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Quick recap — Rigorous design workflow

Validate first, then generate the code 

A sequence of semantics-preserving transformations

2

• User	requirements	
• Model	in	any	other	
supported	formalism	

BIP	model	
instan9a9on	

• Applica9on	model	in	
BIP	
• Pla<orm	architecture	
• Mapping	

Model	
transforma9on	 • Abstract	system	

model	in	BIP	
• Communica9on	
primi9ves	

Model	
transforma9on	

• Concrete	system	
model	in	BIP	

Code	
genera9on	 • Generated	code	

Simula9on	and	
execu9on	



S.Bliudze @ VTSA, Nancy, 1st of September, 2023 /  77 

Quick recap — The BIP language

Provide a higher-level abstraction 
for coordination of concurrent 
components 
Behaviour = Components 
Finite State Machines with variables 

Interaction = Connectors  
Define allowed synchronisations 

Priorities 
Strict partial order on interactions
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Outline
Practical aspects 
Overview of the RSD approach 
CubETH case study 
Operational semantics  
BIP language introduction 

Theoretical aspects 
Connector modelling 
Architectures: design patterns for BIP 
Connector synthesis 
Expressiveness study
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Interaction modelling
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Connectors

Connectors are tree-like structures 
 ports as leaves and nodes of two types 
Triggers (triangles or diamonds) — nodes that can “initiate” an interaction 
Synchrons (bullets) — nodes that can only “join” an interaction initiated by others 

In practice, maximal progress is implicitly assumed
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Connector examples
The Algebra of Connectors 

Strong synchronisation:          pqr                       pqr 

Broadcast:                   p + pq + pr + pqr           p’qr 

Atomic broadcast:               p + pqr                   p’[qr] 

Causal chain:             p + pq + pqr + pqrs        p’[q’[r’s]]
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The Algebra of Connectors

Operators

Union (+) – idempotent, associative, commutative, identity [0] 

Fusion (⋅) – idempotent, associative, commutative, identity [1] 
                   distributes over union ([0] is not absorbing) 

Typing ([⋅], [⋅]’) 

Semantics: 
8

The Algebra of Connectors AC(P )

Syntax:

s ::= [0] | [1] | [p] | [x] (synchrons)

t ::= [0]′ | [1]′ | [p]′ | [x]′ (triggers)

x ::= s | t | x · x | x + x | (x)

Operators:

+ union idempotent, associative, commutative, identity [0]

· fusion idempotent, associative, commutative, identity [1]

distributes over union ([0] is not absorbing)

[·], [·]′ typing (often denoted [·]α for some trigger/synchron typing α)

Semantics: is given by a function | · | : AC(P ) → AI(P ).

|p′qr|
def
= p(1 + q)(1 + r)

EMSOFT’07, 01/10/2007 S.Bliudze, J. Sifakis “The Algebra of Connectors — Structuring Interaction in BIP” 17/29

<latexit sha1_base64="biZXkExSq0BSO7aipq8eUAZHlWU="></latexit>

|p0qr| def
= p(1 + q)(1 + r) = p+ pq + pr + pqr
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Equivalence of connectors
Semantic equivalence is not a congruence

Consider ≅, the largest congruence contained in ≃ 

For any x, y and any typing                             For monomial x, y
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x ' y
def() |x| = |y|

butp+ pq ' p0q,

p[qr] ' [pq]r, s0p[qr] 6' s0[pq]r

<latexit sha1_base64="f41ot/GchDcOY7eewmYRIo4vDVs=">AAACGnicbVDLSgMxFM3UV62vUZeKBIsoCGVGRF0W3bhswT6gLSWTZtpgJpMmGaGULv0GN35IN25cKOJO3PgN/oSZ6Sy09ULCyTnncnOPJxhV2nG+rMzc/MLiUnY5t7K6tr5hb25VVRhJTCo4ZKGse0gRRjmpaKoZqQtJUOAxUvNur2K9dkekoiG/0QNBWgHqcupTjLSh2rYrJDyGoi9hk4e6qWhA+lAcxu8UJ3J8pca2nXcKTlJwFrgpyBd3x+Xv+71xqW1/NDshjgLCNWZIqYbrCN0aIqkpZmSUa0aKCIRvUZc0DOQoIKo1TFYbwQPDdKAfSnO4hgn7u2OIAqUGgWecAdI9Na3F5H9aI9L+RWtIuYg04XgyyI8Y1CGMc4IdKgnWbGAAwpKav0LcQxJhbdLMmRDc6ZVnQfWk4J4VTssmjUswqSzYAfvgCLjgHBTBNSiBCsDgATyBF/BqPVrP1pv1PrFmrLRnG/wp6/MHZhKiSQ==</latexit>

pr + pqr 6' p0qr ' p+ pq + pr + pqr

but

x ’ y()½x"! ffi ½y"!: ð17Þ

Proof. The right-to-left implication is trivial. To prove the

left-to-right implication, by definition of the congruence

“ffi ,” we have to show that, for any expression

E 2 ACðP [ fzgÞ, we have Eðx=zÞ ’ Eðy=zÞ. Without

loss of generality, we can assume that z only occurs

once in E. Due to the distributivity of fusion and typing

over union, it is sufficient to prove the implication

x ’ y ¼) ½x"! ' w ’ ½y"! ' w ð18Þ

for any monomial w 2 ACðP Þ and any typing ! 2 f0; 1g.
Applying this argument iteratively, we will obtain the

required equivalence Eðx=zÞ ’ Eðy=zÞ.
Let us now prove (18) under the assumptions

above. By symmetry, it is sufficient to prove that
k ½x"! ' w k ( k ½y"! ' w k, i.e., for any interaction
a 2 k ½x"! ' w k, we also have a 2 k ½y"! ' w k.

We have to consider four different cases according to
the value of ! and the degree #w:

1. ! ¼ 0, #w ¼ 0,
2. ! ¼ 1, #w ¼ 0,
3. ! ¼ 0, #w > 0, and
4. ! ¼ 1, #w > 0.

Notice that case 4 follows from cases 2 and 3 by
application of the reduction axiom (3d) (or, equivalently,
Lemma 4.4). The proofs of the other three cases are
similar. Here, we prove case 3. The other two cases can
be treated in the same way. Taking ! ¼ 0 and #w > 0,
we have to show that, for any a 2 k ½x" ' w k, we also
have a 2 k ½y" ' w k.

From the definition of the interaction semantics “k ' k”
of ACðP Þ, we deduce that a can be decomposed as a ¼
a1 [ a2 for some a1 2 kxk or a1 ¼ ; and a2 2 kwk. If
a1 6¼ ;, we deduce from x ’ y that a1 2 kyk and, conse-
quently, a ¼ a1 [ a2 2 k ½y" ' wk, which ends the proof. tu

Lemma 5.3. For x; y 2 ACðP Þ, x ffi y iff xz ’ yz, for all

monomials z 2 ACðP Þ.
Proof. Follows directly from Definition 5.1 and Proposi-

tion 5.2. tu
Theorem 5.4. Letting x; y 2 ACðP Þ be two nonzero monomial

connectors, we then have

x ffi y()
x ’ y
x ' 10 ’ y ' 10
#x > 0, #y > 0:

8
<

: ð19Þ

Proof. The left side obviously implies the right side: The

third condition is obtained by comparing x ' p ' q and

y ' p ' q, where p; q 2 P are two ports participating neither

in x nor in y. Therefore, we only have to show that the

three conditions on the right-hand side imply x ffi y.

By Lemma 5.3, it is sufficient to show that, for any

monomial term z 2 ACðP Þ, we have x ' z ’ y ' z. As both

x and y are also monomials, we have, for some fxigni¼1,

fyigmi¼1, and fzigli¼1 in ACðP Þ and some typing f!igni¼1,

f"igmi¼1, and f#igli¼1 in f0; 1g,

x ) ½x1"!1 ' . . . ' ½xn"!n ; y ) ½y1""1 ' . . . ' ½ym""m;
z ) ½z1"#1 ' . . . ' ½zl"#l :

ð20Þ

As in Proposition 5.2, we have to consider four cases
according to the degrees of x, y, and z. However, the
case, where all three degrees are positive, can be derived
from the other three.

In each case, we have to show that kxzk ¼ kyzk.
However, by symmetry, it is sufficient to show that
kxzk ( kyzk, i.e., for an arbitrary interaction a 2 kx zk,
we also have a 2 ky zk.

Case 1 ð#x ¼ #y ¼ #z ¼ 0Þ. By the definition of
interaction semantics “k ' k” of ACðP Þ, there exist a0 2
kxk and a1 2 kzk such that a ¼ a0 [ a1. Recall now that
x ’ y and, consequently, we also have a0 2 kyk, which
immediately implies a 2 ky zk.

Case 2 ð#x;#y > 0;#z ¼ 0Þ. There exist a0 2 kxk and
a family fai 2 kzikgi2I indexed by some I * ½1; l" such
that a ¼ a0 [

S
i2I ai. As above, we deduce that a0 2 kyk

and, consequently, a 2 kyzk, as we also have #y > 0.
Case 3 ð#x ¼ #y ¼ 0;#z > 0Þ. Similarly to the pre-

vious case, there exist a0 2 kzk and a family fai 2 kxikgi2I
indexed by some I * ½1; n" such that a ¼ a0 [

S
i2I ai.

Rewriting x ' 10 as a sum of terms of degree one (cf.
Lemma 4.4), we have

x ' 10 ¼
X

k2T ðxÞ
½xk"0

Yn

j¼1
j6¼k

½xj" þ 10
Yn

j¼1

½xj" ’
X

J*½1;n"

Y

j2J
½xj"

and similarly for y ' 10.
By the choice of ai, we have

[

i2I
ai 2

Y

i2I
½xi"

!!!!!

!!!!! * kx ' 1
0k ¼ ky ' 10k;

and there exists J * ½1;m" such that
S
i2I ai 2 k

Q
j2J ½yj"k.

Hence, a ¼ a0 [
S
i2I ai 2 kz '

Q
j2J ½yj"k * ky ' zk. tu

The following two corollaries are used for the axioma-

tization of the Algebra of Triggers, defined in Section 4.3.2.

Corollary 5.5. For x 2 ACðP Þ such that #x > 0, we have

x ' 00 ffi x.

Proof. For monomials, the proof is straightforward and

consists of applying the procedure described in the

previous sections to verify that both x ' 00 ’ x and

x ' 00 ' 10 ’ x ' 10. The condition that the degrees of both

sides are simultaneously nonzero is guaranteed by the

assumption of the lemma. In the general case, we apply

distributivity, observing that all monomials also have

nonzero degrees. tu
Note 5.6. Notice that the proof above does not make use of the fact

that x and y are monomials. Indeed, it is sufficient to require

that they have the form (20). Theorem 5.4 can also be easily

generalized to arbitrary x and y having strictly positive degree

(recall Definition 4.3).

