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© Whenever the CrossingCtrl has consumed a ‘secreq’ event

@ then it shall finally send 'lights_on’ and ‘barrier down’ to LightsCtrl and BarrierCtrl,

if LightsCtrl is not ‘operational’ when receiving that event,
the rest of this scenario doesn’t apply; maybe there’s another LSC for that case.
o if LightsCtrl is ‘operational’ when receiving that event,

it shall reply with lights ok’ within 1-3 time units,

.

the BarrierCtrl shall reply with ‘barrier-ok’ within 1-5 time units, during this time
(dispatch time not included) it shall not be in state "MvUp',

© “lights_ok’ and "barrier_ok’ may occur in any order.

 After having consumed both, CrossingCtrl may reply with ‘done’ to the environment.
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Contents & Goals

Last Lecture:
* Reflective vs. constructive description of behaviour

« Live Sequence Charts: syntax, intuition

This Lecture:
« Educational Objectives: Capabilities for following tasks/questions.
» What does this LSC mean?
 Are this UML model’s state machines consistent with the interactions?
» Please provide a UML model which is consistent with this LSC.
» What is: activation, hot/cold condition, pre-chart, etc.?

« Content:
« Symbolic Biichi Automata (TBA) and its (accepted) language
o LSC formal semantics.

Reaall: LSC Body — Abstract Syntax

Let © = {hot, cold}. An LSC body is a tuple
(I.(&£,=),~, % Msg, Cond, Loclnv)

where

+ L is a finite set of instance lines, (el assirrded il « dex CET

* (£, =) is a finite, non-empty, partially ordered set of locations,
each | € ¢ is associated with a temperature 6(1) € © and an instance line i € I,

* ~C ¥ x Zis an equivalence relation on locations, the simultaneity relation,

S = (T,%,V, atr W) is a signature,

Msg C % x &% 2 is a set of asynchronous messages o
with (1,b,1') € Msg only if L~ I', S

Not: instantaneous messages — could be linked to péthod/operation calls.

Cond C (2 \ 0) x Eapr,, x © is a set of conditjghs

with (L, expr.0) € Cond only if [ ~ ' for all L,I£ L, i Cestir
m local invariants,

o Loclny C . x {o, e} x Eipro, x © x £ x {o

Example

Reall: Live Sequence Charts Syntax

(1.(£.<),~,.7, Msg, Cond, Loclnv)
MsgC £ xEx L
Cond C (2% '\ 0) x Ezpr, x ©

Loclny C

£ x {o,0} x Eapry x © x £ x {o,0}

T=tva}, R):G,.

LA (olut), (o, ctd), .3

s x| todlu,-

tos S Oy, Coz by, B € b, . f

flog =1 B, A ), - ] ~ =3 (t, 23
Cund =1 (T2t} G38), bot) .3
Lag b = § (6,0, 0=0), 0ld, €05, 2]




