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Software Design, Modelling and Analysis in UML

Lecture 18: Live Sequence Charts I1

Content

2017-01-24

Prof. Dr. Andreas Podelski, Dr. Bernd Westphal

Albert-Ludwigs-Universitat Freiburg, Germany

o Reflective Descriptions of Behaviour

o Interactions
o A Brief History of Sequence Diagrams

e Live Sequence Charts

o Abstract Syntax, Well-Formedness
e Semantics
e TBA Construction for LSC Body
(® Cuts, Firedsets
(@ Signal / Attribute Expressions

{® Loop / Progress Conditions

(e Excursion: Biichi Automata
e Language of a Model

@ Full LSCs

(® Existential and Universal

{® Pre-Charts

{(® Forbidden Scenarios

‘e LSCs and Tests
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The Plan

e Thu, 19. 1. Live Sequence Charts |

Firstly: State-Machines Rest, Code Generation

> ue, 24. 1. Live Sequence Charts Il

hu, 26. 1. Live Sequence Charts IlI
Tue, 31. 1. Tutorial 7

o EI’hu, 2. 2.: Model Based/Driven SW Engineering

e Mon, 6. 2. Inheritance

Aoy

e Tue, 7.2.: Meta-Modelling + Questions

February, 17th: The Exam.
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Constructive Behavioural Modelling in UML: Discussion
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Semantic Variation Points
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Pessimistic view: There are too many...
o Forinstance,

e allow absence of initial pseudo-states
object may then “be” in enclosing state without being in any substate;
or assume one of the children states non-deterministically

e (implicitly) enforce determinism, e.g.
by considering the order in which things have been added to the CASE tool’s repository,
or some graphical order (left to right, top to bottom)

e allow true concurrency

o etc. etc.
Exercise: Search the standard for “semantical variation point”.

o Crane and Dingel (2007), e.g., provide an in-depth comparison of Statemate, UML, and Rhapsody state
machines - the bottom line is:

o the intersection is not empty (i.e. some diagrams mean the same to all three communities)
e none is the subset of another (i.e. each pair of communities has diagrams meaning different things)

Optimistic view:

o tools exist with complete and consistent code generation.

o good modelling-guidelines can contribute to avoiding misunderstandings.
AN T

Reflective Descriptions of Behaviour
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Constructive vs. Reflective Descriptions

Harel (1997) proposes to distinguish constructive and reflective descriptions:

@
. L . Vs
o A constructive description tells us how things are computed: S OV (P %
P & P SN A S
“A language is constructive if it contributes to the dynamic semantics of the model.
That is, its constructs contain information needed in executing the model

or in translating it into executable code.” ~ e
t‘/ﬁﬁg

7
“Other languages are reflective or assertive, @OR’
and can be used by the system modeler to capture parts of the thinking =
that go into building the model - behavior included -, &

to derive and present views of the model, statically or during execution,

or to set constraints on behavior in preparation for verification.”

o Areflective description tells us what shall (or shall not) be computed:

Note: No sharp boundaries! (Would be too easy.)

)
3]
@
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Interactions as Reflective Description

o In UML, reflective (temporal) descriptions are subsumed by interactions.
AUML model M = (¢2, 74,02, .7) has a set of interactions ..
e Aninteraction Z € .# can be (OMG claim: equivalently) diagrammed as

o communication diagram (formerly known as collaboration diagram),
o timing diagram, or
o sequence diagram.

Lifeline State or condition  DurationConstraint

=@,
- =

. sd UserAcc_User
we ] (d.3'd)
V N
PR 4 T T O
A w077

Figure 14.30 - Compact Lifeline with States (0MG, 2007, 522)

Gode d-duration

Card0ut(0.13)

S
sk
[

Figure 14.27 - Communication diagram (OMG, 2007, 515)

Figure 14.26 - Sequence Diagram with time and timing concepts (OMG, 2007, 513)
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Interactions as Reflective Description

o In UML, reflective (temporal) descriptions are subsumed by interactions.
AUML model M = (¢2, 74,02, .7) has a set of interactions ..
e Aninteraction Z € .# can be (OMG claim: equivalently) diagrammed as

o communication diagram (formerly known as collaboration diagram),
o timing diagram, or

o sequence diagram.

Lifeline

Figure 14:27 - Communlcation diagram
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Why Sequence Diagrams?

Most Prominent: Sequence Diagrams — with long history:

o Message Sequence Charts, standardized by the ITU in different versions,
often accused to lack a formal semantics.

e Sequence Diagrams of UML 1.x

Most severe drawbacks of these formalisms:

o unclear interpretation:
example scenario or invariant?

\ ox =
e

Cardout{0..13)

Urlock

gram with time and timing concepts

(OMG, 2007, 513)
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(] unCIear activation: ‘ User ‘ ‘ CoinValidator ‘ ‘ ChoicePanel ‘ ‘ Dispenser

what triggers the requirement?

o unclear progress requirement:
must all messages be observed?

SO NNNNSS
Q
5
S

PWATER

water_in_stock

o conditions merely comments

® No means to express
forbidden scenarios
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Hence: Live Sequence Charts
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e SDs of UML 2.x address some issues,
yet the standard exhibits unclarities and even contradictions Harel and Maoz (2007); Storrle
(2003)

o For the lecture, we consider Live Sequence Charts (LSCs) Damm and Harel (2001); Klose
(2003); Harel and Marelly (2003),
who have a common fragment with UML 2.x SDs Harel and Maoz (2007)

o Modelling guideline: stick to that fragment.

