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(i) Introduction and Vocabulary

(ii) Principles of Design

a) modularity

b) separation of concerns

c) information hiding and data encapsulation

d) abstract data types, object orientation

(iii) Software Modelling

a) views and viewpoints, the 4+1 view

b) model-driven/based software engineering

]>C) Unified Modelling Language (UML)
d) modelling structure
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(simplified) object diagrams
(simplified) object constraint logic (OCL)
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Contents & Goals
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Last Lecture:

Design basics and vocabulary:
modularity, separation of concerns, information hiding, data encapsulation, ADT, ...

This Lecture:

Educational Objectives: Capabilities for following tasks/questions.

e What is the signature defined by this class diagram?

e Give a system state corresponding to this class diagram.

e Which system state is denoted by this object diagram?

e To which value does this Proto-OCL formula evaluate on the given system state?
o Give system states such that the given formula evaluates to true/false/ L.

e Why is Proto-OCL a 3-valued logic?

Content:

e Class Diagrams
e Object Diagrams
e Proto-OCL
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Class Diagrams
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Object System Signature
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Definition. An (Object System) Signature is a 6-tuple
S =(7,%,V, atr, F, mth)

where

T is a set of (basic) types,

e % is a finite set of classes,

o Tisadfini : I y o | ]

e V is a finite set of typed attributes v : T, i.e., each v € V has type T,
o atr: € — 2" maps each class to its set of attributes.

e F'is a finite set of typed behavioural features f :T1,...,T, — T,

mth : € — 2* maps each class to its set of behavioural features.

e A type can be a basic type 7 € .7, or Cp 1, or C,, where C € %.

Note: Inspired by OCL 2.0 standard OMG (2006), Annex A.
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Object System Signature Example
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Object System Signature Example
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Bl
S0 = {Int},{C,D},{x: Int,p: Cy1,n: Ci},{C — {p,n},D — {p,x}},
{f: Int — Bool, get_x : Int},{C — 0, D+ {f, get_z}})

n D
~® 0..1 x : Int
0..x -
¢ *“ f(Int) : Bool
ﬂ()..l get_x() : Int
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And The Other Way Round
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n

D

———

C

0..1 x @ Int
p f(Int) : Bool

0..x
pf0.1

get_x() : Int

= (Fe,30l], €23, {3 w6, e,

{CH §P,h§
D faxdf,
§ £ et — Bool, gefx : hET,

i ¢, DR {{;Jlf-xff)
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Shorthand Notation
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n D
— e 0..1 x : Int
0
" ¢ *“ f(Int) : Bool
ﬂ()..l Hact get_x() : Int
dengytes
D
n .
0 % C 0..1 Hols —x : Int =22
" p 4 f(Int) : Bool
plo..1 get_x() : Int
¢ 4D
In particular:
P e
e visibility for attributes and association ends (+, —, #, ~): later

e initial values, properties: not here, cf. UML lecture

e associations in general (names, reading direction, ternary; visibility, navigability, etc. of
association ends): not here, cf. UML lecture

e inheritance: later (maybe)

e behavioural features: not here, cf. UML lecture
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Object System Structure
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Definition. A Object System Structure of signature
S =(7,%,V, atr, F, mth)

is a domain function & which assigns to each type a domain, i.e.

T

o 7 € 7 is mapped to Z(#),
o C € ¥ is mapped to an infinite set Z(C) of (object) identities.

e object identities of different classes are disjoint, i.e.

VC,De¥:C#D—2C)ng(D)=0,
e on object identities, (only) comparision for equality “=" is defined.
o POrse€ of D(C)
o Cx and Cp 1 for C' € € are mapped to 292(C),

We use Z(%) to denote |J o Z(C); analogously Z(%%).

Note: We identify objects and object identities, because both uniquely determine each other

(cf. OCL 2.0 standard).
10/38


westphal
Bleistift

westphal
Bleistift

westphal
Bleistift

westphal
Bleistift


Basic Object System Structure Example
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Wanted: a structure for signature

S0 = {Int},{C,D},{x: Int,p: Cy1,n: Ci},{C — {p,n}, D — {p,x}},
{f: Int — Bool, get_x : Int},{C +— 0,D > {f, get_z}})

A structure ¥ maps

o 7€ 7 tosome Z(1), C € € to some identities Z(C') (infinite, pairwise disjoint),
e Oy and Cg 1 for C € € to 2(Co,1) = 2(Cy) = 22(C).