Reaall: Well-Formedness Course Map

v
Bondedness/no floating conditions: (could be relaxed a little if we wanted to) ‘?{f’w QDE
&
« For each location [ € ., if L is the location of RET - op.sm e ocL ep, 5D 8
« a condition, i.e. Uyt = o o
3 (L, expr,0) € Cond : l € L, S = (T.C.V,atr), SM capr 7,50~ (TL@<), )
3 7N
T oY
+ alocal invariant, i.e. 0, H N L
3Ly, ir, eapr, 0.1y, i) € Lochnv : 1 € {I, 1}, or M= (5 Az =) B, @sp.a0. A =50 Fsp)
S 20 0
then there is a location I equivalent to [ which is the location of u] 22 é(\
« 2 message, i.e. T = (70.%) LD—;‘—‘. (1,61) . W A w0y = (o, consy, Snd) ey
3(lh,bl2) € Msg : 1 € {I1,1s}, or A\
) .(1 '2)” g {l. 12} oo w50
« an instance head, i.e. ' is minimal wrt. <. \l\
O
. . . . . 7 oD
Note: if messages in a chart are cyclic, then there doesn't exist a partial order g
(so such charts don't even have an abstract syntax). g
Trar D 8a7
TBA-based Semantics of LSCs Formal LSC Semartics: It'sin the Cuts
Plan: o Let (I, (&, =),~,, Msg, Cond, Loclnv) be an LSC body.
« Given an LSC L with body « A non-empty set
(I,(Z, =), ~, %, Msg, Cond, Loclnv) VACC”Z
is called a cut of the LSC body if and only if
« Construct a TBA By, — taking the cuts of L as states. is called a cut of the LSC body if and only i
+ Define £(L) in terms of £(By), o it is downward closed, i.e. VI,I': ' € CAL< 1 = l€C,
in particular taking activation condition and activation mode into account. o itis closed under simultaneity, i.e. V1,I': ' € CAl~1 — L€ C, and
o it comprises at least one location per instance line, i.e. Vi€ I 3l e C:ii=i.
10747 b
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Live Sequence Charts Semantics

Formal LSC Semartiics: It’'sin the Cuts

o Let (1,(.Z, %), ~,.7,Msg, Cond, Loclnv) be an LSC body.

« A non-empty set
h#Cccy
is called a cut of the LSC body if and only if
o it is downward closed, i.e. VI,I':I' € CAL =l = l€C,

o it is closed under simultaneity, i.e. V1,I':1'€ CAl~1' = 1€ C, and

© it comprises at least one location per instance line, i.e. Vie I 3l e C: iy =1i.

» A cut C'is called hot, denoted by §(C) = hot, if and only if at least one
of its maximal elements is hot, i.e. if

JleC: () =hot "Bl eC: 1<
Otherwise, C is called cold, denoted by 6(C) = cold.

1167



Examples: Cut or Not Cut? Hot/Cold?

(i) non-empty set f # C C .2,

(ii) downward closed, i.e.
YLI:VeCAIZ! = leC

(ii) closed under simultaneity, i.e.
YLU:VeCAl~I = leC

(iv) at least one location per instance line, ie. |,
Viel3leC:i=i,

L0

o C1={l10,120,130}

o Cy={li1 2,150}

o Cy={lo.ha}

o Cr={lio li1,20,l30} ! :
o Cs={lohalor b lao} ' ~ )
o Co=2\{l3 a3} i
CC—w

1267

Idea: Accepting Words by Advancing the Cut

Let w = (04, cons;, Snd;);cw, be a word over . and Z.

Intuitively (and for now disregarding cold conditions),
an LSC body (I, (£, <), ~,.#, Msg, Cond, Loclnv) is supposed to accept w
(under valuation #3) if and only if there exists a sequence

YIRS E
il oo Oy s, e oo C, X2 [ abt”
sk bus bobecls 0T TR R T T )\:;
and indices i, < --- < i, such that s o [ail.
J“’; M
© Cj consists of the instance heads, < i A7

o forall1<j<n,

o for all i; <k < ijs1, (on, consk, Sndy)
satisfies (under 3) the hold condition of Cj_1,
o (04, consi,, Snd.,) satisfies (under 3) e
the transition condition of Fy, N
o Cuiscold, Cn<f

o forall in <k, (Brpii, ti;)

satisfies (under ) the jiold condition of C,,
k*\m‘d[

A Swceesr Relation onCuts

The partial order of (£, <) and the simultaneity relation “~" induce a direct
successor relation on cuts of . as follows: 7>

o Let C,C" C .2 bet cuts. (" is called direct successor of C' o
vla_ﬁl‘r/e;gjgtF@éenoted by C'~~p C’, if and only if };

(=]
« C'\C=F,
« for each message reception in F', the corresponding sending is already
in C,
o locations in F', that lie on the same instance line, are pairwise
unordered, i.e. €I, ustante L of £ P @

VLU EF LA Nij=iy = LZUAI 21

° @ F isw closed under simultaneity, (’V/

o In other words: locations in F' are direct =<-successors of locations in C, i.e.

