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Nowadays...

Real-time systems +
industrial partners

- Modelling of
“coordinators” in
real-time OS Hybrid programs
- Model checking - Lince tool
mMany variations - ICTAC

made easier

p:=0; v:=2;

while true do {
if v<=10
then p'=v,v'=5 for 1
else p'=v,v'=-2 for 1

}

Team Automata

(Multi)
synchronisation of
automata

Communication
properties

Different setting:
dynamic logic,
variability,
realisability, ...

FM, ICTAC

Choreographies

Multi-party
session types

“Formal” message
sequence charts

Pomsets

ECOOP, ISOLA



This talk: pomsets
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Choreographies

(Branching) pomsets

Realisability
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Choreographies

- What is a system
of communicating
agents

1:ctrrilirun

Outline N

2:ctrr1?irun 3:ctrr2lirun

l

5:rictrl:done 4:ctrr22:run

Pomsets
\

— 2l

What iS a pomset 6:rictr?:done ‘7:r2ctrl:donei

G

Semantics as a set of pomsets

8:r2ctr?:done

Semantics as a branching pomset

Realisability via pomsets

Local view of the behaviour

Realisable:

Goal: Infer realisability from sufficient
conditions over the global view



Choreographies

(a»b:int; boc:bool) || a»cint

Alice communicates an integer to Bob,
after which Bob communicates a boolean to Carol.
Simultaneously, Alice communicates an integer to Carol.



Choreographies

(a»b:int; boc:bool) || a»ciint

a b c
par
int
P>
bool
int
|




Mostly standard semantics

a-b:x
ab?x
C.C
cC+cC

cl|c



(Mostly) Standard Semantics

cu=1
(a—b:int ; b»c:bool) || a—c:int

a>bix L.} (a—b:int ; b—c:bool) || ac?int
ap?Xx A, (ab?int ; b—c:bool) || ac?int

N
c;C 2b7nt, b seibool || ac?int
C+cC bcooly be?bool | ac?int

-
cllc 2 be?bool

bc?bool 1

c* -



https://lmf.di.uminho.pt/b-pomset/?(a-%3Eb:int%20;%20b-%3Ec:bool)%20%7C%7C%20a-%3Ec:int

Weak sequential composition

a b C

int

bool

int




Weak sequential composition

a b c

int

a—b:int : b—»c:bool : a—c:int

blint : .
s ab?int ; b—c:bool ; a—c:int

lint : :
2= ab?int : b—c:bool : ac?int

7c? int

I4



https://lmf.di.uminho.pt/b-pomset/?a-%3Eb:int;b-%3Ec:bool;a-%3Ec:int

Partial termination
(Rensink and Wehrheim 2001)

v / 1
If c; — ¢} and co = b then ¢1 ;0 = ¢ ; G

® |f c; is independent of the subject of £ then ¢ i> Cy.

® If ¢ can;esolve choices to be independent of the subject of £
then ¢; — .

: v/
® Otherwise c; 2.


https://lmf.di.uminho.pt/b-pomset/?a-%3Eb:int;b-%3Ec:bool;a-%3Ec:int

Partial termination: allowing actions

‘/ac!int

® ab7int : b—c:bool —— ab?int ; b—c:bool

. ‘/ac.in
® ab?int ; b»c:bool A<=

. . ‘/ad?x . .
® a—-b:x+a-cx — a—=b:x+a-cx

. . ‘/ba!x .
® 3D X+a3a—->C.X —— a—C:X

‘/a?x

® a—-Dh: X+ a—C:X



https://lmf.di.uminho.pt/b-pomset/?a-%3Eb:int;b-%3Ec:bool;a-%3Ec:int
https://lmf.di.uminho.pt/b-pomset/?a-%3Eb:int;b-%3Ec:bool;a-%3Ec:int

How big Is the state-space?

a—b:x:a—b:x:a—-b:x;a—-bx

r

# states:

0(n?)



https://lmf.di.uminho.pt/b-pomset/?a-%3Eb:int;b-%3Ec:bool;a-%3Ec:int
https://lmf.di.uminho.pt/b-pomset/?a-%3Eb:int;b-%3Ec:bool;a-%3Ec:int

How big Is the state-space?