Corollary 5.7. For any x; y; z 2 ACðP Þ, we have

1. ½x"0 ½y" ½z" ffi ½x"0 ½½y"0 ½z"0" and
2. ½x"0 ½y"0 ffi ½½x"0 ½y"0"0.

BLIUDZE AND SIFAKIS: THE ALGEBRA OF CONNECTORS— STRUCTURING INTERACTION IN BIP 9

<latexit sha1_base64="PjNt0fvvcxfoRq864+DRsX0Jl8Q="></latexit>

x ' y () [x]↵ ⇠= [y]↵
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Incrementality & transformation of connectors 
Incremental construction 

 

Transformation (separate one port from the connector)
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Example 1
8

Example 1
slide courtesy of 

Marco Pagnamenta



S.Bliudze @ VTSA, Nancy, 1st of September, 2023 /  77 12
8

Example 1
8

Example 1
slide courtesy of 

Marco Pagnamenta



S.Bliudze @ VTSA, Nancy, 1st of September, 2023 /  77 

Theory of architectures

Design patterns for BIP 

How to model? 

How to combine? 

How to specify?

13

Architectures enforce characteristic properties. 
The crucial question is whether these are 
preserved by composition?

[Attie et al, SEFM '14]



How to model?
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Example: Lock

15

sleep

work

b1f1

b1 f1
sleep

work

b2f2

b2 f2
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Example: Lock
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Example: Lock
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Example: Lock
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An architecture is...

16

A = (C, PA, �)

b1 f1 b2 f2
free

taken

b12f12

b12 f12

Set of coordinating 
behaviours

Interface (ports)

Interaction model
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...an operator…

…transforming  

a set of components 

into a composed BIP system 

where

17

A(B) def
=

⇣
� n P

⌘
(B [ C)

A = (C, PA, �)
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P
def
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[

B2B[C
PB ,
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� n P
def
=
�
a ✓ 2P

�� a \ PA 2 �
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A1 �A2
def
= (C1 [ C2, P1 [ P2, �)
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�
def
=
�
a ✓ 2P

�� a \ P1 2 �1 ^ a \ P2 2 �2
 

= (�1 n P ) \ (�2 n P )
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Fig. 1: Behaviour (a) and coordinator (b) for Ex. 1.

2.2 Architecture composition

As will be further illustrated in Sect. 3, architectures can be intuitively under-
stood as imposing constraints on the global state space of the system [3, 5]. More
precisely, component coordination is realised by limiting the allowed synchroni-
sation possibilities, thus imposing constraints on the transitions components can
take. From this perspective, architecture composition can be understood as the
conjunction of their respective constraints. This intuitive notion is formalised by
the two definitions below.

Definition 5 (Characteristic predicates). Let � ✓ 2P be an interaction
model over a set of ports P . Its characteristic predicate ('� : BP ! B) 2 B[P ]
is defined by putting

'�
�
=

_

a2�

0

@
^

p2a

p ^
^

p 62a

p

1

A .

For any valuation v : P ! B, '�(v) = tt if and only if {p 2 P | v(p) = tt} 2 �. A
predicate ' 2 B[P ] uniquely defines an interaction model �', such that '�' = '.

Definition 6 (Architecture composition). Let Aj = (Bj , Pj , �j), for j =
1, 2 be two architectures. The composition of A1 and A2 is an architecture A1 �
A2 = (B1 [ B2, P1 [ P2, �'), where ' = '�1 ^ '�2 .

The following lemma states that the interaction model of the composed be-
haviour consists precisely of the interactions, such that both their projections on
the interfaces of the composed architectures belong to the corresponding inter-
action models. In other words, these are precisely the interactions that satisfy
the coordination constraints imposed by both composed architectures.

Lemma 1. Consider two interaction models �i ✓ 2Pi , for i = 1, 2, and let
' = '�1 ^'�2 . For an interaction a ✓ P1[P2, a 2 �' i↵ a\Pi 2 �i, for i = 1, 2.

Proposition 1. Architecture composition ’�’ is commutative, associative and
idempotent.

Example 2 (Mutual exclusion (contd.)). Building upon Ex. 1, let B3 be a third
behaviour, similar to B1 and B2, with the interface {b3, f3}. We define two addi-
tional architecturesA13 andA23 similar toA12: for i = 1, 2,Ai3 = ({Ci3}, Pi3, �i3),
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' = '�1 ^'�2 . For an interaction a ✓ P1[P2, a 2 �' i↵ a\Pi 2 �i, for i = 1, 2.

Proposition 1. Architecture composition ’�’ is commutative, associative and
idempotent.

Example 2 (Mutual exclusion (contd.)). Building upon Ex. 1, let B3 be a third
behaviour, similar to B1 and B2, with the interface {b3, f3}. We define two addi-
tional architecturesA13 andA23 similar toA12: for i = 1, 2,Ai3 = ({Ci3}, Pi3, �i3),

()'(v) = ttv : P ! B,
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where, up to the renaming of ports, Ci3 is the same as the behaviour C12 in
Fig. 1(b), Pi3 = {bi, b3, bi3, fi, f3, fi3} and �i3 = {;, bibi3, b3bi3, fifi3, f3fi3}. The
composition of these three architectures, (A12�A13�A23)(B1, B2, B3), ensures
mutual exclusion among the work states of all three behaviours.

Notice that

'�12 ⌘ (b1 ) b12) ^ (f1 ) f12) ^ (b2 ) b12) ^ (f2 ) f12) ^
(b12 ) b1 XOR b2) ^ (f12 ) f1 XOR f2) ^ (b12 ) f12) .

Intuitively, the implication b1 ) b12, for instance, means that, for the port b1
to be fired, it is necessary that the port b12 be fired in the same interaction.
By considering the similar expressions for '�13 and '�23 , it is easy to compute
'�12 ^ '�13 ^ '�23 as the conjunction of the following implications:

b1 ) b12 ^ b13 , f1 ) f12 ^ f13 , b12 ) b1 XOR b2 , f12 ) f1 XOR f2 , b12 ) f12 ,

b2 ) b12 ^ b23 , f2 ) f12 ^ f23 , b13 ) b1 XOR b3 , f13 ) f1 XOR f3 , b13 ) f13 ,

b3 ) b13 ^ b23 , f3 ) f13 ^ f23 , b23 ) b2 XOR b3 , f23 ) f2 XOR f3 , b23 ) f23 .

Finally, it is straightforward to obtain the interaction model for A12�A13�A23:

{; , b1b12b13 , f1f12f13 , b2b12b23 , f2f12f23 , b3b13b23 , f3f13f23} .

Again, assuming that the initial states of B1, B2 and B3 are sleep, whereas
those of C12, C13 and C23 are free, one can observe that, neither of the states
(·, ·, ·, work, work, ·), (·, ·, ·, work, ·, work) and (·, ·, ·, ·, work, work) is reachable in
(A12 �A13 �A23)(B1, B2, B3).

2.3 Hierarchical composition of architectures

Proposition 2. Let B be a set of behaviours and let A1 = (C1, P 0
a, �1) and

A2 = (C2, P 00
a , �2) be two architectures, such that P 0

a ✓ P 0 �
=

S
B2B[C1

PB and

P 00
a ✓ P 00 �

=
S

B2B[C1[C2
PB. Then A2(A1(B)) = (A1 �A2)(B).

Proposition 3. Let B1,B2 be two sets of behaviours, such that P1\P2 = ;, with
Pi =

S
B2Bi

PB, for i = 1, 2. Let A1 = (C1, P 0
a, �1) and A2 = (C2, P 00

a , �2) be two
architectures, such that P 0

a \ P2 = ;. Then A2(A1(B1,B2)) = A2(A1(B1),B2).

We now generalise Def. 4 to the case where Pa 6✓
S

B2B[C PB . This means
that the architecture imposes constraints on some ports which are not present
in any of the control or base behaviours. In other words, the system obtained by
applying the architecture to a given set of behaviours is not complete. The result
can then itself be considered as an architecture that can be further applied to
additional behaviours in order to complete the system.

Definition 7. Let A = (C, Pa, �) be an architecture and B be a set of behaviours.

Let P =
S

B2B[C PB. A partial application of A to B is an architecture A[B] �
=

(B0, P[Pa, � k 2P\Pa), where B0 �
= (�P k 2P\Pa)(C[B) with �P = {a \ P | a 2 �}

and the operator ’k’ as in Def. 4.
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and the operator ’k’ as in Def. 4.

sleep

work
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b1 f1
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work
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b3 f3
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b1 f1 b2 f2
free

taken

b12f12

b12 f12

6

where, up to the renaming of ports, Ci3 is the same as the behaviour C12 in
Fig. 1(b), Pi3 = {bi, b3, bi3, fi, f3, fi3} and �i3 = {;, bibi3, b3bi3, fifi3, f3fi3}. The
composition of these three architectures, (A12�A13�A23)(B1, B2, B3), ensures
mutual exclusion among the work states of all three behaviours.

Notice that

'�12 ⌘ (b1 ) b12) ^ (f1 ) f12) ^ (b2 ) b12) ^ (f2 ) f12) ^
(b12 ) b1 XOR b2) ^ (f12 ) f1 XOR f2) ^ (b12 ) f12) .

Intuitively, the implication b1 ) b12, for instance, means that, for the port b1
to be fired, it is necessary that the port b12 be fired in the same interaction.
By considering the similar expressions for '�13 and '�23 , it is easy to compute
'�12 ^ '�13 ^ '�23 as the conjunction of the following implications:

b1 ) b12 ^ b13 , f1 ) f12 ^ f13 , b12 ) b1 XOR b2 , f12 ) f1 XOR f2 , b12 ) f12 ,

b2 ) b12 ^ b23 , f2 ) f12 ^ f23 , b13 ) b1 XOR b3 , f13 ) f1 XOR f3 , b13 ) f13 ,

b3 ) b13 ^ b23 , f3 ) f13 ^ f23 , b23 ) b2 XOR b3 , f23 ) f2 XOR f3 , b23 ) f23 .

Finally, it is straightforward to obtain the interaction model for A12�A13�A23:

{; , b1b12b13 , f1f12f13 , b2b12b23 , f2f12f23 , b3b13b23 , f3f13f23} .

Again, assuming that the initial states of B1, B2 and B3 are sleep, whereas
those of C12, C13 and C23 are free, one can observe that, neither of the states
(·, ·, ·, work, work, ·), (·, ·, ·, work, ·, work) and (·, ·, ·, ·, work, work) is reachable in
(A12 �A13 �A23)(B1, B2, B3).

2.3 Hierarchical composition of architectures

Proposition 2. Let B be a set of behaviours and let A1 = (C1, P 0
a, �1) and

A2 = (C2, P 00
a , �2) be two architectures, such that P 0

a ✓ P 0 �
=

S
B2B[C1

PB and

P 00
a ✓ P 00 �

=
S

B2B[C1[C2
PB. Then A2(A1(B)) = (A1 �A2)(B).

