⇐
y



✓ parameter
'

acc.de/7osHCzs.#

f'
''""⇒

ad
paimdenoeesa

value



Generic BooksypptarT@fgenercparXa_denotigsonm.eYq7.s,
④ DATE local¥I¥¥÷¥÷÷:*:*
*
h

Client f type
that Tustantiates fc of Book ,

Q-Tip
-

*¥i
② ¥



⑤ Book
si.sc.

*
STUDENT

create d. make. - )
XSTO . aeaee-fNRISZ.ua/ceC. - )

→

+
far

.

STS

k -y¥→i b2
- add (' 'Jai's

→if⇒¥¥y be
.
add ( ' 'Jeremy"ssI



b3 : Book I ]

in
rr



class took Elite acid *

class Book II → forcer ]



local
④ : Account

bBodcTta



Instantiating Generic Parameters
-

✓
Is

'SEEMS't-TAIL Is SJ
I .



Generics vs. Inheritance (1)
-



Generics vs. Inheritance (2)
-

class LISTE

A lid
0'?¥¥A¥
::"¥÷÷ .....

" A



v#
inheritance generics

.



Multiple Inheritance: Example

¥

D @ O



is:

Ewxuaw Iii



Multiple Inheritance: Exercise
FEE G →WINDOW]

= = → orthogonal.
=

→

-

→
I

⇒ :
-
=
-

e-

.

FD



Multiple Inheritance: Name Clashes
-

O O

"
a

,
toasty ftp.qq?gsBgotE



Overloading .

Java
-

deposit (faring Td
, at amount)

deposit ( Tnf amount )

Eiffel
deposed C -s

-7
deposit- 2C- )



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)

o
.

I rise
o
¥F¥ES
⇒

IF ⇒ @siotetedaef.a. ! .ee#



x
x

children:LESTEE
au

Hd6
:
Eec:p)



@poEtEEcigoh-dd.a : AEG]
add
-

child Cgi fi)
'

iE÷÷÷:
t
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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)

Why is COMPOSITE a separate class?

The Composite Pattern: Architecture→

④

# te¥

⇐e.
e.ee#n-ereFD ±:class CABINET

%h%[ Earp.]

-
↳ single choice principle



The Composite Pattern: Architecture

COMPOSITE class is reusable by instances of the composite pattern.

-

-
one

instantiation
of Compo an x'"too'" 91¥19'Ea%n
⇐ heart?

⑦
DO

0007(
dad.at#Egup-eEau.pgdasIaIaeTaup-LERI



The Composite Pattern: Implementation

Han



e : EQUIPMENT

↳
It depends on

e*

q÷g÷;÷÷⇒
.

plep .

which version
of price

will be called?



es : ARRAY EEouIPHTI

as
esta . price 0¥79!: ?:*

.

addd



Testing the Composite Pattern
=.

=

¥ = ④ -

soo

*
too

Hardened

%÷bus €1

so



AF
DID D



Design of Language Structure: Composite Pattern

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

⑧

F-



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

Structure

Operations evaluate
print_prefix
print_postfix
type_check

evaluate
print_prefix
print_postfix
type_check

evaluate
print_prefix
print_postfix
type_check

evaluate
print_prefix
print_postfix
type_check

#

Yui :L. .**
↳
violates
cohesion -



.

e-r data-access

fo HE
SION

↳¥h dass

.

only place features
.

related Yaga purpose .



'"÷:÷÷÷÷÷D¥÷÷÷÷



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

-

.

O:÷.



How to Use Visitors

Visitor Design Pattern: Architecture
- supplies

,⇒
supplier

# of sub-classes
- -

# of visit-1--17 of VISITOR

te:*'s.is:1#E-deiafsoFea.ro.
o e

ht"
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How to Use Visitors

Visitor Design Pattern: Architecture
make*

⇒ #⇒⇒o←

8 y⇒ieE8
new feature!we Yu evaluation putting .

-

ein
mas!:* : adf.ie?ipi .

- - - - kT⇒①E#a root gotra y

¥¥i¥⇒⇐÷¥"expression Foam
- v.ua#eXX



classy ADDITION

inherit EXPRESSION

accept ( vi. VISITOR) repeating : Guster,

doze.esidaigF¥#
accepted
↳I.vn#ddcgddD



Visitor Design Pattern: Implementation

Visualizing Line 4 to Line 6

-



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*¥⇐¥•⇒⇐¥¥¥¥¥@¥÷a⇒.d-'
"¥¥÷.fi?Igg9s: " can accept -man. .

