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Abstract. Team Automata is a formalism for interacting component-based systems
proposed in 1997, whereby multiple sending and receiving actions from concurrent automata
can synchronise. During the past 25+ years, team automata have been studied and applied
in many different contexts, involving 25+ researchers and resulting in 25+ publications. In
this paper, we first revisit the specific notion of synchronisation and composition of team
automata, relating it to other relevant coordination models, such as Reo, BIP, Contract
Automata, Choreography Automata, and Multi-Party Session Types. We then identify
several aspects that have recently been investigated for team automata and related models.
These include communication properties (which are the properties of interest?), realisability
(how to decompose a global model into local components?), tool support (what has been
automatised or implemented?), and variability (can a family of concrete product (automata)
models be captured concisely?). Our presentation of these aspects provides a snapshot of
the most recent trends in research on team automata, and delineates a roadmap for future
research, both for team automata and for related formalisms.

1. Introduction

Team automata (TA) were first proposed by Skip Ellis at the 1997 ACM SIGGROUP Confer-
ence on Supporting Group Work [Ell97] for modelling components of groupware systems and
their interconnections. They were inspired by Input/Output (I/O) automata [LT89] and in
particular inherit their distinction between internal (private, i.e., not observable by other I/O
automata) actions and external (i.e., input and output) actions used for communication with
the environment (i.e., other I/O automata). Technically, team automata are an extension of
I/O automata, since a number of the restrictions of I/O automata were dropped for more
flexible modelling of several kinds of interactions in groupware systems. The underlying
philosophy is that automata cooperate and collaborate by jointly executing (synchronising)
transitions with the same action label (but possibly of different nature, i.e., input or output)
as agreed upon upfront. They can be composed using a synchronous product construction
that defines a unique composite automaton, the transitions of which are exactly those
combinations of component transitions that represent a synchronisation on a common action
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by all the components that share that action. The effect of a synchronously executed action
on the state of the composed automaton is described in terms of the local state changes of
the automata that take part in the synchronisation. The automata not involved remain idle
and their current states are unaffected.

Team automata were formally defined in Computer Supported Cooperative Work
(CSCW)—The Journal of Collaborative Computing [tBEKR03], in terms of component
automata that synchronise on certain executions of actions. Unlike I/O automata, team
automata impose hardly any restrictions on the role of actions in components and their
composition is not limited to the synchronous product. Composing a team automaton
requires defining its transitions by providing the actions and synchronisations that can
take place from the combined states of the components. Each team automaton is thus
a composite automaton defined over component automata. However, a given fixed set of
component automata does not define a single unique team automaton, but rather a range of
team automata, one for each choice of the team’s transitions (individual or synchronising
transitions from the component automata). This is in contrast with the usual synchronous
product construction. The distinguishing feature of team automata is this very loose nature
of synchronisation according to which specific synchronisation policies can be determined,
defining how many component automata can participate in the synchronised execution of a
shared external action, either as a sender (i.e., via an output action) or as a receiver (i.e.,
via an input action). This flexibility makes team automata capable of capturing in a precise
manner a variety of notions related to coordination in distributed systems (of systems).

To illustrate this, consider the Race example in Fig. 1, borrowed from [tBCHK17,
tBHP24], which models a controller Ctrl that wants to simultaneously send to runners R1
and R2 a start message, after which it is able to receive from each runner separately a
finish message once that runner individually has run. Here and in all subsequent examples
and figures, components have a single initial state, indicated by an incoming arrow head,
typically denoted by 0, and external actions may be prefixed by “!” (for output) or “?” (for
input). Further, more complex examples can also be found in the literature, increasing the
comprehension of (meta) access control strategies (e.g., with or without deep revocation)
visualised through a virtual spaces metaphor [tBEKR01b], guaranteeing robustness against
security properties (e.g., integrity and secrecy) in dedicated communication protocols, or
capturing communication safety in scenarios with multiple clients connecting and interacting
with a server [tBCHK17, tBHK20a, tBCHP21a], possibly with a proxy for buffering [tBK09].

It is important to note that the synchronous product (as used in I/O automata and
many other formalisms) of these three automata has a deadlock: after synchronisation of the
three start transitions, Ctrl is blocked in state 1 until both R1 and R2 have executed their
run action; at that point, full synchronisation of the finish transitions leads to a deadlock,
with Ctrl in state 2 and R1 and R2 in their initial state. Team automata allow to exclude
the latter synchronisation, yet at the same time enforcing the full synchronisation of start.

Ctrl = 0

2

1

!start

?finish?finish

R1 = 0

1

2

?start run

!finish

R2 = 0

1

2

?start run

!finish

Figure 1. Race example: a controller Ctrl and two runners R1 and R2



OVERVIEW AND ROADMAP OF TEAM AUTOMATA 3

Contribution This paper extends [tBHP24] in the following ways, as mentioned in detail
below. In particular, we have added examples and details plus two new sections dealing
with composition of systems and with variability. To help readers navigate through this
paper, we include a table of contents.
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We first revisit the specific notion of synchronisation to build team automata (Section 2),
after which we briefly relate team automata to a selection of coordination models (Section 3).
We then focus on four aspects of team automata that we investigated during the last five years:
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verification of communication properties (Section 4), realisation (Section 5), composition
of systems (Section 6, not included in [tBHP24]), and variability (Section 7, not included
in [tBHP24]).
§4 : We report results on verification of compliance with communication requirements in

terms of receptiveness (no message loss) and responsiveness (no indefinite waiting),
give a thorough comparison with other compatibility notions, incl. deadlock-freedom,
and give a roadmap for future work on verification of communication properties.

§5 : We provide results on the decomposition (realisation) of a global interaction model1 in
terms of a (possibly distributed) system of component automata coordinated according
to a given synchronisation type specification. In particular, we provide a revised and
extended comparison of our approach with that of Castellani et al. [CMT99] and a
roadmap for future work on realisability.

§6 : We discuss results on the composition of systems of component automata and the
composition of synchronisation type specifications, as well as on the preservation of
communication properties from team automata of subsystems to global team automata.
We provide a roadmap for future work on composition of systems.

§7 : We present results on team automata to support variability in the development and
analysis of teams, i.e., featured team automata that concisely describe a family of
concrete product (automaton) models for specific configurations determined by feature
selection, show how to lift the notion of receptiveness to the level of family models,
and mention a roadmap for future work on variability.

Finally, we mention further aspects of team automata and of some of the related coordination
models and conclude the paper (Section 8). Figure 2 summarises this paper’s contribution.
Sect. A lists selected team automata publications.

Realisation (§5)

c
b

• •
!go

?done

a
Local

Components

•
•

•

. . .

. . .

a →b:go
c →b:stop

Global
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•

•

•
•

. . .

. . .

. . .

a →b:go

a →b:go
c →b:stop
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Synchronisation (§2)

Communication
Properties (§4)
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Parallel Processes Logical Formulas|=

Verification (§4)

fe
• •

!allow
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d
c

b
• •
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?done

a ...
Composition
of Systems

(§6)

a

•
•

•

[µ] ?allow

[⊤] !go

[b] !go

a⇂ µ

a⇂b

project

Systems with Variability (§7)

encode

lift

Figure 2. Aspects of team automata addressed in this paper

1This global model is explicitly specified upfront, while the team automaton results from the composition
of component automata (cf. Sect. 5)
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2. Team Automata in a Nutshell

Team automata were originally introduced by Ellis [Ell97] and formally defined in [tBEKR03].
They form an automaton model for systems of reactive components that differentiate input
(passive), output (active), and internal (privately active) actions. In this section, we recall
the basic notions of (extended) team automata.

A labelled transition system (LTS) is a tuple L = (Q, q0, Σ,E) such that Q is a finite set
of states, q0 ∈ Q is the initial state, Σ is a finite set of labels, and E ⊆ Q×Σ×Q is a transition
relation. Given an LTS L, we write q a−→L q′, or shortly q

a−→ q′, to denote (q, a, q′) ∈ E.
Similarly, we write q a−→L to denote that a is enabled in L at state q, i.e., there exists q′ ∈ Q

such that q a−→ q′. For Γ ⊆ Σ, we write q Γ−→∗ q′ if there exist q a1−→ q1
a2−→ · · · an−→ q′ for some

n ≥ 0 and a1, . . . , an ∈ Γ . For Γ ⊆ Σ and a ∈ Σ, we write q Γ ∗; a−−−→ q′′ if there exists q′ such
that q Γ−→∗ q′ and q′ a−→ q′′. A state q ∈ Q is reachable by Γ if q0

Γ−→∗ q, it is reachable if
q0

Σ−→∗ q. The set of reachable states of L is denoted by R(L).
Component Automata. A component automaton (CA) is an LTS A = (Q, q0, Σ,E)
such that Σ = Σ? ∪Σ! ∪Στ is a set of component actions (or simply actions) with disjoint
sets Σ? of input actions, Σ! of output actions, and Στ of internal actions. Cf. Fig. 1 for
examples of CA.
Systems. A system is a pair S = (N , (An)n∈N ), with N a finite, nonempty set of names
and (An)n∈N an N -indexed family of CA An = (Qn , q0,n , Σn , En). Any system S induces
an LTS defined by lts(S) = (Q, q0, Λ(S), E(S)), where Q =

∏
n∈N Qn is the set of system

states, q0 = (q0,n)n∈N is the initial system state, Λ(S) is the set of system labels, and E(S)
is the set of system transitions. Each system state q ∈ Q is an N -indexed family (qn)n∈N of
local CA states qn ∈ Qn . The definitions of Λ(S) and E(S) follow that of system action.
System Actions. The set of system actions Σ =

⋃
n∈N Σn determines actions that

will be part of system labels. Within Σ we identify Σ• =
⋃

n∈N Σ?
n ∩

⋃
n∈N Σ!

n as the set
of communicating actions. Hence, an action a ∈ Σ is communicating if it occurs in (at
least) one set Σk of component actions as an input action and in (at least) one set Σℓ

of action labels as an output action. System actions that are neither communicating nor
internal to a component are called open. Hence, the set of open system actions is given by
Σ◦ = Σ \ (Σ• ∪

⋃
n∈N Στ

n). The system is closed if Σ◦ = ∅, i.e., all non-communicating
actions are internal component actions.
System Labels. We use system labels to indicate which components participate (simulta-
neously) in the execution of a system action. There are two kinds of system labels. In a
system label of the form (out, a, in), out represents the set of senders of outputs and in the
set of receivers of inputs that synchronise on the action a ∈ Σ•. Either out or in can be
empty, but not both. Obviously, if a ∈ Σ◦ is an open system action, then either out or in
must be empty. A system label of the form (n, a) indicates that component n executes an
internal action a ∈ Στ

n . Formally, the set Λ(S) of system labels of S is defined as follows:
Λ(S) = { (out, a, in) | ∅ ̸= (out ∪ in) ⊆ N , ∀n∈out · a ∈ Σ!

n , ∀n∈in · a ∈ Σ?
n }

∪ { (n, a) | n ∈ N , a ∈ Στ
n }

Note that Λ(S) depends only on N and the sets Σn of component actions for each n ∈ N . If
out = {n} is a singleton, we write (n, a, in) instead of ({n}, a, in), and similarly for singleton
sets in. In all figures and examples, interactions (out, a, in) are presented by the notation
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out → in : a and internal labels (n, a) by n : a. System labels provide an appropriate means
to describe which components in a system execute, possibly together, a computation step,
i.e., a system transition.