Proposition 3. Let B1,B2 be two sets of behaviours, such that P1\P2 = ;, with
Pi =

S
B2Bi

PB, for i = 1, 2. Let A1 = (C1, P 0
a, �1) and A2 = (C2, P 00

a , �2) be two
architectures, such that P 0

a \ P2 = ;. Then A2(A1(B1,B2)) = A2(A1(B1),B2).

We now generalise Def. 4 to the case where Pa 6✓
S

B2B[C PB . This means
that the architecture imposes constraints on some ports which are not present
in any of the control or base behaviours. In other words, the system obtained by
applying the architecture to a given set of behaviours is not complete. The result
can then itself be considered as an architecture that can be further applied to
additional behaviours in order to complete the system.

Definition 7. Let A = (C, Pa, �) be an architecture and B be a set of behaviours.

Let P =
S

B2B[C PB. A partial application of A to B is an architecture A[B] �
=

(B0, P[Pa, � k 2P\Pa), where B0 �
= (�P k 2P\Pa)(C[B) with �P = {a \ P | a 2 �}

and the operator ’k’ as in Def. 4.
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where, up to the renaming of ports, Ci3 is the same as the behaviour C12 in
Fig. 1(b), Pi3 = {bi, b3, bi3, fi, f3, fi3} and �i3 = {;, bibi3, b3bi3, fifi3, f3fi3}. The
composition of these three architectures, (A12�A13�A23)(B1, B2, B3), ensures
mutual exclusion among the work states of all three behaviours.

Notice that

'�12 ⌘ (b1 ) b12) ^ (f1 ) f12) ^ (b2 ) b12) ^ (f2 ) f12) ^
(b12 ) b1 XOR b2) ^ (f12 ) f1 XOR f2) ^ (b12 ) f12) .

Intuitively, the implication b1 ) b12, for instance, means that, for the port b1
to be fired, it is necessary that the port b12 be fired in the same interaction.
By considering the similar expressions for '�13 and '�23 , it is easy to compute
'�12 ^ '�13 ^ '�23 as the conjunction of the following implications:

b1 ) b12 ^ b13 , f1 ) f12 ^ f13 , b12 ) b1 XOR b2 , f12 ) f1 XOR f2 , b12 ) f12 ,

b2 ) b12 ^ b23 , f2 ) f12 ^ f23 , b13 ) b1 XOR b3 , f13 ) f1 XOR f3 , b13 ) f13 ,

b3 ) b13 ^ b23 , f3 ) f13 ^ f23 , b23 ) b2 XOR b3 , f23 ) f2 XOR f3 , b23 ) f23 .

Finally, it is straightforward to obtain the interaction model for A12�A13�A23:

{; , b1b12b13 , f1f12f13 , b2b12b23 , f2f12f23 , b3b13b23 , f3f13f23} .

Again, assuming that the initial states of B1, B2 and B3 are sleep, whereas
those of C12, C13 and C23 are free, one can observe that, neither of the states
(·, ·, ·, work, work, ·), (·, ·, ·, work, ·, work) and (·, ·, ·, ·, work, work) is reachable in
(A12 �A13 �A23)(B1, B2, B3).

2.3 Hierarchical composition of architectures

Proposition 2. Let B be a set of behaviours and let A1 = (C1, P 0
a, �1) and

A2 = (C2, P 00
a , �2) be two architectures, such that P 0

a ✓ P 0 �
=

S
B2B[C1

PB and

P 00
a ✓ P 00 �

=
S

B2B[C1[C2
PB. Then A2(A1(B)) = (A1 �A2)(B).

Proposition 3. Let B1,B2 be two sets of behaviours, such that P1\P2 = ;, with
Pi =

S
B2Bi

PB, for i = 1, 2. Let A1 = (C1, P 0
a, �1) and A2 = (C2, P 00

a , �2) be two
architectures, such that P 0

a \ P2 = ;. Then A2(A1(B1,B2)) = A2(A1(B1),B2).

We now generalise Def. 4 to the case where Pa 6✓
S

B2B[C PB . This means
that the architecture imposes constraints on some ports which are not present
in any of the control or base behaviours. In other words, the system obtained by
applying the architecture to a given set of behaviours is not complete. The result
can then itself be considered as an architecture that can be further applied to
additional behaviours in order to complete the system.

Definition 7. Let A = (C, Pa, �) be an architecture and B be a set of behaviours.

Let P =
S

B2B[C PB. A partial application of A to B is an architecture A[B] �
=

(B0, P[Pa, � k 2P\Pa), where B0 �
= (�P k 2P\Pa)(C[B) with �P = {a \ P | a 2 �}

and the operator ’k’ as in Def. 4.

6

where, up to the renaming of ports, Ci3 is the same as the behaviour C12 in
Fig. 1(b), Pi3 = {bi, b3, bi3, fi, f3, fi3} and �i3 = {;, bibi3, b3bi3, fifi3, f3fi3}. The
composition of these three architectures, (A12�A13�A23)(B1, B2, B3), ensures
mutual exclusion among the work states of all three behaviours.

Notice that

'�12 ⌘ (b1 ) b12) ^ (f1 ) f12) ^ (b2 ) b12) ^ (f2 ) f12) ^
(b12 ) b1 XOR b2) ^ (f12 ) f1 XOR f2) ^ (b12 ) f12) .

Intuitively, the implication b1 ) b12, for instance, means that, for the port b1
to be fired, it is necessary that the port b12 be fired in the same interaction.
By considering the similar expressions for '�13 and '�23 , it is easy to compute
'�12 ^ '�13 ^ '�23 as the conjunction of the following implications:

b1 ) b12 ^ b13 , f1 ) f12 ^ f13 , b12 ) b1 XOR b2 , f12 ) f1 XOR f2 , b12 ) f12 ,

b2 ) b12 ^ b23 , f2 ) f12 ^ f23 , b13 ) b1 XOR b3 , f13 ) f1 XOR f3 , b13 ) f13 ,

b3 ) b13 ^ b23 , f3 ) f13 ^ f23 , b23 ) b2 XOR b3 , f23 ) f2 XOR f3 , b23 ) f23 .

Finally, it is straightforward to obtain the interaction model for A12�A13�A23:

{; , b1b12b13 , f1f12f13 , b2b12b23 , f2f12f23 , b3b13b23 , f3f13f23} .

Again, assuming that the initial states of B1, B2 and B3 are sleep, whereas
those of C12, C13 and C23 are free, one can observe that, neither of the states
(·, ·, ·, work, work, ·), (·, ·, ·, work, ·, work) and (·, ·, ·, ·, work, work) is reachable in
(A12 �A13 �A23)(B1, B2, B3).

2.3 Hierarchical composition of architectures

Proposition 2. Let B be a set of behaviours and let A1 = (C1, P 0
a, �1) and

A2 = (C2, P 00
a , �2) be two architectures, such that P 0

a ✓ P 0 �
=

S
B2B[C1

PB and

P 00
a ✓ P 00 �

=
S

B2B[C1[C2
PB. Then A2(A1(B)) = (A1 �A2)(B).

Proposition 3. Let B1,B2 be two sets of behaviours, such that P1\P2 = ;, with
Pi =

S
B2Bi

PB, for i = 1, 2. Let A1 = (C1, P 0
a, �1) and A2 = (C2, P 00

a , �2) be two
architectures, such that P 0

a \ P2 = ;. Then A2(A1(B1,B2)) = A2(A1(B1),B2).

We now generalise Def. 4 to the case where Pa 6✓
S

B2B[C PB . This means
that the architecture imposes constraints on some ports which are not present
in any of the control or base behaviours. In other words, the system obtained by
applying the architecture to a given set of behaviours is not complete. The result
can then itself be considered as an architecture that can be further applied to
additional behaviours in order to complete the system.

Definition 7. Let A = (C, Pa, �) be an architecture and B be a set of behaviours.

Let P =
S

B2B[C PB. A partial application of A to B is an architecture A[B] �
=

(B0, P[Pa, � k 2P\Pa), where B0 �
= (�P k 2P\Pa)(C[B) with �P = {a \ P | a 2 �}

and the operator ’k’ as in Def. 4.
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b1 f1
sleep
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b2f2

b2 f2
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6

where, up to the renaming of ports, Ci3 is the same as the behaviour C12 in
Fig. 1(b), Pi3 = {bi, b3, bi3, fi, f3, fi3} and �i3 = {;, bibi3, b3bi3, fifi3, f3fi3}. The
composition of these three architectures, (A12�A13�A23)(B1, B2, B3), ensures
mutual exclusion among the work states of all three behaviours.

Notice that

'�12 ⌘ (b1 ) b12) ^ (f1 ) f12) ^ (b2 ) b12) ^ (f2 ) f12) ^
(b12 ) b1 XOR b2) ^ (f12 ) f1 XOR f2) ^ (b12 ) f12) .

Intuitively, the implication b1 ) b12, for instance, means that, for the port b1
to be fired, it is necessary that the port b12 be fired in the same interaction.
By considering the similar expressions for '�13 and '�23 , it is easy to compute
'�12 ^ '�13 ^ '�23 as the conjunction of the following implications:

b1 ) b12 ^ b13 , f1 ) f12 ^ f13 , b12 ) b1 XOR b2 , f12 ) f1 XOR f2 , b12 ) f12 ,

b2 ) b12 ^ b23 , f2 ) f12 ^ f23 , b13 ) b1 XOR b3 , f13 ) f1 XOR f3 , b13 ) f13 ,

b3 ) b13 ^ b23 , f3 ) f13 ^ f23 , b23 ) b2 XOR b3 , f23 ) f2 XOR f3 , b23 ) f23 .

Finally, it is straightforward to obtain the interaction model for A12�A13�A23:

{; , b1b12b13 , f1f12f13 , b2b12b23 , f2f12f23 , b3b13b23 , f3f13f23} .

Again, assuming that the initial states of B1, B2 and B3 are sleep, whereas
those of C12, C13 and C23 are free, one can observe that, neither of the states
(·, ·, ·, work, work, ·), (·, ·, ·, work, ·, work) and (·, ·, ·, ·, work, work) is reachable in
(A12 �A13 �A23)(B1, B2, B3).

2.3 Hierarchical composition of architectures

Proposition 2. Let B be a set of behaviours and let A1 = (C1, P 0
a, �1) and

A2 = (C2, P 00
a , �2) be two architectures, such that P 0

a ✓ P 0 �
=

S
B2B[C1

PB and

P 00
a ✓ P 00 �

=
S

B2B[C1[C2
PB. Then A2(A1(B)) = (A1 �A2)(B).

Proposition 3. Let B1,B2 be two sets of behaviours, such that P1\P2 = ;, with
Pi =

S
B2Bi

PB, for i = 1, 2. Let A1 = (C1, P 0
a, �1) and A2 = (C2, P 00

a , �2) be two
architectures, such that P 0

a \ P2 = ;. Then A2(A1(B1,B2)) = A2(A1(B1),B2).