EVL
.

→Tuyen urge ¥TDx#2



1¥71 eval :Ei (2-3)-(4-4)

g
E : Eep.

G%zp create3 e. make

g
¥
. .±eaf÷÷÷÷÷÷÷.""

de. accept Cad )
↳ 1st : PT of e : SUB
2nd . DT of eat A Eval



V : VISION
{ 3

heat v . make

↳
create {IE¥R3 v. make?



Visitor Pattern: Open-Closed and Single-Choice Principles

What if a new language construct is added?
What if a new language operation is added?

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

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

#

a
a. min . ""

o -
Visit-modulo(m : MODULO)*"

ns.emodyoa.se#..nadn.aiero*.mo.dnioc..x
t MODULO

* -

x
-

÷
--I
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⇒

.

*
±

..

.:÷¥E¥¥
"



pushy .
op.

E÷⇒¥En⇐Be
pushed! t¥§
Current
acid 2 l

. . I count I I

hath Tmp .LI ] - cold tap.de )y



Developing a LIFO Stack
-

i. use atyhekedzsfstefmhaa.ie
SCP violated : some top.

ii. mini;:e:c:*::¥.*'•
may involve muffle

changes on contracts



Using MATHMODELS Library
Implementing an Abstraction Function

Writing Contracts using the Abstraction Function

#

'F-→lstraeegyl.f⇐¥¥E⇒⇒]
ay



seq → ⇒

seg.aptzdzna.dgseq2-IF5lEEseqzseg.app@dedt.t)

immutable query .



HATAWAY
.

I
. Commands

↳ use to amplemat the

> . immutable que
mode " iafipad,

↳
use to write contracts

( e.g . push).



Implementing a LIFO Stack

Strategy 1 Strategy 2 Strategy 3

“alan” “mark”“tom”

top

“tom” “mark” “alan”

top

“tom”“mark”“alan”

top

MODEL MODEL MODEL

“alan”
“mark”
“tom”

- movddgl : SEO EG]

÷It÷÷¥¥¥y
:

.
- f . f

'

I TEE Catan ME



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”X ckeepprepadag)i÷¥¥÷¥¥÷÷÷.
EEE€A

EEE



class stadia]
"

P↳lI¥H
kaip :

""

reacted n

r.
iii.i¥¥¥.. .

d£[ keep appaydf.org to the end of Result

top : G, prepending model
↳ ④€④

ensure

Result ~ model . last



Strategy 1: Mathematical Abstraction
-



Strategy 2: Mathematical Abstraction
⑧

A



" is



feature { NONE3
model : STIEG]

feature

get- model : Sto ta]
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Use of MATHMODELS:
Single-Choice Principle

£8



Safe Use of model by Evil Clients

Client:
s: STACK[ACCOUNT]
s.push(alan)
s.push(mark)
s.push(tom)
seq := s.model

#
¥

impnstflIHIHKHESR.de444
'

F¥mod¥a¥¥÷÷¥¥¥÷÷÷÷¥



Testing REL in MATHMODELS



MAHAWELI

SEI
SEI
REL
F
FI



a.

Cb>b) MY'"
r. override sE¥⑧

r . override ( tcg. 43 , Cbs 623 )
.



② ② ③ ④ ⑤ ⑥ ⑦ ⑧ ⑨
A- A-

v. domain
- restuff

v. domain - subtract ( {a })
{a } )

-
-

={ Cat ) , cares}
• # ③ ④ ④ ⑥ ⑦A r . range- subtract



Aronian
Command

r . overridden
-BYC . - )

↳ immutable query



domain range

“Alan”

“Mark”

“Tom”

August-11

October-15

Model of an Example Birthday Book

""¥



Birthday Book: Design
⑧

⑦⇒
. BE
""

model : BIRTHDAY ¥[µg,¥]
7¥⇒_,#8%rmodel ×
-

.