System Transitions. A system transition t∈E(S) has the form (qn)n∈N
λ−→lts(S) (q′

n)n∈N
such that λ ∈ Λ(S) and
• either λ = (out, a, in) and:

qn
a−→An q

′
n , for all n ∈ out ∪ in, and qm = q′

m, for all m ∈ N \(out ∪ in);
• or λ = (n, a), a ∈ Στ

n is an internal action of some component n ∈ N , and:
qn

a−→An q
′
n and qm = q′

m, for all m ∈ N \{n}.
We write Λ and E instead of Λ(S) and E(S), respectively, if S is clear from the
context. Surely, at most the components that are in a local state where action a
is locally enabled can participate in a system transition for a. Since, by definition of
system labels, (out ∪ in) ̸= ∅, at least one component participates in any system transition.
Given a system transition t = q

λ−→lts(S) q
′, we write t.λ for λ.

Example 2.1. The Race system in Fig. 1 is a closed system. It has both desired system
transitions such as (0, 0, 0) (Ctrl,start,{R1,R2})−−−−−−−−−−−−→ (1, 1, 1) and (1, 2, 2) (R1,finish,Ctrl)−−−−−−−−−→ (2, 0, 2), and
undesired ones like (0, 0, 0) (Ctrl,start,∅)−−−−−−−−→ (1, 0, 0) and (1, 2, 2) ({R1,R2},finish,Ctrl)−−−−−−−−−−−−→ (2, 0, 0). The
LTS of the Race system, denoted by lts(Race), contains all possible system transitions.
As mentioned in Section 1, the latter two are undesired since the controller is supposed
to start both runners simultaneously, whereas they should finish individually. These and
other system transitions will be discarded based on synchronisation restrictions for teams
considered next.

As an open system, consider a variant of the Race example from
Fig. 1 in which runner R2 is replaced by R2′ depicted on the right.2
The difference is that this runner may decide not to wait for the start
signal of the controller and start by performing an input action go.
This is an external action but not a communicating action, which
may be called by the system’s environment (e.g., a false start signal
coming from the outside). Thus, this Race system has an open input.

R2′ =

0

1

2

?start

?go

run

!finish

As a result, the undesired state (0, 0, 1) becomes reachable with the external go action. ▷

Team Automata. Synchronisation types specify which synchronisations of components
are admissible in a specific system S. A synchronisation type (O, I ) ∈ Intv×Intv is a pair of
intervals O and I which determine the number of outputs and inputs that can participate in
a communication. Each interval has the form [min,max ] with min ∈ N and max ∈ N ∪ {∗}
where ∗ denotes 0 or more participants. We write x ∈ [min,max] if min ≤x≤ max and
x ∈ [min, ∗] if x≥ min.

A synchronisation type specification (STS) over S is a function st : Σ• → Intv×Intv that
assigns to any communicating action a an individual synchronisation type st(a). A system
label λ = (out, a, in) satisfies st(a) = (O, I ), denoted by λ |= st(a), if |out| ∈ O ∧ |in| ∈ I .

2Another variant of this Race system as an open system will be described in Section 6 (cf. Example 6.1).
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Each STS st generates the following subsets Λ(S, st) of system labels and E(S, st) of
corresponding system transitions.

Λ(S, st) = {λ ∈ Λ | λ = (out, a, in) ∧ a ∈ Σ• ⇒ λ |= st(a) }
E(S, st) = { t ∈ E | t.λ ∈ Λ(S, st) }

Thus, for communicating actions, the set of system transitions is restricted to those transitions
whose labels respect the synchronisation type of their communicating action. For internal
and open actions no restriction is applied. The reason is that (1) an internal action of a
component can always be executed when it is locally enabled and (2) an open action is
meant to be restricted only when composing systems (cf. Section 6).

Components interacting in accordance with an STS st over a system S are seen as
a team whose behaviour is represented by the (extended) team automaton (TA) ta(S, st)
generated over S by st and defined by the LTS

ta(S, st) = (Q, q0, Λ(S, st), E(S, st)).3

We write Λ(st) and E(st) instead of Λ(S, st) and E(S, st), respectively, if S is clear
from the context, and assume that Λ(st) ̸= ∅. Labels in Λ(st) are called team labels and
transitions in E(st) are called team transitions.

Example 2.2. For the Race system SRace in Fig. 1, we define the runners to start
simultaneously and finish individually by the STS stRace = {start 7→ ([1, 1], [2, 2]),
finish 7→ ([1, 1], [1, 1])}. The resulting TA ta(stRace,SRace) is shown in Fig. 3, with in-
teractions (n, a,m) written as n → m : a and internal labels (n, a) as n : a. ▷

0, 0, 0 1, 1, 1 1, 2, 2

1, 2, 1

1, 1, 2

2, 0, 1

2, 1, 0

2, 0, 2

2, 2, 0

Ctrl → {R1,R2} : start R1 : run

R2 : run

R1 → Ctrl : finish

R2 : run

R2 → Ctrl : finish

R1 : run
R1 → Ctrl : finish
R2 → Ctrl : finish

R2 : run

R1 : run

R2 → Ctrl : finish

R1 → Ctrl : finish

Figure 3. Team automaton of the Race system example in Fig. 1

Example 2.2 uses only STS with intervals of size one, as in all the examples in this paper.
Further, more complex examples of STS that exploit larger intervals can be found in the liter-
ature (cf., e.g., [tBCHK17, tBHK20a]). We now recall some familiar ones from [tBCHK17].4

3Starting with [tBHK20a], we have been using the system labels (out, a, in) in Λ(S, st) as the actions in
team transitions of what we coined extended team automata (ETA). This is the main difference with the
‘classical’ team automata from [Ell97, tBEKR03] and subsequent papers, where actions a ∈ Σ have been used
in team transitions. However, to study communication properties [tBCHP23], compositionality [tBHK20a]
and realisability [tBHP23a], explicit rendering of the CA that actually participate in a transition of the team
turned out useful.

4The abbreviation ‘ai’ was introduced in [tBEKR03] and stands for action indispensable, meaning that all
CA that have the action in their set Σ of actions have to participate in the synchronisation.
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([1,1], [0,∗]): multicast communication, meaning that a communicating action can be
executed only as a synchronisation involving exactly one component for which it is an
output action and any number of the components in which it is an input action. This
is called weak synchronisation in BIP.

([1,1], ai): (strong) broadcast communication, meaning that whenever a communicating
action is executed it occurs exactly once in its output role in that transition with all
input components involved. This is called strong synchronisation in BIP.

(ai, ai): transitions on communicating actions are always ‘full’ synchronisations, meaning
that all components that share a communicating action are involved in all transitions
on that action. In case all external actions are communicating (i.e., in a closed system),
this means that we are dealing with the classical synchronous product of automata
(cf., e.g., [Arn94,CK13, tBCK16]).

([1,∗], [0,∗]): transitions on communicating actions always involve at least one component
where that action is an output action. This is the idea of ‘master-slave’ communication
(cf. [tBEKR03]), according to which a master (output) can always be executed and
slaves (input) never proceed on their own.

([1,∗], [1,∗]): as directly above, but now at least one slave has to ‘obey’ (the master). This
is called ‘strong master-slave’ communication (cf. [tBEKR03]), by which a master
(output) can always be executed and slaves (input) must be involved.

3. Related Coordination Formalisms

In this section, we briefly relate team automata to a selection of formal coordination models
and languages. This selection is based on a more detailed comparison in [tBHP24], which
provides for each formalism, (1) the definition of the variant considered, (2) the definition
of composition (via synchronisation), (3) a possible model of our Race example in the
formalism, (4) a brief relation with team automata, and (5) existing tool support.

3.1. Reo via Port Automata. Reo [Arb04,JA12] is a coordination language to specify
and compose connectors, i.e., patterns of valid synchronous interactions of ports of compo-
nents or other connectors. Constraint automata [BSAR06] is a reference model for Reo’s
semantics [JA12]. Many variants of constraint automata exist [JA12, Sect. 3.2.2], some
distinguishing inputs from outputs as in TA. A variant called port automata [KC09] abstracts
away from data constraints, focusing on synchronisation (of actions) and composition (of
automata). Synchronisation types in TA restrict the number of inputs and outputs of ports
with shared names; synchronisation in port automata force how this is done. No variant
uses a similar notion to TA’s synchronisation types, although they can be expressed using
intermediate ports.

There are tools to analyse, edit, visualise, and execute Reo connectors. Analyses include
model checking, using either the dedicated model checker Vereofy [KKSB11] or encoding Reo
into mCRL2 [KKdV10,PM19], and simulation of extensions with parameters [PC17] and with
reactive programming notions [PC20], many accessible online at http://arcatools.org/reo.
Editors and visualisation engines include an Eclipse-based implementation [AKM+08b] and
editors based on JavaScript that run in a browser [Sme18, CP18]. Execution engines for
Reo include a Java-based implementation [DA18] and a distributed engine using actors in
Scala [Pro11,PCdVA12].

http://arcatools.org/reo
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3.2. BIP (without Priorities). BIP [BBS06,BS08] is formal language to specify architec-
tures for interacting components. A program describes the Behaviour of each component,
the valid Interactions between their ports, and the Priority among interactions. Multiple
formal models for specifying interactions exist, such as an algebra of connectors [BS08]. We
have previously compared TA with BIP in [tBCHK17], describing how some explicit patterns
of interaction of BIP, such as broadcasts, are modelled in TA (cf. Section 2), and with
BIP without priorities [KKW+16] in [tBHP24], presenting a formalisation of BIP without
priorities in a style similar to TA that facilitated the comparison. There are some technical
core differences between these formalisations.