We now generalise Def. 4 to the case where Pa 6✓
S

B2B[C PB . This means
that the architecture imposes constraints on some ports which are not present
in any of the control or base behaviours. In other words, the system obtained by
applying the architecture to a given set of behaviours is not complete. The result
can then itself be considered as an architecture that can be further applied to
additional behaviours in order to complete the system.

Definition 7. Let A = (C, Pa, �) be an architecture and B be a set of behaviours.

Let P =
S

B2B[C PB. A partial application of A to B is an architecture A[B] �
=

(B0, P[Pa, � k 2P\Pa), where B0 �
= (�P k 2P\Pa)(C[B) with �P = {a \ P | a 2 �}

and the operator ’k’ as in Def. 4.

b1

f1

b2

f2
free

taken

b12f12

b12 f12

b3

f3

free

taken

b13f13

b13 f13

free

taken

b23f23

b23 f23
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Main results: Safety

Safety = "Something bad never happens"
27

A1(B) |= �1

A2(B) |= �2

)
=)

�
A1 �A2

�
(B) |= �1 ^ �2
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Liveness: Computation
An infinite computation is live iff each coordinator is executed sufficiently often 
A set of idle states 
Each coordinator not in an idle state must eventually be executed 

Intuition: idle states do not have “pending eventuality” 

Example (mutex):

28

Qidle ✓ Q

Qidle = {free}

b1 f1 b2 f2
free

taken

b12f12

b12 f12

Liveness = "Something good does happen eventually"
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Liveness: Architecture
An architecture is live w.r.t. a set of components iff every computation can be 
extended to an infinite live one

29
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Non-interference
An architecture can interfere with the liveness of another

Examples:
      repeatedly preempts components that       needs to interact with 
Two architectures “conspire” against a third one

     is non-interfering with      w.r.t.     iff, for every infinite computation      
of                       , 
    executes      infinitely often =>      executes       sufficiently often

30

↵
(A1 �A2)(B)

↵ ↵

A1

A1

A2

A2

C1 C2

B
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Main results: Liveness

Liveness = "Something good does happen eventually"

31

A
live

pairwise non-interfering

)
=)

M
A live

| {z }
w.r.t. B
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Architectures as operators
Applying an architecture to a set of behaviours 

32

A = (C, PA, �) PA ✓ P
def
=

[

B2B[C
PB

A(B) def
=

⇣
� n P

⌘
(B [ C)
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Architectures as operators
Applying an architecture to a set of behaviours 

Partial application is a new architecture

32

A = (C, PA, �) PA ✓ P
def
=

[

B2B[C
PB

A(B) def
=

⇣
� n P

⌘
(B [ C)

<latexit sha1_base64="d3de9Y03tDc3MO9XrwcGNKfUHLU="></latexit>

A[B] def=
�
B0, P [ PA, � n (P [ PA)

�

<latexit sha1_base64="FiLGducUWN4Wx39qJyd0692b/SA="></latexit>

B0 def
=

⇣
�P n (P [ PA)

⌘
(B [ C) �P = {a \ P | a 2 �}
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Nice properties

Under suitable conditions 
Architectures can be composed before applying 

Architecture application can be restricted 

Architecture can be applied partially

33

A2(A1(B)) = (A1 �A2)(B)

A2(A1(B1,B2)) = A2(A1(B1),B2)

A(B1,B2) = A[B1](B2)



Will that still work with data? 
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11

Example 1

35
8

Example 1
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11

Example 1

Data 
Maximal progress

35
8

Example 1
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Composing controllers with data

36

Between 
20º and 25º

Between 
18º and 23º

[20º, 25º] ∩ [18º, 23º] = [20º, 23º]
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Somewhat stronger safety

37

�
(q,�) |= �

�
^ (�0 6 �) =) (q,�0) |= �

<latexit sha1_base64="ZYajUwM9gj18D/PNA3eMCKAz6Xc="></latexit><latexit sha1_base64="xy2DOFWazO3DhHbMT7T8vLDqqEY="></latexit><latexit sha1_base64="xy2DOFWazO3DhHbMT7T8vLDqqEY="></latexit><latexit sha1_base64="W78XTxvacFyWRclMQPFnhIyMBQI="></latexit>
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Safety

is preserved by composition of architectures 
with data 
with maximal progress 

(* technical constraints apply)

38

A1(B) |= �1

A2(B) |= �2

)
=)

�
A1 �A2

�
(B) |= �1 ^ �2
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Generalised safety
Lemma

Lemma

Key assumption: monotonic guards and update expressions

39

ss1s2
a,���! s0s01s

0
2 =) ss1

a\P1,�̃�����! s00s01 with s0 6 s00
<latexit sha1_base64="KAxn5LL3ZsckM6LHtIXlA+iKmmw="></latexit><latexit sha1_base64="bQbEd4cltZFkK2B94U3aJicUh/Y="></latexit><latexit sha1_base64="bQbEd4cltZFkK2B94U3aJicUh/Y="></latexit><latexit sha1_base64="1MFD8OLeMJyLcD9lj97tv0/Nsf8="></latexit>

s
a,���! s0 ^ s 6 s̃ =) s̃

a,���! s0
<latexit sha1_base64="y+1PMZ2T+YwcINK0od4OChyzHx0="></latexit><latexit sha1_base64="qEXa9XGeeaHC1rGWx1RP5YmF/IQ="></latexit><latexit sha1_base64="qEXa9XGeeaHC1rGWx1RP5YmF/IQ="></latexit><latexit sha1_base64="1SQNQgNxD23vC6trvH231I45q8o="></latexit>



Wait, what about connectors?
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MUX composition example

41

6

where, up to the renaming of ports, Ci3 is the same as the behaviour C12 in
Fig. 1(b), Pi3 = {bi, b3, bi3, fi, f3, fi3} and �i3 = {;, bibi3, b3bi3, fifi3, f3fi3}. The
composition of these three architectures, (A12�A13�A23)(B1, B2, B3), ensures
mutual exclusion among the work states of all three behaviours.

Notice that

'�12 ⌘ (b1 ) b12) ^ (f1 ) f12) ^ (b2 ) b12) ^ (f2 ) f12) ^
(b12 ) b1 XOR b2) ^ (f12 ) f1 XOR f2) ^ (b12 ) f12) .

Intuitively, the implication b1 ) b12, for instance, means that, for the port b1
to be fired, it is necessary that the port b12 be fired in the same interaction.
By considering the similar expressions for '�13 and '�23 , it is easy to compute
'�12 ^ '�13 ^ '�23 as the conjunction of the following implications:

b1 ) b12 ^ b13 , f1 ) f12 ^ f13 , b12 ) b1 XOR b2 , f12 ) f1 XOR f2 , b12 ) f12 ,

b2 ) b12 ^ b23 , f2 ) f12 ^ f23 , b13 ) b1 XOR b3 , f13 ) f1 XOR f3 , b13 ) f13 ,

b3 ) b13 ^ b23 , f3 ) f13 ^ f23 , b23 ) b2 XOR b3 , f23 ) f2 XOR f3 , b23 ) f23 .

Finally, it is straightforward to obtain the interaction model for A12�A13�A23:

{; , b1b12b13 , f1f12f13 , b2b12b23 , f2f12f23 , b3b13b23 , f3f13f23} .

Again, assuming that the initial states of B1, B2 and B3 are sleep, whereas
those of C12, C13 and C23 are free, one can observe that, neither of the states
(·, ·, ·, work, work, ·), (·, ·, ·, work, ·, work) and (·, ·, ·, ·, work, work) is reachable in
(A12 �A13 �A23)(B1, B2, B3).

2.3 Hierarchical composition of architectures

Proposition 2. Let B be a set of behaviours and let A1 = (C1, P 0
a, �1) and

A2 = (C2, P 00
a , �2) be two architectures, such that P 0

a ✓ P 0 �
=

S
B2B[C1

PB and

P 00
a ✓ P 00 �

=
S

B2B[C1[C2
PB. Then A2(A1(B)) = (A1 �A2)(B).

Proposition 3. Let B1,B2 be two sets of behaviours, such that P1\P2 = ;, with
Pi =

S
B2Bi

PB, for i = 1, 2. Let A1 = (C1, P 0
a, �1) and A2 = (C2, P 00

a , �2) be two
architectures, such that P 0

a \ P2 = ;. Then A2(A1(B1,B2)) = A2(A1(B1),B2).

We now generalise Def. 4 to the case where Pa 6✓
S

B2B[C PB . This means
that the architecture imposes constraints on some ports which are not present
in any of the control or base behaviours. In other words, the system obtained by
applying the architecture to a given set of behaviours is not complete. The result
can then itself be considered as an architecture that can be further applied to
additional behaviours in order to complete the system.

Definition 7. Let A = (C, Pa, �) be an architecture and B be a set of behaviours.

Let P =
S

B2B[C PB. A partial application of A to B is an architecture A[B] �
=

(B0, P[Pa, � k 2P\Pa), where B0 �
= (�P k 2P\Pa)(C[B) with �P = {a \ P | a 2 �}

and the operator ’k’ as in Def. 4.

b1

f1
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f2
free

taken

b12f12

b12 f12

b3

f3

free
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b13f13

b13 f13

free
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b23f23

b23 f23
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Causal interaction trees: Basic examples

42

p q r

p q r

p
q r

p
q

r s

Strong synchronisation 
pqr

Broadcast 
p’qr

Atomic broadcast 
p’[qr]

Causal chain 
p’[q’[r’s]]

p

q r
p

q r
p

q
r

s

p q r
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Causal interaction trees: The algebra

Syntax: 

Essential axioms: Semantics:

43

The Algebra of Causal Trees, CT (P )

t1

t2

t3

=

t1

t2 t3

=

t1 t1

t2 t3

⊕

Syntax: t ::= a | (t → t) | (t ⊕ t).

Essential axioms:

(t1 → t2) → t3 = t1 → (t2 ⊕ t3) ,

t1 → (t2 ⊕ t3) = t1 → t2 ⊕ t1 → t3 ,

(t1 ⊕ t2) → t3 = t1 → t3 ⊕ t2 → t3 .

Semantics: | · | : CT (P ) → AI(P )

|a| = a ,

|a → t| = a
“

1 + |t|
”

,

|t1 ⊕ t2| = |t1| + |t2| + |t1| |t2| .

3/10

t ::= a | t ! t | t� t

(t1 ! t2) ! t3 = t1 ! (t2 � t3),

t1 ! (t2 � t3) = t1 ! t2 � t1 ! t3,

(t1 � t2) ! t3 = t1 ! t3 � t2 ! t3.

|a| = a ,

|a ! t| = a
⇣
1 + |t|

⌘
,

|t1 � t2| = |t1|+ |t2|+ |t1||t2| .
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Causal interaction trees: The algebra

Syntax: 

Essential axioms: Semantics:

43

The Algebra of Causal Trees, CT (P )

t1

t2

t3

=

t1

t2 t3

=

t1 t1

t2 t3

⊕

Syntax: t ::= a | (t → t) | (t ⊕ t).