-

arraigning



dec4

÷÷÷÷÷÷÷÷÷f÷÷¥deal
=

put Calais dec 4) ✓ Jim→ Nov ?

put 'D untoned
↳ design decision Iden

: if the name exists ,
overwrite the birthday .



Impe Model
nxK¥#

base .

a : ARRAY [ STRING ] model . range- restricted- by
book

. remind ( Nou y ).
( nah )

↳ Kalan
, tons



Birthday Book: Implementation
-

HASH- TABLE
[BIR,

NAME}

oxen#



State Transition Diagram

State Transition Table
Finite State Machine (FSM)

.



Design of a Reservation System: First Attempt

t¥→aso:::B¥::¥t¥ why.ec#l.as.t.I:&iad D

O
'""

* wrong
ans
.I

hn¥
wwa choice.

while ( wrong ans

{ . . 3 Trong chug



Design of a Reservation System: Second Attempt (1)

State Transition Table 2D Array Implementation

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

#

i



A Top-Down & Hierarchical Design

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

es:
INTEGER
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State Transition Diagram

State Transition Table
Finite State Machine (FSM)



Design of a Reservation System: Second Attempt (1)

State Transition Table 2D Array Implementation

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



A Top-Down & Hierarchical Design

Design of a Reservation System: Second Attempt (2)
-
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Design of a Reservation System: Second Attempt (3)
-
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Design of a Reservation System: Second Attempt (4)
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00¥



Design of a Reservation System: Second Attempt (5)

Tek↳
0000



Moving from Top-Down Design to OO Design

current_state: STATE
current_state.execute_session

current_state: INTEGER
execute_session(current_stste)

Top-Down

Object-Oriented
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State Pattern: Architecture
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TEMPLATE

State Pattern: State Module
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make XX
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State Pattern: Application Module
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State Pattern: Test
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State Pattern: Interactive Session
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Interactive System: Top-Down Design vs. OO Design

current_state: STATE
current_state.execute_session

current_state: INTEGER
execute_session(current_stste)

Top-Down

Object-OrientedTia
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Subcontracting: Architectural View
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Subcontracting: Example (1)

PHONE_USER SMART_PHONE

IPHONE_11_PRO

myPhone
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Subcontracting: Example (2)

PHONE_USER SMART_PHONE

IPHONE_11_PRO

myPhone
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Preconditions→
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⑧requires less than

. →④÷④ es

④ ensures more than

satclass - d l ⇒ Or



Subcontracting: Architectural View
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Subcontracting: Example (1)

PHONE_USER SMART_PHONE

IPHONE_11_PRO

myPhone
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Subcontracting: Example (2)

PHONE_USER SMART_PHONE

IPHONE_11_PRO

myPhone

⇒

0¥



Contract Re-Declaration: 
Missing Pre-Condition in Ancestor
-
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Contract Re-Declaration: 
Missing Post-Condition in Ancestor
-
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Contract Re-Declaration: 
Missing Pre-Condition in Descendant=out

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

I →

Iosif : ewe

ndeon⇒⑦.

↳ not.am?7iYoteappligaefsFytaie
.



- if there's B
St . B ThouId be the postand.
of every Routine ( anda

query)

↳ B should be
a class invariant .



Weather Station: 1st Design

geographic!!!.weed I



Weather Station: 
1st Implementation
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Weather Station: 
Testing 1st Design
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The Observer Pattern
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A
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The Observer Pattern: Application to Weather Station
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class ABJECT

observers : LIST [ OBSERVER]

notify do§IN -

and observes Ii observer
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Weather Station: 1st Design
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Weather Station: 
Testing 1st Design

WEATHER_DATA
temperature
pressure
humidity

wd
FORECAST

weather_data
fd

STATISTICS
weather_data

sd

CURRENT_CONDITION
weather_data

cc 08
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Observer Pattern: Application to Weather Station
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When to make a class deferred?
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Weather Station: Subject
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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⇐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?

÷÷÷÷÷
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Multiple Subjects vs. Multiple Observers: Event-Driven Design

Q1. Overall Complexity?