LSC:  buy water
AC:

C: rue .
AM:  invariant |:  strict
/ \

// ‘ User ‘ ‘ CoinValidator ‘ ‘ cp :ChoicePanel ‘ ‘ Dispenser ‘ \\

/ I T T \

/ % 5 I I \
(J/' é / v = | I

@(ﬁ -Mg / ; | —~(C50!V E1!V pSOFT!

|
|

|
\ PWAT,
\ / A‘ L2l
\
\11/ \ cp -> water_in_stock
\

Wl oot

/
/

/

dWATEg
—(dSoft! v dTEA!)

|
|
|
\
| v pTEAIV pFILLUP!)
|
|
|
|
‘

NN NN NN\
(=)

ﬁ tevatont
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Course Map
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Live Sequence Charts — Syntax
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LSC Body Building Blocks

I .
iiiii .(/BG>3S <
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LSC Body Building Blocks

simultaneous region

[oal‘ox/ vencdle

instance line head /

exclusive,
(colq},local |nvar|an‘t/ .
inclusive ,
(hot)}ine segment\/
coregion

life line / instance line\/
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Full LSC Building Blocks for Later

(cold\) line segment,

instantaneous message /

(ho’E)/condition e

aSYﬂChI’OI’lOL\I} message‘/

13/66

interpretation fstrict or permissive)

- . LSC name,/
activation cond|t|on‘/

LSC:  buy water
AC: true

AM: invariant I:  strict ‘

activation mode

logical variable,

class name -

pre-chart ,

(invariant or initial)/ // ‘ User

‘ |CoinValidator| ‘cp :ChoicePanel‘ ‘ Dispenser |\\\
T T T

W\

)

\

~
ANN
}‘

)
|
|
|
|
A

\
—(C50'V E1lY pSOFT!
V pTEA!Y pFILLUP!

>

—(dSoft! v dTEA >

1
i
Y/ i
\
\ P WATER i
\ / T |
\ 7
\\ cp > water_in_stock : /
\ . /
/
2 A7 TER
,// [0] I
/ | :
7 ‘ .
4 | | |

environment
v
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LSC Body: Abstract Syntax
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Definition. [LSC Body]
An LSC body over signature .7 = (7, €, V, atr, &) is a tuple

((L,=,~),Z,Msg, Cond, Loclnv, ©)

where

e L isafinite, non-empty of locations with

o apartialorder < C L X L,
e asymmetric simultaneity relation ~ C L x L disjoint with <,ie. <N~ =0,

o T ={I,...,I,}isapartitioning of L; elements of Z are called instance line,

e Msg C L x & x Lisasetof messages with (I, E,1") € Msgonlyif (I,I') € < U ~;
message (I, E, I') is called instantaneous iff I ~ I’ and asynchronous otherwise,

Cond C (2% \ 0) x Ezpr, isaset of conditions
with (L, ¢) € Condonlyifl ~ !’ foralll # ' € L,

Loclnv C L X {o,e} X Ezpr, x L X {o, e} isasetof local invariants
with (1, ¢, ¢,1,") € Loclnvonlyifl < I’, o: exclusive, e: inclusive,

e ©: L UMsgU CondU Loclnv — {hot, cold}
assigns to each location and each element a temperature.

15/66

From Concrete to Abstract Syntax
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T

o locations L,

e <CLxL ~CLXL
° I:{Il,...,fn}, C;N
e Msg CLxEXL, )
e Cond C (2 \ 0) x Expr., e

o Loclnv C L x {o,e} X Exzpr, X L x {o,e}, | ~===~
e ©: L UMsgU Cond U Loclnv — {hot, cold}.
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From Concrete to Abstract Syntax
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locations L,

<CLxL ~CLXL
T={L,. .., I}

Msg C L x & XL,

Cond C (2% \ 0) x Ezpr,

Loclnv C L x {o, e} X Expr o, X L X {o, e},
e ©: L UMsgU Cond U Loclnv — {hot, cold}.

L= {&a, wi b, by {'2!3’ €3xo, - [gﬂi
<1 (o 0, (@), Qalia) b, 0), ) (), (G, €00,
L=<

~ :{ (le [y\ E “

/
Ag=5 (e, A,
—Z

CS\/\O(':g (iegzgl ‘)C>35§ /T

LOCIWV = 5( (f1’41 0, \/:01 Zfﬂ ,® ) ZS fn,gP")Cok{, é’/‘fH <o/”/
o= % Mol (ot Th cdd, by dd, G b het, f
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From Concrete to Abstract Syntax
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o locations L,
e <CLxL ~CLXL

o T={I,...,I,}

o MsgCLxE&EXL,

e Cond C (2 \ 0) x Expr.,

o Loclnv C L x {o,e} X Exzpr, X L x {o, e},
e ©: L UMsgU Cond U Loclnv — {hot, cold}.
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Well-Formedness
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Bondedness/no floating conditions: (could be relaxed a little if we wanted to) @ :
e For each location I € L, if [ is the location of D, — e & CF_,:_/_
e acondition,i.e.3(L,¢$) € Cond : [ € L, or Y\V [ [

e alocalinvariant, i.e. 3 (I1, t1, @, l2,t2) € Loclnv : I € {l1,12}, A ’
=

then there is a location I’ simultaneous to [, i.e. [ ~ I’, which is the location of x

o aninstance head, i.e. !’ is minimal wrt. <, or 0.

e amessage, i.e.

3 (ll,E,lz) eEMsg:le {l1,l2}.

Note: if messages in a chart are cyclic,
then there doesn' exist a partial order
(so such diagrams don'’t even have an abstract syntax).

17766

Live Sequence Charts — Semantics
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TBA-based Semantics of LSCs .
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CD,SM @ € OCL CD,SD
v v

v v

S =(7,6,V, atr), SM expr 7, SD

v v X

M= (2%,Ar. =sm) v B = (Qsp.q0, Az, —sp, Fsp)

v X
v
7 = (00, 20) S, (g ). g = (04, consi, Snd))en
uo X
G=(N,E,f)
Plan: Y on

(i) Givenan LSC.Z with body
((L7 57 N)aI7 MSg, Cond, LOClr'IV7 @)7

(i) constructa TBA B, and
(iii) define language £(.Z) of .Z in terms of L(B),

in particular taking activation condition and activation mode into account.
(iv) define language £(,M) of a UML model.

e Then M = .Z (universal) if and only if £L(M) C L(.Z).

And M | . (existential) if and only if L(M) N L(Z) # 0. 19
/66

Live Sequence Charts — TBA Construction
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Formal LSC Semantics: It’s in the Cuts!
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Definition.
Let (L, =X, ~),Z, Msg, Cond, Loclnv, ©) be an LSC body.

A non-empty set ) # C C L is called a cut of the LSC body iff

e itisdownward closed,ie. VI, l'el' cCAI=<I = 1€ C,
e itis closed under simultaneity, i.e.

Vi,l'el' cCAl~I1 = 1€C, and
e it comprises at least one location per instance line, i.e.

Viel3dleCei =i.

21766

Formal LSC Semantics: It’s in the Cuts!
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Definition.
Let (L, =X, ~),Z, Msg, Cond, Loclnv, ©) be an LSC body.