Essential axioms:

(t1 → t2) → t3 = t1 → (t2 ⊕ t3) ,

t1 → (t2 ⊕ t3) = t1 → t2 ⊕ t1 → t3 ,

(t1 ⊕ t2) → t3 = t1 → t3 ⊕ t2 → t3 .

Semantics: | · | : CT (P ) → AI(P )

|a| = a ,

|a → t| = a
“

1 + |t|
”

,

|t1 ⊕ t2| = |t1| + |t2| + |t1| |t2| .

3/10

t ::= a | t ! t | t� t

(t1 ! t2) ! t3 = t1 ! (t2 � t3),

t1 ! (t2 � t3) = t1 ! t2 � t1 ! t3,

(t1 � t2) ! t3 = t1 ! t3 � t2 ! t3.

|a| = a ,

|a ! t| = a
⇣
1 + |t|

⌘
,

|t1 � t2| = |t1|+ |t2|+ |t1||t2| .

Transformations between AC(P) and CT(P) are straightforward.
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Boolean representation of connectors

Notice that: 

Boolean formula corresponding to the connector:

44

p

q qs

r

true ) p ,

p ) true ,

q ) p ,

r ) pq ,

s ) pq

Causal interaction trees Causal rules

(true ) p) ^ (q ) p) ^ (r ) p q) ^ (s ) p q) ⌘ p q _ p r s .

(q ) p _ ps) ⌘ (q ) p) .
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Connector synthesis (1/2)

45

true ) p ,

p ) true ,

q ) p ,

r ) q ,

s ) q ,

t ) r + s
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Connector synthesis (1/2)
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Connector synthesis (1/2)

45

true ) p ,

p ) true ,

q ) p ,

r ) pq ,

s ) pq ,

t ) pqr + pqs

true ) p ,

p ) true ,

q ) p ,

r ) q ,

s ) q ,

t ) r + s
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Connector synthesis (1/2)

45

true ) p ,

p ) true ,

q ) p ,

r ) pq ,

s ) pq ,

t ) pqr + pqs

p

p

pq

pqr

pqs

pqrt, pqst

true ) p ,

p ) true ,

q ) p ,

r ) q ,

s ) q ,

t ) r + s
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Connector synthesis (1/2)

45

true ) p ,

p ) true ,

q ) p ,

r ) pq ,

s ) pq ,

t ) pqr + pqs

p

p

pq

pqr

pqs

pqrt, pqst

true ) p ,

p ) true ,

q ) p ,

r ) q ,

s ) q ,

t ) r + s
p

pq

pqr pqs

pqrt pqst
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Connector synthesis (1/2)

45

true ) p ,

p ) true ,

q ) p ,

r ) pq ,

s ) pq ,

t ) pqr + pqs

p

p

pq

pqr

pqs

pqrt, pqst

true ) p ,

p ) true ,

q ) p ,

r ) q ,

s ) q ,

t ) r + s
p

pq

pqr pqs

pqrt pqst

p

q

r s

t t
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Connector synthesis (1/2)

45

true ) p ,

p ) true ,

q ) p ,

r ) pq ,

s ) pq ,

t ) pqr + pqs

p

p

pq

pqr

pqs

pqrt, pqst

true ) p ,

p ) true ,

q ) p ,

r ) q ,

s ) q ,

t ) r + s
p

pq

pqr pqs

pqrt pqst

p

q

r s

t t

p0
h
q0[r0t][s0t]

i
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Connector synthesis (2/2)
Consider a CNF formula

(disjunction of dual-Horn clauses) 

46

' = C1 ^ C2 ^ · · · ^ Cn 2 B[P ]

Ck =
_

i2Ik

pi _
_

j2Jk

pj =
_

j2Jk

 
pj _

_

i2Ik

pi

!
.
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Connector synthesis (2/2)
Consider a CNF formula

(disjunction of dual-Horn clauses) 

By distributivity, after combining the clauses with the same negative variable, 

46

' = C1 ^ C2 ^ · · · ^ Cn 2 B[P ]

' = R1 _R2 _ · · · _Rm

Rk =
^

j2J̃k

0

@pj _
_

i2Ĩk,j

ai

1

A =
^

j2J̃k

0

@pj )
_

i2Ĩk,j

ai

1

A .

Ck =
_

i2Ik

pi _
_

j2Jk

pj =
_

j2Jk

 
pj _

_

i2Ik

pi

!
.
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Connector synthesis (2/2)
Consider a CNF formula

(disjunction of dual-Horn clauses) 

By distributivity, after combining the clauses with the same negative variable, 

Each      is  a system of causal rules.
46

' = C1 ^ C2 ^ · · · ^ Cn 2 B[P ]

' = R1 _R2 _ · · · _Rm

Rk =
^

j2J̃k

0

@pj _
_

i2Ĩk,j

ai

1

A =
^

j2J̃k

0

@pj )
_

i2Ĩk,j

ai

1

A .

Rk

Ck =
_

i2Ik

pi _
_

j2Jk

pj =
_

j2Jk

 
pj _

_

i2Ik

pi

!
.
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T1

b1 f1
p1

r1
T2

b2

f2

p2r2

Example:  2 tasks with preemption
Mutual preemption
A running task is preemtped, when the other begins computation. 
A preempted task resumes computation, when the other one finishes.

47

sleep

work

bf

b f

suspended

p

r

p

r

Preemptable 
task

model
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T1

b1 f1
p1

r1
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b2

f2

p2r2

Example:  2 tasks with preemption
Mutual preemption
A running task is preemtped, when the other begins computation. 
A preempted task resumes computation, when the other one finishes.

47

sleep

work

bf

b f

suspended

p

r

p

r

Preemptable 
task

model

true ) b1 _ f1 _ b2 _ f2

p1 ) b2 p2 ) b1

r1 ) f2 r2 ) f1
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T1

b1 f1
p1

r1
T2

b2

f2

p2r2

Example:  2 tasks with preemption
Mutual preemption
A running task is preemtped, when the other begins computation. 
A preempted task resumes computation, when the other one finishes.

47

sleep

work

bf

b f

suspended

p

r

p

r

Preemptable 
task

model

Two tasks with preemption

1

2

3

f b
p

r

b f

r

p

T1

b1 f1

r1

p1

T2

r2 p2

f2

b2

!

!

" "

Mutual preemption:

1. A running task is preempted, when the other one begins computation.

2. A preempted task resumes computation, when the other one finishes.

true ⇒ b1 ∨ f1 ∨ b2 ∨ f2

p1 ⇒ b2 p2 ⇒ b1

r1 ⇒ f2 r2 ⇒ f1

b1

p2

⊕

f1

r2

⊕

b2

p1

⊕

f2

r1

8/10

true ) b1 _ f1 _ b2 _ f2

p1 ) b2 p2 ) b1

r1 ) f2 r2 ) f1
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Example:  2 tasks with preemption
Mutual preemption
A running task is preemtped, when the other begins computation. 
A preempted task resumes computation, when the other one finishes.

47

sleep
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bf

b f
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p

r

p

r
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Two tasks with preemption

1

2

3

f b
p

r
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Mutual preemption:

1. A running task is preempted, when the other one begins computation.

2. A preempted task resumes computation, when the other one finishes.

true ⇒ b1 ∨ f1 ∨ b2 ∨ f2

p1 ⇒ b2 p2 ⇒ b1

r1 ⇒ f2 r2 ⇒ f1

b1

p2

⊕

f1

r2

⊕

b2

p1

⊕

f2

r1

8/10

true ) b1 _ f1 _ b2 _ f2

p1 ) b2 p2 ) b1

r1 ) f2 r2 ) f1
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Synthesised connectors are the weakest possible

48

T1

b1 f1
p1

r1
T2

b2

f2

p2r2

sleep

work

bf

b f

suspended

p

r

p

r

Preemptable 
task

model

sleep

work

bf

b f

suspended
p
r

p

r
off

on
off
b

on off

sleep

work

bf

b f

p r

p

r
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Example: Sequential execution of 2 tasks
“T1 ; T2”, i.e.  f1 = b2

49

T1

b1 f1
p1

r1
T2

b2

f2

p2r2

Sequential execution of two tasks

T1

b1 f1

r1

p1

T2

b2
p2

f2

r2

!

"

#

Sequential execution: T1; T2, i.e. f1 = b2.

true ⇒ b1 ∨ f1 ∨ b2 ∨ f2

p1 ⇒ b2 p2 ⇒ b1

r1 ⇒ f2 r2 ⇒ f1

f1 ⇒ b2 b2 ⇒ f1

b1

p2

⊕

b2f1

r2 p1

⊕

f2

r1

9/10

T1

b1 f1
p1

r1
T2

b2

f2

p2

r2

true ) b1 _ f1 _ b2 _ f2

p1 ) b2 p2 ) b1

r1 ) f2 r2 ) f1

f1 ) b2 b2 ) f1
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Example: 3 sequential tasks on 2 processors

50

true ) b1 _ f1 _ b2 _ f2 _ b3 _ f3

p1 ) b3 p3 ) b1

r1 ) f3 r3 ) f1

b2 ) f1 f2 = b3

T2

T1

T3

processor 1 processor 2
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Example: 3 sequential tasks on 2 processors

50

true ) b1 _ f1 _ b2 _ f2 _ b3 _ f3

p1 ) b3 p3 ) b1

r1 ) f3 r3 ) f1

b2 ) f1 f2 = b3

Three sequential tasks running on two processors

T1

T2

T3

processor 1 processor 2

T1

b1 r1

p1

f1

T2

f2

b2

T3

p3 f3

r3

b3

!

"

"

#

true ⇒ b1 ∨ f1 ∨ b2 ∨ f2 ∨ b3 ∨ f3

p1 ⇒ b3 p3 ⇒ b1

r1 ⇒ f3 r3 ⇒ f1

b2 ⇒ f1 f2 = b3

b1

p3

⊕

f1

r3 b2

⊕

f2b3

p1

⊕

f3

r1

10/10
T1

b1

f1

p1

r1

T3

b3

f3p3

r3

T2

b2

f2

T2

T1

T3

processor 1 processor 2
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Example: Mutual exclusion
Interaction model: {b1, f1, b2, f2} 

Priority model:  b1 < f2, b2 < f1

52

sleep

work

b1f1

b1 f1
sleep

work

b2f2

b2 f2

work 
sleep

sleep 
work

sleep 
sleep

work 
work

f1b2

b1f2

f2

b1

f1

b2

f2

b2 b1

f1

b1b2

f1f2

work 
sleep

sleep 
work

sleep 
sleep

work 
work

f2

b1

f1

b2

f2

b2 b1

f1

work 
sleep

sleep 
work

sleep 
sleep

work 
work

f2

b1

f1

b2

f2 f1
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Example: Mutual exclusion (2/3)
Mutual exclusion:
Task 1 can enter the critical state if the other is in the non-
critical one or leaves the critical state simultaneously 

Idem for Task 2 

The two tasks cannot enter the critical states simultaneously

53

fire(b1) ) ¬active(f2) _ fire(f2)

fire(b2) ) ¬active(f1) _ fire(f1)

¬
⇣
fire(b1) ^ fire(b2)

⌘

sleep

work

b1f1

b1 f1
sleep

work

b2f2

b2 f2
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Example: Mutual exclusion (3/3)
For a port p in P, let p and ṗ be boolean activation and firing variables with an 
additional axiom ṗ ⇒ p.