BIP’s formalisation does not include explicit internal actions, although they do exist at
implementation level (e.g., in JavaBIP [BMSZ17]). BIP’s synchronisation mechanism ignores
inputs and outputs. However, the flow of data at each interaction is sometimes described
orthogonally [BMSZ17], where ports can either be enforceable by the environment (similar
to input actions) or spontaneous by the components (similar to output actions). A more
thorough comparison of the expressiveness of different BIP formalisations is given by Baranov
and Bliudze [BB20]. These differences reflect a different focus: less emphasis on communica-
tion properties (Section 4), internal behaviour of local components, and realisability notions
(Section 5); yet more focus on the exploration of different formalisms for the composition
of interactions and programs, supported by tools to connect to running systems [BMSZ17].
Similar to TA’s synchronisation types, BIP has a formalisation parameterised on the number
of components [MBBS16]. Ports can have multiple instances, and are enriched with a bound
on the number of allowed agents they can synchronise with, and a bound on the number of
interactions they can be involved in.

Several tools exist for BIP, including verification tools that traverse the state space
of BIP programs [BCJ+15] or use the VerCors model checker [BvdBH+23], and a toolset
LALT-BIP for verifying freedom from global and local deadlocks [ABB+18]. BIP also has a
C++ reference engine [BBB+11] and a Java engine called JavaBIP [BMSZ17].

3.3. Contract Automata. Contract automata [BDFT14, BDF16] are a finite state au-
tomata dialect proposed to model multi-party composition of contracts that can perform
request or offer actions, which need to match to achieve agreement among a composition of
contracts. Contract automata have been equipped with variability in [BDGG+17,BtBD+20]
by modalities to specify when an action must be matched (necessary) and when it may
be withdrawn (optional) in a composition, and with real-time constraints in [BtBL20].
Composition of contract automata is a variant of the synchronous (automata) product,
which interleaves or matches the transitions of the component (contract) automata such that
whenever two components are enabled to execute their respective request/offer action, then
the match (sychronisation) must happen. A composition is in agreement if each request is
matched with an offer. Contract automata with committed states as introduced in [BtB24]
can mimick multi-party synchronisation (by forcing two concatenated transitions with an
intermediate committed state to be executed atomically). Internal actions can be modelled
as offer actions (which do not interfere with agreement) or as silent (τ) actions as introduced
in [BtB24].

In [BDFT16], contract automata are compared with communicating machines [BZ83].
To guarantee that a composition of contract automata corresponds to a well-behaving (i.e.,
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realisable, cf. Section 5) choreography,5 a branching condition is used. This condition requires
contract automata to perform their offers independently of the other component automata
in the composition. As noted in [BtBD+20], this condition is related to the phenomenon of
state sharing in team automata [EG02], meaning that system components influence potential
synchronisations through their local (component) states even if not involved in the actual
global (system) transition. While a synchronous product of (I/O) automata can directly
be seen as a Petri net, for team automata this only holds for non-state-sharing vector
team automata [CK04, tBK12]. The relation between the branching condition of contract
automata and (non-)state-sharing in (vector) team automata needs further study.

Contract automata are supported by a software API called Contract Automata Library
(CATLib) [BtB22], which a developer can exploit to specify contract automata and perform
operations like composition and synthesis. The synthesis operation uses supervisory control
theory [RW87], properly revisited in [BtBP20] for synthesising orchestrations and chore-
ographies of contract automata. An application developed with CATLib is thus formally
validated by-construction against well-behaving properties from the theory of contract au-
tomata [BDF16,BtBD+20,BtBP20]. CATLib was designed to be easily extendable to support
related formalisms; it currently supports synchronous communicating machines [LTY15].

3.4. Choreography Automata. Choreography automata [BLT20] are automata with
labels that describe interactions (sender, receiver, and message name), very similar to
contract automata. Internal actions are not captured by choreography automata (as in Reo
and BIP’s formalisations) and only binary synchronisation (of actions) is supported (as in
contract automata): each such interaction has a single sender (the agent that offers) and
a single receiver (the agent that requests). Desirable properties of choreography automata
include deadlock-freedom, among others, focused on the language accepted by these au-
tomata [BLT22]. Consequently, properties that rely on observational equivalence notions
such as bisimilarity are not covered by these analyses.

Corinne [ODPB+21] can be used to visualise choreography automata and to automatise
operations like composition (to combine local automata into a single global automaton
representing combined behaviour, e.g., through synchronisation of actions), projection (to
derive local automata from a global composite automaton), and checking for well-formedness
(conditions to ensure communication properties like deadlock-freedom, cf. Section 4).6

3.5. Synchronous Multi-Party Session Types. Multi-Party Session Types [SY19] are a
family of formalisms based on calculi to describe communication protocols between multiple
agents (multi-party). A session in these calculi represents a communication channel shared
by a group of agents, to which they can read or write data. Each agent has a behavioural
type, which describes the allowed patterns of reading-from and writing-to sessions, providing
some compile-time guarantees for the concrete agents to follow the communication patterns.

5A choreography can be seen as a global viewpoint specifying the interactions among distributed participants
in terms of a contract defining their expected communication behaviour in terms of message exchanges. Such
a choreography is well-behaving if it is realisable by local behaviour conforming to the global viewpoint.

6As admitted by the authors themselves in [BLT23], the well-formedness condition for choreography
automata reported in [BLT20, Def. 4.13] was flawed, invalidating [BLT20, Thm 4.15] on communication
properties (liveness, lock freedom, and deadlock freedom) of choreography automata. In [BLT23], the authors
show that choreography automata can be conceived as specifications of formal choreographic languages,
which can be used to prove the communication properties of a given choreography automaton.



OVERVIEW AND ROADMAP OF TEAM AUTOMATA 11

Most approaches distinguish (1) a global type, often a starting point, describing the composed
system; and (2) the local types, often derived from the global type, describing the local
view of each agent. The synchronous multi-party session types used by Seviri and Dezani-
Ciancaglini [SD19], similarly to most work on multi-party session types, only support binary
synchronisations. However, they impose projectability, which is closely related to realisability
(cf. Section 5). Other synchronous multi-party session types exist, some supporting multiple
receivers [BY08] or multiple senders [JWX23].

Synchronous multi-party session types support a limited set of communication patterns
when compared to team automata (cf. Section 2), allowing to syntactically verify many
useful properties, like deadlock-freedom or the preservation of behaviour after projection, at
the cost of expressivity. Regarding internal behaviour, neither global nor local types support
internal actions. As an alternative to internal actions in types, most work on multi-party
session types describe the internal behaviour by explicitly defining processes, often with
concrete references to data values, which are then typed with respect to local types (cf., e.g.,
Bejleri and Yoshida [BY08]).

There exists a rich variety of tools on variants of multi-party session types, as con-
firmed by Yoshida in a recent survey [Yos24] of integrations of multi-party session types
into different programming languages. This survey reflects a core focus in session types
theory on increasing trustworthiness of implementations of distributed systems by statically
guaranteeing properties like deadlock-freedom.

3.6. Other Coordination Formalisms. Many other coordination formalisms involve
similar notions of composition and synchronisation of agent behaviour. These include
the specification languages provided by model checkers such as Uppaal [BDL04, LLN18]
and mCRL2 [GM14, AG23], as well as more generic formalisms like message sequence
charts [HT03, ITU11], event structures [NPW81,Win88], Petri nets [Rei13,BD24], and I/O
automata [LT89,KLSV10]. Without pretending completeness, we discuss some of these in
this section.
Uppaal. Uppaal accepts systems modelled by (stochastic, timed) automata, with matching
input-output actions that must synchronise (either 1-to-1 or 1-to-many). The latter requires
a sender to synchronise with all, possibly zero, available receivers at that time, which differs
from the synchronisation policies of team automata. Contract automata’s committed states
stem from Uppaal’s concept of committed states. Uppaal also provides partial support for
priorities over actions, but not over interactions as in BIP.
mCRL2. mCRL2 accepts systems modelled as a parallel composition of algebraic processes,
with special operators to allow the synchronous execution of groups of actions, and the
restriction of given actions. This is powerful enough to enumerate all valid synchronisations
between concurrent processes (components), yet quite verbose, which we exploited to verify
communication properties of team automata [tBCHP23].
Message Sequence Charts. Message Sequence Charts are visual diagrams commonly
used to describe scenarios with interacting agents which have historically been used to
describe telecommunication protocols. They are not always precise, and can be enriched with
constructs to denote loops, choices, and parallel threads. Katoen and Lambert [KL98] have
used pomsets to formalise message sequence charts, where each possible trace is described as
a (multi-)set of actions with a partial order. Guanciale and Tuosto used a pomset semantics
for choreographies to reason over realisability [GT19], and Edixhoven et al. extended pomsets
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with a hierarchical structure [EJPC24], reasoned over realisability, and compared it to event
structures [NPW81] (often used to give semantics to Petri nets).

Petri Nets. Petri nets come in many flavours, and provide a compact representation of a
global model of interaction that avoids the explosion of states caused by the interleaving of
independent actions. In [tBK12], a subclass of team automata—non-state-sharing vector
team automata—has been encoded into Individual Token Net Controllers—a model of
vector-labeled Petri nets—covering team automata in which the synchronisation of a set of
agents cannot be influenced by the remaining agents (cf. Section 3.3). Zero-safe nets are
another extension of Petri nets with a transactional mechanism that distinguishes observable
from hidden states, used to formalise Reo [Cla07]. This extension could also be used to
model the synchronisation mechanism of team automata, although the analysis of these nets
is non-trivial.

