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Softwaretechnik / Software-Engineering

Lecture 9: Live Sequence Charts

2016-06-06

Prof. Dr. Andreas Podelski, Dr. Bernd Westphal

Albert-Ludwigs-Universitat Freiburg, Germany

Topic Area Requirements Engineering: Content
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VL6 e Introduction
¢ Requirements Specification
o Desired Properties
o Kinds of Requirements

o Analysis Techniques

e Documents
e Dictionary, Specification
o Specification Languages
o Natural Language
VL7 o Decision Tables
@ Syntax, Semantics
® Completeness, Consistency, ...
VL 8 e Scenarios

® User Stories, Use Cases
® Live Sequence Charts

VL9 ® Syntax, Semantics
® Working Definition: Software

o Discussion 5
/56
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Content

o Excursion: Symbolic Bichi Automata

e LSC Semantics:
(e Cuts, Firedsets,
(e Automaton Construction
(e Full LSC (activation, chart mode)
e Pre-Charts
(e Requirements Engineering with scenarios
(e Strengthening scenarions into requirements
o Software, formally
e Software specification
e Requirements Engineering, formally
e Software implements specification
e LSCs vs. Software
e Software implements LSCs
e Scenarios and tests

‘e Play In/Play Out

e Requirements Engineering Wrap-Up

LSC Semantics
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The Plan: A Formal Semantics for a Visual Formalism
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oL b]
Oxo. *
AL

o N
oifins

concrete syntax ( ¢E.e ‘)

(diagram)

((£7 ja N):I, MSg,Cond, LOCan, @)

abstract syntax
{

N

~>

semantics
(Blichi automaton)

Excursion: Symbolic Biichi Automata
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From Finite Automata to Symbolic Biichi Automata w
Z(B)<T
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Rule

A: o= {0 1} 7{0 1}

M Biichi
> B @

Y, infinite words
M\l W = 000 J

Y 0.3
%@)-O('to)“’ ' w ggl gt(ﬁ))

‘8(‘*) (04) 0] w=ol B’: ¥ =1{0,1}

o uikO e

= 0 Moy O

2(¥) = [oi*4 0% W ~_Oo4o“’
symbolic
symbolic
Asym: =({z} - NN) Biym: =({z} =)
@ ‘”’6"(”) Biichi \.ﬁ”_(x\ .
0dd(z) infinite words odd(z

= (,{-=l) (.X‘S') (%= ({'\ (x= ) ¥ &.,(‘Asdu-)
W= (D) <2590V &L o)

7/56

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

B = (Cs,Q, gini,—, Qr)
where
o Cpis a set of atomic propositions,
* Qisafinite set of states, exprRE oS oves EB
o qini € Q is the initial state,

o — C Q x ®(Cp) x Q is the finite transition relation.

Each transitions (g, 1, ¢’) € — from state q to state ¢’
is labelled with a formula ¢ € ®(Cg).

o Qr C Qis the set of fair (or accepting) states.

8/56



Run of TBA
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Definition. Let B = (Cs, Q, ¢ini, —, Qr ) be a TBA and baoleass

w=01,02,03, € (@(CB) = IB)W‘\ ;wzmlt 37
an infinite word, each letter is a valuation of ®(Cx).

An infinite sequence
0=14q0,q1,G2,-- € Q
of states is called run of 5 over w if and only if

® qo = Gini»

o foreach i € Ny there is a transition (g;, ¥, gi+1) €— st. oy = ;.

(]
= (x=2){(=5) (e =4 )) Bom: = ({z} > )

even(x)

Example: (4a)
e: (1A' 9/61 1}\ . 1’61 . odd(z)

956

The Language of a TBA
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Definition.
We say TBA B = (Cg, Q, gini, —, Q) accepts the word

w = (0i)ien, € (2(Cs) — B)*

if and o @
k / Q:(Qi)iEJNO

over w such that
fair (or accepting) states are visited infinitely often by g, i.e., such that

Vie Nodj>i:q € Qr.