VIeFIeC:I=IANB" eC: I <" <1
13/

Excursus: Symbalic Biichi Automata (over Sgnaure)

1747

Sweesor Cut Examples

i) F#0,
(i) C'\C=F,
(iil) message send before receive,

(iv) locations on same instance line unordered, i.e.
VLU EF: LAV Aiy =iy = LAUAL AL

1477

Symbali c Biichi Automata

Definition. A Symbolic Biichi Automaton (TBA) is a tuple
B = (Ezprg, X, Q. Gini» —» QF)

where
o Eaprys is a set of expressions over logical variables from X,

© @ is a finite set of states, qu‘the initial state,

o — C Qx Eapry x Q is the transition relation.

Transitions (g, ezpr,q’) from g to ¢ are labelled with a constraint
expr € Eaprys over the kighatsamdsha variables.

* Qr C Q is the set of fair (or accepting) states.

1847



Run a Not Run Examples

TBA Example [ Boprs. X, Q= Qr) ]

Ekf(,f fdéqy);

@. —a(z,y) 7@lyy),
a(x,y) o |>, “"ny
@ @zfiu A

Lia= 7,

(*)T"hsf

19747

Vi € No 3 (i, i, gi+1) € — : (03, consi, Snds) =g i

0= (@)ievo, 0= Gunir

W

R=

&, Bpaluyl (2 b 2aluy))
< fn «las] ~dw.2)
6, Fp aluy), 52 kel
& Fy bGya e

o b el a J(y;()

9,825 % %
.jl_.:ub-”-—“-'
by by b by
% 5. 02 3 5y

~
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Word

Definition. Let Exzpry; be a set of expressions over logical variables
X. and let ¥ be the set of interpretation functions of Ezpry, i.e.

S = Bopry x (X — 2(X)) — {0.1}.
For o € ¥, we write o =g expr if and only if o(eapr, 3) = 1.

A word over Ezrpry is an infinite sequence of interpretations of
Ezprys
(0i)ien, € X¥.

We SRy aligl  fEfxb e g2
e, are) oy )

20747

The Languag of a TBA

Definition.
We say B = (Eaprg, X, Q. gini»—, Qr) accepts w (under valua-
tion /3: X — (X)) if and only if B has a run

—_—

(:)ien,
over w such that fair (or accepting) states are visited infinitely
often, that is,
VieNo3j>i:q € Qp.

We call the set Lg(B) of words over . that are accepted by B
under j the language of B.

237

Run o TBA over Word

Languag of the Example TBA

on. Let B = (Ezpry, X, Q, ¢ini, — Qr) be a TBA and
w = (0;)ieN, € ¢
a word over Exprg.
An infinite sequence
0=40,q1, G2, € QY
is called run of B over w under valuation 3 : X — Z(X) if and
only if
® qo = Gini,

o for each i € Ny there is a transition (g;, %, i+1) €— such
that -7

i g i

L£;5(B) consists of the words

where there exist 0 < n < m < k < ( such that

by) A e
(04, Snd;, cons;)ien,

for 0 <i<n, oi Epaliy)
on Ep alig)
forn <i<m, oi fn byl
om Ep g A omd
o form<i<k, o F,s((}»y)
o o Epd(yr)
o fork<i<l, o ealx|
© o Fplix), o
om b blylnac

2147
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Backto Main Track: Live Sequence Charts Semarntics

2547

Languag of LSC Body: Intuition

Br = (Eaprg, X, Q: gini,—> Qr) with
© Eapry = Ezpro, (V. 6(7))
© Qs the set of cuts of (£, <), qini is the instance heads cut,
« F={C€Q|0(C) = cold} is the set of cold cuts,
* — consists of
* loops (g,4,9).
o progress transitions (g,%,¢), and
o legal exits (q,%,.%)

s

“what allows us to
stay at this cut”

. “characterisation
“what allows us to “ o
3 ally omit” of firedset Fy
s O
does wef
Py

Reaall Idea: Accepting Words by Advancing the Cut

Let w = (0, cons;, Snd;)icn, be a word over . and 2.