54
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Example: Mutual exclusion (3/3)
For a port p in P, let p and ṗ be boolean activation and firing variables with an 
additional axiom ṗ ⇒ p.

Mutual exclusion:

Progress:

“Internality” of finish:

54

⇣
ḃ1 ) f2 _ ḟ2

⌘
^
⇣
ḃ2 ) f1 _ ḟ1

⌘
^ ḃ1ḃ2

^
⇣
ḃ1 _ ḟ1 _ ḃ2 _ ḟ2

⌘

^ ḟ1ḟ2 ^
⇣
ḟ1 _ ḟ2 ) ḃ1 ḃ2

⌘
=
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Example: Mutual exclusion (3/3)
For a port p in P, let p and ṗ be boolean activation and firing variables with an 
additional axiom ṗ ⇒ p.

Mutual exclusion:

Progress:

“Internality” of finish:

54

⇣
ḃ1 ) f2 _ ḟ2

⌘
^
⇣
ḃ2 ) f1 _ ḟ1

⌘
^ ḃ1ḃ2

^
⇣
ḃ1 _ ḟ1 _ ḃ2 _ ḟ2

⌘

^ ḟ1ḟ2 ^
⇣
ḟ1 _ ḟ2 ) ḃ1 ḃ2

⌘
=

= ḃ1 ḃ2 ḟ1ḟ2 _ ḃ1 ḃ2 ḟ1ḟ2 _ ḃ1 ḃ2 ḟ1 ḟ2 f2 _ ḃ1 ḃ2 ḟ1 ḟ2 f1
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Example: Mutual exclusion (3/3)
For a port p in P, let p and ṗ be boolean activation and firing variables with an 
additional axiom ṗ ⇒ p.

Mutual exclusion:

Progress:

“Internality” of finish:

54

⇣
ḃ1 ) f2 _ ḟ2

⌘
^
⇣
ḃ2 ) f1 _ ḟ1

⌘
^ ḃ1ḃ2

^
⇣
ḃ1 _ ḟ1 _ ḃ2 _ ḟ2

⌘

^ ḟ1ḟ2 ^
⇣
ḟ1 _ ḟ2 ) ḃ1 ḃ2

⌘
=

Mutual exclusion (semantic back-end)

Notation: For a port p 2 P , let p and ṗ — boolean activation

and firing variables

Constraints:⇣
ḃ1 ) f2 _ ḟ2

⌘
^
⇣
ḃ2 ) f1 _ ḟ1

⌘
^ ḃ1ḃ2 — Mutual exclusion

^
⇣
b1 _ f1 _ b2 _ f2

⌘
— Progress

^ ḟ1 ḟ2 ^
⇣
ḟ1 _ ḟ2 ) b1 b2

⌘
— “Internality” of finish

= ḃ1 ḃ2 ḟ1 ḟ2 _ ḃ1 ḃ2 ḟ1 ḟ2 _ ḃ1 ḃ2 ḟ1 ḟ2 f2 _ ḃ1 ḃ2 ḟ1 ḟ2 f1

q1
f1! q

0
1

q1q2
f1! q

0
1q2

,
q2

f2! q
0
2

q1q2
f2! q1q

0
2

,
q1

b1! q
0
1 q2 6 " f2

q1q2
b1! q

0
1q2

,
q1 6 " f1 q2

b2! q
0
2

q1q2
b2! q1q

0
2| {z }

Priorities: b1�f2, b2�f1

SC 2011 — S. Bliudze, J. Sifakis, “Synthesizing Glue Operators...” — Zürich, June 30th , 2011 — 20 / 29

= ḃ1 ḃ2 ḟ1ḟ2 _ ḃ1 ḃ2 ḟ1ḟ2 _ ḃ1 ḃ2 ḟ1 ḟ2 f2 _ ḃ1 ḃ2 ḟ1 ḟ2 f1
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Rescue robot

Safety constraints
Shall not advance and rotate at the same time 
Shall not leave the region 
Shall not drive into hot areas 
Shall update navigation and sensor data at each move 
Shall objective is found, must stop and transmit it’s coordinates 
Shall transmit coordinates only when objective is reached

55
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Safety constraints
Shall not advance and rotate at the same time 
Shall not leave the region 
Shall not drive into hot areas 
Shall update navigation and sensor data at each move 
Shall objective is found, must stop and transmit it’s coordinates 
Shall transmit coordinates only when objective is reached
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ȧ ṙ
b ) ȧ

h ) ȧ
ȧ _ ṙ ) u̇ ṁ

ṡ ) f
f ) ȧ ṙ u̇ ṁ ṡ
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Rescue robot

56

ȧ ṙ ^ (b ) ȧ) ^ (h ) ȧ) ^ (f ) ȧ ṙ u̇ ṁ ṡ) ^ (ȧ _ ṙ ) u̇ ṁ)

^ (ȧ _ ṙ _ u̇ _ ṁ _ ṡ) ^ ḣ ḃ ḟ

Safety

Progress

Safety constraints
Shall not advance and rotate at the same time 
Shall not leave the region 
Shall not drive into hot areas 
Shall update navigation and sensor data at each move 
Shall objective is found, must stop and transmit it’s coordinates 
Shall transmit coordinates only when objective is reached

ȧ ṙ
b ) ȧ

h ) ȧ
ȧ _ ṙ ) u̇ ṁ

ṡ ) f
f ) ȧ ṙ u̇ ṁ ṡ
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Rescue robot

56

ȧ ṙ ^ (b ) ȧ) ^ (h ) ȧ) ^ (f ) ȧ ṙ u̇ ṁ ṡ) ^ (ȧ _ ṙ ) u̇ ṁ)

^ (ȧ _ ṙ _ u̇ _ ṁ _ ṡ) ^ ḣ ḃ ḟ

Safety

Progress

=
⇣
ȧ ṙ u̇ ṁ ṡ f _ f ṡ ȧ ṙ u̇ ṁ _ f ṡ ȧ ṙ u̇ ṁ _ f ṡ ȧ ṙ u̇ ṁ

_ f ṡ ȧ ṙ u̇ ṁ _ b h f ṡ ȧ ṙ u̇ ṁ
⌘
^ ḣ ḃ ḟ

Safety constraints
Shall not advance and rotate at the same time 
Shall not leave the region 
Shall not drive into hot areas 
Shall update navigation and sensor data at each move 
Shall objective is found, must stop and transmit it’s coordinates 
Shall transmit coordinates only when objective is reached

ȧ ṙ
b ) ȧ

h ) ȧ
ȧ _ ṙ ) u̇ ṁ

ṡ ) f
f ) ȧ ṙ u̇ ṁ ṡ
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Revisiting mutual exclusion (1/4)
Mutual exclusion: 
One task can enter the critical state if the other is in the non-critical 
one or leaves the critical state simultaneously 
The two tasks cannot enter the critical states simultaneously

57

⇣
ḃ1 ) f2 _ ḟ2

⌘⇣
ḃ2 ) f1 _ ḟ1

⌘⇣
ḃ1ḃ2

⌘⇣
ḃ1 _ ḟ1

⌘⇣
ḃ2 _ ḟ2

⌘

=
⇣
ḃ1 _ f2 _ ḟ2

⌘⇣
ḃ2 _ f1 _ ḟ1

⌘⇣
ḃ1 _ ḃ2

⌘
(. . . ) (. . . )

= ḃ1
⇣
ḃ2 _ f1 _ ḟ1

⌘⇣
ḃ2 _ ḟ2

⌘
_ ḃ2

⇣
ḃ1 _ f2 _ ḟ2

⌘⇣
ḃ1 _ ḟ1

⌘

= ḃ1 ḟ2
⇣
f1 _ ḟ1

⌘
_ ḃ2 ḟ2

⇣
f2 _ ḟ2

⌘
_ ḃ1 ḃ2

sleep

work

b1f1

b1 f1
sleep

work

b2f2

b2 f2
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⇣
ḃ1 ) f2 _ ḟ2

⌘⇣
ḃ2 ) f1 _ ḟ1

⌘⇣
ḃ1ḃ2

⌘⇣
ḃ1 _ ḟ1

⌘⇣
ḃ2 _ ḟ2

⌘

=
⇣
ḃ1 _ f2 _ ḟ2

⌘⇣
ḃ2 _ f1 _ ḟ1

⌘⇣
ḃ1 _ ḃ2

⌘
(. . . ) (. . . )

= ḃ1
⇣
ḃ2 _ f1 _ ḟ1

⌘⇣
ḃ2 _ ḟ2

⌘
_ ḃ2

⇣
ḃ1 _ f2 _ ḟ2

⌘⇣
ḃ1 _ ḟ1

⌘

= ḃ1 ḟ2
⇣
f1 _ ḟ1

⌘
_ ḃ2 ḟ2

⇣
f2 _ ḟ2

⌘
_ ḃ1 ḃ2
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⇣
ḃ1 ) f2 _ ḟ2

⌘⇣
ḃ2 ) f1 _ ḟ1

⌘⇣
ḃ1ḃ2

⌘⇣
ḃ1 _ ḟ1

⌘⇣
ḃ2 _ ḟ2

⌘

=
⇣
ḃ1 _ f2 _ ḟ2

⌘⇣
ḃ2 _ f1 _ ḟ1

⌘⇣
ḃ1 _ ḃ2

⌘
(. . . ) (. . . )

= ḃ1
⇣
ḃ2 _ f1 _ ḟ1

⌘⇣
ḃ2 _ ḟ2

⌘
_ ḃ2

⇣
ḃ1 _ f2 _ ḟ2

⌘⇣
ḃ1 _ ḟ1

⌘

= ḃ1 ḟ2
⇣
f1 _ ḟ1

⌘
_ ḃ2 ḟ2

⇣
f2 _ ḟ2

⌘
_ ḃ1 ḃ2
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⇣
ḃ1 ) f2 _ ḟ2

⌘⇣
ḃ2 ) f1 _ ḟ1

⌘⇣
ḃ1ḃ2

⌘⇣
ḃ1 _ ḟ1

⌘⇣
ḃ2 _ ḟ2

⌘

=
⇣
ḃ1 _ f2 _ ḟ2

⌘⇣
ḃ2 _ f1 _ ḟ1

⌘⇣
ḃ1 _ ḃ2

⌘
(. . . ) (. . . )