I/O Automata. I/O automata and related formalisms like I/O systems [Jon87], interface
automata [dAH01], reactive transition systems [CC02], interacting state machines [vO02],
and component-interaction (CI) automata [BČVZ06] all distinguish input, output, and
internal actions. However, I/O automata are, by definition, input-enabled: in every state
of the automaton every input action of the automaton is enabled (i.e., executable). In
fact, team automata are a generalisation of I/O automata [tBK05]. All formalisms define
composition as the synchronous product of automata except for interface automata [dAH01],
which restrict product states to compatible states, and CI automata, which were specifically
designed to have this distinguishing feature of team automata. CI automata however
restrict communication to binary synchronisation between a pair of input and output
actions. Contrary to ‘classical’ team automata, CI automata use system labels to preserve
the information about their communication, a feature which inspired the introduction of
extended team automata in [tBHK20a] (cf. Sect. 2).

4. Communication Properties

Compatibility of components is an important issue for systems to guarantee successful (safe)
communication [BSBM05,CGP09,DOS12,CK13,BCZ15, tBCK16, tBCHK17, tBHK20c], i.e.,
free from message loss (output actions not accepted as input by some other component)
and indefinite waiting (for input to be received in the form of an appropriate output action
provided by another component). In [tBCHK17], we identified representative synchronisation
types to classify synchronisation policies that are realisable in team automata (e.g., binary,
multicast and broadcast communication, synchronous product) in terms of ranges for the
number of sending and receiving components participating in synchronisations. Moreover,
we provided a generic procedure to derive, for each synchronisation type, requirements
for receptiveness and for responsiveness of team automata that prevent outputs not being
accepted and inputs not being provided, respectively, i.e., guaranteeing safe communication.
This allowed us to define a notion of compatibility for team automata in terms of their
compliance with communication requirements, i.e., receptiveness and responsiveness. A team
automaton was said to be compliant with a given set of communication requirements if in each
of its reachable states, the desired communications can immediately occur; in [tBCHK17] it
was said to be weakly compliant if the communication can eventually occur after some internal
actions have been performed (akin to weak compatibility [BMSH10,HB18] or agreement of
lazy request actions [BtBD+20]). This idea was generalised in [tBHK20c, tBHK20a] where
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arbitrary actions, not only internal ones, are allowed before the required communication
happens. In this paper, we use this more general notion of weak compliance. Since
communication requirements are derived from synchronisation types, we get a family of
compatibility notions indexed by synchronisation types.

We revisited the definition of safe communication in terms of receptive- and responsive-
ness requirements in [tBHK20c, tBHK20a].

4.1. Communication Requirements. The assignment of a single synchronisation type to
a team automaton was deemed too restrictive, so we decided to fine tune the number of
synchronising sending and receiving components per action. For this purpose we introduced,
in [tBHK20a], synchronisation type specifications which assign a synchronisation type
individually to each communicating action. As we have seen in Section 2, such specifications
uniquely determine a team automaton. Any synchronisation type specification generates
communication requirements to be satisfied by the team.

Receptiveness. If, in a reachable state q of ta(S, st), a group { An | n ∈ out } of CA with
∅ ≠ out ⊆ N is (locally) enabled to perform a communicating output action a ∈ Σ•, i.e.,
for all n ∈ out holds a ∈ Σ!

n and qn
a−→An , and if moreover both (1) the number of CA in out

fits that of the senders allowed by the synchronisation type st(a) = (O, I ), i.e., |out| ∈ O,
and (2) the CA need at least one receiver to join the communication, i.e., 0 /∈ I , then we get
a receptiveness requirement, denoted by rcp(out, a)@q. If out = {n}, we write rcp(n, a)@q
for rcp({n}, a)@q.

Responsiveness. If, in a reachable state q of ta(S, st), a group { An | n ∈ in } of CA
with ∅ ≠ in ⊆ N is (locally) enabled to perform a communicating input action a ∈ Σ•, i.e.,
for all n ∈ in holds a ∈ Σ?

n and qn
a−→An , and if moreover both (1) the number of CA in in

fits that of the senders allowed by the synchronisation type st(a) = (O, I ), i.e., |in| ∈ I , and
(2) the CA need at least one sender to join the communication, i.e., 0 /∈ O, then we get a
responsiveness requirement, denoted by rsp(in, a)@q. If in = {n}, we write rsp(n, a)@q for
rsp({n}, a)@q.

4.2. Compliance. The TA ta(S, st) is compliant with a receptiveness requirement
rcp(out, a)@q if the group of components (with names in out) can find partners in the
team which synchronise with the group by taking (receiving) a as input. If reception is
immediate, then we speak of receptiveness; if the other components may still perform
arbitrary intermediate actions (i.e., not limited to internal ones like in [tBCHK17]) before
accepting a, then we speak of weak receptiveness [tBHK20a]. We now formally define (weak)
compliance, (weak) receptiveness and (weak) responsiveness.

The TA ta(S, st) is compliant with rcp(out, a)@q if ∃in . q
(out,a,in)−−−−−→ta(S,st) while it is weakly

compliant with rcp(out, a)@q if ∃in . q
(Λ(st)\out)∗ ; (out,a,in)
−−−−−−−−−−−−−→ta(S,st), where Λ(st)\out denotes the

set of team labels in which no component of out participates. Formally, Λ(st)\out =
{ (out′, a, in) ∈ Λ(st) | (out′ ∪ in) ∩ out = ∅ } ∪ { (n, a) ∈ Λ(st) | n /∈ out }.
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The TA ta(S, st) is compliant with rsp(in, a)@q if ∃out . q
(out,a,in)−−−−−→ta(S,st), while it is

weakly compliant with rsp(in, a)@q if ∃out . q
(Λ(st)\in)∗ ; (out,a,in)
−−−−−−−−−−−−−→ta(S,st), where st(Λ)\in denotes

the set of team labels in which no component of in participates. Formally, st(Λ)\in =
{ (out, a, in′) ∈ st(Λ) | (out ∪ in′) ∩ in = ∅ } ∪ { (n, a) ∈ st(Λ) | n /∈ in }
TA: (Weak) Receptiveness. The TA ta(S, st) is (weakly) receptive if for all reachable
states q ∈ R(ta(S, st)), the TA ta(S, st) is (weakly) compliant with all receptiveness
requirements rcp(out, a)@q established for q.
Example 4.1 (Receptiveness and Compliance). In the initial state (0, 0, 0) of the Race
team (cf. Fig. 3), there is a receptiveness requirement of the controller who wants to start
the competition, expressed by rcp(Ctrl, start)@(0, 0, 0). The TA ta(Race, stRace) is compliant
with this requirement. When the first runner is in state 2, the desire to send finish leads
to three receptiveness requirements: rcp(R1, finish)@(1, 2, 1), rcp(R1, finish)@(1, 2, 2), and
rcp(R1, finish)@(2, 2, 0). If the second runner is in state 2, we get three more receptiveness
requirements: rcp(R2, finish)@(1, 1, 2), rcp(R2, finish)@(1, 2, 2), and rcp(R2, finish)@(2, 0, 2).
The TA ta(Race, stRace) is compliant also with these. ▷

Unlike output actions, the selection of an input action of a component is not controlled
by the component but by the environment, i.e., there is an external choice. If, for a choice of
enabled inputs {a1, . . . , an}, only one of them can be supplied with a corresponding output
of the environment this suffices to guarantee progress of each component waiting for input.
TA: (Weak) Responsiveness. The TA ta(S, st) is (weakly) responsive if for all reachable
states q ∈ R(ta(S, st)) and for all n ∈ N the following holds: if there is a responsiveness
requirement rsp(in, a)@q established for q with n ∈ in, then the TA ta(S, st) is (weakly)
compliant with at least one of these requirements.7

Example 4.2 (Responsiveness and Compliance). In the initial state (0, 0, 0) of the Race
team, there is a responsiveness requirement of the two runners who want the competition to
start, expressed by rsp({R1,R2}, start)@(0, 0, 0). The TA ta(Race, stRace) is compliant with
this requirement. When the controller is in state 1, there are responsiveness requirements
rsp(Ctrl, finish)@(1, q1, q2) for any q1, q2 ∈ {1, 2}. In state (1, 1, 1), at least one run must
happen before a finish is sent; in all other cases, this requirement is immediately fulfilled.
Hence, the TA ta(Race, stRace) is weakly compliant with these responsiveness requirements.
There are four more responsiveness requirements when the controller is in state 2, two of
which are only weakly fulfilled. ▷

As far as we know, such powerful compliance notions for I/O-based, synchronous
component systems were not studied before, which we will explain better in Sect. 4.4. For
one, I/O automata are, by definition, input-enabled. This means that, differently from
component automata and team automata, in any state any input action will be accepted.
Hence any I/O automaton is receptive.

In case of open systems the arbitrary immediate actions before a desired communication
happens may be output or input actions open to the environment. Then local communication
properties could be violated upon composition with other team automata. This led us
to consider composition of open team automata and to investigate conditions ensuring
compositionality of communication properties [tBHK20a, tBHK20b, tBCHP21b].

7This version of (weak) responsiveness is slightly stronger than in our previous work, driven by the
comparison with local deadlock-freedom below.
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Example 4.3 (Compliance of Open Systems). Consider the open system variant Race′

of the Race example from Example 2.1. Due to the open input action, state (0, 0, 1) is
reachable and has a receptiveness requirement of the controller who wants to start the
competition, expressed by rcp(Ctrl, start)@(0, 0, 1). Clearly, the TA ta(Race′, stRace) is not
(weakly) compliant with this receptiveness requirement at (0, 0, 1), since the second runner
would also be needed to start. So we must choose a different synchronisation policy. The
solution is simple. We just omit transition (0, 0, 0) (∅,go,R2′)−−−−−−→ (0, 0, 1). Then (0, 0, 1) is
no longer reachable and the new team is compliant with the receptiveness requirements.
Removal of the ‘bad’ open input transition matches the approach of interface automata
in [dAH01], where components are considered to be compatible if they can work properly
together in a ‘helpful’ environment. ▷

4.3. Tool Support. Automatically verifying communication properties is non-trivial, as it
may involve traversing networks of interacting automata with large state spaces. We pursued
a different approach by providing a logical characterisation of receptiveness and responsiveness
in terms of formulas of a (test-free) propositional dynamic logic [HKT00] using (complex)
interactions as modalities (cf. [tBCHP22a, tBCHP23]). Verification of communication
properties then relies on model checking receptive- and responsiveness formulas against a
system of component automata taking into account a given synchronisation type specification.