A non-empty set ) £ C C L is called a cut of the LSC body iff

o itisdownward closed,ie.VI,l'el' c CAI=<I = 1€ C,
e itis closed under simultaneity, i.e.
Vi,l'el'cCANI~I' = 1€C,and
e it comprises at least one location per instance line, i.e.
VielIdleCei=i.
The temperature function is extended to cuts as follows:

o) = hot ,if3leCe(#l' cCel<1")AO()=hot
" )cold ,otherwise

thatis, C'is hot if and only if at least one of its maximal elements is hot.
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Cut Examples

18 - 2017-01-24 - Slsccutfire -

| (0 # C C L - downward closed - simultaneity closed - at least one loc. per instance line
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Cut Examples
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‘ 0 # C C L - downward closed - simultaneity closed - at least one loc. per instance line
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Cut Examples

‘ 0 # C C L - downward closed - simultaneity closed - at least one loc. per instance line
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1
|
TN |
L Yo RN !
T \P“,—,\\ |
/\_"‘;) I |
e |
|
|
’ . “\ ‘

Lo £ s

”‘f’ 3,1

|
.’/ ~ G , T :
‘\ ‘\ ‘
|
|
|
|

-18 - 2017-01-24 - Slsceutfire -

Cut Examples

22/66

‘ 0 # C C L - downward closed - simultaneity closed - at least one loc. per instance line
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Cut Examples
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| 0 # C C L - downward closed - simultaneity closed - at least one loc. per instance line

Cut Examples
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| 0 # C C L - downward closed - simultaneity closed - at least one loc. per instance line
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Cut Examples
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| 0 # C C L - downward closed - simultaneity closed - at least one loc. per instance line

Cut Examples
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| 0 # C C L - downward closed - simultaneity closed - at least one loc. per instance line
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A Successor Relation on Cuts

)
IS}
@

The partial order “<" and the simultaneity relation “~" of locations
induce a direct successor relation on cuts of an LSC body as follows:

Definition.
Let C' C L beta cut of LSCbody ((L, <, ~),Z, Msg, Cond, Loclnv, ©).

Aset() # F C L of locations is called fired-set F of cut C'if and only if

e CNF=0andCU Fisacut, ie. F is closed under simultaneity,

all locations in F are direct <-successors of the front of C, i.e.
VIEFIV eCol' <IN €Col <" <),

locations in F, that lie on the same instance line, are pairwise unordered, i.e.
Vil e Fe(3IcZe{l,IYCI) = LAUAU A1,

for each asynchronous (!) message reception in F,
the corresponding sending is already in C,

V(,E,l')eMsgel' € F = L€ C.
Thecut C’ = C' U F'is called direct successor of C via F, denoted by C ~~r C”.

23/66

Successor Cut Example
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CNF=0-CU Fisacut - only direct <-successors — same instance line on front pairwise unordered —
sending of asynchronous reception already in

L o L s [ 8
l1.0 " "iz.u \\‘%"i&u
|
R . |
1,1 - ;
e |
|
|
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Successor Cut Example
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CNF =0-CU Fisacut- only direct <-successors — same instance line on front pairwise unordered —
sending of asynchronous reception already in

N
T N T
170 17120 ‘T' 3,0

0
\
L £ !
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< "4’_,?/,1 [
T I
|
|
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L— AN

e | TR )

“tl31

|
|
e G 1 |
L c ;
|
|
|
|

Language of LSC Body: Example
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Language of LSC Body: Example
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Language of LSC Body: Example
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N

—(Fy. VG

yyw
7 7
? Ty NGy
Ty
’ 411
Y ﬁ(’y,z

The TBA B of LSC . over @ and £ is (Ezprg(X), X, Q, ¢ini, —, @ F) With

Q is the set of cuts of %, g;,,; is the instance heads cut,

Exprg(X) = Expr ., (&, X) (for considered signature .5#),
— consists of loops, progress transitions (by ~ g ), and legal exits {cold cond./local inv.),
Qr ={C € Q| ©(C) =cold v C = L} isthe set of cold cuts and the maximal cut.
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Signal and Attribute Expressions
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o Let. = (7,%,V, alr, &) be asignature and X a set of logical variables,

o The signal and attribute expressions Ezpr ., (&, X ) are defined by the grammar:

W u=true | | sy | Eoy | =0 | 91 Vo,

where expr : Bool € Expr g, E € &, z,y € X (or keyword env).

o We use
Er(X):={E,, E., | Ec& z,yc X}

to denote the set of event expressions over & and X.

26/66

TBA Construction Principle

nstr -
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Recall: The TBA B(.Z) of LSC % is (Ezpri(X), X, Q, ¢ini, —, QF) with

o Qistheset of cuts of .Z, q;y; is the instance heads cut,

o Ezprg = ® U &2(X),

e — consists of loops, progress transitions (from ~ ), and legal exits (cold cond./local inv.),
o F={C€eQ]|O(C)=coldV C = L} is the set of cold cuts.
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TBA Construction Principle

Recall: The TBA B(.Z) of LSC £ is (Ezpri(X), X, Q, ¢ini, —, QF) with

o Qisthe set of cuts of .Z, q;y; is the instance heads cut,

o Ezprg = ® U &2(X),

e — consists of loops, progress transitions (from ~ ), and legal exits (cold cond./local inv.),
F={C e Q|©O(C)=coldVv C = L} isthe set of cold cuts.

So in the following, we “only” need to construct the transitions’ labels:

—={(q, va) | g€ QYU {(q, @) [ a~r qdYU{(q ,L) | g€ Q}

13
B
©
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TBA Construction Principle

Recall: The TBA B(.Z) of LSC % is (Ezpri(X), X, Q, ¢ini, —, QF) with

o Qistheset of cuts of .Z, q;y; is the instance heads cut,

o Ezprg = ® U &2(X),

e — consists of loops, progress transitions (from ~ ), and legal exits (cold cond./local inv.),
o F={C€eQ]|O(C)=coldV C = L} is the set of cold cuts.