Intuitively (and for now disregarding cold conditions),

an LSC body (I, (%, =), ~, %, Msg, Cond, Loclnv) is supposed to accept w
(under valuation 3) if and only if there exists a sequence

Co~p Crvopy Cpeeevp, O

and indices i < -+ < i, such that

» Cq consists of the instance heads,
o forall1<j<n,
o foralli; <k <ijy1, (ok, consk, Sndx)
satisfies (under 3) the hold condition of C;_1,
o (01, consi,, Snd,, ) satisfies (under 3)
the transition condition of Fj,
* Cyp is cold,
o forall iy <k, (B pi; o ti,)
satisfies (under j3) the hold condition of Cy.

Sgnd andInteger Expressons

Let ¥ = (7,%.V, atr) be a signature and X a set of logical variables.

The signal and integer expressions Eupr - (V, £(7)) over 7 are defined by

the grammar:
= true | expr \\ =t |y VP,

where expr € Expr,, E€ &, x,y€ X. maéy
_vm({x,g,y)

Y

2947

Languag of LSC Body

The language of the body
(I,(£,=),~,7,Msg, Cond, Loclnv)
of LSC L is the language of the TBA
By = (Baprg, X, Qs Ginis =, Qr)
with
o Bapry = Eapr, (V.6()
» Q is the set of cuts of (.Z, <), gin: is the instance heads cut,

2 = (€ € Q[ 0(C) = cold) is the set of cold cuts of (Z, <),
« — as defined in the following, consisting of

« loops (¢,4,9),
o progress transitions (g,1,¢'), and

o legal exits (¢,v¢,.2).

2747

Saisfaction of Signd and Integer Expressons

Let (0, cons, $nd) € (5% x 37(OXERED) y 99(6)xEs(&.2)x7(6)) be
letter of a word over ./ and Z and let 3 : X — (%) be a valuation of the
logical variables in X .
o (0, cons, Snd) f=g true
o (0, cons, Snd) =5 = if and only if not (o, cons, Snd) =4 W
« (0, cons, Snd) =5 1 V 2 if and only if
(0, cons, Snd) |=5 1y or (o, cons, Snd) = Vs

—— stuws D o
« (0, cons, Snd) =5 capr if and only if@:ppr (g =) debuebi it

« (0, cons, Snd) =g E

L \if and only if (8(x), (E.d). 8(y)) € Snd

« (0, cons, Snd) =5 EZ iffand only if (3(x), (B, d)) € cons

30747



Sdisfaction o Sgnd andInteger Expressons

Let (0, cons, Snd) € (BF x 22(O)XBus(.2)  92(€)x Bvs(8,2)x2(€)) e 5
letter of a word over . and Z and let 3 : X — Z(%) be a valuation of the
logical variables in X .

o (0, cons, Snd) f=g true
« (0, cons, Snd) =5~ if and only if not (a, cons, Snd) =5 1
o (0, cons, Snd) =g 11 V 1y if and only if
(0, cons, Snd) =5 11 or (o, cons, Snd) |=p 12

« (0, cons, Snd) |=5 expr if and only if I[expr](o,3) = 1
« (o, cons, Snd) =5 E., , if and only if ((x), (E,d), B(y)) € Snd
« (0, cons, Snd) =5 E if and only if (8(x), (E,d)) € cons
Observation: if the semantics has “forgotten” the sender at consumption

time, then we have to disregard it here (straightforwardly fixed if desired).
Other view: we could choose to disregard the sender.