We developed an open-source prototypical tool [tBCHP22b] to support our theory for
closed systems. It implements a transformation of CA, systems, and TA into mCRL2 [AG23]
processes and of the characterising dynamic logic formulas into µ-calculus formulas. The
latter is straightforward, whereas the former uses mCRL2’s allow operator to suitably restrict
the number of multi-action synchronisations such that the semantics of systems of CA is
preserved. Then we can automatically check communication properties with the model-
checking facilities offered by mCRL2, which outputs the result of the formula as well as a
witness or counterexample.

4.4. Related Work. The genericity of our approach with respect to synchronisation
policies allows us to capture compatibility notions for various multi-component coordination
strategies. In the literature, compatibility notions are mostly considered for systems relying
on peer-to-peer communication, i.e., all synchronisation types are ([1,1],[1,1]), meaning that
a communicating action can be executed only as a synchronisation involving exactly one
component for which it is an output action and exactly one for which it is an input action
(cf. our discussion in [tBCHK17] and in Section 2). Our notion of receptiveness is inspired
by the compatibility notion of interface automata [dAH01] and indeed both notions coincide
for closed systems and 1-to-1 communication. It also coincides with receptiveness in [CC02].

Weak receptiveness is inspired by the notion of weak compatibility in [BMSH10] and also
corresponds to unspecified reception in the context of n-protocol compatibility in [DOS12]
and lazy request in contract automata [BtBD+20]. We are not aware of compatibility notions
concerning responsiveness. In [CC02], it is captured by deadlock-freedom and in [DOS12] it
is expressed by part of the definition of bidirectional complementary compatibility which,
however, does not support choice of inputs as we do.
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The relationship between deadlock-freedom, used in different variations in the literature,
and our communication properties inspired by de Alfaro and Henzinger [dAH05] is subtle.
Note that the distinction between our input and output actions is not relevant for the more
traditional notions of deadlock and that two types of deadlocks are often distinguished:
global and local (cf., e.g., [ABB+18]). In short, global deadlock is a property of the whole
system/composition (i.e., no further interaction is enabled), whereas local deadlock is a
liveness failure of a component or subsystem within that system/composition (i.e., some
component(s) can no longer progress while the system/composition as a whole can). Clearly,
global deadlock implies local deadlock but not vice versa, which illustrates the importance
of studying local deadlocks: proving only global deadlock-freedom may ignore situations in
which part of the system is permanently deadlocked, while the rest can continue to execute.

Weak receptiveness and weak responsiveness can be used to guarantee (global) deadlock-
freedom, in the sense of BIP [GS05], choreography automata [BLT20], or stuck-freeness in
multi-party session types [SY19]. This requires some assumptions (e.g., on the synchronisation
types) and we refer to [tBHK20c] for a more detailed discussion. Global deadlock-freedom
does, however, not imply (weak) receptiveness. Consider, for instance, a system state where
Alice can send either a message a or a message b to Bob, but Bob can only receive a. This
state is deadlock-free but it is not receptive, since Alice can never send b. Similarly, global
deadlock-freedom does not imply (weak) responsiveness. Consider, for instance, a system
state where Alice can receive a forever, Bob can receive b forever, and Carol can send a
forever. If no other participants exist, then this state is deadlock-free but it is not responsive,
since Bob can never receive b.

These examples point out the crucial difference between global and local deadlocks,
covered by the notions of “individual deadlock” in BIP [GS05], “lock” in choreography
automata [BLT20], and “strong lock” in multi-party session types [SY19]. The difference
between the latter two is that [BLT20] assumes fair runs. The notion of individual deadlock
in [GS05] is defined differently, but seems equivalent to a “lock” in [BLT20] for 1-to-1
communication. Weak receptiveness together with weak responsiveness is equivalent to
individual deadlock-freedom in BIP if the interaction model fits to the synchronisation types .
Hence, this is also equivalent to lock-freedom in [BLT20]. Strong lock-freedom in multi-party
session types [SY19] is indeed a stronger requirement.

The compatibility notions above formalise general requirements for safe communication.
Some approaches prefer to formulate individual compatibility requirements tailored to
particular applications by formulas in a logic for dynamic systems using model-checking
tools for verification (cf., e.g., [AKM08a,KKSB11,KKdV10,PM19]).

4.5. Roadmap. In [tBHK20c], we argued that it may be the case that (local) enabledness of
an action indicates only readiness for communication and not so much that communication
is required. To make this distinction between possible and required communication explicit,
we proposed to introduce designated states in CA, where execution can stop but may also
continue, next to states where progress is required.8 The introduction of such safe states
to component automata has significant consequences for the derivation of communication
requirements and for our compliance notions, which would have to be adjusted accordingly.

8In [tBHK20c], we called these final states, but we now prefer to call them safe states. Roughly speaking,
these are states where automata can break a communication requirement without raising a communication
error. A typical example would be when a server component is ready to receive an input which never arrives.



OVERVIEW AND ROADMAP OF TEAM AUTOMATA 17

Global
Model

M

Signature
& STS
Θ, st

N -Equivalences
≡ = (≡n)n∈N

RC(M,≡)such
that

System
S = (M/≡n)n∈N

ta(S, st) ∼ Msuch
that

build
equivalence

relations

build
model

group
equivalent

states

Figure 4. Realisation method

5. Realisation

In this section, we consider a top-down method by which first a global model M for the
intended interaction behaviour of a system is provided (on the basis of a system signature
and synchronisation type specification st). Then we look for a system S of component
automata, to be used as a realisation of M, whose generated team automaton ta(S, st)
is bisimilar to the global model M. . Our approach is restricted to the case in which
components do not contain internal actions. Hence bisimilarity is strong.

For our realisation method we instantiate the generic approach investigated in [tBHP23a]
by applying the localisation style with so-called “poor” local actions of the form !a for outputs
and ?a for inputs; localisations with “rich” local actions, which mention in the local context of
a component n the receiver m of a message (e.g., by nm!a) or the sender m of a message (e.g.,
by mn?a), are treated in [tBHP23a] as well, but they are not relevant for team automata.

Recall from Section 2 the notions of component automaton (CA), system S, synchroni-
sation type specification st, and generated team automaton (TA) ta(S, st). Our realisation
method is summarised in Fig. 4 and will be explained in more detail in the next sections.

5.1. Global Models of Interaction. Our method starts with a system signature Θ =
(N , (Σn)n∈N ), where N is a finite, nonempty set of component names and (Σn)n∈N is an
N -indexed family of action sets Σn = Σ?

n ∪Σ!
n split into disjoint sets Σ?

n of input actions
and Σ!

n of output actions. As in Section 2, let Σ• =
⋃

n∈N Σ?
n ∩

⋃
n∈N Σ!

n be the set of
communicating actions. We do not consider internal actions here and we assume that all
system actions a ∈

⋃
n∈N Σn are communicating.

Together with the system signature a synchronisation type specification st must be
provided assigning to each a ∈ Σ• a pair of intervals st(a) = (O, I ), as explained in Section 2.
The system signature Θ together with the STS st determine the following set Λ(Θ, st) of
(multi-)interactions respecting the constraints of the given synchronisation types:

Λ(Θ, st) = { (out, a, in) | ∅ ̸= (out ∪ in) ⊆ N , ∀n∈out · a ∈ Σ!
n , ∀n∈in · a ∈ Σ?

n ,

st(a) = (O, I ) ⇒ |out| ∈ O ∧ |in| ∈ I }

We model the global interaction behaviour of the intended system by an LTS whose labels
are (multi-)interactions in Λ(Θ, st). Hence, a global interaction model over Θ and st is an
LTS of the form M = (Q, q0, Λ(Θ, st), E).

Example 5.1. To develop the Race system we would start with system signature ΘRace
with component names Ctrl, R1, R2 and action sets Σ?

Ctrl = {finish} = Σ!
R1 = Σ!

R2 and
Σ!

Ctrl = {start} = Σ?
R1 = Σ?

R2. We do not consider the internal run action. As in Example 2.2,
we use the STS stRace with stRace(start) = ([1, 1], [2, 2]) and stRace(finish) = ([1, 1], [1, 1]).
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ΛRace =


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

Figure 5. Interaction set ΛRace and global interaction model MRace

Fig. 5 shows on the left the induced interaction set Λ(ΘRace, stRace) (abbreviated by
ΛRace) and on the right a global interaction model MRace. It imposes the system to start in
a (global) state, where the controller starts both runners at once. Each runner separately
sends a finish signal to the controller (in arbitrary order). After that a new run can start. ▷

Remark 5.2. Our development methodology can be extended by providing first an abstract
specification of desired and forbidden interaction properties from a global perspective.
In [tBHP23a], we proposed a propositional dynamic logic for this purpose where interactions
are used as atomic actions in modalities such that we can express safety and (a kind of)
liveness properties. For instance, we could express the following requirements for the Race
system by dynamic logic formulas, using the usual box modalities [·] and ⟨·⟩, sequential
composition (;), choice (+), and iteration (·∗):
(1) “For any started runner, it should be possible to finish her/his run.”[

some∗; Ctrl → {R1,R2} : start
] (

⟨some∗; R1 → Ctrl : finish⟩ true ∧
⟨some∗; R2 → Ctrl : finish⟩ true

)
(2) “No runner should finish before she/he was started by the controller.”[(

− (Ctrl → {R1,R2} : start)
)∗

;
(

R1 → Ctrl : finish +
R2 → Ctrl : finish

)]
false

To check that a global interaction model satisfies a specification, we propose to use
the mCRL2 toolset [GM14,AG23]. For this purpose, as explained in [tBCHP23], we can
use the translation from LTS models into process expressions and the translation from our
interaction-based dynamic logic into the syntax used by mCRL2. ▷

5.2. Realisation of Global Models of Interaction. Our central task concerns the
realisation (decomposition) of a global interaction model M in terms of a (possibly dis-
tributed) system S of component automata which are coordinated according to the given
synchronisation type specification.