So in the following, we “only” need to construct the transitions' labels:

—=={(0, Y100p(@),2) | 4 € QY U{(q, ¥prog(2:0"),d') | ¢ ~F ¢’} U{(q, Yeair(q), L) | ¢ € Q}

2
2
E
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TBA Construction Principle

Recall: The TBA B(.Z) of LSC £ is (Ezpri(X), X, Q, ¢ini, —, QF) with

o Qisthe set of cuts of .Z, q;y; is the instance heads cut,

o Ezprg = ® U &2(X),

e — consists of loops, progress transitions (from ~ ), and legal exits (cold cond./local inv.),
F={C e Q|©O(C)=coldVv C = L} isthe set of cold cuts.

So in the following, we “only” need to construct the transitions’ labels:

== {(0, Y100p(@),0) | 4 € QY U{(q, ¥prog(a:0"),d') | ¢ ~F ¢’} U{(q, Yeair(q), L) | ¢ € Q}

Vioop (q): “what ’ e ‘ ’ 1 Cy ‘ ’ 1 C3 ‘
allows us to stay at T
" cut q” 1»* }
wemz,z(q): _———— ‘
“what allows us to Brog (@, )¢ L v=0" }
legally exit”™—| — prog\io = 2 T B c
characterisation of T’\
x >3
firedset F,,” F{> }
I
I
D__ I

13
B
©
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TBA Construction Principle

“Only” construct the transitions’ labels:
—={(a: Yioop(0), @) | € Q} U{(q,¥prog(0:9), ") | @~ ¢'} U{(qs Yeri(a), L) | g € Q}
=:w§‘§;p<q>

e N
Wioop(a) = "5 (@) A U™ (@) Avegd™ (a)

1/1cmf,(q) =
(i, (@) A =pLad™ (q))
V' Vicicn (W50, (a: i)

Loclnv,
A(=pe2a™ (g, q0) V=05t (q, 4i)))

Yprog (45 qn) = ==¢;‘,ﬁf,g(q,qn)

M Cond Loclnv,
V(G qn) A Yt (25 qn) A Ppor (g5 qn)
Locl
AP, an) A head™® (0, an)

2
2
E
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Loop Condition

'Ll)looP(Q) = d)MSg(q) A wrl:gtcln\/(q) A wlgglzln\/(q)

L wMSg(Q) =" vlgign w""Sg(q, a) A (St”Ct = /\wEMsg(L) _‘w)

=:strict (q)

Locl —
Y° ™ (@) = No=(1,1,6,17 1) ELociny, ©(£)=0, Lactiveat ¢ ¥

A location [ is called front location of cut C'ifand only if 31’ € L el < 1'.
Local invariant ({o, t0, ¢, l1,¢1) is active at cut () ¢

if and only if o < I < 11 for some front location [ of cutgorly € g Aty = e.

o Msg(F) ={E}, ,, | (ILE,l') € Msg, | € F} U{E] | (I, E,l') € Msg, I € F}

1Ty

e z; € X is the logical variable associated with
the instance line I which includes /,ie.l € I. \

° MSg(F1, ey Fn) = Ulgign MSg(FZ')

)
3]
@

29/66

Progress Condition

Loclnv,
Pt (@, a1) = V(g qn) A Yrr(a, an) A b ™® (gn)

M ) —
o Y9, 0i) = Apemsgaa) ¥ N Nizi Npemsg(a;\a)\Msg(ai\a) ¥

A (strict == Ayemsg(r)\Msg(Fy) %)

=:Ystrict (4,9:)

* ¥57(4:91) = A\y=(z,9)eCond, ©(1)=0, L(ai\)#0 @

Loclnv,e . _/\ @
° Py (@,8i) = Nxa=(1,0,6,17 /) eLoclnv, ©(A\)=0, A e-active at g;

Localinvariant (o, t0, ¢, 11, t1) is e-active at ¢ if and only if

o lop<1l=<lq,0r
o [l =1IlpNtop=weo0r ‘

el=l1At1 =9
for some front location ! of cut (!) q.
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onstr -
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Example

Using logical variables =, y,
for the instances lines
(from left to right).

31s66
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Course Map
N
CD,SM ¢ € OCL CD,SD s
v v v W,
' =(T,%,V, atr), SM expr 7, 8D
4
v v v
M= (22,A»,~su) v B = (Qsp,q0,As,—sp, Fsp)
v b 4
v
7w = (00,€0) Leonso,Sndo), (01,€1) - wr = ((03, consi, Snd;));en
[ b 4
G=(NE,f)
v
oD
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Tell Them What You’ve Told Them. . .
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¢ Interactions can be reflective descriptions of behaviour, i.e.
o describe what behaviour is (un)desired,
without (yet) defining how to realise it.
e One visual formalism for interactions: Live Sequence Charts

e locations in diagram induce a partial order,
e instantaneous and aynchronous messages,

o conditions and local invariants

o The meaning of an LSC is defined using TBAs.

o Cuts become states of the automaton.

Locations induce a partial order on cuts.

o Automaton-transitions and annotations
correspond to a successor relation on cuts.

o Annotations use signal / attribute expressions.

e Later:

o TBA have Biichi acceptance (of infinite words (of a model)).
e Full LSC semantics.
o Pre-Charts.

33766

Excursion: Biichi Automata
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From Finite Automata to Symbolic Biichi Automata

18 - 2017-01-24 - Stba -

A: ¥ = {0,1} T ={0,1}

B:
0 Biichi N 0
@ | lichi @ 1

infinite words

B 0 ¥ ={0,1}
T
symbolic ‘
0
symbolic
Asym: Y=({z} > N) Bisym: Y=({z} - N)
even(x) . even(x)
Biichi
@ odd(2) infinite words @ odd ()

35/66

Symbolic Biichi Automata
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Definition. A Symbolic Bichi Automaton (TBA) s a tuple

B = (EmpTB(X)7X7Q7qmi>_>7QF)

where

e X is aset of logical variables,

Ezpri(X) is a set of Boolean expressions over X,

Q is a finite set of states,

Qini € @ is the initial state,

o — C Q x Ezprg(X) x Q is the transition relation. Transitions (g, 1, ¢’) from g to ¢’
are labelled with an expression ¢ € Ezprz(X).

Qr C Qs the set of fair (or accepting) states.
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Word

Definition. Let X be aset of logical variables and let Exzpr;(X') be aset of Boolean
expressions over X.

Aset (X, |=. -)is called an alphabet for Exprz(X) if and only if

e foreacho € %,
o for each expression expr € Ezpry, and

o for each valuation 8 : X — 2(X) of logical variables,

either o |=p ezpr or o [~p expr.

