
From Synchronous to Asynchronous Communication in
Team Automata

Maurice ter Beek
FMT, CNR–ISTI, Pisa, Italy

joint work with Rolf Hennicker (LMU Munich, DE) and José Proença (University of Porto, PT)

APM 2024, Turin, Italy, October 4th, 2024



Outline

• History of Team Automata
• Team Automata and other Coordination Models
• Recent Results

ICTAC’20 CompositionalityofSafeCommunicationinSystemsofTeamAutomata
Extended Team Automata

FM’21 Featured Team Automata
FM’23 Can we Communicate? Using Dynamic Logic to Verify Team Automata

Model Check Team Automata
ICTAC’23 Realisability of Global Models of Interaction

Realisable Team Automata
• Future Work: Asynchronous Team Automata

0/25



History of Team Automata



Team Automata

A formalism for interacting component-based systems, whereby multiple sending and
receiving actions from concurrent automata can synchronise on certain executions
First proposed at the 1997 ACM SIGGROUP Conference on Supporting Group
Work for modelling components of groupware systems and their interconnections

[GROUP’97]

Inspired by Input/Output (I/O) automata, inheriting the distinction between internal
and external (input and output) actions used for communication with the environment

Formally defined in Computer Supported Cooperative Work (CSCW) — The Journal
of Collaborative Computing, as composed by component automata that synchronise

[CSCW’03]

Technically an extension of I/O automata, imposing hardly any restrictions on the role
of actions in components, while composition is not limited to the synchronous product

[IPL’05]
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1997-2003: Team Automata and CSCW
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post-2003: Team Automata and Formal Languages
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post-2003: Team Automata and Formal Methods

Realisation [ICTAC’23]
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Team Automata by Example

Team Automata: not all system transitions are meaningful!
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Team Automata by Example

Extended Team Automata: Constrained Multiparty Synchronisations
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Extended Team Automata and
other Coordination Models



Coordination Models

Overview on Constrained Multiparty Synchronisation in Team Automata

and other coordination models: [FACS’23] [COORDINATION’24]

7/25



Coordination Models

Overview on Constrained Multiparty Synchronisation in Team Automata
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Runners with orchestrators
- Reo
- BIP↰

S.-S.T.Q. Jongmans and F. Arbab, Overview
of thirty semantic formalisms for Reo. Scien-
tific Annals of Computer Science 22 (2012)

S. Bliudze and J. Sifakis, The algebra of
connectors: structuring interaction in BIP.
IEEE Transactions on Computers 57 (2008)
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Team Automata

In [COORDINATION’24] we discuss for each formalism (1) the definition, (2) means of
composition (via synchronisation), (3) a model of the Race example, (4) a brief relation
with team automata, and (5) tool support
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Reo via Port Automata

Ctrl
R1

R2

startCtrl

finishCtrl

finishR1

startR1

finishR2

startR2

• Focus on connectors (not on components)
• Connectors built compositionally
• Components should be flexible/compatible

[ ]
▷◁

[ ]
▷◁[ ]

▷◁
[ ]

▷◁[ ]
▷◁

[ ]
▷◁[ ]

▷◁
[ ] = 0

3

2

1
{startCtrl, startR1, startR2}

{finishCtrl, finishR1}{finishCtrl, finishR2}

{finishCtrl, finishR2}{finishCtrl, finishR1}

(semantics as a port automaton, after hiding internal ports shared among sub-connectors)
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BIP without Priorities

0

2

1

startCtrl

finishCtrlfinishCtrl

Ctrl 0 2
startR1

finishR1

R1

0 2
startR2

finishR2

R2

startCtrl

finishCtrl

startR1

finishR1

startR2

finishR2

N = {Ctrl, R1, R2}

BP = ({BCtrl, BR1, BR2} , I)

I =


{startCtrl, startR1, startR2} ,

{finishCtrl, finishR1} ,

{finishCtrl, finishR2}



• Components expose ports
• Interactions restrict which

ports can fire
• Constructors using unicast ( )

and broadcast (▲) can be
used to restrict interactions

• Dataflow can be added

(individual components labelled by actions, restricted to the interactions allowed by I) 10/25



Contract Automata

Ctrl = 0
C

2
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R2 = 0

1

2

?start run

!finish

(Committed states: whenever the intermediate state of two concatenated transitions is
committed, the two transitions are executed atomically)

0
0
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C
1
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C
0
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1
1
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1
2
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1
1
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2
0
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1
2
2

2
1
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2
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2
2
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[!start, ?start, −]

[!start, −, ?start]

[!start, −, ?start]

[!start, ?start, −]

[−, !run, −]

[−, −, !run]

[?fin, !fin, −] [−, −, !run]
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Choreography Automata

0
2

1
3

5

4Ctrl→R1 : start

Ctrl→R2 : start

Ctrl→R2 : start

Ctrl→R1 : start

R1→Ctrl : finish

R2→Ctrl : finish

R2→Ctrl : finish

R1→Ctrl : finish

(without internal run actions)

• Similar to contract automata
• Several results over the language of CA
• Realising = Projecting the language of CA
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Synchronous Multi-Party Session Types