In order to formulate our realisation notion, we briefly recall the standard notion of
bisimulation. Let Ln = (Qn, qn,0, Σ,En) be two LTS (for n = 1, 2) over the same action
set Σ. A bisimulation relation between L1 and L2 is a relation B ⊆ Q1 ×Q2 such that for
all (q1, q2) ∈ B and for all a ∈ Σ the following holds:

(1) if q1
a−→L1 q

′
1, then there exist q′

2 ∈ Q2 and q2
a−→L2 q

′
2 such that (q′

1, q
′
2) ∈ B;

(2) if q2
a−→L2 q

′
2, then there exist q′

1 ∈ Q1 and q1
a−→L1 q

′
1 such that (q′

1, q
′
2) ∈ B.

L1 and L2 are bisimilar, denoted by L1 ∼ L2, if there exists a bisimulation relation B
between L1 and L2 such that (q1,0, q2,0) ∈ B.
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Now, we assume given a system signature Θ = (N , (Σn)n∈N ), an STS st and a global
interaction model M with labels Λ(Θ, st). A system S = (N , (An)n∈N ) of component
automata An with actions Σn is a realisation of M with respect to st if the team automaton
ta(S, st) generated over S by st (as defined in Section 2) is bisimilar to M, i.e., ta(S, st) ∼ M.
Note that the team labels Λ(S, st) of ta(S, st) are exactly the interactions in Λ(Θ, st), i.e.,
the actions of the LTS M. The global model M is called realisable if such a system S exists.

Remark 5.3. Technically, the definition of realisability in [tBHP23a] uses a synchronous
Γ -composition ⊗Γ (An)n∈N [tBHP23a, Def. 7] of the component automata. Transferred to
the context of synchronisation types, Γ would be Λ(Θ, st). Moreover, ⊗Γ (An)n∈N contains
only reachable states, which need not to be the case for the team automaton ta(S, st).
However, we can restrict ta(S, st) to its reachable sub-LTS which coincides with ⊗Γ (An)n∈N .
Note also that any LTS is bisimilar to its reachable sub-LTS, such that this restriction does
not harm. ▷

Since our realisability notion relies on bisimulation, we are able to deal with non-
deterministic behaviour. Note that, according to the invariance of propositional dynamic
logic under bisimulation (cf. [vBvES94]), we obtain that global models and their realisations
satisfy the same propositional dynamic logic formulas when (multi-)interactions are used as
atomic actions as proposed in [tBCHP23, tBHP23a].

Next, we consider the following two important questions:

(1) How can we check whether a given global model M is realisable?
(2) If it is, how can we build/synthesise a concrete realisation?

To tackle the first question, we propose to find a family ≡ = (≡n)n∈N of equivalence
relations on the global state space Q of M such that, for each component name n ∈ N and
states q, q′ ∈ Q, q ≡n q

′ expresses that q and q′ are indistinguishable from the viewpoint
of n. It is required that at least any two global states q, q′ ∈ Q which are related by a
global transition q

(out,a,in)−−−−−→M q′ should be indistinguishable for any n ∈ N which does not
participate in the interaction, i.e., q ≡n q

′ for all n /∈ out ∪ in. A family ≡ = (≡n)n∈N of
equivalence relations ≡n ⊆ Q×Q with this property is called an N -equivalence.

We can now formulate our sufficient realisability condition for the global model
M = (Q, q0, Λ(Θ, st), E). Our goal is to find an N -equivalence ≡ = (≡n)n∈N over M
such that the following realisability condition RC(M,≡) holds.

RC(M,≡): For each interaction (out, a, in) ∈ Λ(Θ, st), whenever there is (1) a map
ℓ : out ∪ in → Q assigning a global state qn = ℓ(n) to each n ∈ out ∪ in together with (2) a
global “glue” state g, i.e., qn ≡n g for each n ∈ out ∪ in, then we expect: for all n ∈ out ∪ in
and all global transitions qn

(outn,a,inn)−−−−−−−→M q′
n such that n ∈ (outn ∩ out) ∪ (inn ∩ in) , there is

a global transition g
(out,a,in)−−−−−→M g′ such that q′

n ≡n g
′ for each n ∈ out ∪ in.

The intuition for this requirement is that if component n can participate in executing
an output (input, resp.) action a in state qn, then n should also be able to participate in
executing output (input, resp.) action a in state g, since n cannot distinguish qn and g. As
this should hold for all n ∈ out ∪ in, the interaction (out, a, in) should be enabled in g and
preserve indistinguishability of states for all n ∈ out ∪ in.
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As a consequence of our results in [tBHP23a], in particular Thm. 3, we obtain that if
there is an N -equivalence ≡ = (≡n)n∈N such that the realisability condition RC(M,≡)
holds, then the global model M = (Q, q0, Λ(Θ, st), E) can indeed be realised by the system
S≡ = (M/≡n)n∈N of component automata constructed as local quotients of M, i.e.,
ta(S≡, st) ∼ M. More precisely, the local n-quotient of M is the component automaton
M/≡n = (Q/≡n, [q0]≡n , Σn, (E/≡n), where
• Q/≡n = { [q]≡n | q ∈ Q } and

• E/≡n is the least set of transitions generated by rule q
(out,a,in)−−−−−→M q′ n ∈ out ∪ in

[q]≡n

a−→(M/≡n) [q′]≡n

Example 5.4. Take the global LTS MRace in Fig. 5. We use the family of equivalences
≡ = (≡n)n∈{Ctrl,R1,R2} that obeys RC(MRace,≡) (see below) and partitions the state space
Q in Q/≡Ctrl = {{0}, {1}, {2, 3}}, Q/≡R1 = {{0, 2}, {1, 3}}, and Q/≡R2 = {{0, 3}, {1, 2}}.
Using these equivalences, the local quotients are:

(M/≡Ctrl) =
{0} {1}

{2, 3}

!start

?finish?finish
(M/≡R1) = {0, 2} {1, 3}

?start

!finish

(M/≡R2) = {0, 3} {1, 2}
?start

!finish

So we obtained a system that is a realisation of MRace. This means the team automaton
ta(S≡, stRace) generated by S≡ and stRace is bisimilar to MRace. Indeed, both are the
same LTS up to renaming of states: state ({0}, {0, 2}, {0, 3}) in ta(S≡, stRace) instead of
state 0 in MRace, ({1}, {1, 3}, {1, 2}) instead of 1, ({2, 3}, {0, 2}, {1, 2}) instead of 2, and
({2, 3}, {1, 3}, {0, 3}) instead of 3.

We show how to check RC(MRace,≡) using interaction R1 → Ctrl : finish as example.
We have 1 R1 → Ctrl : finish−−−−−−−−−→MRace 2 and 1 R2 → Ctrl : finish−−−−−−−−−→MRace 3. Taking 1 as (trivial) glue state,
we thus have, as required, 1 R1 → Ctrl : finish−−−−−−−−−→MRace 2, but also 2 ≡Ctrl 3 must hold, which is the
case. Note that we would not have succeeded here if we had taken the identity for ≡Ctrl. ▷

5.3. Tool Support. We implemented a prototypical tool, called Ceta, to perform realisa-
bility checks and system synthesis (cf. [tBHP23a, tBHP23b]). It is open source, available at
https://github.com/arcalab/choreo/tree/ceta, and executable by navigating to https://
lmf.di.uminho.pt/ceta. It provides a web browser where one can input a global protocol
described in a choreographic language, resembling regular expressions of interactions. It
offers automatic visualisation of the protocol as a state machine representing a global model
and it includes examples with descriptions.

Ceta implements a constructive approach to the declarative description of the realisability
conditions. It builds a family of equivalence relations, starting with one that groups states
connected by transitions in which the associate participant is not involved. This family
of minimal equivalence relations is checked for satisfaction of the realisability condition
with respect to the global model. If it fails, a new attempt is started after extending the
equivalence relations appropriately. If no failure occurs, then the realisability condition is
satisfied and the resulting equivalence classes are used to join equivalent states in the global
model, yielding local quotients which can again be visualised. Thus a realisation of the
global model is constructed. There are several widgets that provide further insights, such

https://github.com/arcalab/choreo/tree/ceta
https://lmf.di.uminho.pt/ceta
https://lmf.di.uminho.pt/ceta
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as the intermediate equivalence classes, the synchronous composition of local components,
and bisimulations between global models and team automata. Readable error messages are
given when a realisability condition does not hold.

5.4. Related Work. Our approach is driven by specified sets of multi-interactions support-
ing any kind of synchronous communication between multiple senders and multiple receivers.
To the best of our knowledge, realisations of global models with arbitrary multi-interactions
have not yet been studied in the literature. There are, however, specialised approaches
that deal with realisations of global models or decomposition of transition systems. In this
section, we first provide a revised and extended comparison of our approach with that of
Castellani et al. [CMT99], followed by a brief comparison with other approaches.

Relationship to [CMT99]. Our realisability condition RC(M,≡), based on the notion
of N -equivalence ≡, is strongly related to a condition for implementability in [CMT99,
Theorem 3.1]. The main differences are:
(1) In [CMT99], there is no distinction between input and output actions.
(2) In [CMT99], interactions are always full synchronisations on an action a, while we

deal with individual multi-interactions (out, a, in) specified by an STS. Of course, we
can also use an STS stfull for full synchronisation. Then we define, for each action a,
stfull(a) = ([#out(a),#out(a)], [#in(a),#in(a)]), where #out(a) = |{n ∈ N | a ∈ Σ!

n}|
is the number of components having a as an output action and #in(a) = |{n ∈ N | a ∈
Σ?

n}| is the number of components having a as an input action.
(3) In [CMT99], they provide a characterisation of implementability up to isomorphism,

while we provide a criterion for realisability modulo bisimulation, thus supporting non-
determinism. To achieve this, we basically omitted condition (ii) of [CMT99, Theorem 3.1]
which requires that whenever two global states q and q′ are n-equivalent for all n ∈ N ,
then q = q′. In Example 5.5 below we provide a simple example for a global interaction
model which satisfies our realisability condition but for which there is no realisation up to
isomorphism. In fact, Example 5.5 shows that bisimulation allows the merging of of states
which would be distinct under isomporphism. Note that [CMT99, Theorem 6.2] provides
a proposal to deal with a characterisation of implementability modulo bisimulation under
the assumption of deterministic product transition systems. The authors also report on
a result to characterise implementability for non-deterministic product systems which
uses infinite execution trees and is thus, unfortunately, not effective.