(o satisfies (or does not satisfy) ezpr under valuation /3)

An infinite sequence
w = (Ui)iE]No e ¥

over (X, - |=. -) is called word (for Ezprz(X)).

3766

Run of TBA over Word

Definition. Let B = (Ezprz(X), X, Q, ¢ini, —, @r) be a TBA and
w = 01,02,03,...
aword for Ezpryz(X). An infinite sequence
0=q0,q1,q2,..- € Q¥
is called run of B over w under valuation 5 : X — 2(X) if and only if
® q0 = Gini,
o foreach i € INg there is a transition

(qi,%i,qit1) €=
such that o; =5 ;.

3866



Run of TBA over Word

18 - 2017-01-24 - Stba -

Definition. Let B = (Ezprz(X), X, Q, ¢ini, —, @) be a TBA and
w = 01,02,03,...
aword for Ezprz(X). An infinite sequence
0=140,q1,q2,..- € Q°
is called run of B over w under valuation 5 : X — 2(X) if and only if
® 40 = Gini,
o foreach i € INg there is a transition

(qi>¥i, qiy1) €=
such that o; =3 ;.

Buym: U=({z} - N)
even(z) even(z)
Example: (ar) (ar)
odd(z) odd(z) 38/66

The Language of a TBA

-18 - 2017-01-24 - Stba -

Definition.
We say TBA B = (Ezprz(X), X, Q, ¢ini, —, Q) accepts the word

w = (0;)ien, € (Bzprg — B)“
if and only if B has arun
0 = (¢i)ieng
over w such that fair (or accepting) states are visited infinitely often by o,

i.e., such that
VieNodj>i:q; €Qr.

We call the set L(B) C (Ezpriz — B)“ of words that are accepted by B the
language of 5.

39766



The Language of a TBA
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Definition.
We say TBA B = (Ezpr(X), X, Q, gini, =, Qr) accepts the word

w = (03)ien, € (Ezprg — B)”

if and only if B has a run
0 = (q:i)ien,
over w such that fair (or accepting) states are visited infinitely often by o,
i.e., such that
VieNodj>i:q; €Qr.

We call the set L(B) C (Ezpriz — B)“ of words that are accepted by B the
language of 5.

Beym: = ({z} = N)
-
even(z) even(z)
Example: @. (ar)
odd(z) odd(z) 3966
Language of UML Model
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The Language of a Model

18 - 2017-01-24 - Smo:

Recall: AUML model M = (¢ 2, %# , 0 Z) and a structure Z denote a set [M] of (initial and
consecutive) computations of the form

(0'0,80) a—o) (0'1751) a—l) (0’2,82) a—2> ... where

a; = (cons;, Snd;, u;) € 22(8)  9(Z(E) U+ A D(E) D(E).

=:A

41766

The Language of a Model

ellang

- 18 - 2017-01-24 - Smodk

Recall: AUML model M = (¢ 2, %# , 6 7) and a structure Z denote a set [ M] of (initial and
consecutive) computations of the form

(0'0,80) a_0> (0'1781) a_1> (0’2,82) a—2> e where

a; = (cons;, Sndi,u;) € 22(8) o o(Z(E) U {x+H)x2(€) o 2().

=:A

For the connection between models and interactions, we disregard the configuration of the
ether, and define as follows:

Definition. Let M = (¥ 2, 4 ,0 %) be a UML model and  a structure. Then
LM) = {(04,us, cons;, Snd;);cqy, € (22 x A~ |

(consq,Sndg)
—_—

3 (e4)ien, : (90,¢€0) (o1,€1) -+ € [M]}

is the language of M.
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Example: Language of a Model

18 -2017-01-24 - Siv

,Snd
L(M) :={(oi, ui, cons;, Sndi)ie]NO |3 (€4)ien, : (00,€0) (Conso—nO)> (o1,21) - € [M]}

uo

CD: itsCa

o 2 | ey oo
Cr | isc, | Fiint o1 Os (G|
0,1
(cons, Snd) (conso,Sndo) (cons1 {(:B.c2)}) ({:E},Snds)
(0,6) ——— -+ = (00,60) ———— (01,£1) — (02,€2) —
“1 2
(consg {(:Fe3)}) (consy ,{(G0,c1)}) ({:F'},5Snds)
(03,83) ———2 (04,64) —————""2 (05, €5) ‘C—% (06,86) = -+
c2 c2 3

42/66

Words over Signature

jellang
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Definition. Let . = (7, %, V, atr, &) be a signature and & a structure of ..
A word over . and Z is an infinite sequence

(Ui7uz'7 conss, Sndi)ie]No c 2?& « 9(%) « 2@(5) x 2(@(@’) U {*,+})x2(%€)

o The language £(M) of aUML model M = (€2, S ,09P)
is a word over the signature . (4'%) induced by 42 and 2,
given structure 7.
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Satisfaction of Signal and Attribute Expressions

o Let(o,u, cons,Snd) € E% x A beatuple
consisting of system state, object identity, consume set, and send set.

o LetB: X — 2(%) be avaluation of the logical variables.

Then
o (o,u,cons, Snd) =g true

o (o,u,cons,Snd) =g ¢ ifandonly if I[y](0,8) =1

o (0,u,cons, Snd) =g — if and only if not (o, cons, Snd) =g ¥

o (0,u,cons,Snd) =g ¥1 Ve ifand only if (o, u, cons, Snd) =g 91 or (o, u, cons, Snd) =g 2

o (o,u,cons,Snd) =g E;,yy ifandonly if 3(z) = u A Je € 2(FE) o (e,8(y)) € Snd

o (o,u,cons,Snd) =g E;’y if and only if 3(y) = u A cons C 2(E)

B
©

4466

Satisfaction of Signal and Attribute Expressions

o Let (o, u, cons, Snd) € 5% x Abeatuple
consisting of system state, object identity, consume set, and send set.

o LetB: X — 2(%) be avaluation of the logical variables.