G = Ctrl→R1 : start.Ctrl→R2 :
{

start1.(R1→Ctrl : finish.R2→Ctrl : finish.G),
start2.(R2→Ctrl : finish.R1→Ctrl : finish.G)

}

S = Ctrl ▷ LCtrl ∥ R1 ▷ LR1 ∥ R2 ▷ LR2

LCtrl = R1!start.R2!
{
start1.(R1?finish.R2?finish.LCtrl) , start2.(R2?finish.R1?finish.LCtrl)

}
LR1 = Ctrl?start.Ctrl!finish.LR1

LR2 = Ctrl?
{
start1.Ctrl!finish.LR2 , start2.Ctrl!finish.LR2

}
(using only binary synchronisation and
using distinct start1 and start2 to differentiate the choice in the branch)
• Use projections for realisation
• Often impose syntactic restrictions on global types

13/25



Recent Results





Model Check Team Automata



Safe Communication

Com. Props.: receptiveness (no message loss) & responsiveness (no indefinite waiting)
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Using Dynamic Logic to Verify (Extended) Team Automata

Com. Props.: receptiveness (no message loss) & responsiveness (no indefinite waiting)
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Online Prototype: https://github.com/arcalab/team-a

Available

FM
Evaluation
Artifact

FM
Evaluation
Artifact

Reproducible
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Team Automata as Realisations of
Global Interaction Models



Challenge

How to check if a global model is realisable and, if it is, how to synthesise a realisation?
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Realisability of Global Models of Interaction

How to check if a global model is realisable and, if it is, how to synthesise a realisation?

System Signature
Σ = (I, M) and
interactions Γ

Global Spec.

Sp = (Σ, Γ, Ax)

Global Model
M

Interaction-based
System

S = (Mr/p
i )i∈I

M |= Ax

⊗r/p
Γ (Mr/p

i )i∈I ∼M

Specify
requirements

Pick localisation style (rich/poor)
RealiseConstruct a

global model

such

that

such

that
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System Signature
Σ = (I, M) and
interactions Γ

Global Spec.

Sp = (Σ, Γ, Ax)

Global Model
M

Interaction-based
System

S = (Mr/p
i )i∈I

M |= Ax

⊗r/p
Γ (Mr/p

i )i∈I ∼M

Specify
requirements

Pick localisation style (rich/poor)
RealiseConstruct a

global model

such

that

such

that

Multi-interactions
rich (à la multi-party session types, choreography languages) i→ j : m ⇒

local output action i j !m for i and local input action i j ?m for j
poor (à la component-based I/O development, loose coupling) i→ j : m ⇒

local output action !m for i and local input action ?m for j 16/25



Example

ΓRace =


Ctrl→{R1, R2} : start ,

R1→Ctrl : finish ,

R2→Ctrl : finish

 0

2

3
1Ctrl→{R1, R2} : start

R1→Ctrl : finish

R2→Ctrl : finish

R2→Ctrl : finish

R1→Ctrl : finish

Localisation Local Ctrl Local R1 Local R2

Rich 0

2

3

1Ctrl {R1, R2} ! start
R2 Ctrl?finish

R1 Ctrl?finish

R1 Ctrl?finish

R2 Ctrl?finish

0 1

Ctrl {R1, R2}?start

R1 Ctrl !finish

0 1

Ctrl {R1, R2}?start

R2 Ctrl !finish

Poor
0

2

1!start

?finish?finish
0 1

?start

!finish

0 1

?start

!finish
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Check Realisability and System Synthesis

Global
Model

M

I-Equivalences

≡ = (≡i)i∈I RC(M,≡)r/psuch
that

Interaction-based
System

S = (M/≡i)r/p
i∈I

Build
equivalence

relations

Group equivalent states

↙ ↘
q ≡i q′ ⇒ ∃ q out → in : m−−−−−−−→M q′ with i /∈ out ∪ in enabledness in “glue” states

I. Castellani, M. Mukund, and P.S. Thiagarajan, cf. our paper for details:
Synthesizing Distributed Transition Systems M.H. ter Beek, R. Hennicker, and J. Proença,
from Global Specifications @ FSTTCS’99 Realisability of Global Models of Interaction @ ICTAC’23

Theorems 2/3
If RC(M,≡)r/p holds, then M∼ ⊗r/p

Γ ((M/≡i)r/p)i∈I
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Novelty

1. Realisations of global models with arbitrary multi-interactions supporting any kind
of synchronous communication between multiple senders and multiple receivers

2. Correctness notion for realisation based on bisimulation rather than isomorhism, so
allowing to deal with non-determinism

3. To construct realisations we consider, and analyse, two different localisation styles:
rich and poor local actions

4. A prototypical tool Ceta checks the realisability conditions and, if they are satisfied,
generates local quotients and hence realisations

https://github.com/arcalab/choreo/tree/ceta

https://lmf.di.uminho.pt/ceta
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Online Prototype: https://lmf.di.uminho.pt/ceta
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Featured Team Automata



Featured Extended Team Automata (fETA)

Recall from safe communication: receptiveness (no message loss)



Online Prototype: http://arcatools.org/feta

• Specify

• Generate∗

• Visualise

• Statistics

∗SAT solver to solve fm

http://arcatools.org/feta
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Future Work: Team Automata with asynchronous communication?