Example 5.5. There is a basic example for a situation, depicted in Table 1, in which
a global LTS M satisfies our realisability condition but there is no realisation that is
isomorphic to M (only bisimilar). In this example, let Σ = (I,M), with I = {p, q} and
M = {a}, and let Γ = {p →∅ : a, q →∅ : a} be the interaction set. The global LTS M is
depicted on the left side of Table 1 with five states and four transitions. As equivalences
for p and q we take the reflexive, symmetric, and transitive closures of 1 ≡p 3, 0 ≡p 2,
and 1 ≡p 4, and of 0 ≡q 1, 2 ≡q 4, and 2 ≡q 3. Note that 1 ≡p 4 and 2 ≡q 3 are enforced
to satisfy RC (M,≡)r. By symmetry and transitivity, we also get 3 ≡p 4 and 3 ≡q 4.
Since the realisability condition holds, M is realisable with rich local actions up to
bisimilarity. The local components Mp and Mq are depicted in the middle of Table 1.
However, M is not realisable up to isomorphism. Otherwise, states 3 and 4 should be
the same (cf. [CMT99, Theorem 3.1]). ▷
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Table 1. A global model � (left) [tBHP23b, Example 8] that is realisable
for bisimilarity but not for isomorphism; the realisation (middle); and the
re-composed TA with S = ({p, q}, {Mp,Mq}) and st(a) = ([1, 1], [0, 0])

Global M Local Mp Local Mq ta(S, st)

0
1

2

3

4

{p} →∅ : a

{q} →∅ : a

{q} →∅ : a

{p} →∅ : a

{0, 2}

{1, 3, 4}

!a

{0, 1}

{2, 3, 4}

!a {0, 2}
{0, 1}

{1, 3, 4}
{0, 1}

{0, 2}
{2, 3, 4}

{1, 3, 4}
{2, 3, 4}

{p} →∅ : a

{q} →∅ : a

{q} →∅ : a

{p} →∅ : a

Relationship to Other Approaches.

(1) Our correctness notion for realisation of global models by systems of communicating local
components is based on bisimulation, beyond language-based approaches like [BLT22,
CDP12] with realisability expressed by language equivalence.

(2) For realisable global models, we construct realisations in terms of systems of local
quotients. This technique differs from projections used, e.g., for multi-party session
types, where projections are partial operations depending on syntactic conditions (cf., e.g.,
[BY08]). Our approach assumes no restrictions on the form of global models. However,
the syntactic restrictions used for global types guarantee some kind of communication
properties of a resulting system which we consider separately (cf. Section 4).

(3) There are other papers in the literature in the context of different formalisms dealing
with decomposition of port automata [KC09], Petri nets, or algebraic processes into
(indecomposable) components [MM93, Lut16] used for the efficient verification and
parallelisation of concurrent systems [CGM98,GM92] or to obtain better (optimised)
implementations [TCV21,TCV22]. Moreover, Saeedloei and Kluźniak recently tackled
the problem of realisability of sets of (sequential) timed scenarios as a timed scenario
expression that realises the set [SK26].9

5.5. Roadmap.

(1) Our current realisability approach does not deal with internal actions, which are however
also an ingredient of the team automata framework and represented by system labels
of the form (n, a) (cf. Section 2). They naturally appear when we build a team of CA
which have internal actions. We believe, however, that internal actions should not be
part of a global interaction model whose purpose is to present the observable interaction
behaviour of an intended system. To bridge the gap, the idea is to relax the realisation
notion by requiring only a weak bisimulation relation between a global model and the
team automaton of a system realisation with internal actions.

9A timed scenario is a sequence of events with a set of constraints on the times at which the events occur.

http://lmf.di.uminho.pt/ceta/?%28p-%3E:a;%20q-%3E:a%29%20+%20%28q-%3E:a;%20p-%3E:a;1%29
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(2) Another aspect concerns the fact that, in general, it may happen that a global interaction
model does not satisfy the realisability condition but is nevertheless realisable. Therefore,
we want to look for a weaker version of our realisability condition making it necessary
and sufficient for realisations based on bisimulation. The following example shows that
our current realisability condition is only sufficient.

Example 5.6. Consider the system signature Θ with component names N =
{p, q, r} and with the action sets Σ!

n = {a}, Σ?
n = ∅ for n ∈ N and we use

the STS with st(a) = ([2, 2], [0, 0]). Then the interaction set is Λ(Θ, st) ={
{p, q} →∅ : a, {q, r} →∅ : a, {p, r} →∅ : a

}
. The global model M in Table 2 (left) is

realisable by the system S = {Mp,Mq,Mr}, whose CA are shown in Table 2 (middle).

Table 2. Global M violates RC(M,≡), but S ={Mp,Mq,Mr} realises M

Global M Local Mp Local Mq Local Mr ta(S, st)

0

1

{p, r} →∅ : a
{q, r} →∅ : a

{p, q} →∅ : a

0

1

!a

0

1

!a

0

1

!a

0, 0, 0

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

{p, q} →∅ : a
{q, r} →∅ : a

{p, r} →∅ : a

To see this, we compute the TA ta(S, st) shown in Table 2 (right). Obviously, M and
ta(S, st) are bisimilar and hence M is realisable. However, there is no N -equivalence ≡
such that the realisability condition holds. We now prove this by contradiction.

Assume that ≡ = {≡p,≡q,≡r} is an N -equivalence such that RC(M,≡) holds.
Now consider the interaction {p, q} →∅ : a, the global state 0 of M and the transition
0 {p,q} →∅ : a−−−−−−−→M 1. Obviously, 0 ≡p 1 and 1 ≡q 0 must hold because of the transition
0 {q,r} →∅ : a−−−−−−−→M 1 in which p does not participate and the transition 0 {p,r} →∅ : a−−−−−−−→M 1 in
which q does not participate. So we can take 1 as a glue state for both p and q because
state 1 is indistinguishable from state 0 for both components p and q . Then we consider
the interaction {p, q} →∅ : a one time for component p and starting in state q1 = 0 and
one time for component q and starting in state q2 = 0. Since we assumed RC(M,≡),
there must be a transition 1 {p,q} →∅ : a−−−−−−−→M leaving the glue state, which is not the case.
Contradiction! ▷

(3) We are interested in a compositional approach to construct larger realisations from
smaller ones. Then compositionality of realisability is important.

(4) We want to study under which conditions on global models and synchronisation types
our communication properties can be guaranteed for realisations.
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6. Composition of Systems

In this section, we consider how to compose systems of component automata and also
how to compose synchronisation type specifications. We provide results concerning the
preservation of communication properties. For this purpose we instantiate ideas presented
in [tBHK20a, tBHP23a] by looking more closely to synchronisation type specifications and
their composition instead of considering arbitrary synchronisation policies for team automata.
Moreover, besides open system actions, we also allow internal actions here.

6.1. System Composition. We assume given a finite set K of indices and a family (Sk)k∈K
of systems Sk = (Nk , (An)n∈Nk ) with component automata An = (Qn , q0,n , Σn , En) and
component actions Σn = Σ?

n ∪ Σ!
n ∪ Στ

n for each n ∈ Nk . In particular, for each k ∈ K,
Qk =

∏
n∈Nk

Qn is the set of system states of Sk , Σk =
⋃

n∈Nk
Σn its set of system actions,

Σ•
k =

⋃
n∈Nk

Σ?
n ∩

⋃
n∈Nk

Σ!
n its set of communicating actions, and Σ◦

k = Σk \(Σ•
k ∪

⋃
n∈Nk

Στ
n)

its set of open actions.
To compose the system family (Sk)k∈K we assume that component names are unique

and that system actions which are communicating in one system cannot occur in another
system. Formally, the family (Sk)k∈K is composable if for all distinct k, ℓ ∈ K, Nk ∩ Nℓ = ∅
and Σ•

k ∩Σℓ = ∅. In this case, we write NK for the disjoint union
⋃

k∈K Nk . The composition
of a composable family (Sk)k∈K of systems is defined as the system⊗

k∈K
Sk = (NK, (An)n∈NK).

The state space of
⊗

k∈K Sk is QK =
∏

n∈NK
Qn, the set of system actions of

⊗
k∈K Sk is

ΣK =
⋃

n∈NK
Σn , the set of communicating actions of

⊗
k∈K Sk is

Σ•
K =

⋃
n∈NK

Σ?
n ∩

⋃
n∈NK

Σ!
n

and the set of open actions of
⊗

k∈K Sk is Σ◦
K = ΣK \ (Σ•

K ∪
⋃

n∈NK
Στ

n). Table 3 lists the
notions and notations of single systems and their lifted versions used for composed systems.

Obviously Σ•
k ⊆ Σ•

K for all k ∈ K, i.e., the communicating actions of the composed
system contain the communicating actions of each of its subsystems. It is, however, important
to notice that the composed system may have communicating actions which do not belong
to the communicating actions of some subsystem, i.e., the inclusion Σ•

k ⊆ Σ•
K can be strict

for at least one k ∈ K. This happens if a system action occurs as an open input action in
(at least) one component of (at least) one subsystem and as open output action in (at least)
one component of (at least) one other subsystem. Due to the composability conditions these
actions cannot be communicating actions of a subsystem. They are called interface actions
and formally defined by

Σinf = Σ•
K \

⋃
k∈K

Σ•
k .