P(Int) = Z ’=g’_;z;, ., 127

2(C) = WN" x§& < {1,2:,3,.] | =f13.5.3

2(D) = Nt x §D} = 512,4,6, -
D(Coa) = 2(C,) = 2% _p D<)
D(Do1) =9(Dy) = 2_"3(0 ,Z‘D@)
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System State
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Definition. Let & be a structure of ¥ = (7, %, V, atr, F, mth).
A system state of . wrt. Z is a type-consistent mapping

vacha! funchinn
0 9(€) 5 (V2 (9(7) U 9(E.))),
atc by, e = ‘ngc‘)‘;;&éué
. _ =

That is, for each u € @’(/C), C e, if uedom(o) B wjt‘::‘(
o dom(&(g)) = atr(C)

Vs D)
o o(u)(v)e(r)ifv:T,TeT

\.\ _ )———

o og(u)(v) € Z(Dy) ifv:Dgqorv: D, with D e®

We call u € (%) alive in ¢ if and only if u € dom(o).

We use Efﬂ to denote the set of all system states of . wrt. .
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System State Example

S0 = {Int},{C,D},{x: Int,p: Co,1,n:Cs},{C —{p,n},D — {p,x}},
{f : Int — Bool, get_z : Int},{C — 0, D — {f, get_z}})

Y(Int) =72, 90C)={1¢,2¢,3¢c,---}, 2(D)={1p,2p,3p,...}

A system state is a partial function o : (%) » (V - (2(7) U 2(%%))) such that
o dom(o(u)) = atr(C), o o(u)(v) e (1) ifv:1,7T €T,

o o(u)(v) € Z(Cy)ifv:Dyorv: Do1withD € E .

1%
i
o--_—.-‘)”(c - {PH{SZi, a1, S, & f/

3 fx»é?,?r-e{ﬁi, o&«fa)"" {1,252
Sk $P0s, m o3

GL'W, n 0 4(,13): 5¢

— 12 — 2015-06-25 — Sumlstruc —
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System State Example
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S0 = {Int},{C,D},{x: Int,p: Co,1,n:Cs},{C —{p,n},D — {p,x}},
{f : Int — Bool, get_z : Int},{C — 0, D — {f, get_z}})

Y(Int) =72, 90C)={1¢,2¢,3¢c,---}, 2(D)={1p,2p,3p,...}

A system state is a partial function o : (%) » (V - (2(7) U 2(%%))) such that

o dom(o(u)) = atr(C), o o(u)(v) e (1) ifv:1,7T €T,
o o(u)(v) € Z(Cy)ifv:Dyorv: Do1withD € E .

e Concrete, explicit system state:

o1 ={le—={p—0,n— {bc}t},5c—{p—0,n— 0}, 1p— {p— {bc},z— 23}}..

e Alternative: symbolic system state
oo ={ci—=>{p—=>0n—{c}}t,co=>{p—=>0,n— 0}, d— {p+— {c},x — 23}}.

assuming C1,C2 € .@(C), d e @(D), C1 7& Co.
Can be seen as denoting a set of system states including 01 — how many?
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Class Diagrams at Work
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Visualisation of Implementation
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e The class diagram syntax can be used to visualise code:

provide rules which map (parts of) the code to class diagram elements.

C

e

D

“n ) <

QO _~| o 1 D (0 N P

package pac;

import pac.D;

public class C {
I Ny

public D n;

public void print_nx () {

System .out. printf (

"%i\n",

public C()
}

n.get x()

{H

)

b

N

(7,5CD3 Fxrint, .3, {DPFc-T,. )

Q0 ~ O 1 D (o N P

e el
QO N = OO O

package pac;
import pac.C;
public class D j
N\
private int X;
C—

public int get_x ()
{ return x; };

public D() {};
}
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Visualisation of Implementation
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e The class diagram syntax can be used to visualise code:

provide rules which map (parts of) the code to class diagram elements.

pac
+ C +D
+n | —x:int
+ print_nx(); 0..1 | + getx() : int;
+ €0 +D0;

QO ~| O 1 D (0 N P

package pac;

import pac.D;

public class C {

public D n;

public void print_nx () {

System .out. printf (

n%i \nn )

public C()
}

n.

{H

get x ()

);

};

Q0 ~ O 1 D (o N P

e el
QO N = OO O

package pac;

import pac.C;

public class D {

private int X;

public int get_x ()

s

{ return x;

public D()
}

{H
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Visualisation of Implementation
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e open favourite IDE,
e open favourite project,
e press “generate class diagram”

e wait...wait...wait. ..

e ca. 35 classes,
e ca. 5,000 LOC C#

16/3s



Documentation of Implementation
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Joystick?

LK

Control

Keyboard?