Inspiration from multi-composition of asynchronous systems of CFSMs
D. Brand and P. Zafiropulo, On Communicating Finite-State Machines. Journal of the ACM 30 (1983)

F. Barbanera and R. Hennicker, Safe Composition of Systems of Communicating Finite State Machines @ ICE’24

Basically finite-state I/O-automata that communicate by asynchronous exchanges of
messages via buffered FIFO channels, but

• CFSM, like MPST, use potentially infinite FIFO buffers as message channels
• CFSM systems use binary peer-to-peer communication with rich local actions

Behaviour of CFSM systems formalised as a transition relation on configurations
(which are pairs of a tuple of component states and a tuple of channel buffers)

⇒ Need to generalise to asynchronous multi-party communication for team automata

? Alternative with multisets as channels L. Clemente, F. Herbreteau, and G. Sutre,
Decidable topologies for communicating automata with FIFO and bag channels @ CONCUR’14
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Future Work: Safety Properties of Asynchronous Team Automata?

Consider safe communication as well as safe composition, “guaranteeing
the composition not to ‘break’ any relevant property of the single systems”

F. Barbanera, M. Dezani-Ciancaglini, I. Lanese, and E. Tuosto,
Composition and decomposition of multiparty sessions. JLAMP 119 (2021)

⇒ Need to generalise and to asynchronous setting
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• Avoid orphan message configurations (in which each component is in a final state,
but there is still at least one non-empty buffer) P.-M. Deniélou and N.Yoshida,

Multiparty Session Types Meet Communicating Automata @ ESOP’12

• Guarantee asynchronous compatibility (in any reachable configuration, if there is a
channel with a message on its top position then some component can consume it)

R. Hennicker and M. Bidoit, Compatibility Properties of Synchronously and Asynchronously
Communicating Components. Logical Methods in Computer Science 14 (2018)
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Future Work: Safety Properties of Asynchronous Team Automata?

Consider safe communication as well as safe composition, “guaranteeing
the composition not to ‘break’ any relevant property of the single systems”

F. Barbanera, M. Dezani-Ciancaglini, I. Lanese, and E. Tuosto,
Composition and decomposition of multiparty sessions. JLAMP 119 (2021)

⇒ Need to generalise receptiveness and responsiveness to asynchronous setting

• Avoid orphan message configurations (in which each component is in a final state,
but there is still at least one non-empty buffer) P.-M. Deniélou and N.Yoshida,

Multiparty Session Types Meet Communicating Automata @ ESOP’12

• Guarantee asynchronous compatibility (in any reachable configuration, if there is a
channel with a message on its top position then some component can consume it)

R. Hennicker and M. Bidoit, Compatibility Properties of Synchronously and Asynchronously
Communicating Components. Logical Methods in Computer Science 14 (2018)

However, unlike team automata, they consider only binary peer-to-peer communication
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Future Work: Safety Properties of Asynchronous Team Automata?

Consider safe communication as well as safe composition, “guaranteeing
the composition not to ‘break’ any relevant property of the single systems”
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Composition and decomposition of multiparty sessions. JLAMP 119 (2021)

⇒ Need to generalise receptiveness and responsiveness to asynchronous setting

• Avoid unspecified reception configurations (in which there is a receiving state unable
to receive a message from any of its buffers, i.e., in each channel from which it could
consume there is a message which it cannot receive in that state) [JACM’83]

• Guarantee lock-freedom (for any reachable configuration c, there’s no component in a
receiving state never receiving a message in all possible transition sequences from c)
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to receive a message from any of its buffers, i.e., in each channel from which it could
consume there is a message which it cannot receive in that state) [JACM’83]

• Guarantee lock-freedom (for any reachable configuration c, there’s no component in a
receiving state never receiving a message in all possible transition sequences from c)

F. Barbanera and R. Hennicker, Safe Composition of Systems of Communicating Finite State Machines @ ICE’24

However, unlike team automata, asynchronous communication between CFSMs uses
rich local actions
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Thanks for your Attention!

Communication
TA CFSM

synchronous

multi-party

!m ?m

?←−−−−−−−−−−

binary P2P

asynchronous

i j !m i j ?m

“Every good talk should include a Venn diagram” – Einar (Lima, Peru, 2023)



Realisability Condition RC(M,≡): Sufficient But Not Necessary

Global model M does not satisfy RC(M,≡), but S={Mp,Mq,Mr} does realise M:

global M local Mp local Mq Local Mr ta(S, st)

0

1

{p, r}→∅ : a
{q, r}→∅ : a

{p, q}→∅ : a

0

11

!a

0

11

!a

0

11

!a

0, 0, 0

0, 1, 11, 1, 0 1, 0, 1

{p, q}→∅ : a
{q, r}→∅ : a

{p, r}→∅ : a
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