Then
o (o,u, cons, Snd) =g true

o (o,u,cons,Snd) =g ¢ ifand only if I[y](c,8) =1

o (0,u,cons, Snd) =g — if and only if not (o, cons, Snd) =g ¥

o (o,u,cons,Snd) =g ¥1 Ve ifand only if (o, u, cons, Snd) =g 11 or (o, u, cons, Snd) =g P2

o (o,u,cons,Snd) =g E;yy ifandonly if 3(z) = uAJe € 2(E) o (e,8(y)) € Snd

o (o,u,cons,Snd) =g E;’y if and only if 3(y) = u A cons C 2(E)

Observation: we don't use all information from the computation path.

We could, e.g., also keep track of event identities between send and receive.

] 4466



Example: Model Language and Signal / Attribute Expresions

18 -2017-01-24 - Siv

CD: itsCy
2 itsC's

0,1 -
(e} itsCh k: Int 01 Cy

c3: O3

0,1

(cons,Snd) (consq,Sndg) ({:E},Snd3)
_ _— _—
u c

(0,¢)

(03753)

-+ — (00,€0) (o1,€1) (02,€2)

(consa (GFea))), (o (comsa {(GOe)D, (v (sF)Snds),

c2 c2 c3

(cons1,{(:E,c2)})
c1

06, 6) = -

e B={x—c1,y—> o,z c3}

e (00, uo, consg, Sndo) =g y.k > 0
e (00, u0, conso, Sndo) Ep .k >0
o (01,c1,cons1,{(: E,c2)}) =5 Eb
o (01,c1,cons1, {(: B, c2)}) Fp Fu,y
o s Ery

o Weset (04, ca, conss, {G(),c1}) Ep Gy,a! A Gy, 7 (triggered operation or method call).
45/66

TBA over Signature

jellang

- 18 - 2017-01-24 - Smodk

Definition. A TBA
B = (EprB(X)7 X7 Q7 Qiniy =7, QF)

where Expr(X) is the set of signal and attribute expressions Expr ., (&, X)
over signature . is called TBA over ..

46/66



TBA Construction Principle

18 - 2017-01-24 - Sm

Recall: The TBA B(.Z) of LSC £ is (Ezpri(X), X, Q, ¢ini, —, QF) with

o Q isthe set of cuts of &, g, is the instance heads cut,

o Ezprg = ® U &2(X),

e — consists of loops, progress transitions (from ~ ), and legal exits (cold cond./local inv.),
o F={C€eQ]|O(C)=coldV C = L} is the set of cold cuts.

So in the following, we “only” need to construct the transitions’ labels:

= {(q, Y100p(0), @) | ¢ € QYU {(a, Yprog(a:d"),0") | a~r a'YU{(q, %eair (@), L) | g € Q}

allows us to stay at

|
tq
— cu < A |
Vit (q): L T |
“what allows us to Brog (@, )¢ L v=0" }
legally exit’”™~_] ¢ - prog(d> 4" ) N 5 C
s characterisation of T’\
>3
firedset F,” F{ |
I
I
I

Course Map

-18 - 2017-01-24 - main -

CD,SD ’ % E
2

7, 8D

ol et

B = (Qsp,q0,As,—sp, Fsp)

E\ LQ« v
0’0,60) (conso, Sndo) (0’1,{:‘1 C A Wy = 0.“ cons;, Snd; ))ie]N
% “
G=(N,E,f)
e
OD

Yioop(q): “what ’ el H 1Oy H ?

4766
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Live Sequence Charts — Semantics Cont’d

49766

Full LSCs

18 - 2017-01-24 - Slscsem -

AfullLSC ¥ = (((L, =, ~),Z,Msg, Cond, Loclnv, ©), aco, am, © &) consists of
e body ((L,=<,~),Z,Msg, Cond, Loclnv, ©),

e activation condition aco € Ezpr o,

o strictness flag strict (if false, . is called permissive)

o activation mode am € {initial, invariant},

o chart mode existential (© » = cold) or universal (© ¢» = hot).

50766



Full LSCs

AfullLSC.Z = (((L,<X,~),Z,Msg, Cond, Loclnv, ©), aco, am, © &) consists of
e body ((L,=<,~),Z,Msg, Cond, Loclnv, ©),

e activation condition aco € Ezpr o,

o strictness flag strict (if false, £ is called permissive)

o activation mode am € {initial, invariant},

o chart mode existential (© ¢» = cold) or universal (© ¢» = hot).

Concrete syntax:

LSC. A

AC: aco

AM: initial I: permissive

I I

o J a6 ]
T

I I

I } I

I ) | I

I e I

\ o> | \

I -7 | I

| | |

! I

| — ! |

\ \ |

} I I
| |

| ‘ L
I I

I I
|

I I
!

~18 - 2017-01-
-
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Full LSCs

AfullLSC.Z = (((L,=X,~),Z,Msg, Cond, Loclnv, ®), aco, am, © &) consists of
e body ((L,=<,~),Z,Msg, Cond, Loclnv, ©),

e activation condition aco € Ezpr o,

o strictness flag strict (if false, . is called permissive)

o activation mode am € {initial, invariant},

o chart mode existential (© » = cold) or universal (© ¢» = hot).

Aset of words W C (Exzprg — B)“ is accepted by .Z if and only if

Oy am = initial am = invariant

o FJw e Wew’ = ac A perit(Co) Jw € W3k € No @ w* |= ac A theit (Co)

8 | AW = ooy (0, Co) Aw/1 € L(B(L)) AW = prog (8, Co) Aw/k+1 € L(B(Z))
- Yw € Wewd |= ac A —therit (Co) Yw € WYk € Ng e wF = ac A =thezit (Co)

2 = WY = Yprog (B, Co) Aw/1 € L(B(ZL)) = wh = wﬁ;’t"d(@,co) ANw/k+1€ L(B(Z))

5 where Cj is the minimal (or instance heads) cut.
2 50766



Full LSC Semantics: Example

csem -

-18 - 2017-01-24 - Sls

Eey? A=

SC %
AC o
AM: initial I permissive

777777777 1
| = I
Lo Ja JL:a |
| T |
I 1 I
I I -
| v | | @ ATy ?V Gyl V Cy?)
! [T | | 7y,
1 oy } ! Fye? A Gyl AGya?
1 | |
I I

- (D) st G
I | —i NG
| [T | -Gy v
I I
| c ! Gyl NGyt
I I
I I
I I

,,,,,,,,,,,,,,,,,,,,,,,,,,,,

(cons,Snd) (consp,Sndg)
s - 7 4

{GE, e 1E},Snd
- (00, €0) (01,21) (consy, {(:E,c2)}) (02, €2) ({:E},8ndz)
ug c1 c2