(m-wi:t; wi-m:d) || (m—wa:t ; wp—m:d)

wim?d

# states:

o(5")



https://lmf.di.uminho.pt/b-pomset/?a-%3Eb:int;b-%3Ec:bool;a-%3Ec:int
https://lmf.di.uminho.pt/b-pomset/?a-%3Eb:int;b-%3Ec:bool;a-%3Ec:int

Pomsets: more compact?

a—b:x;a—b:x;a—-b:x;a—=bx

ablx —— ablx —> ablx —— ablx

N

ab?x —— ab?x —— ab?x —— ab?x



https://lmf.di.uminho.pt/b-pomset/?a-%3Eb:int;b-%3Ec:bool;a-%3Ec:int
https://lmf.di.uminho.pt/b-pomset/?a-%3Eb:int;b-%3Ec:bool;a-%3Ec:int
https://lmf.di.uminho.pt/b-pomset/?a-%3Eb:int;b-%3Ec:bool;a-%3Ec:int

Partially ordered multiset (Pratt 1986)

a—b:x:a—b:x:a—-b:x:a-=b:x

By sy B O(n)
{ei <e |i<jA(jiseven V iisodd)}, O(n?)
b! if /is odd
o {2000 10 o
ab?x if i is even
rel > €3 > €5 ’eTN (ablx—>ab!x—>ab!x—>ab!x\
€2 > €4 > €6 > €8 || ab?7x ——> ab?x —> ab?x ——> ab?x

\ 2 N i



https://lmf.di.uminho.pt/b-pomset/?a-%3Eb:int;b-%3Ec:bool;a-%3Ec:int

Semantics

All traces that follow the
causal dependencies
between events

ablx

ablx

ab?x

Vo

"3

ablx —— ablx —— ablx —— ablx

T

ab?x —— ab?7x —— ab?x ——> ab7x

~N

37

s

.

ablx —— ablx —— ablx

L

ab?x —— ab?x —— ab?x —> ab?x

N

J

e

o

ablx — ablx

-

ab?7x —— ab?x —> ab?x —> ab7x

B,

-~

ablx —— ablx

_

ab?7x —— ab?x—> ab7x

™\

J



https://lmf.di.uminho.pt/b-pomset/?a-%3Eb:int;b-%3Ec:bool;a-%3Ec:int

Another

example

(m->wi:t; wi—m:d) || (m->wa:t ; wo—m:d)

S

€& — €, > €6 > €8

Z NG

(er,... e}, O(n)
{e;<e|i<jAi=jmod 2}, O(n?)
{61 — mwilt, ..., es i—)Wzm?d}> O(n)
{6‘1—>E‘3 > €5 >e7\ (mwl!t—>mw1?t—>w1m!d—>w1m?d

mwslt — mwy 7t — wom!ld — wom?d

N

J



https://lmf.di.uminho.pt/b-pomset/?a-%3Eb:int;b-%3Ec:bool;a-%3Ec:int

Choices - the dark side

(a—b:y +a—b:n) ; (b—c:y + b—c:n) ; (c—d:y + c—d:n)

O(n) states



https://lmf.di.uminho.pt/b-pomset/?a-%3Eb:int;b-%3Ec:bool;a-%3Ec:int

Choices - the dark side

(a—b:y + a—b:n) ; (b—c:y + b-c:n) ; (c»d:y + c—d:n)

ably — ab?y
bcly — bc?y

cdly —> cd?y

abln —> ab?n
bcly — bc?y

cdly —> cd?y

ably —> ab?y

bcly —> bc?y

«

cdln — cd?n

abln —> ab?n

bcly — bc?y

/

cdln —> cd?n

ably — ab?y

/

bc!ln —> bc?n

cdly —> cd?y

abln — ab?n
=

bcln —> bc?n

cdly — cd?y

O(2") pomsets

ably —> ab?y

/

bcln —> bc?n

/

cdln —> cd’n

ab!ln —> ab?n
P

bcln —> bc?n
i

cdln —> cd?n



https://lmf.di.uminho.pt/b-pomset/?a-%3Eb:int;b-%3Ec:bool;a-%3Ec:int

Branching

pomMsets
(to the rescue)

B =401, « s 05l f
C—=p | {81,32}

Here: B = {C1,(C2,C3}, where
C1= {{ela 62}7 {e3? 64}},

Co = {{65’ eﬁ}v {37768}} and
C3 = {{ev, €10}, {e11, €12} }-

SR 'SR
€1 €3
= o

Bt )