AN

Al?

Tron
Player OpenGL?
colour
score 1.x
direction Gameplay Render
speed
aalib?
update notify
head
Segment Engine
ig y? areawidth
COiO)l/Jr 0 % | areaheight
h world

Note: a signature can be defined by a set of class diagrams.

Note: a class diagram may be partial, i.e. show only certain aspects of a signature.

17/38



— 12 — 2015-06-25 — main —

Object Diagrams
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Object Diagram
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S0 = {Int},{C,D},{x: Int,p: Cy1,n: Ci},{C — {p,n},D — {p,x}},
{f:Int — Bool, get_x : Int},{C — 0, D — {f, get_z}}), P (Int) =7

g = {10 —> {pH@,TLH {50}},50H {pH@,nH@},lD —> {pH 50},$H23}}.

™

-  \
) 4C¢=Cr _— N % S-C:(' W E 4D3D )

-
) Xx=23

= ToL
s

i
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Object Diagram
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S0 = {Int},{C,D},{x: Int,p: Cy1,n: Ci},{C — {p,n},D — {p,x}},
{f:Int — Bool, get_x : Int},{C — 0, D — {f, get_z}}), P (Int) =7

g = {10 —> {pH@,nH {50}},50 —> {pH@,nH@},lD —> {pH {50},$H23}}.

e We may represent o graphically as follows:

5c : C

. . r——1 r———— dat
lo: C " p =10 P lp: D onal— id 131 class }//man 7
— - T = 23 optiona L o — 2
p="0 n=_{ .
v 1=t d; 1
- T “compartment”
or (symbolic identities) = e optional
L_fi_‘_L_’li_l
cy: C
Cl : C n 2 @ p d: D R
P = 0 Z: 0 r =23 Il—r—ll\optional
Ir_id_] : :r_cia;s_}

19/38



Alternative Presentation, Dangling References
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S0 = ({Int},{C,D},{z: Int,p: Co,1,n: Cs},{C —{p,n},D — {p,x}},
{f : Int — Bool, get_z : Int},{C — 0, D — {f, get_z}}), 9(Int) =7

¢ o1 ={lg—={p—=0n—{5c}},5¢c = {p—0,n— 0} 1p — {p— {5c}, =+ 23}}.

5¢ : C

1o : C n = p 1p: D
D=0 i;w x =23
» 1l : C n 5¢ : C p 1p: D
| =23
— 1 L
® oo={lg—={p—=0,n— {5c}},1p — {p— {5¢c},z — 23}}. alecvalpe -
1c: C n 5¢ : C p 1p: D )4(.’('1
p=10 X r =23 —
=z
W=
» lc: C n 5¢:C p 1p: B \——ﬂ_h
p— X - r =23
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Partial vs. Complete Object Diagrams
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Zo0 = ({Int},{C,D},{z: Int,p: Co,1,n : Cs},{C — {p,n}, D — {p,z}},
{f : Int — Bool, get_z : Int},{C — 0,D — {f, get_x}}), P(Int) = 7

o co={lg—={p—=0,n— {bc}t},5c—~{p—0,n— 0},1p — {p— {bc},xz — 23}}.
Recall definition system state:

° attribute of an object alive in o obtains a value by o.

o IOW: o assigns to attribute of of its alive objects a value from Z2(V).

May hinder readability of object diagrams of system states with many alive objects. ..

e So: partial object diagrams

1c: C n 5¢ : C p 1D:E

“It is (should be, must not, ...) be possible that a C-object and a D-object
have a link to one C-object”

e An object diagram is

e partial if it is a projection of a proper system state, and

e complete if we say that it is complete and it uniquely defines a system state.
AN\
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Complete vs. Partial Examples
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o={lc—={p—=0,n—{bc}},5c—={p—0,n— 0}, 1p — {p— {5c},x — 23}}.

Complete or partial?

—Cowbo(ok wl. o

— aibont & above: HOE clss,

° 1010 n iczg 1D2D uoé Sﬁlé/wL%U @’)’/CI('
p=10 B P r =23
p=1>0
o | Le:C| ™ |5c:C iD:: 2D3 _;N»Aéc/ : atpbokes Mw’@'aj
o | 10:C 5¢ : C 1p:D - P
e [C[ X >!\c_ —74*(?:“‘7&%4&0\9.}261404@““’

(wo U'EZ: fov ey race )
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Object Diagrams at Work
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Example: Data Structure (schumann et al., 2008)