We call the set Lang(B) C (®(Cs) — B)“ of words that are accepted by 5
the language of B.

Bisym: Y= ({z} - N)
even(zx)

Example: (a1)

odd(z)

10/56



-9 -2016-06-06 - main -

LSC Semantics: TBA Construction

The Plan: A Formal Semantics for a Visual Formalism
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‘
|
—t !
. |

s
oy !
|
i

*{
|
. |
G
- |
|
|
|

concrete syntax
(diagram)

((L£,=,~),Z,Msg, Cond, Loclnv, ©)
abstract syntax

semantics
(Blichi automaton)
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LSC Semantics: It’s in the Cuts!
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$T4peer Tond
Definition. Let ((£, <, ~),Z, Msg, Cond, Loclnv, ©) be an LSC body.
A non-empty set ) £ C C L is called a cut of the LSC body iff C

o is downward closed, i.e.
VIl e Lol eCAI=I = l€EC,

o is closed under simultaneity, i.e.
Vi,ll e Lol'! cCANl~I = 1€, and

e comprises at least one location per instance line, i.e.
VIecZeCNI#DQ.

The temperature function is extended to cuts as follows:

0(C) = hot ,ifﬂlec.(ﬂl/ECOZ%Z’)/\@(Z)IhOt
" )cold ,otherwise

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

Cut Examples
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@ @ @

13/56

| 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

A Successor Relation on Cuts
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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 ((£, <, ~),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,

o all locations in F are direct <-successors of the front of C, i.e.
VIEFI' €Coll <IAN@I €Coll <1"),

locations in F, that lie on the same instance line, are pairwise unordered, i.e.
ViAZU e Foe(IT€eZe{l,I'}CI) = LAV AU A,
for each asxnghrongus message reception in F,
the corresponding sending is already in C,
V(I,E,l')eMsgel' ¢ F = leC.

The cut C’ = C U Fis called direct successor of C' via F, denoted by C ~ = C".

14/56
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Successor Cut Example
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@ D) ©)

CNF =0-CU Fisacut- only direct <-successors — same instance line on front pairwise unordered -

sending of asynchronoumeption already in
O

Language of LSC Body: Example
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~(F?7V GV GY)
F?A~(GIAG?)

The TBA B(.Z) of LSC.¥ over C and € is (C, Q, ¢ini, —, QF) with

o Cp =CU &y, where &p = {ELE? | E € £},

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

e — consists of loops, progress transitions (from ~~ £), and legal exits (cold cond./localinv.),

° QF ={C €Q|06(C) =coldV C = L} is the set of cold cuts and the maximal cut.

16/56
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TBA Construction Principle
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Recall: The TBA B(.&¥) of LSC .Zis (C, Q, Gini, —, QF) With

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

o Cgp =CU &y,

e — consists of loops, progress transitions (from ~~ #), and legal exits (cold cond./local inv.),
o F={C€Q|0O(C)=coldV C = L} isthe set of cold cuts.

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

== {(¢:V100p(0), @) | 7 € QY U{(@, Yprog(a,d"),d") | 4 ~7F ¢’} U{(q, Yexir(0), L) | € Q}

wloop(q): “what
allows us to stay at

_— cut q”

Yewit(q)
“what allows us to

.
legally exit”™~—_| Yprog(4,q"):

‘characterisation of
firedset F,,”

18756

TBA Construction Principle

Locl
AN ega™ (@, 40) V0G5 (4, 40)))
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“Only” construct the transitions’ labels:
—={(q, wloop(Q)’Q) lgeQ}tu {(wapmg(q’q/)’q,) g ~F q/} U {(q, Yeit(q), £) | ¢ € Q}

=4 fon, (@)

Wioop(a) = " (@) A ™ (@) Abegd™ (a)

Pewit ((I) =
(w5, (@) A ~EE™ (q))

h
V' Vicicn ($prog(a, ai)

Yprog (@5 an) = =bet (a.an)

M Cond Loclnv,
D (q, qn) A e (@ an) A pge (a5 an)
Loclnv,
AR (a, qn) A Vo™ (q, an)

19/56



Loop Condition

Proop () = PME(q) A Yrod™ (@) A pEad™ (q)

o pMsE(g) = “Vici<n PpMeE(g, ;) A (strict => /\ —p)
hEENMsg(L)

=:Pstrict (q)

Locl —
° Yy ™(q) = /\z:(z,L,qa,z',u)eLoclnv, ©(£)=0, Lactiveatq ¢

A location [ is called front location of cut C'ifand only if A1’ € L el < 1'.

