— 12 — 2015-06-25 — main —

Softwaretechnik / Software-Engineering

Lecture 12: Structural Software Modelling

2015-06-25

Prof. Dr. Andreas Podelski, Dr. Bernd Westphal

Albert-Ludwigs-Universitat Freiburg, Germany

Contents of the Block “Design”
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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
I>c Unified Modelling Language (UML)

d) modelling structure

— — —

1. (simplified) class diagrams
2. (simplified) object diagrams
3. (simplified) object constraint logic (OCL)

modelling behaviour

o
~

1. communicating finite automata

2. Uppaal query language

3. basic state-machines

4. an outlook on hierarchical state-machines

(iv) Design Patterns
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Contents & Goals

Last Lecture:

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

This Lecture:
o Educational Objectives: Capabilities for following tasks/questions.
e What is the signature defined by this class diagram?
o 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?

o Content:
e Class Diagrams
e Object Diagrams
e Proto-OCL
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Class Diagrams
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Object System Signature

Definition. An (Object System) Signature is a 6-tuple
& =(7,6,V, atr, F, mth)

where

e 7 is a set of (basic) types,

e % is a finite set of classes,

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

e F'is a finite set of typed behavioural features f : T4,...,T, — T,

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

o A type can be a basic type 7 € .7, or Cy,1, or Cy, where C € %.

Note: Inspired by OCL 2.0 standard OMG (2006), Annex A.
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Object System Signature Example

A - v o
Do ;7 A ) y
yo = ({Int},{C,D},{x : I?’Lt,p : CO,lvn : C*},{C = {pvn}’D = {pax}}a

{f : Int — Bool, get_z : Int},{C +— 0,D — {f, get_z}})

crmmechin ﬂru{' 0;
assokwhan ewds 1§

ﬂ(v:‘ﬁ(“/v
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Object System Signature Example

Bel
yo = ({Int},{C,D},{:p : Intap : CO,lan : C*},{C = {pan}’D = {pax}}a

{f : Int — Bool, get_z : Int},{C +— 0,D — {f, get_z}})

n 7 D
. 0.1 T Int
IE: ¢ p f(Int) : Bool
| P T 0..1 get_z() : Int
g
|
q
N
And The Other Way Round
n - D
_ 0.1 x: Int
Iz; c p f(Int) : Bool
ptO..l T get_z() : Int

j: ({(vf',gw[;, {C,DS, {P: Q,i , ?‘:(«x,x:l“f ;/
{C'l—) 5’?/,,,3

:D i i?;kg (,
§ £ bt = Bool, gebox : bES,

§¢ g, D {{,ﬂ.x;s)
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Shorthand Notation
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D

0..1 x: Int
0.. .
IZ; c p f(Int) : Bool
pIO..l T et get_z() : Int

D
n .
II” o 0.1 MHeis 2 : Int =22
D + f(Int) : Bool

p10..1 get_z() : Int

<7D
In particular:
P E
o visibility for attributes and association ends (4, —, #, ~): later
o initial values, properties: not here, cf. UML lecture

°

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

inheritance: later (maybe)
behavioural features: not here, cf. UML lecture

Object System Structure

— 12 — 2015-06-25 — Sumlstruc —

Definition. A Object System Structure of signature
& =(9,%,V, atr, F, mth)

is a domain function 2 which assigns to each type a domain, i.e.

T

o 7€ .7 is mapped to (),
o C' € % is mapped to an infinite set 2(C) of (object) identities.

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

VC,De®:C+#D— 9(C)n2(D)=0,
e on object identities, (only) comparision for equality “=" is defined.
o Pose€ of DXC)

o Cs and Cp,; for C' € € are mapped to 22(0),

We use Z(%) to denote (o Z(C); analogously 2(%).