(consz,{(:Fye3)}) (consq,{(G(),c1)}) ({:F},8nds)
R N oo e, R LELIN
” (04,€4) » (05,¢€5) -

(0,¢)

(03,¢€3) (06, 6) — -+

51766

Note: Activation Condition
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SC:. 4
AM: initial |1 permissive

LSC. £

AC: c1

AM: initial I: _permissive |
| |
Lo JL:e J[:a |

T

| |
\ } [
[ E | [
I e — | I
| | }
|

| o
| S R
| = \
| | |
| | |
| G | |
I | I
[ | [
[ | \
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Existential LSC Example: Buy A Softdrink —

18 - 2017-01-24 - Sswlsc -

LSC:  buy softdrink
AC:  true

‘OWEMUN
U iEE

AM:  invariant | permissive

| |
| User | | Vend. Ma. |
I

! E1 _ :
: |
| |
| pSOFT |
| |
| |
| SOFT |
| |

53/66

Existential LSC Example: Get Change

}

-18 - 2017-01-24 - Sswlsc -

OLDENBURS
HEE =

LSC: getchange
AC:  frue
AM: invariant |:  permissive ﬁ
|
: User | | Vend. Ma. | z
|
: C50 _ I
I
| |
! E1 |
|
| |
i pSOFT |
|
| |
: SOFT |
I I
|
I , chg-C50 :
| Z |
7 | |
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TBA-based Semantics of LSCs .

18 - 2017-01-24 - Slscpresem -
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CD,SM ¢ € OCL CD,SD s
% v
S =(7,6,V, atr), SM expr 7, SD
v v X
M= (5%, Ay, —sm) v B =(Qsp,q, Az, —sp, Fsp)
%4 X
v
™ = (00,€0) % (o1,21) -+ wr = ((03, cons;, Snd;)) ;e
X
G=(V.E.)
v
Plan: oD

(i) Givenan LSC.Z with body
((L7 57 N)7zv MSg, Cond, Loclnv, @)7

(i) constructa TBA B, and
(iii) define language £(.Z) of .Z in terms of L(B),

in particular taking activation condition and activation mode into account.
(iv) define language £(,M) of a UML model.

e Then M = .Z (universal) if and only if £L(M) C L(.Z).
And M | . (existential) if and only if L(M) N L(Z) # 0.

Live Sequence Charts — Precharts

55/66
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Pre-Charts = b

AM: _invariant | stict |
/ \
/) ‘ User ‘ ‘ CoinValidator ‘ ‘c[x :ChoicePanel‘ ‘ Dispenser \
/ 7 T \
/ 51 | | \
K 2\"0“ | \
| \
\ 7 /
pWATER !
I

%

|
|
|
|
| /
|
|
|
|

\ cp -> water_in_stock

1 /

dWATEA’

AN

AfullLSC ¥ = (PC, MC, aco, am,O ) consist of
e pre-chart PC = ((Lp,=<p,~p),Zp,”,Msgp, Condp, Loclnvp, © p) (possibly empty),

e main-chart MC = ((Las, 2pr,~m), I, 7, Msgyr, Condpy, Loclnv g, © ) (non-empty),

e activation condition acq : Bool € Ezpr o,

o strictness flag strict (otherwise called permissive)

o activation mode am € {initial, invariant},

o chart mode existential (© ¢» = cold) or universal (© ¢» = hot).

57766

Pre-Charts Semantics TS oy waer

AC: true
AM: invariant I stéict |
/// ‘ User ‘ ‘ CoinValidator ‘ ‘cp :ChoicePanel‘ ‘ Dispenser \\\
T T T
// : 50 i : ! \\\
. 7 | i )
\ f— owdrer | ! y
\ .
\ ¢ep -> water_in_stock | /
\ - | //
7/
7
7/
7
7
’Z
am = initial am = invariant
Jw e W3Im € Ng e Jw eWIk<meENge
- Aw® = ac A =eait (CF) Abprog (0, CF) AwP = ac A=t it (CF) Abprog (0, CF)
E Awl, o w™ € L(B(PC)) Awrtl L w™ e L(B(PC))
I AW e (CyF) Aw™ = =t (C31)
R Aw™ = 4y (0, C0T) Aw™ e 400 (0, C3T)
@ Aw/m+2 € LIB(MC)) Aw/m+2 € LIB(MC))
VYweWVme Nge YVweWVEkE<meNge
5 Aw? = ac A it (CF) A prog (0, C8) AwP = ac APt (CE) Abyrog (0, CE)
ﬁ Awl, . w™ e L(B(PC)) AwFtt L w™ € L(B(PC))
5 w | AT E (G A W™ | e (CH)
S @ = w™t = Yprog (0, Cév[) = wmt! = "prrog(@vccluu)
Aw/m +2 € LIB(MC)) Aw/m+2 € L(B(MC))

@
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Universal LSC: Example

Sprechart -

2017-01-24 -

18-

LSC:  buy water
Al

C:  true .
AM:  invariant |:  strict
/
/ ‘ User ‘ ‘ CoinValidator ‘ ‘cp :ChoicePanel‘ Dispenser

/ %\
! \

T \

| |
| |
/ Z I ! )
\ / WA‘T | ! //
\ 4 ER !
\\ 7 1 l | //
|
\ cp -> water_in_stock | //
\
\ ‘ 1 !
7
/7
7
7
/
7
/
‘

Universal LSC: Example

-18 - 2017-01-24 - Sp

LSC:  buy water
Al true

59/66

~(C50!V E11V pSOFT!
V pTEA!V pFILLUP!