30747

Same More Helper Functions
« Constraints relevant when moving from ¢ to cut ¢":
¥(g,d)={v|3led\¢l'e Z,0€0]|

(1,0, expr,0.1') € Loclnv v (I, eapr, 0,1, ) € Loclnv}

Uy |3leql ¢q.0€0]|
(L. expr,0,1') € Loclnv v/ (I', expr, 0,1) € Loclnv}

U{e | ILC Z,0 €0 (L,,0) € Cond A LN (¢ \ q) # 0}

3347

Example: TBAover Sgnd andInteger Expressons

true

3147

Even More Helper Functions

» Cold constraints relevant when moving from ¢ to cut ¢’:
Yeotd(0,¢) = (¥ |l ed \ql' € |
(1. o, expr, cold, ') € Loclnv V (I', expr, cold, I, ¢) € Loclnv}
Uy |3leql ¢d|
(1, eapr, cold, I') € Loclnv V (I', expr, cold, 1) € Loclnv}
U{¢ 3L C.Z| (L, cold) € Cond ALN(q"\ q) # 0}

3447

Same Helper Functions

Staching o7 b
« Messages oéocation: $(e's,¢") M, /e(_(\/ s
‘ 9 < =

B({li,-.,1n}) i= B) U---UB(l,).
« Constraints relevant at cut ¢:

Wla)={¢|3leql ¢q|(1,v.0,0') € LocinvV (I',1,0,1) € Loclnv},

Reall: Intuition

Br = (Epr, X, Q. gini, =, QF) with
© Expry = Ezpr, (V. 6(7))
© Qs the set of cuts of (£, <), qini is the instance heads cut,
« F={CeQ|0(C) = cold} is the set of cold cuts,
* — consists of
o loops (g,%,9),
o progress transitions (g1, ¢), and
o legal exits (¢,%,.2).

nt Brecv
and vt (' rcv

“what allows us to
stay at this cut”

“characterisation
of firedset F,”

“what allows us to
legally exit”

true (] g

BC)= fUse) @d o)

327




Loops P

Example

a F

o

Cuts
» How long may we legally stay at a cut ¢?

o Intuition: those (o;, cons;, Snd;) are allowe
to fire the self-loop (g, 1, q) where

o cons; U Snd; comprises only irrelevant messages:
o weak mode: (paswetsive

no message from a direct successor cut is in,

strict mode:

no message occurring in the LSC is in,

© 0 satisfies the local invariants active at ¢

And nothing else.

o Formally: Let F:=F “-U F, is be the union of the firedsets of ¢.
o b= ~(\EBF) A A (o). } werle wode

g
shick + ad 2(Vhg)
Vi Tae3,6e), el 0 (wo g ){m« I

3‘4,:'; ¥ B, v e, (6,0 s
) 36747
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Progress

« When do we move from ¢ to ¢'? A

o Intuition: those (o;, cons;, Snd;) fire the
progress transition (q,, ¢') for which there
exists a firedset I such that ¢ ~p ¢ and

* cons; U Snd; comprises exactly the messages that
distinguish I from other firedsets of ¢ (weak mode)
and in addition no message occurring in the LSC is B c”
; . : 9% A
in cons; U Snd; (strict mode),

« 0 satisfies the local invariants and conditions relevant at ¢'.

o Formally: Let [ Fi....,F, be the firedset of ¢ and ¢~ ¢’ (unique).

o b= ABE) AD(UBEFE) U---UB(F) \ B()) AAv(g.q),
i el e wags, and wo ol
Ut - i_rdse/ —fioed 2t canclbo,s o7
. invanaers
<o rhvant T g
371
. . o iny,
Finally: The LSC Semartics o "ot
) st /
A full LSC L consist of ey
« abody (I, (£, <), ~, %, Msg, Cond, Loclnv), -
« an activation condition (here: event) ac € B, ( "
« an activation mode, either initial or invariant, ; 47!
+ a chart mode, either existential (cold) or universal (hot). ; [ &y /’