Localinvariant (o, to, ¢, 11, ¢1) is active at cut (!) ¢
if and only if o < I < 11 for some front location [ of cutgorl =11 At; = .

o Msg(F)={E!|(,E,l'))eMsg, l € FYU{E?|(l,E,l') € Msg, I' € F}

o Msg(F1,..., Fn) = Ur<i<n Msg(Fi) Lo J[ » | fs |
Ca T

|

|

D__J i

9-2016-06-06 - St
)
|
\
\q

Progress Condition

Phot (a0, qi) = VMB(q, qn) A Vs (a, an) A o™ (gn)

M ) —
o VE(4:41) = Apemsglaing ¥ N Njzi Npemsg(a;\a)\Msg(ai\a) ¥
A (stm’ct - /\ ﬁw)
PE(Er7MMsg (L)) \Msg(F;)

=Ystrict (2,94 )
© ¥5(@00) = Ny=(L,6)econd, ©(1)=0, Ln(g:\0)#0

Loclnv,e N
o by (@,8i) = Nx=(1,0,6,1/ /') eLoclnv, ©(A)=0, A e-activeat g; P

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

o log<1=<1ly0r

e l=1IlygANtg=e,o0r ‘

e l=l1ANt1=e

for some front location [ of cut (!) q. e
> 7
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Example

Full LSCs
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A(€?) 41€7

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

o activation condition acg € ®(C),

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

o activation mode am € {initial, invariant},

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

Concrete syntax:

LSC: £

AC: c1

AM:_initial I _permissive |
L[ & ][ &

a¥!

A=F2a ~G-!

A162?

2256

23/56



Full LSCs
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AfullLSC.Z = (((£, =, ~),Z,Msg, Cond, Loclnv, ©), aco, am, © &) consists of

e body ((£,X,~),Z,
e activation condition
o strictness flag strict
e activation mode am

Msg, Cond, Loclnv, ©),
acg € ®(C),

(if false, . is permissive)
€ {initial, invariant},

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

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

5C %
AC: 1
AM: _initial I _permissive

Oy am = initial am = invariant

o Jw € Weuw’ = acA Jw e W33k € Ngew = ac A

8 w0 = ¢S (0, Co) Aw/1 € Lang(B(L)) wk = pEond(9, Co) Aw/k + 1 € Lang(B(Z))
- weWowohac: MEWMEH\Ioowk ac —>

2 w = $C9 (D, Co) Aw/1 € Lang(B(Z)) wk = 9Cend((, Co) Aw/k + 1 € Lang(B(Z))

Cond

where ac = aco A Py

Full LSC Semantics: Example

-9 -2016-06-06 - Slscsem -

K2

AC: c1
AM: initial |:  permissive

777777777 .
I I
L J e JLn |
| T |
| i
| : |
| B | |
1 [Tt | I
i PAFRN | I
| &, ! |
I | i
| |
I I - ! I
I [ I
| |
I v I
| G |
| i
| |
| i

(0, Co) A M0, Co); Co is the minimal (or instance heads) cut.

—(F?VGIVGY)
FIA-(G'AGY)

—(GIAG?)

2356
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Example: Vending Machine

rechart -
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o Positive scenario: Buy a Softdrink

(i) Insert one 1 euro coin.
(i) Press the ‘softdrink’ button.
(iii) Get a softdrink.

o Positive scenario: Get Change

(i) Insert one 50 cent and one 1 euro coin.
(i) Press the ‘softdrink’ button.
(iii) Get a softdrink.
(iv) Get 50 cent change.

o Negative scenario: A Drink for Free

(i) Insert one 1euro coin.