C:
AM:  invariant |:  strict ‘
/ \
// ‘ User ‘ ‘ CoinValidator ‘ ‘cp :ChoicePanel‘ Dispenser ‘ \\
/ I T T \
/ % 50 I I I \
/ v ‘ | !
/ / | |
\ 4 W 4‘ I !
\ PWATER |
\\ 7 | l |
i
\ cp -> water_in_stock | //
\
I
\ ! ; !
7
/
/
/
2
/
/
4
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Universal LSC: Example —

18 - 2017-01-24 - Sprechart -

g

E)

]

HOLDENBURG

LSC:  buy water
AC.  true
AM:  invariant |:  strict

, - o \
// ‘ User ‘ ‘ CoinValidator ‘ ‘ cp :ChoicePanel ‘ ‘ Dispenser ‘ \\
/ I T T \
/ % 250 I I I \
/ v ‘ | !
/\ ; | | } —=(C50!V E11V pSOFT!
\ PWATER } | V pTEA!V pFILLUP!
\ 2 |
I i
\ i
\ cp -> water_in_stock | //
\
\ ! /
7 d
7 WA TER
; I —(dSoft! v dTEA!)
7 o LT
/. !
2 ‘ ‘
7/ I I

59/66

Forbidden Scenario Example: Don’t Give Two Drinl F/—————

- 2017-01-24 - Sprechart -

T

OLDENBURS
HEE =

60766



Forbidden Scenario Example: Don’t Give Two Drinl F————

OLDENBURS
- BEE =

LSC:  only one drink
AC: true
AM:  invariant |1 permissive
\
J User | | Vend. Ma. \
/
/ E1l _ \

/ \

/ \
/ pSOFT \\
\ /

\ /

\\ SOFT /

/
\ =C50' \N—E1!
‘\ SOFT 7
\ /
i
false
"

art -

18 - 2017-01-24 - Sprec

Note: Sequence Diagrams and (Acceptance) Test

LS buy softdrink
AC:

rue
AM: _invariant_ _permissive_ |
! |
} User Vend. Ma. |

I
! E1 i
! |
! |
i pSOFT !
! :
| SOFT I
| I

,,,,,,,,,,,,,,,,,,,,,

LSC:  getchange
AC: ?rue &

AM: invariant I permissive

User Vend. Ma.

50

El

pSOFT

SOFT

chg-C50

o Existential LSCs* may hint at test-cases for the acceptance test!

(: as well as (positive) scenarios in general, like use-cases)

art -

- 18 - 2017-01-24 - Sprech:

60/66
L[SC: only one drink
AC: ue
AM: invariant _I: permissive
-
/ User Vend. Ma. \
/ \
/ Bl \
/ \
/ \
/ o \
i PSOFT \
\ /
\ /
T /
\ SOFT /
\ -ﬁCJU! A-E1]
\ SOFT
\ /
\ i
false ‘
7
61/66



Note: Sequence Diagrams and (Acceptance) Test

£ get change L[SC.only one drink
AC frue AC

/
~C50' N —E1!
7

AM: invariant I permissive AM: invariant I permissive
- .

} User Vend. Ma. } // User Vend. Ma. \\

| ' \
[5G buy softdrink I €50 | / El \
AC: true | | / \
AM: _invariant_I: _permissive i ! / y \
i y I B1 i / PSOFT \
! User Vend.Ma. | | ! | )

/

! £ i ! pSOFT ! \ sorr /
I } } | \
i PpSOFT ! | SOFT | \ SOFT

| | \ /
| ! |

I - I

| SOFT I ! chg-C50 ; false
! | | ‘4 ] 7

o Existential LSCs* may hint at test-cases for the acceptance test!

(x: as well as (positive) scenarios in general, like use-cases)

e Universal LSCs (and negative/anti-scenarios) in general need

18 - 2017-01-24 - Sprechart -

Note: Sequence Diagrams and (Acceptance) Test

ESC get change SC.only one drink
AC frue AC true

61/66

,
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o Existential LSCs* may hint at test-cases for the acceptance test!

(: as well as (positive) scenarios in general, like use-cases)

e Universal LSCs (and negative/anti-scenarios) in general need

(Because they require that the software exhibits the unwanted behaviour.)
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-18-2017-01-24

61/66



TBA-based Semantics of LSCs .
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(i) Givenan LSC.Z with body
((L7 57 N),I, Msg, Cond, Loclnv7 @)7

(i) constructa TBA B, and
(iii) define language £(.Z) of .Z in terms of L(B),

in particular taking activation condition and activation mode into account.
(iv) define language £(,M) of a UML model.

e Then M = .Z (universal) if and only if £L(M) C L(.Z).

And M | . (existential) if and only if L(M) N L(Z) # 0. 62
/66
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Tell Them What You’ve Told Them. . .
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Bichi automata accept infinite words

o if there exists is a run over the word,
o which visits an accepting state infinitely often.

The language of a model is just a rewriting

of computations into words over an alphabet.

An LSC accepts a word (of a model) if

Existential: at least on word (of the model)
is accepted by the constructed TBA,

Universion: all words (of the model) are accepted.

Activation mode initial activates at system startup (only),
invariant with each satisfied activation condition (or pre-chart).

Pre-charts can be used to state forbidden scenarios.

Sequence Diagrams can be useful for testing.

64/66

References

65/66



References

-18 - 2017-01-24 - main -

Crane, M. L. and Dingel, J. (2007). UML vs. classical vs. rhapsody statecharts: not all models are created equal.
Software and Systems Modeling, 6(4):415-435.

Damm, W. and Harel, D. (2001). LSCs: Breathing life into Message Sequence Charts. Formal Methods in System
Design, 19(1):45-80.

Harel, D. (1997). Some thoughts on statecharts, 13 years later. In Grumberg, O., editor, CAV, volume 1254 of
LNCS, pages 226-231. Springer-Verlag.

Harel, D. and Maoz, S. (2007). Assert and negate revisited: Modal semantics for UML sequence diagrams.
Software and System Modeling (SoSyM). To appear. (Early version in SCESM'06, 2006, pp. 13-20).

Harel, D. and Marelly, R. (2003). Come, Lets Play: Scenario-Based Programming Using LSCs and the Play-Engine.
Springer-Verlag.

Klose, J. (2003). LSCs: A Graphical Formalism for the Specification of Communication Behavior. PhD thesis, Carl von
Ossietzky Universitat Oldenburg.

OMG (2007). Unified modeling language: Superstructure, version 2.1.2. Technical Report formal/07-11-02.
OMG (201M1a). Unified modeling language: Infrastructure, version 2.4.1. Technical Report formal/2011-08-05.
OMG (2011b). Unified modeling language: Superstructure, version 2.4.1. Technical Report formal/2011-08-06.
Storrle, H. (2003). Assert, negate and refinement in UML-2 interactions. InJirjens, J., Rumpe, B., France, R., and

Fernandez, E. B., editors, CSDUML 2003, number TUM-10323. Technische Universitat Miinchen.

66/66