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

Q4. Complexity of adding a new event type?
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Cyber-Physical Systems: Plant, Sensors, Controller, Actuators

PLANT

CONTROLLER

sensorsactuators

#

÷:*.
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Event-Driven Design in Java
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Event-Driven Design in Java: Runtime

WEATHER_DATA
temperature
pressure
humidity

wd

change_on_t

change_on_p

change_on_h

EVENT
actions

EVENT
actions

EVENT
actions

CURRENT_CONDITION
temperature

cc

humidity

key value

key value

key value
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Observer Pattern: Application to Weather Stationa-
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Multiple Subjects vs. Multiple Observers: Observer Pattern

Q1. Overall Complexity?

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

DEE



Multiple Subjects vs. Multiple Observers: Event-Driven Design

Q1. Overall Complexity?

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

Q4. Complexity of adding a new event type?
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• update- teeny?%eY!e return anything
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Event-Driven Design in Eiffel
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WEATHER_DATA
temperature
pressure
humidity

wd

change_on_t
change_on_p
change_on_h

EVENT
actions

EVENT
actions

EVENT
actions

CURRENT_CONDITION
temperature

cc

humidity

Event-Driven Design in Eiffel: Runtime
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Program Correctness: Example (1)
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Program Correctness: Example (2)
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Hoare Triple
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Hoare Triple as a Predicate

Q
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Rwp(S, R)
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How can a Hoare Triple be false ?

÷
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Program Correctness: Revisiting Example (1)
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Program Correctness: Revisiting Example (2)

Q
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Rules of Weakest Precondition: Assignment

x := e

x > 0

wp??

←



Correctness of Programs: Assignment (1)
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Correctness of Programs: Assignment (2)
⑧

Fie
Is this Ingram correct ?

1. Calculate up ( x :
-

-

, X
-
- 237 x?~

= { up rule toragn. } " I

⑦= 23 [ X := X t I ] = Xt 1--23

iii. s
notecase e.g . X = 23



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)
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Correctness of Programs: Conditionals

Is this program correct?Tove or disprove :
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Correctness of Programs: Sequential Composition
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Hoare Triple as a Predicate

Q
S

Rwp(S, R)

I



Rules of Weakest Precondition: Summary
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Correctness of Programs: Sequential Composition

-
gas#②
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Weakest Precondition
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Loops: Eiffel vs. Java

EFE→
exit condition lys
as soon as Yong as held
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Is lo is time
, the cases

exit . Stay .



Contracts of Loops

Syntax Runtime Checks

I checked: before 1st it
.

V¥ed: after he
before

.

2nd Tt .

after 2nd after last Tt
.

:



Contracts of Loops: Example

Runtime ChecksSyntax

-

# of times LI

¥¥ii÷÷÷÷÷÷i
LI when exiting the loop
should imply postcondition .



Contracts of Loops: Violations

Runtime ChecksSyntax

exit condition: i > 0
invariant: 1 <= i <= 5
variant: 5 - i

→

Ex
→ 2=6

④
If> exit right away.

mmmm
-7 LI Violation

.

mm



Contracts of Loops: Visualization



Contracts of Loops: Loop Invariant

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

a
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Finding Max: Version 1 1 2 3 4
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€ ÷: ⑦
F•••&••o:.i§•.%§•



Finding Max: Version 2 1 2 3 4
20 10 40 30
-
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Correct Loops: Proof Obligations

=
a- { 03 feet GE"IIB °B,fRi¥÷÷÷⇐¥



Initialization:

Before Termination:

Upon Termination:

Non-Negative Variant: Decreasing Variant:

Correct Loops: Proof Obligations

:
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Prove

Hint: Rewrite j < i and i > a.upper using >=

Hint: Identify i, j, a.upper on the number line.
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How to Use Visitors

Visitor Design Pattern: Architecture
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Visitor Design Pattern: Implementation

Visualizing Line 4 to Line 6
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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
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Initialization:

Before Termination:

Upon Termination:

Non-Negative Variant: Decreasing Variant:

Correct Loops: Proof Obligations

:
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Correct Loops: Proof Obligations
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Initialization:

Before Termination:

Upon Termination:

Non-Negative Variant: Decreasing Variant:

Correct Loops: Proof ObligationsEEE
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Give a loop ( Eiffel syntax)
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Interactive System: Top-Down Design vs. OO Design

current_state: STATE
current_state.execute_session

current_state: INTEGER
execute_session(current_stste)

Top-Down

Object-Oriented

←
of ④ OF

me

deferred.

ITT



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

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

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