= ḃ1
⇣
ḃ2 _ f1 _ ḟ1

⌘⇣
ḃ2 _ ḟ2

⌘
_ ḃ2

⇣
ḃ1 _ f2 _ ḟ2

⌘⇣
ḃ1 _ ḟ1

⌘

= ḃ1 ḟ2
⇣
f1 _ ḟ1

⌘
_ ḃ2 ḟ2

⇣
f2 _ ḟ2

⌘
_ ḃ1 ḃ2

true ) f1 + ḟ1 ,

ḃ1 ) false ,

ḃ2 ) true ,

ḟ1 ) true ,

ḟ2 ) false
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Revisiting mutual exclusion
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⇣
ḃ1 ) f2 _ ḟ2

⌘⇣
ḃ2 ) f1 _ ḟ1

⌘⇣
ḃ1ḃ2

⌘⇣
ḃ1 _ ḟ1

⌘⇣
ḃ2 _ ḟ2

⌘

=
⇣
ḃ1 _ f2 _ ḟ2

⌘⇣
ḃ2 _ f1 _ ḟ1

⌘⇣
ḃ1 _ ḃ2

⌘
(. . . ) (. . . )

= ḃ1
⇣
ḃ2 _ f1 _ ḟ1

⌘⇣
ḃ2 _ ḟ2

⌘
_ ḃ2

⇣
ḃ1 _ f2 _ ḟ2

⌘⇣
ḃ1 _ ḟ1

⌘

= ḃ1 ḟ2
⇣
f1 _ ḟ1

⌘
_ ḃ2 ḟ2

⇣
f2 _ ḟ2

⌘
_ ḃ1 ḃ2

true ) f1 + ḟ1 ,

ḃ1 ) false ,

ḃ2 ) true ,

ḟ1 ) true ,

ḟ2 ) false

true ) f1 + ḟ1 ,

ḃ1 ) false ,

ḃ2 ) f1 + ḟ1 ,

ḟ1 ) true ,

ḟ2 ) false
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⇣
ḃ1 ) f2 _ ḟ2

⌘⇣
ḃ2 ) f1 _ ḟ1

⌘⇣
ḃ1ḃ2

⌘⇣
ḃ1 _ ḟ1

⌘⇣
ḃ2 _ ḟ2

⌘

=
⇣
ḃ1 _ f2 _ ḟ2

⌘⇣
ḃ2 _ f1 _ ḟ1

⌘⇣
ḃ1 _ ḃ2

⌘
(. . . ) (. . . )

= ḃ1
⇣
ḃ2 _ f1 _ ḟ1

⌘⇣
ḃ2 _ ḟ2

⌘
_ ḃ2

⇣
ḃ1 _ f2 _ ḟ2

⌘⇣
ḃ1 _ ḟ1

⌘

= ḃ1 ḟ2
⇣
f1 _ ḟ1

⌘
_ ḃ2 ḟ2

⇣
f2 _ ḟ2

⌘
_ ḃ1 ḃ2

true ) f1 + ḟ1 ,

ḃ1 ) false ,

ḃ2 ) true ,

ḟ1 ) true ,

ḟ2 ) false

true ) f1 + ḟ1 ,

ḃ1 ) false ,

ḃ2 ) f1 + ḟ1 ,

ḟ1 ) true ,

ḟ2 ) false

f1, ḟ1,

/

ḃ2 f1, ḃ2 ḟ1,

ḟ1,

/
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58

⇣
ḃ1 ) f2 _ ḟ2

⌘⇣
ḃ2 ) f1 _ ḟ1

⌘⇣
ḃ1ḃ2

⌘⇣
ḃ1 _ ḟ1

⌘⇣
ḃ2 _ ḟ2

⌘

=
⇣
ḃ1 _ f2 _ ḟ2

⌘⇣
ḃ2 _ f1 _ ḟ1

⌘⇣
ḃ1 _ ḃ2

⌘
(. . . ) (. . . )

= ḃ1
⇣
ḃ2 _ f1 _ ḟ1

⌘⇣
ḃ2 _ ḟ2

⌘
_ ḃ2

⇣
ḃ1 _ f2 _ ḟ2

⌘⇣
ḃ1 _ ḟ1

⌘

= ḃ1 ḟ2
⇣
f1 _ ḟ1

⌘
_ ḃ2 ḟ2

⇣
f2 _ ḟ2

⌘
_ ḃ1 ḃ2

true ) f1 + ḟ1 ,

ḃ1 ) false ,

ḃ2 ) true ,

ḟ1 ) true ,

ḟ2 ) false

true ) f1 + ḟ1 ,

ḃ1 ) false ,

ḃ2 ) f1 + ḟ1 ,

ḟ1 ) true ,

ḟ2 ) false

f1, ḟ1,

/

ḃ2 f1, ḃ2 ḟ1,

ḟ1,

/

f1
#
ḃ2

�
ḟ1
#
ḃ2
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⇣
ḃ1 ) f2 _ ḟ2

⌘⇣
ḃ2 ) f1 _ ḟ1

⌘⇣
ḃ1ḃ2

⌘⇣
ḃ1 _ ḟ1

⌘⇣
ḃ2 _ ḟ2

⌘

=
⇣
ḃ1 _ f2 _ ḟ2

⌘⇣
ḃ2 _ f1 _ ḟ1

⌘⇣
ḃ1 _ ḃ2

⌘
(. . . ) (. . . )

= ḃ1
⇣
ḃ2 _ f1 _ ḟ1

⌘⇣
ḃ2 _ ḟ2

⌘
_ ḃ2

⇣
ḃ1 _ f2 _ ḟ2

⌘⇣
ḃ1 _ ḟ1

⌘

= ḃ1 ḟ2
⇣
f1 _ ḟ1

⌘
_ ḃ2 ḟ2

⇣
f2 _ ḟ2

⌘
_ ḃ1 ḃ2

true ) f1 + ḟ1 ,

ḃ1 ) false ,

ḃ2 ) true ,

ḟ1 ) true ,

ḟ2 ) false

true ) f1 + ḟ1 ,

ḃ1 ) false ,

ḃ2 ) f1 + ḟ1 ,

ḟ1 ) true ,

ḟ2 ) false

f1, ḟ1,

/

ḃ2 f1, ḃ2 ḟ1,

ḟ1,

/
ḃ2 f1 �

ḟ1
#
ḃ2

f1
#
ḃ2

�
ḟ1
#
ḃ2
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Revisiting mutual exclusion (3/4)
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⇣
ḃ1 ) f2 _ ḟ2

⌘⇣
ḃ2 ) f1 _ ḟ1

⌘⇣
ḃ1ḃ2

⌘⇣
ḃ1 _ ḟ1

⌘⇣
ḃ2 _ ḟ2

⌘

=
⇣
ḃ1 _ f2 _ ḟ2

⌘⇣
ḃ2 _ f1 _ ḟ1

⌘⇣
ḃ1 _ ḃ2

⌘
(. . . ) (. . . )

= ḃ1
⇣
ḃ2 _ f1 _ ḟ1

⌘⇣
ḃ2 _ ḟ2

⌘
_ ḃ2

⇣
ḃ1 _ f2 _ ḟ2

⌘⇣
ḃ1 _ ḟ1

⌘

= ḃ1 ḟ2
⇣
f1 _ ḟ1

⌘
_ ḃ2 ḟ2

⇣
f2 _ ḟ2

⌘
_ ḃ1 ḃ2
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Revisiting mutual exclusion (3/4)
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true ) true ,

ḃ1 ) false ,

ḃ2 ) false ,

ḟ1 ) true ,

ḟ2 ) true

⇣
ḃ1 ) f2 _ ḟ2

⌘⇣
ḃ2 ) f1 _ ḟ1

⌘⇣
ḃ1ḃ2

⌘⇣
ḃ1 _ ḟ1

⌘⇣
ḃ2 _ ḟ2

⌘

=
⇣
ḃ1 _ f2 _ ḟ2

⌘⇣
ḃ2 _ f1 _ ḟ1

⌘⇣
ḃ1 _ ḃ2

⌘
(. . . ) (. . . )

= ḃ1
⇣
ḃ2 _ f1 _ ḟ1

⌘⇣
ḃ2 _ ḟ2

⌘
_ ḃ2

⇣
ḃ1 _ f2 _ ḟ2

⌘⇣
ḃ1 _ ḟ1

⌘

= ḃ1 ḟ2
⇣
f1 _ ḟ1

⌘
_ ḃ2 ḟ2

⇣
f2 _ ḟ2

⌘
_ ḃ1 ḃ2
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Revisiting mutual exclusion (3/4)

59

true ) true ,

ḃ1 ) false ,

ḃ2 ) false ,

ḟ1 ) true ,

ḟ2 ) true

/

/

/

ḟ1 ,

ḟ2

⇣
ḃ1 ) f2 _ ḟ2

⌘⇣
ḃ2 ) f1 _ ḟ1

⌘⇣
ḃ1ḃ2

⌘⇣
ḃ1 _ ḟ1

⌘⇣
ḃ2 _ ḟ2

⌘

=
⇣
ḃ1 _ f2 _ ḟ2

⌘⇣
ḃ2 _ f1 _ ḟ1

⌘⇣
ḃ1 _ ḃ2

⌘
(. . . ) (. . . )

= ḃ1
⇣
ḃ2 _ f1 _ ḟ1

⌘⇣
ḃ2 _ ḟ2

⌘
_ ḃ2

⇣
ḃ1 _ f2 _ ḟ2

⌘⇣
ḃ1 _ ḟ1

⌘

= ḃ1 ḟ2
⇣
f1 _ ḟ1

⌘
_ ḃ2 ḟ2

⇣
f2 _ ḟ2

⌘
_ ḃ1 ḃ2
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Revisiting mutual exclusion (3/4)

59

true ) true ,

ḃ1 ) false ,

ḃ2 ) false ,

ḟ1 ) true ,

ḟ2 ) true

/

/

/

ḟ1 ,

ḟ2

ḟ1 � ḟ2

⇣
ḃ1 ) f2 _ ḟ2

⌘⇣
ḃ2 ) f1 _ ḟ1

⌘⇣
ḃ1ḃ2

⌘⇣
ḃ1 _ ḟ1

⌘⇣
ḃ2 _ ḟ2

⌘

=
⇣
ḃ1 _ f2 _ ḟ2

⌘⇣
ḃ2 _ f1 _ ḟ1

⌘⇣
ḃ1 _ ḃ2

⌘
(. . . ) (. . . )