(i) Press the ‘softdrink’ button.
(iii) Do not insert any more money.
(iv) Get two softdrinks.

Example: Buy A Softdrink

chart

-9-2016-06-06 - Spn

LSC:  buy softdrink

AC: true

AM:  invariant | permissive
|

I User | | Vend. Ma. |
I

: E1

I

| pSOFT
I

|

| SOFT

|

|

OLDENBURG
HEE =

25/s6

}

OLDENBURG
CEE =

26/56



Example: Get Change

rechart -
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LSC: get change

AC: rue

AM:  invariant | permissive
:| User | | Vend. Ma. |
: 50

|

|

: F1 -
|

i pSOFT

|

|

| SOFT

|

|

| chg-C50

|

| 6 |

Anti-Scenarios: Don’t Give Two Drinks

rechart -

-9 -2016-06-06 - Spi

-C50!' N —E1! >
/

}

OLDENBURG

HEE =

S |

LSC:  only one drink
AC:  true
AM:  invariant |: permissive e
\
,/ ’ User ‘ ’ Vend. Ma. \\
/
e cht E1 !
/
/
/’ pSOFT
\
\
\\ SOFT
g \\ /
Y . SOFT ;
\ /
g - o false
v

g

2756

}

HEE =

OLDENBURG

g
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Pre-Charts

[SC:only one drink
AC:

true
AM: invariant |

-06 - Sprechart -

permissive ‘

/
i ‘ User

| [ Vend.Ma \\\

! El

/ pSOFT

\ SOFT

\ SOFT

C50! N —E1 D

/
/
/
/

false
2

5]

AfullLSC.Z = (PC, MC, aco, am,O )

consist of

e pre-chart PC = ((Lp,=2p,~p),Zp,Msgp, Condp, Loclnvp, © p) (possibly empty),

e main-chart MC = ((Lar, 2n,~M), Zar, Msgyr, Condyy, Loclnvyy, © ) (non-empty),

e activation condition acy € ®(C),
o strictness flag strict (if false, £ is permissive)
o activation mode am € {initial, invariant},

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

Universal LSC: Example

06 - Sprechart -

g

LSC:  buy water
AC.  true

29/56

AM:  invariant I
) — - T \
// ‘ User ‘ ‘ CoinValidator ‘ ‘ ChoicePanel ‘ ‘ Dispenser ‘ \\
/ T T T \
/ 2 50 I I | \
/ v ‘ | !
/\ ; | ! —(C50!V E1!V pSOFT!
\ pW/{TER } } V pTEA!V pFILLUP')
\ / |
"
\ - I
\ water_in_stock | //
\ | ,
\ N
7 d
7 WA TER
7 ! —(dSoft! v dTEA!)
7 ) | —
7
7 | !
v )
v i |
7 | |

30356



Pre-Charts Semantics
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TSConly one dink
AT tue
AM: _invariant I _permissive .

\
/ User Vend Ma_ |
\

/ E1 \

\
pSOFT |
I

/

\ SOF

\ SOFT. SC50' A ~EID>
7

\ SOFT !

\ /
\ /

false ‘

|

TSC buy water
ACT e

AN

e
invariant_I: _strict

\
/ User | [ Convalidator | [ ChoicePanel | [ Dispenser |
/ T T T \

% Il L Il \

7 | | 1

7 | ! (0301 BV pSOFT!

Az, I V pTEALV pFILLUPY

% IH.A“TL/? 1 I » » )
\
\ water_in_stock /

. /

7

7 WAy

A | (@Soft! v dTEA)

7 o |

7 |

7 i I

7 T i

7 ] !