~— CHoIC —

2N
€5 €7
6 3
kgﬂx%—c
CHQ

r/—HVI—CZ >4—v—\‘
€9 €11
€10 €12

\ y 9 ¥

~
r—CHOICE
. SR
ably abln
ab?y ab?n
., ;%X%_/
CHQICE
r/ﬁr"ﬂé >srw
bcly bcln
bc?y bc?n
" ;_%X%_/
CHJICE
rf_V_A >srv—\
cdly cdln
cd?y cd?n
\ A
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— CHOICE ~
A

ably abln abln
ab?y ab?n ab?n ab?n

¢ ;A\’X%—’ ) /
CHQICE CHOICE CHOICE
r-(_V_A >l_‘ ) rf_A /7 Vo i r/_A V. AR N
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Refining: resolving choices

p

~ CHOICE ~
- N
— CHOICE ~

r——E balx —> ba7x )

ablx —> ab7x J

;AEbd!x—> bd?x} > dalx —> da?x
. J

A

\ J/

W

aclx —> ac?’7x——> calx—> ca?x )

\

| J
- /
4
~— CHOICE ~ E
4 N
| >balx —> ba?x
N J
ab!x — ab7x > g l
| >bd!x —> bd?x > dalx —> da?x
) .
. J
A




Refining: resolving choices

' B
~ CHOICE ~
- N\
~ CHOICE ~
=
[—~E balx —> ba?x
.
ablx —> ab?x X b
l——Ebd!x—> bd7x B> dalx —> da?x
J A
' J
o J
( ]
aclx —> ac?x——> calx —> ca?x ]
-
_ J
2 /
R

-
—~ CHOICE ~

[ab!x —> ab?x ——> bd!x —> bd7x }—> dalx —> da?x

3 |

[ac!x —> ac?x—> calx—>ca’x ]

. J
N /




Refining: resolving choices

~

-
~ CHOICE N

@ N
— CHOICE ~

ﬁ{ba!x — ba?x
ablx — ab?x % v
;{bd!x—> bd?x > dalx —> da?x

A A

~N

J
\ 4

N

aclx —raclx—>calx—> ca?’x ]

N
\_ J

[ab!x —> ab?x —— bdlx —> bd?x —— dalx —> da?x]




Enabling: maximal refinement wrt “e”

~ CHOICE ~
=
~ CHOICE ~
<
ﬁ% balx —> ba?x i
-
;{bd!x%bd?x > dalx —> da?x
\ /J W
-
[ac!x —aclzx—>calx —> ca?x}
\_ J
L ¥ /
Enabling e; (A(e1) = ab'x)
4 i
~— CHOICE ~
. N
| iba!x —> ba?x
ablx — ab?x | ; % l
' > bd!x — bd?x > dalx —> da?x
- g J
\ J




Enabling: maximal refinement wrt “e”

~— CHOICE
/ E;
~— CHOICE ~
——{balx — ba?x
ablx —> ab?x \ l
;-Ebd!x—> bd?x 5 da?x
& ) A
A _/
2 ™\
aclx—> actx —> cald¥—>ca’x
\_ W,
kk 2 P
Enabling €11 (A(e11) = dalx)
((-CHOICE ~ A
X
[ab!x—*ab?x—* balx —> ba?x o7
¢ dalx —> da7?x

)

[ac!x —>aclx——>calx—>ca?’x
J

. J
o J




From choreographies to B-Pomsets

[a—b:x ; ((b—c:x + d—e:x) || c—a:x])]



From choreographies to B-Pomsets

[a—b:x; ((b—c:x + d—e:x) || c—a:x)]

[ab!x—mb?xj : [bc!x—>bc?xj + [de!x—>de?x] | [ca!x—>ca?x]




From choreographies to B-Pomsets

{ab!x—>ab?xj y [bc!x—>bc?x] + [de!x—>de?x]

[ca!x —> ca?x]

r ™
— CHOICE ~

[ bclx — bc?x]

Y

[de!x —> de?x]

p
~— CHOICE ~
\§ J

™ [bc!x — bc?x]
(S J

¥ [de!x—)de?x]

— CHOICE \ - J

’i%bc!xﬂ bc?xj calx —>ca?x
L y,

ab!x —> ab?x [de!x—>de?x]
’ & J
y

calx —> ca?x
o J

A




From choreographies to B-Pomsets

Theorem

If [...] then choreography c is bisimilar to branching pomset |c]|.

lLemma

If [...] and ¢ 5 ¢ and [c;] X [c5] then ¢ LN c; if and only if

lc1; co]| can enable the corresponding event e.