%W satisfies L, denoted W' |= L, iff L
© universal (= hot), initial, and
Ywe W VG : X — dom(wo) e w activates L = w € L(BL).
« universal (= hot), invariant, and
Yw €W ¥k €Ny V8: X — dom(wy) e w/k activates L = w/k € L£(By).
o existential (= cold), initial, and
JweW 38: X — dom(wo) e w activates L A w € L(BL, st £

« existential (= cold), invariant, and ety P

JweW 3keNo 36: X — dom(ws) o w/k activates LA w/k € £(BL). elemont

G

=

¢
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Legal Bxits = (@ oS0 a

(e'._. s, aas.) At e .

s (v20]
2 | W
» When do we take a legal exit from ﬁ “

o Intuition: those (a;, cons;, Snd;) fire the
legal exit transition (¢, v,.%) for which there
exists a firedset F' and some ¢’
such that ¢ ~5 ¢’ and

 cons; U Snd; comprises exactly the messages that
distinguish F* from other firedsets of ¢ (weak mode),
and in addition no message occurring in the LSC is
in cons; U Snd; (s
0 o: does usl sa
« Formally: Let F,..

o = Vi, AB(F) A=(V(B(F) U---UB(Fn)) \ B(F)) A teoa(q, di).
[ —_— 7 —

mode At
ai)aa(l m‘/w'né(mw)

' be the firedset of g with g ~r, g..

e ol e fan Lt o
7y g
et 7 wir
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Interactions as Refledive Description

In UML, reflective (temporal) descriptions are subsumed by interactions.
A UML model M = (¢2,54,02,.9) has a set of interactions .# .
An interaction Z € .# can be (OMG claim: equivalently) diagrammed as
sequence diagram, timing diagram, or
communication diagram (formerly known as collaboration diagram).

Interactions as Refledive Description

In UML, reflective (temporal) descriptions are subsumed by interactions.

A UML model M = (€2, 54,69, .7) has a set of interactions ..

An interaction Z € .# can be (OMG claim: equivalently) diagrammed as
sequence diagram, timing diagram, or

ion diagram (formerly known as collaboration diagram).

Back to UML: Interactions

Interactions as Refledive Description

In UML, reflective (temporal) descriptions are subsumed by interactions.
A UML model M = (€2, 54,62, 7) has a set of interactions .%.
An interaction Z € .# can be (OMG claim: equivalently) diagrammed as
sequence diagram, timing diagram, or
« ication diagram (formerly known as collaboration diagram).




Why Sequence Diagrams? Thus: Live Sequence Charts Sde Note: Protocol Statemachines

Most Prominent: Sequence Diagrams — with long history: « SDs of UML 2.x address some issues, yet the standard exhibits Same direction: call orders on operations
« Message Sequence Charts, standardized by the ITU in different unclarities and even W [Harel and Maoz, 2007, Strrle, 2003] o “for each C instance, method f() shall only be called after g() but before h()"
versions, often accused to lack a formal semantics. /, Gk @ \ o For the lecture, we consider Live Sequence Charts (LSCs) Can be formalised with protocol state machines.
+ Sequence Diagrams of UML Lx . . [Damm and Harel, 2001, Klose, 2003, Harel and Marelly, 2003], who brotocl state machines.
/ \ have a common fragment with UML 2.x SDs [Harel and Maoz, 2007]
Most severe drawbacks of these formalisms: . « Modelling guideline: stick to that fragment. ()sﬂ .

o unclear interpretation:
example scenario or invariant?

© unclear activation:

) £0 La
oS
what triggers the requirement?

et
,’/ Environment
o unclear progress requirement: [Exromer] \O‘;ﬁ"’ losr %)

must all messages be observed? ~ X0

; A barrier down,
H « conditions merely comments 7 pbemer down g
. © no means to express 7 (001 I QD
i i A | barier.ck |
g forbidden scenarios ; !
P S—
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