O» am = initial am = invariant
Jw e WIm e Ngew’ = ac Jw e W3Ik<meNyewh = ac
- Aw® = (0, CF) Aw* = (@, 0F)
§ Aw/l,...,w/m € Lang(B(PC)) Aw/k+1,...,w/m € Lang(B(PC))
A g0, o) A g, O
ANw/m+1 € Lang(B(MC)) Aw/m +1 € Lang(B(MC))
Vwe W ew’ = ac Vw € WVk<meNyew” |= ac
A’ = (0, CF) At = U0, CF)
5 Aw/l,...,w/m € Lang(B(PC)) Aw/k+1,...,w/m € Lang(B(PC))
< m one m on:
Aw™ = et (0,651 Aw™ g5 (0,C37)
= " = 9GE0. C5h) = W™ 9GE e, C)h)
ANw/m+1 € Lang(B(MC)) Aw/m + 1€ Lang(B(MC))

Requirements Engineering with Scenarios

-9 -2016-06-06 - Sstrengthen -

) O
o o

Customer  Developer Customer  Developer
announcement offer
(Lastenheft) (Pflichtenheft)

One quite effective approach:

(i) Approximate the software requirements: ask for positive / negative existential scenarios.

4By |
| g |

Customer  Developer
software contract
{incl, Pflichtenheft)

N

Developer
software delivery

Customer

(i) Refine result into universal scenarios (and validate them with customer).

That is:

o Ask the customer to describe example usages of the desired system.

In the sense of: “If the system is not at all able to do this, then it's not what | want.”

(— positive use-cases, existential LSC)

o Ask the customer to describe behaviour that must not happen in the desired system.
In the sense of: “If the system does this, then it's not what | want.”

(— negative use-cases, LSC with pre-chart and hot-false)

e Investigate preconditions, side-conditions, exceptional cases and corner-cases.
(— extend use-cases, refine LSCs with conditions or local invariants)

o Generalise into universal requirements, e.g, universal LSCs.

o Validate with customer using new positive / negative scenarios.

31/56
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S trengz‘hen%mz

Nechet) )

S cen(éﬁgs Into Requirements

Customer  Developer
announcement
(Lastenheft)

Strengthenjzg Scengﬁg

offer
(PRichtenheft)

Customer  Develop
software contract
lincl PAichtenheft)

Into Requirements
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il

14

&*%E@A\

Devcloper
software delivery

T IR F |

Customer Developer Customer

'afie!

oy

5
e o _cevctper coomer cevps
“"?°“£§§§Rf"‘ Friennet e otare dlvry
o Ask customer for (pos./neg.) scenarios, note down as existential LSCs:
oo | [oomie | [ o ] [ o |

bottom reached

stop

down pressed

‘pasition — hottom

| [ controter ] [

Motor

Buton | Controller |

[ motor

down pressed

down released

[SC. movedown 1

invariant |- _strict

ove down

;
/| Buton | [ contioler [ motor
/

\

\ down pressedl

\

\ position # battam

f bottom yeached

stop

I
i move down,

1

1

1

1

1

|

; \
/| Buton Controller Motor |\

down pressed__|

‘position = bottom

~ove dowin

7

Jabse,
T T

down2
ant I strict

/

[SC dontm
AMivariant I striet

Controller

down pressed

Bunnn

pasition Yru//um>

/ \ /
\ down pressed / /;
N position # bottom i’ 7777777 \
Friove down, ? Sbottom_reached > Y,
[downreleasedy .. .
! stop |
I i

V down releaseq
i

o Re-Discuss with customer using example words of the LSCs' language.

be ol
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Tell Them What You’ve Told Them. . .

oyt~
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Live Sequence Charts (if well-formed)

o have an abstract syntax.
From an abstract syntax, mechanically construct its TBA.

A universal LSC s satisfied by a software S if and only if

o all words induced by the computation paths of S

o are accepted by the LSC’s TBA.

An existential LSC is satisfied by a software S if and only if
o there is a word induced by a computation path of S

o which is accepted by the LSC's TBA.

Pre-charts allow us to specify

e anti-scenarios (“this must not happen”),

o activation interactions.

Method:

o discuss (anti-)scenarios with customer,
o generalise into universal LSCs and re-validate.

References
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