BaseNode
+ parent : BaseNode, Iterator
+ prevSibling : BaseNode, — node
+ nextSibling : BaseNode, + operator++() : lterator
+ firstChild : BaseNode, + operator——() : lterator
+ lastChild : BaseNode, + operatorx() : BaseNode
— begin_it — end._it
f Forest
Node
+data: T + appendToplevel( data: T")
+ Node( data : T) + appendChild( parent : lterator, data : T')

+ remove( it : Iterator )

+ depth( it : Iterator ) : int
+ end() : lterator

+ begin() : lterator

+ empty() : bool

+ size() : int

— 12 — 2015-06-25 — Sodatwork —
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Example: Illl/isn"ative Ob]eCt Diagl’am (Schumann et al., 2008)
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begin_it

end_it

. Iterator : Forest . lterator
node node
nextSib nextSib
A : Node E : Node end : BaseNode
prevSib prevSib
parent firstChild
parent _
firstChild parent lastChild firstChild
nextSib
B : Node C : Node F : Node
prevSib
lastChild
arent . .
P firstChild
D:Node |
vl Traceviewer: hierarchy exa structwhr =
Fle ‘Jiew Edit Help
Hsearch:l ﬂlter:l * positive  negative reset
I T T Fe
o 1 2 -
i H7.{x1T {7.4v11
BaseNode f
+ parent : BaseNode, Iterator B |7
+ prevSibling : BaseNode, _ node
+ nextSibling : BaseNode, + operator++() : lterator Se [Tar T
+ firstChild : BaseNode, + operator——() : Iterator :
+ lastChild : BaseNode, + operatorx() : BaseNode ;
— begin_it — end.it a -
Forest --E iSummar},ﬂ of rows E contains
Node
+ data: T + appendTopLevel( data: T') T
+ Node( data : T) + appendChild( parent : Iterator, data : T") F |false true
+ remove( it : lterator ) _
+ depth( it : Iterator ) : int
+ end() : Iterator
+ begin() : Iterator LLI _'I LI
+ empty() : bool A4

+ size() : int
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Object Diagrams for Analysis
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vy
M

ctime = 27

=

ctime =5

data = d3

data = d4

=

ctime = 9

|<—
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— 12 — 2015-06-25 — main

Towards Object Constraint Logic (OCL)
— “Proto-OCL” —
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Constraints on System States
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x: Int

e Example: for all C-instance, x should never have the value 27.

Ve:Ceox(c)# 27

e Syntax (wrt. signature . = (7,6, V, atr, ', mth)), c a logical variable:

F:= ¢ L TO
) 17— D(1)L, ifv:T € atr(C)
v(F) :7c — Tp, if v: Do € atr(C)
) c7c — 2P ifv: D, € atr(C)
oo ) XX o, fimi X X T =T
Ve:(CeoF 7o XB, - B,

28/38



Semantics
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e Syntax: F u=c|v(F)| f(F1,...,F,) |Vc:CeF

e Proto-OCL Types:

e values of 7¢: 2(C)U {L}

e valuesof Z(7): 2(7) U {L} i}
e values of 27C: @(C’*) () {J_}/&: 01"[ vimo

e values of B : {true, false} U {1}

e plus: integer, strings, whatever you like (need not be in .7), values including L.

e Semantics: /WP? 4716_«/ veaablos 12 De)
* I[cl(o,8) = B

o Z[v(F)](o,B) = o (Z[F](o,B)) (v) if Z[F](o,B) # L, and L otherwise,
o T[f(F,..., F)](0,8) = fz(ZIFi](, B), . .., T[Ful(c, B)), alve oSject of
cbrs C

true , if Z[F](o,B[c := u]) = true for all u € dom(c) N 2(C)
o I[Vc:C e F|(o) = { false , if Z[F] (o, B[c := u]) = false for some u € dom(c) N 2(C)
1 , otherwise
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Semantics Cont’d
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e Proto-OCL is a three-valued logic: a formula evaluates to true, false, or L.

o Example: Az(-,-) : {true, false, 1. }* — {true, false, L} is defined as follows:

1 true | true | true | false | false | false 1 1
o true | false 1 true false 1 true | false
Nz (x1,x2) true | false 1 false | false | false 1 false

We assume common logical connectives =, A, V, . ..

o Example: +z(-,): (ZU{1})* = Z U {L}

We assume common arithmetic operations —, /, %, ...

+z(z1,22) = {

r1 + T2
1

with monotone 3-valued interpretation.

e And we assume the special unary function symbol isUndefined:

1sUndefined ; is definite: it never yields L.

isUndefined s (x) = {

with canonical 3-valued interpretation.