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

(cf. OCL 2.0 standard).
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Basic Object System Structure Example

Wanted: a structure for signature

yO = ({Int},{ch}v{x : Int7p : C’0,1771 : C*}7{C = {p7 TL},D = {pwr}}u
{f : Int — Bool, get_z : Int},{C — 0,D — {f, get_z}})

A structure 2 maps
o T € 7 tosome Z(7), C € € to some identities 2(C) (infinite, pairwise disjoint),

e Cy and Cp 1 for C € € to 2(Co,1) = 2(Cx) = 22(0),

| P(Int) = Z =§-122 .. 123}

g 2(C) = Nt x§&f < f1e,2,3, -] | =§13.5,.3

m% 2(D) = ¥ x D8 =12,4,6 -3

g D(Cor) = 2(C,) = 29€) _p®ec)

f D(Do1) =2(D,) = ZﬁCC) _aa)(ﬁ)

h 11/38

System State

Definition. Let 2 be a structure of .%¥ = (, 6, V, atr, F, mth).
A system state of . wrt. Z is a type-consistent mapping
gach~! functon
0:D(E) » (V» (2(7)UD(%)))).
_ ey, e N Ceach)aKibuk
That is, for each u € @(/C) C e %, if uecdom(o) '5“‘“:’/‘(:”
e dom(o(u)) = atr(d)
Ve D)
o og(u)(v) € D(r)ifv:T,TET
N s

—_—
—_—

o o(u)(v) € Z(D,)ifv:Dgq orv:D, with D e¥

We call u € 9(%) alive in o if and only if u € dom(o).

We use £ to denote the set of all system states of .7 wrt. 2.
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System State Example

o = ({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_z}})

@([nt):Z, 9(0):{10,207307...}, @(D):{1D72D73D7---}

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

o o(u)(v) € 2(C,) ifv: Dy orv: Doy with D €% .

o ?
o=t fprisl wnits,

S fx:—aé‘},?:-a{fciil oé,*(,)#fc,?b,s;;
et PRI, nio3 {

QLW, in O 4&/3):5.(
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System State Example

o = ({Int},{C,D},{z : Int,p: Co1,n: Cs},{C — {p,n},D — {p,z}},
{f: Int = Bool, get_z : Int},{C > 0,D > {f, get_z}})

@([ﬂt):Z, Q(C):{lc,2c73c,...}, @(D):{1D72D73D7---}

e dom(o(u)) = atr(C), o o(u)(v) € I(r)ifv:7,7€ T,

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

o o(u)(v) € 2(Cy)ifv: Dy orv: Doy with D €€ .

o Concrete, explicit system state:

13/38

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

o Alternative: symbolic system state

assuming c1,c2 € 2(C), d € 2(D), c1 # ca.
Can be seen as denoting a set of system states including o1 — how many?

— 12 — 2015-06-25 — Sumlstruc —

oco={a—={p—=0n—{c}}t,co=>{p—0n—0},d— {p— {c},z— 23}}.
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Class Diagrams at Work

|
E
|
e]
(o]
g
['s]
g
S
|
Visualisation of Implementation
e The class diagram syntax can be used to visualise code:
provide rules which map (parts of) the code to class diagram elements.
C D
—_— “ 5[< N
1
l .
, (7,303, x:int, .3, {DIs-F, )
1
I
1
v
| package pac; package pac;
_é- import pac.D; 1 import pac.c;
% public class C { ‘ ) )
T public class D
3 -_. P ass | S‘b
‘ public D n; 1 private int x;
7o) ) o—
MRS | Rt
i‘% 1 "%i\n", n.getx() )i }: | et g
19
g‘ 1 public C() {}: i public D() {};
o~ H
|

14/38
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Visualisation of Implementation
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o 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;
+ C(); + D0

package pac; package pac;

import pac.D; import pac.C;

1 public class C { public class D {

E
1 public D n; private int x;

public void print_nx() {
1 System .out. printf(
1 "%i\n", n.get x() );

1 public C() {}:
}

public int get_x()
{ return x; };

public D() {};

15/38

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. 5000 LOC C#

16/38



Documentation of Implementation
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Joystick? 1. ’—‘
Control
Keyboard?
Al?