= ḃ1
⇣
ḃ2 _ f1 _ ḟ1

⌘⇣
ḃ2 _ ḟ2

⌘
_ ḃ2

⇣
ḃ1 _ f2 _ ḟ2

⌘⇣
ḃ1 _ ḟ1

⌘

= ḃ1 ḟ2
⇣
f1 _ ḟ1

⌘
_ ḃ2 ḟ2

⇣
f2 _ ḟ2

⌘
_ ḃ1 ḃ2
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Revisiting mutual exclusion (4/4)

60

ḟ1 � ḟ2 ḃ2 f1 �
ḟ1
#
ḃ2

ḃ1 f2 �
ḟ2
#
ḃ1

sleep

work

b1f1

b1 f1f1

sleep

work

b2f2

b2 f2f2

ḟ1
0
ḟ2

0
+
h
ḃ2 f1

i0h
ḟ1

0
ḃ2
i0
+
h
ḃ1 f2

i0h
ḟ2

0
ḃ1
i0

' ḟ1
0
ḟ2

0
+ ḃ2

h
f1

0
ḟ1

0i
+ ḃ1

h
f2

0
ḟ2

0i



Expressiveness of BIP



Expressiveness of BIP

What is this?
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Component-based frameworks

    — the set of all components 

                     — a semantic mapping 

                     — an equivalence relation

62

GlueBehaviour

C ::= B | f(C1, . . . , Cn) , with B 2 B, f 2 G

�(B) = B �(C1) = �(C2) =) C1 ' C2

' ✓ A⇥A

� : A ! B

A
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Expressiveness
Absolute:  

What behaviours can be obtained? 
Let                                            : 

Relative:  
Are there “good” language encodings? 
Felleisen [’90], Gorla [’08, ’10] 

Coordination:  
Relative approach with fixed atomic components. 
This work and [CONCUR’08]

63

Motivation: Component-Based Systems

B1
B2

B3

B

• Components are assembled from smaller (atomic) ones by application of glue.

− A semantic behaviour domain B.

− A set G of glue operators 2B → B.

• How do we compare two glues G1, G2 ⊆ G ?

− Comparison is made by flattening, i.e. directly on B: G1(B)
?
= G2(B).

− Not satisfactory: most formalisms are Turing complete.

• Goal: develop a framework to compare glue, i.e. on (B,G).

DCS meeting, Col de Porte, 09/06/2008 S.Bliudze, J. Sifakis “A Notion of Glue Expressiveness...” 3/20

id 2 G , �(A) = B
�(A) ✓ B = id(B) ✓ �(B) ✓ �(A) Strong Expressiveness Preorder

!

!
B4

B5

B3

B1
B2

B1
B2

B3

B4

B5

G1 !S G2

def
⇐⇒ ∀g1 ∈ G1, ∀B ⊂ B, ∃g2 ∈ G2 : g1(B) ' g2(B)

.
recall G1 ! G2 ⇐⇒ ∀g1 ∈ G1, ∃g2 ∈ G2 : ∀B ⊂ B, g1(B) ' g2(B)

.

DCS meeting, Col de Porte, 09/06/2008 S.Bliudze, J. Sifakis “A Notion of Glue Expressiveness...” 6/20
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Strong full expressiveness

64

Strong Expressiveness Preorder

!

!
B4

B5

B3

B1
B2

B1
B2

B3

B4

B5

G1 !S G2

def
⇐⇒ ∀g1 ∈ G1, ∀B ⊂ B, ∃g2 ∈ G2 : g1(B) ' g2(B)

.
recall G1 ! G2 ⇐⇒ ∀g1 ∈ G1, ∃g2 ∈ G2 : ∀B ⊂ B, g1(B) ' g2(B)

.

DCS meeting, Col de Porte, 09/06/2008 S.Bliudze, J. Sifakis “A Notion of Glue Expressiveness...” 6/20

O ✓

1[

n=0

(Bn
! B)

8o 2 O
n, 9õ 2 G : 8B1, . . . , Bn 2 B,

�
�
õ(B1, . . . , Bn)

�
= o(B1, . . . , Bn)
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Weak full expressiveness

65

O ✓

1[

n=0

(Bn
! B)

Strong Expressiveness Preorder

!

!
B4

B5

B3

B1
B2

B1
B2

B3

B4

B5

G1 !S G2

def
⇐⇒ ∀g1 ∈ G1, ∀B ⊂ B, ∃g2 ∈ G2 : g1(B) ' g2(B)

.
recall G1 ! G2 ⇐⇒ ∀g1 ∈ G1, ∃g2 ∈ G2 : ∀B ⊂ B, g1(B) ' g2(B)

.

DCS meeting, Col de Porte, 09/06/2008 S.Bliudze, J. Sifakis “A Notion of Glue Expressiveness...” 6/20

B1

B3

B2

Baranov, Bliudze Full Expressiveness of BIP ICE 2016 35 / 34

8o 2 O
n, 9õ 2 G[Z1, . . . , Zn] : 8B1, . . . , Bn 2 B,

�
�
õ[B1/Z1, . . . , Bn/Zn]

�
= o(B1, . . . , Bn)
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Semantics

67

Priority model:                   — strict partial order 

for each          .         a 2 2P

Bi = (Qi, Pi,!i), !i ✓ Qi ⇥ 2Pi ⇥Qi, P = ·
[

i

Pi

q
a�! q0 8a � a0, q

a0

6�!
q

a�!� q0

Interaction model:              — a set of allowed interactions          � ✓ 2P

qi
a\Pi�! q0i (if a \ Pi 6= ;) qi = q0i (if a \ Pi = ;)

q1 . . . qn
a! q01 . . . q

0
n

for each           .a 2 �

�✓ � ⇥ �
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The question
Does BIP glue…  
interactions 
priorities 

…have full expressiveness w.r.t. BIP-like SOS operators?

68

n
qi

a\Pi���! q0i

��� i 2 I
o n

qi = q0i

��� i 62 I
o n

qj 6
bkj��!

��� j 2 J, k 2 Kj

o

q1 . . . qn
a�! q01 . . . q

0
n



S.Bliudze @ VTSA, Nancy, 1st of September, 2023 /  77 

Restrictions on priority models
Only interactions in the interaction model can be used 

Priority is a strict partial order on interactions 
transitive 
irreflexive 
(hence also) antisymmetric 

Corollary (Sifakis, Gößler, 2003): BIP priorities cannot introduce deadlocks

69

�✓ � ⇥ �
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Blocking with BIP-like SOS rules

70

BIP Expressiveness: partial order of priorities

BIP priority model cannot introduce deadlocks.

We have to forbid all transitions from state 3.

1

3

2

p r

p p

r r

q1
r
�! q0

1 q1 6
p

�!

q1
r
�! q0

1

q1
p
�! q0

1 q1 6
r

�!

q1
p
�! q0

1

Baranov, Bliudze Full Expressiveness of BIP ICE 2016 20 / 35

q1
p�! q01 q1 6 r�!
q1

p�! q01

q1
r�! q01 q1 6 p�!
q1

r�! q01
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Relaxing the priority model
Strict partial order  

Arbitrary relation  

Arbitrary relation  

Alternatively, restrict the set of reference operators

71

�✓ 2P ⇥ 2P

�✓ � ⇥ �

�✓ 2P ⇥ 2P
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Inhibiting relation

A relation on the set of all interactions 
may not be a strict partial order; may involve interactions not in the model

72

q1
p�! q01 q2 6 r�! q3 6 s�!
q1q2q3

p�! q01q2q3

q1
p�! q01 q2 6 u��! q3 6 v�!
q1q2q3

p�! q01q2q3

Restricting Rules Format

Consider a set of rules R for l 2 [1,m]

n
qi

al\Pi
���! q

0
i

��� i 2 I
l
o n

qi = q
0
i

��� i 62 I
l
o n

qj 6
blj,k

���!

��� j 2 J
l , k 2 K

l
j

o

q1 . . . qn
al
�! q

0
1 . . . q

0
n

A dependency graph GR of the set of rules

q1
p
�! q

0
1 q2 6

r
�! q3 6

s
�!

q1q2q3
p
�! q

0
1q2q3

q1
p
�! q

0
1 q2 6

u
�! q3 6

v
�!

q1q2q3
p
�! q

0
1q2q3

p

ru rv su sv

Baranov, Bliudze Full Expressiveness of BIP ICE 2016 22 / 35

p ^ (r s _ u v) ⌘ p ^ (r _ s) ^ (u _ v)

⌘ p ^ (ru ^ rv ^ su ^ sv)
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Example: DAG inhibiting relation

73

Example

q1
p
�! q

0
1 q2 6

r
�! q3 6

s
�!

q1q2q3q4
p
�! q

0
1q2q3q4

q2
r
�! q

0
2 q4 6

t
�!

q1q2q3q4
r
�! q1q

0
2q3q4

q3
s
�! q

0
3

q1q2q3q4
s
�! q1q2q

0
3q4

p

t

r s
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Expressiveness hierarchy
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YX Y is strongly more expressive than X

YX Y is weakly more expressive than X
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YX X and Y are incomparable

/ /

/

/

/
Fig. 1 Expressiveness relations among the considered frameworks.

2 Algebraic formalisation of component-based frameworks

2.1 Basic definitions

Every component-based design framework can be viewed as an algebra of compo-
nents equipped with a semantic mapping. The algebra of components syntactically
defines the composite components that can be assembled from a given set of the
atomic ones. The semantic mapping associates to each component its correspond-
ing behaviour. The codomain of the semantic mapping, which we call the semantic

domain consists of a behaviour type—defined in terms of Labelled Transition Sys-
tems or a similar formalism—and an associated equivalence relation. This can be
formalised as follows:

Definition 1 A component-based framework is a tuple (G,C,B,⌃, �), where
– G is a set of composition (glue) operators, we denote by G

n N G, with n " N,
the subset of n-ary operators,

– C is a set of atomic components,
– (B,⌃) is a semantic domain, consisting of a behaviour type B and an equivalence

relation ⌃ N B ✓B,
– � ⇥ A @ B is a partial semantic mapping from the algebraic structure

A ⇥⇥= C ∂ oÖC1, . . . , Cnã, C " C, n " N, C1, . . . , Cn " A and o " G
n
,

generated by G from C, which we call the algebra of components of the frame-
work. (Notice that A does not appear explicitly in the tuple, since it is fully
defined by G and C.)
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Figure 2.3: Expressiveness relations among all the considered frameworks [BB20]

The third property—the weakest of the three—guarantees only that, for any system built in
the classical semantics, if the property is satisfied by all atomic components, a glue operator can
be found in the o↵er semantics that would construct an equivalent system with the same atomic
components.
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Conclusion

Powerful theoretical tools to build systems that 
are correct by construction 

Going from theory to practice requires a lot of 
effort and cross-domain collaborations 

Bigger challenge yet: taking these methods to 
less constrained application domains
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Thanks!
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