,ifxy # L and 20 # L

. otherwise

true

false

yif x = L,

. otherwise

and relation symbols >, <, <, ...
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e Lift o to a total function which yields L for non-existing objects or attributes:

oz(u)(v) = 5

In the following, we use o and oz interchangeably;
which one is meant should be clear from context.

, if u & dom(o) or v ¢ dom(o(u))
,if o(u)(v) = {u'} and v : Cp,1 for some C (@

, if o(u)(v) =0 and v : Cp 1 for some C
, otherwise @

ug : C

©,

xr =27

x: Int

Example:
9 U1 C
n r =13
o oz(u)(x)=1% @
o or(u)(y)= L @
° O'I(’LL3)($) = | @
e oz(us)(y) = 1L g

Q

Q

N
[y

Q

N
[y

A
{V.z
§74

Q

@

®

©
3 @

.1
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Example: Evaluate Formula for System State
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u: C C
o . x: Int

e infix notation: Vc: C e x(c) # 27
o prefix notation: V¢ : C e #(x(c),27)

Note: # as a binary function symbol, 27 as a 0-ary function symbol.

e Example:
IZ[Vec: C o #(x(c),27)](o,0) = true, because. . .

Z[#(x(c),27)](0,B), B ={e— u}
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u: C C
o . x: Int

e infix notation: Vc: C e x(c) # 27
o prefix notation: V¢ : C e #(x(c),27)

Note: # as a binary function symbol, 27 as a 0-ary function symbol.

e Example:
IZ[Vec: C o #(x(c),27)](o,0) = true, because. . .

Z[#(x(c),27)] (0, B), B ={e— u}

= #2(Z[=(c)](0, B8), I[27](c,B) )
_ 6(TUBlop) Y| Y
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Example: Evaluate Formula for System State
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e infix notation: Vc: C e x(c) # 27
o prefix notation: V¢ : C e #(x(c),27)

Note: # as a binary function symbol, 27 as a 0-ary function symbol.

e Example:

I[Vc: C o #(x(c),27)](0,0) = true, because. ..

C

x: Int

I #(x(c), 27)](e, B),

)=y

B ={z— u}
= #1( Z[z(c)](0, B), Z[27](0,B) )
= #z( o( Z[c](o, B) )(x), 27z )
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Example: Evaluate Formula for System State
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u: C C
o . x: Int

e infix notation: Vc: C e x(c) # 27
o prefix notation: V¢ : C e #(x(c),27)

Note: # as a binary function symbol, 27 as a 0-ary function symbol.

e Example:
IZ[Vec: C o #(x(c),27)](o,0) = true, because. . .

Z1#(z(c), 27)](0, 8), B ={& > u}
= #1( Z[z(c)](o, B), Z[27](0,B) )
= #z( o( Z[] (o, B) )(z), 277 )

= #z( o( B(c) )(w), 271 )
=#7(o(u)(x), 277)

= #7( 13, 27 ) = true ...and u is the only C-object in o.
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u: C n

o . I x: Int

r =13

N~ —_—
=+
e Similar to the previous slide, we need the value of
=u

o (o( Z[c)(o,8) )(n) ) (z) =
(U )

A

° I[c] (0, 8) =f) =,
o o(Z[e)(e,8) )(n) = 6fu) (0] = L
° o(o(I[e](a,8) )(n) ) (x) = o (L) = L

Lo T p) -,

.1
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Object Constraint Language (OCL)
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OCL is the same — just with less readable (7) syntax.

Literature: (OMG, 2006; Warmer and Kleppe, 1999).
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TeamMember Meeting Location
2.% meetings *
name : String — 5 title : String name : String
age : Integer | Participants * | numParticipants : Integer 1
start : Date

duration: Time

move(newStart : Date)

@ context Meeting
@ inv: self.participants->size () =
i Seff ~;numParticipants
@ context Location

@ inv: name—"Lobby" implies
meeting->isEmpty (

Prof. Dr. P. Thiemann, http://proglang.informatik.uni-freiburg.de/teaching/swt/2008

V ol avhg 0 size ( prkipmte b)) = nanPuRicponts (ot

/
\/srlé:[_cx;\}\"ma wd»«»(w(()-;‘z_ogoj" ,;L‘,é,-« i'bl:“pﬁ(d“‘?(?‘ /x§/))
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Where To Put OCL Constraints?
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e Notes: A UML note is a diagram element of the form

r— = =1
| fext |
L — — — 1
text can principally be , In particular comments and constraints.
_ _ _ OCL: A
Sometimes, content is explicitly classified for clarity: o
e Conventions:
P
b= C
C 1~
stands for

context (' inv: F %
Ve:deF
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