Tron
e 1 OpenGL?
colour
score Lo
direction Gameplay Render
speed
— aalib?
update notify
head
Segment Engine
>X<? 5? areawidth
colour 0..% areaheight
world

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

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

Object Diagrams

17/38
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Object Diagram

S0 = ({Int},{C,D},{z: Int,p: Co1,n: C.},{C — {p,n},D— {p,x}},
{f : Int = Bool, get_z : Int},{C — 0,D — {f, get_z}}), P(Int) =Z

o={lc = {p—0,n— {5c}t},5¢c = {p—>0,n—0},1p — {p— {5c} x> 23}}.

|

|

!

n 19/38

Object Diagram
S0 = ({Int},{C,D},{z : Int,p: Co1,n: C.},{C — {p,n},D — {p,x}},
{f : Int = Bool, get_z : Int},{C — 0,D — {f, get_z}}), P(Int) =Z
o={lg—={p—0n {bc}},5c—~{p—=0,n—0}1p — {p— {bc},x — 23}}.
o We may represent o graphically as follows:
lc: C n % P 1p:D L7507 etaws e
=0 "o po2s] el
[
1L . 12 “compartment”
or (symbolic identities) S optional

(I A B!

|

“?’ c:C n % p d:D -

§ p= @ ‘Z; @ x =23 LCJ ~optional

q

h
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Alternative Presentation, Dangling References

0 = ({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}}), D(Int) = Z

o g1 ={lc—={p—=0,n—{5c}},5c = {p—0,n— 0},1p — {p— {5c},z — 23}}.

5¢:C ,
lc: C n — p 1p: D
pC:@ r=0 =2
n=>0
» 1c:C n 5¢0:C p 1p: D
H T =23
p

® oso={lo—~{p—~0n— {5c}},1p— {p— {5c},z —~ 23}}.

I 1g: C n 5¢:C p
3 p=10 X
|
E » 1c: C n 50 :C p
E H X ~
|
S “dangling reference” (3u € dom(c) 3r: T, T ¢ T e o(u)(r) ¢ dom(o)) 20/38
| /

Fartial vs. Complete Object Diagrams

0 = ({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_x}}), P (Int) =Z

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 Z(V).

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

e So: partial object diagrams

lc : C n 5¢:C p lD:D

“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

o complete if we say that it is complete and it uniquely defines a system state.
AN—

— 12 - 2015-06-25 — Sod —
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Complete vs. Partial Examples
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c={lc—={p—=0,n— {6c}},5c = {p—0,n— 0}, 1p — {p— {5c},z — 23}}.

Complete or partial?

—Coqo(:./( Amé.O‘ fons
N —_ :Lowé a :“Ofc 4
o [1c:C n 57107'3 ip:D = & above wot shntd wheblus ylesr
p=0 p=10 p |2=23
o [1cC] n [5c:C 1p:D - anghod s aFpbkes  weslin'
xr =23 PJ 7
o [1c:C]| [5c:C] Ip:D] - n

e« iC] X —@f,wé‘mao@’co‘o%u«&.
Cwo UGZ:JNJIQJQ«)

22/38

Object Diagrams at Work
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Example: Data Stl’uclul’e (Schumann et al., 2008)
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BaseNode

+ parent : BaseNode.