Tool support

Q

Choreography

I (a=>b:int ; b->c:bool)
2 ||

J a=->c:int

| =

Examples 1

=

Sequence Diagram (Choreo only)

a b c

int

Global B-Pomset

https://Imf.di.uminho.pt/b-pomset

Global B-Pomset (extended)

B-Pomset Semantics

Trace:

undo

Enabled
transitions:
ablint

aclint

t:abl:int |

v

2:ab:int |

v

Lo

' 4:bc?:bool | 6:ac?:int

3:bc!:bool 5:ac!iint

Choreo Semantics (without added dependencies for b-pomsets)

Q

Q




B-Pomsets are not choreographies

T @/E}%T
b |[dFtFrH—h
|
d—C g a CE <7i>
| L] |
b @—»h b |[dH—Ff——h
N/ y




B-Pomsets are similar to
Event Structures

fa >(; >¢ >g\
S
b d i >h

® add conflict relation; two conflicting events may not occur
together in the same execution

above: {(c,d), (e, f)}

® most classes of event structures define variations on causality
and/or conflicts


https://lmf.di.uminho.pt/b-pomset/?a-%3Eb:int;b-%3Ec:bool;a-%3Ec:int

~ CHOICE

-

— CHOICE ————————

Realisability

[
calr—> ca’r
L

d )
>acly —> ac?y
¢ )

5 ]

v

cblr — cb?r
L

>ac!ln — ac?n ¢
L

.

J

~ CHOICE =

-E bcly — bc?y
.

\
—Ebc!n — 5> BeTh

/
\_

calt —> ca’t
A Carol
(f-CHOICE 1
- Y
— CHOICE —
v : |>ac?y | Y
cb!t —> cb?t ! |
4 ! cal.r Ci't
. »ac?n
Alice Sy
( ~CHoice ~ CHOICE—
( f-CHOICEﬁ\ bc?y -
cb!r cb!t
e | [ acly } ¥ bc?n ?
ca’r ca’t i
L—acln 4 —
—
A\ o
|
{ )|
J
) P


https://lmf.di.uminho.pt/b-pomset/?a-%3Eb:int;b-%3Ec:bool;a-%3Ec:int
https://lmf.di.uminho.pt/b-pomset/?a-%3Eb:int;b-%3Ec:bool;a-%3Ec:int

Checking realisability of

Well-Branched Tree-like
- Every choice has - “Arrows” cannot
a “leader” “leave” choices
Well-Channeled Choreographic
- “Sends” and - It represents
“receives” of the ‘some”
same agents choreography

must be in the
same order

B-Pomsets



p
— CHOICE w

.

ablyes —> ab?yes

balyes — ba?yes

ab!no — ab7no

balno — ba’no

.

J

-

1

"
ablint —— ab?int

ab!bool —— ab?bool
S

Examples

&
R,

&8'

— CHOICE

E balyes —> ba?yesj

ablint — ab?int

C

l f:ba!no—>ba?noj

Y

ab!bool — ab?bool ™

~\

/

L

-
— CHOICE

[ab!yes —> ab?yes

> ablint — ab?int

[ab!no — ab7no

1

\

w\

J |
;

J)

A



Examples

ill-branched
OK

e ~

-
— CHOICE ~

- balyes — ba?yes " lf—E balyes — ba?yes]
N — 7
Rf — Rg — | ablint —> ab?int

ablno — ab7no l l——Eba!no—> ba?no]

ab!bool — ab?bool

ablyes —» ab?yes

/

balno — ba7no

\

J
\g J -
~— CHOICE N 1
([ ¥
ablint ——> ab?int [ab!yes—>ab?yesJ l
& _ & _
Rp©™ = R;Z = o ——T
ab!bool —— ab?bool [ab!no —_ ab?no] T

= Not tree-like

ill-channelled



Choreographies

What is a system
of communicating
agents
(asynchronous)

sl 73

Wrap up

Pomsets

What is a pomset

Semantics as a set of pomsets

1:ctrrilirun

N

2:ctrr1?irun 3:ctrr2lirun

l

5:rictr!:done 4:ctrr2?:run

\

6:rictr?:done 7:r2ctr!:done

4—4—4/

8:r2ctr?:done

Semantics as a branching pomset

Event Structures & Realisability
Realisable:

- Sufficient conditions for realisability