+ prevSibling : BaseNode,
+ nextSibling : BaseNode.,
+ firstChild : BaseNode,
+ lastChild : BaseNode,

— node

Iterator

+ operator++() : Iterator
+ operator——() : Iterator
+ operatorx() : BaseNode

— begin_it — end.it

Forest

Node

+data: T
+ Node( data : T)

+ appendTopLevel( data: T')

+ appendChild( parent : Iterator, data :
+ remove( it : lterator )
+ depth( it : Iterator ) :
+ end() : Iterator

+ begin() : Iterator

+ empty() : bool

+ size() : int

int

Example: lllustrative Object Diagram (schuman et ar, 200)

24/38
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begin_it d_it
node node

nextSib nextSib
[[E:Node |.——"" .[end: BaseNode

prevSib L prevSib

parent firstChild
arent
firstChild parent lastChild firstChild

nextSib

prevSib

BaseNode

lastChild

parent | | g ctChild

+ parent : BaseNode, Teerator
+ prevSibling : BaseNode, | noge
+ nextSibling : BaseNode. F operator++() - erator
+ firstChild : BaseNode. + operator——() : Iterator
+ lastChild : BaseNode. + operators() : BaseNode
begin it — end.it
Forest
 appendTopLevel( data: T
+ Node( data - T) + appendChild( parent : Iterator, data : T )
t remove( it Iterator )
+ depth( it : lterator ) : int
 end() : Iterator
+ begin() - Iterator

- empty() : bool
+size() : int

F : Node

Fle Vew Ecit Help

v Traceviewer.: hierarchy_exa structuiy =l

SIECY|
earch: [

0

er & positive € negative ’ reset
1 2 =

s {oar P ER

B \7
=c o
o i Xy
=E {gummary of rows E containg

F {false K true

Lt
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Object Diagrams for Analysis
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2
=

ctime = 27 data = d;

E=
z
=4
=4

ctime =5 data = dy data = d3 data = dy

Towards Object Constraint Logic (OCL)
— “Proto-OCL” —

26/38
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Constraints on System States

x : Int

o Example: for all C-instance, = should never have the value 27.

Ve:Cex(e) # 27

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

i Te
iT1e = ()L, ifv:T € atr(C)
:7¢ — Tp, if v: Do,1 € atr(C)
c1c = 2P, ifv: Dy € atr(C)

vorsFR) X X T T i fi T X e X T ST

:CeF e x By =+ B

28/38

e Syntax: Fu=c|v(F)| f(F,....,Fn)|Vec:CeoF

o values of Z(7)1: (1) U{L} ‘Q)‘o;‘/ vimon

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

gy bfical worlles to DCE)

o Z[v(F)](o,B) = o (Z[F](o,B)) (v) if Z[F](c,B) # L, and L otherwise,

o I[f(F1, ..., Fn)l(o,B) = fz(Z[F1](o, B), - .., Z[Fn](o, B)), abre 6Gjec€ of
chbrs

true , if Z[F| (o, Blc := u]) = true for all u € dom(c) N 2(C)
false , if Z[F] (o, B[c := u]) = false for some u € dom(o) N 2(C)
1 , otherwise

Fo=
| o(F)
| u(F)
| | u(F)
3 |
| e
q
h
Semantics
e Proto-OCL Types:

e values of 7¢: 2(C) U {Ll}

e values of 27C: 9(Cy) U {L}

o values of B, : {true, false} U {L}

e Semantics:

o I[c](o, B) = B(c),
I
7
% ° I[[VC:COF]](U):{
q
h
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Semantics Cont’d

o 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:

x1 true | true | true | false | false | false 1 1 1
T2 true | false 1 true | false 1 true | false | L
Az(z1,22) true | false 1 false | false | false 1 false | L

— 12 - 2015-06-25 — Socl —

We assume common logical connectives =, A, V, ... with canonical 3-valued interpretation.

e Example: +z(-,-): (ZU{1}? = Z U {1}

1 +x2 ,ifxy #Land x2 # L
1 , otherwise

+z(z1,22) = {

We assume common arithmetic operations —, /, *,... and relation symbols >, <, <, ...

with monotone 3-valued interpretation.

e And we assume the special unary function symbol isUndefined:
t ifx=_1

isUndefinedz(z) = e e -

false , otherwise

isUndefined is definite: it never yields L. -~
38

Semantics Cont’d

e Lift o to a total function which yields L for non-existing objects or attributes:

L , if u & dom(o) or v ¢ dom(o(u)) @
X ,if o(u)(v) = {u'} and v : Cp,1 for some C
oz(u)(v) = € if o(u)(v) =0 and v: Co1 for some & (@)
o(u)(v)  otherwise @)

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

Example:
o I w1 C n Uz - C ‘ 0..% C
Twe=B T la=21] 5 E‘“’"t ;'
o oz(ui)(z) =13 © o oz(uz)(n) = Yy @
o oz(u)(y) = L @ coz(u)(n)= L @
e oz(us)(z) =L @ e oz(u)(p) = §u,3 @
e oz(us)(y) = L e coz(uw)(p)= g &

— 12 - 2015-06-25 — Socl —
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Example: Evaluate Formula for System State

u: C <
o z: Int

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

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

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

I[#(z(c),27)1(0, B), B ={e— u}

— 12 - 2015-06-25 — Socl —
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Example: Evaluate Formula for System State

u: C <
o z: Int

e infix notation: Vc: C e z(c) # 27
o prefix notation: Vc: C e #(z(c),27)

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

e Example:
I[Vc: C e #(xz(c),27)](o,0) = true, because. ..
I[#(x(c), 27)](0, 8), B ={e> u}
= #2(Zlz ()l (, ), Z[27](e,5) )

—
_ o(TLBlop) x| A

— 12 - 2015-06-25 — Socl —
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Example: Evaluate Formula for System State

u: C <
o z: Int

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

Note: # as a binary function symbol, 27 as a O-ary function symbol.
e Example:
I[Vc: C e #(x(c),27)](0,0) = true, because. ..
I[#(2(0),2D)](0,8), B ={=— u}
= #z( I[x(c)](, ), 127](0, ) )

= #2( o( Z[c](o, B) )(x), 27z )
Ae)=uy

— 12 - 2015-06-25 — Socl —
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Example: Evaluate Formula for System State

u: C <
o z: Int

e infix notation: Vc: C e z(c) # 27
o prefix notation: Vc: C e #£(x(c), 27)

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

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

I[#(z(c),27)](0, B), B ={e&— u}
= #2( Z[z(9)](, B), Z[27](e, ) )
= #z( o( Z[cl(o, B) )(z), 271 )

= #z(o( B(e) )(z), 272 )

= #z(o(u)(x), 271 )

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

— 12 - 2015-06-25 — Socl —
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More Interesting Example

u: C

r =13

Ve:Cex(n(c)) # 27
-

e Similar to the previous slide, we need the value of

o (a(Z[c)(o,B) )(n) ) (z) = 4
-

o I[c(o, ) =AC) =,

o o(Z[el(e,8) )(n) = fu) 6] = L
o o (o(Z[(e,8) )(n) ) (z) = oz (LK) = L

— 12 - 2015-06-25 — Socl —

Object Constraint Language (OCL)

x: Int

OCL is the same — just with less readable (?) syntax.

Literature: (OMG, 2006; Warmer and Kleppe, 1999).

— 12 - 2015-06-25 — Socl —
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Examples (from lecture “Softwaretechnik 2008”)
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TeamMember Meeting Location

name : String 2.t meetings e s String * : String 2

age : Integer participants * numParticipants : Integer 1 _%
start : Date £
duration: Time E

move(newStart : Date)

@ context Meeting =
@ inv: self.participants->size() = i
i‘sd[:—y’;num?articipants
@ context Location
@ inv: name="Lobby" implies
meeting->isEmpty ()

Vsp(p/lu;‘»a ° s;x( ﬁwkap,..,-ﬁs é;([)\ - nmP,q,l.ic,,‘oa..tfs (52/74)
/
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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

Fr_——

;
\L text |

_——a

text can principally be everything, in particular comments and constraints.

OCL:
Sometimes, content is explicitly classified for clarity: F
e Conventions: N
= C

-
-

stands for

‘ context C inv: F %
Ve:deF
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