Of course, there might also remain system actions in ΣK which are not in Σ•
K and also not

internal to a component. Those actions still remain open for further system compositions.
They are given by the set of open actions Σ◦

K defined above.
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Table 3. Lifting from systems to composed systems

Systems Composition of systems
Automata names Nk NK =

⋃
n∈K Nk

System states Qk =
∏

n∈Nk
Qn QK =

∏
n∈NK

Qn

System actions Σk =
⋃

n∈Nk
Σn ΣK =

⋃
n∈NK

Σn

Communicating actions Σ•
k =

⋃
n∈Nk

Σ?
n ∩

⋃
n∈Nk

Σ!
n Σ•

K =
⋃

n∈NK
Σ?

n ∩
⋃

n∈NK
Σ!

n
Open actions Σ◦

k = Σk \ (Σ•
k ∪

⋃
n∈Nk

Στ
n) Σ◦

K = ΣK \ (Σ•
K ∪

⋃
n∈NK

Στ
n)

6.2. Composition of STS. The considerations so far did not consider synchronisation
type specifications which are our crucial instrument to express which synchronisations are
permitted in a system. Assume that each subsystem Sk of a composable family (Sk)k∈K comes
with a synchronisation type specification stk : Σ•

k → Intv×Intv (cf. Section 2). Due to the
composability conditions, each single stk can be uniquely extended to define a synchronisation
type for each communicating action in

⋃
k∈K Σ

•
k . Still missing are synchronisation types for

the interface actions which must be provided by the system architect who composes the
family of systems. Formally, this is done by providing a function stinf : Σinf → Intv×Intv.
This gives rise to an STS

⊗stinf
k∈K stk : Σ•

K → Intv×Intv for the composed system defined by:

stinf⊗
k∈K

stk(a) =
{

stk(a) if a ∈ Σ•
k for some k ∈ K

stinf (a) if a ∈ Σinf

Thus we can construct the team automaton ta(
⊗

k∈K Sk ,
⊗stinf

k∈K stk). By construction,
any transition of ta(

⊗
k∈K Sk ,

⊗stinf
k∈K stk) is an extension of some transition in a team au-

tomaton ta(Sk , stk) generated over some single system Sk by the STS stk . In particular,
all synchronisation transitions using interface actions a ∈ Σinf may extend the number of
participants in accordance with the synchronisation type stinf (a).10 All other transitions11

are just lifted from subsystems to the larger state space of
⊗

k∈K Sk .

As a consequence, projections of globally reachable states of ta(
⊗

k∈K Sk ,
⊗stinf

k∈K stk) are
reachable states in any team automaton ta(Sk , stk). Therefore, we get that receptiveness and
responsiveness requirements satisfied by the team automata of subsystems are also satisfied
by the global team automaton. Moreover, if we have checked that the communication
requirements for all interface actions a ∈ Σinf with respect to stinf (a) are satisfied by the
global team automaton, it is ensured that the global team automaton is receptive and
responsive. More details, including also the propagation of weak receptiveness and weak
responsiveness, can be found in [tBHK20a]. In particular, for the preservation of weak
communication properties one must be careful to avoid the introduction of cyclic waits.

10Transitions with open actions in subsystems that became interface actions but do not fit stinf are
omitted.

11These other transitions are transitions labelled with internal actions, communicating actions in a
subsystem, and open actions in a subsystem which remain open in the composed system.
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Example 6.1. We consider two systems, SRaceV and SArb, depicted in Fig. 6. The system
SRaceV is a variant of the Race system in Example 2.1. There are three component names R1,
R2, and CtrlV. R1 and R2 are the names of the two runner components known from Fig. 1.
The behaviour of the controller CtrlV is shown in the upper part of system SRaceV in Fig. 6.
It is a variant of the controller in Fig. 1. The idea is that before the controller can start a
race it must ask for a grant. The system SRaceV has two communicating actions, start and
finish, and three open actions ask, grant, and reject. The system SArb, instead, has only one
component, named Arbiter, whose behaviour is shown by the CA on the right side of Fig. 6.
It is the task of the arbiter to grant or reject a race after being asked. The system SArb has
only open actions: ask, grant, and reject. We now compose the two systems resulting in the
system SRaceV ⊗ SArb. The three actions ask, grant, and reject are the interface actions of
the composed system (which is closed). All five actions start, finish, ask, grant, and reject
are communicating actions of SRaceV ⊗ SArb. Synchronisation types for the communicating
actions start and finish of the subsystem SRaceV are those provided in Example 2.2.

For the composition with SArb, we still have to provide synchronisation types for the
interface actions ask, grant, and reject. We use binary communication for all of them,
expressed by the synchronisation type ([1,1],[1,1]). Thus we have obtained an STS, which we
abbreviate by st⊗, for the composed system. The resulting team automaton for SRaceV ⊗SArb,
denoted by ta(SRaceV ⊗SArb, st⊗), is a variant of the team automaton in Fig. 3. The difference
appears in the first phase when the team automaton of the composed system performs the
interaction between the controller and the arbiter. This leads to two more states and three
more transitions compared with Fig. 3.

To analyse communication properties we first point out that, similarly to Examples 4.1
and 4.2, the team automaton of the subsystem SRaceV is receptive and weakly responsive.
By our preservation results from [tBHK20a] (Theorems 2 and 3), it remains to check
that both properties are also satisfied for the three interface actions. Those actions can
only occur in the initial phase of ta(SRaceV ⊗ SArb, st⊗). As an example, we consider
the receptiveness requirement rcp(Ctrl, ask)@(0, 0, 0, 0), where all components are in their
initial states and the controller wants to ask the arbiter for approval. Obviously, the TA
ta(SRaceV ⊗ SArb, st⊗) is compliant with this requirement since, in its initial state, the
arbiter is ready to receive the message. As an example of a responsiveness requirement,
we consider rsp(Arbiter, ask)@(0, 0, 0, 0). It is clear that the TA ta(SRaceV ⊗ SArb, st⊗) is
also compliant with this requirement since, in its initial state, the controller is ready to
ask the arbiter. Now assume that the team automaton of the composed system is in state
(0, 2, 0, 0), where the controller is in state 2, i.e., it got the grant, and the arbiter is back
to its initial state 0 (indicated by the first component of (0, 2, 0, 0)). In such a state, the
next possible action would be a start communication between the controller and the two
runners. On the other hand, there is a responsiveness requirement of the arbiter expressed
by rsp(Arbiter, ask)@(0, 2, 0, 0) saying that the arbiter expects an ask message. But this is
not immediately possible, since the controller must first start and control a race. After that
the controller will ask the arbiter again for getting a grant for the next race. Hence, the TA
ta(SRaceV ⊗ SArb, st⊗) is weakly compliant with this responsiveness requirement. ▷
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SRaceV SArb
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Arbiter

Figure 6. Two systems (adapted from [tBHK20c, tBHK20a])

6.3. Tool Support. Our current tool (http://arcatools.org/feta) supports the composition
of CA within a single system, with explicit external (input and output), and internal actions.
However, there is no support yet to compose such systems.

6.4. Related Work. Composition of systems has also been studied for several related
coordination models, such as Reo, BIP, and contract automata. Reo [Arb04] does not
fully support systems, which are simply viewed as connectors. However, Reo supports the
composition of connectors at its core, and further includes a hiding operator that restricts
which ports remain available for external interactions. Hence the composition of systems is at
a different level with respect to the related formalisms. In the framework of BIP, composition
of components has been studied extensively in [GS05]. Composition is based on interaction
models which must be respected by the interaction behaviour of sets of components. The
spirit of our synchronisation types is similar, but BIP relies on connectors between ports
with disjoint names instead of synchronisation types for shared actions. Differently from our
communication properties, BIP studies preservation of different kinds of deadlock freedom.

In [BDF16], Basile et al. introduce two different operators for composing contract
automata, representing two different orchestration policies. The first composition operator
(⊗, called product in [BDF16]) composes a singleton contract automaton C and a composite
contract automaton S such that C cannot interact with the components of S but only
with S as a whole. On the contrary, the second composition operator (⊠, called a-product
in [BDF16]) first extracts from its operands the singleton automata they are composed of,
by projection, and then reassembles these according to the first composition operator. This
means that matching request and offer actions in a composite contract automaton S become
available for interaction with complementary actions in the components of the contract
automaton it is composed with. Hence, for two singleton contract automata C1 and C2,
C1 ⊗ C2 = C1 ⊠ C2. Moreover, while ⊠ is associative, ⊗ obviously is not. Composition of
systems is not in the focus of choreography automata [BLT20,BLT23], whose theory is more
related to questions of projection of global behaviour to local behaviour.

Multi-party session types, finally, offer parallel composition of systems expressed by
S ∥ S. But, to the best of our knowledge, they are not concerned with preservation of
communication safety by composition since, similarly to choreography automata, their focus
is more on the relation between global types and their local projections.

http://arcatools.org/feta
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6.5. Roadmap. Our composition operator is based on flattening system compositions such
that the result is again a set of CA. From the software engineer’s perspective we are also
interested in hierarchical designs where sub-teams are first encapsulated into CA by hiding
communicating actions. We believe this could simplify the analysis of behavioural properties
of larger systems, e.g., by using techniques of minimisation with respect to weak bisimulation.
Furthermore, we intend to extend our tool to support the composition of systems.

Finally, it would be interesting to compare our approach to composition with the notion
of so-called interleaving (weaving) composition, which uses a form of synchronisation based
on assertions (i.e., orthogonal to actions) and expresses directional (i.e., rely-guarantee style)
dependencies [BOV23]. According to the authors, these interleaving compositions are not
characterisable by team automata synchronisations and—vice versa—cannot capture the
full range of synchronisations offered by team automata.

7. Variability

We recently proposed featured team automata [tBCHP21a] to support variability in the
development and analysis of teams. A featured team automaton can be projected into
different variations, each from a given configuration determined by a selection of desired
features that filter desired transitions; thus concisely capturing a family of concrete product
(automata) models, as is common in software product line engineering [ABKS13].

Figure 7 shows the contributions of [tBCHP21a] in relation to earlier work [tBHK20a].
In particular, we extended TA (as presented in this paper) by enriching them with variability,
proposing a new model called featured (extended) TA (fETA) to allow the specification of—
and reasoning on—a family of TA parameterised by a set of features. We define projections ⇂p

(for any valid product p) to relate the featured setting of [tBCHP21a] to that without
in [tBHK20a]. We start by illustrating in the example below the notion of projection of
featured component automata (fCA) to CA, covering the left part of Fig. 7 over Components.

Example 7.1. Recall the two versions of a controller: the original Ctrl (introduced in
Fig. 1) and its variation CtrlV (introduced in Fig. 6) with a new approval phase before
each race. Using a family model we can describe both variants in a single superimposed
model—an fCA—presented on the left side of Table 4 (CtrlF). This fCA includes all possible
transitions from both variants, each guarded by a Boolean formula over features (e.g., [µ]!ask
is only active when the feature µ is selected, [b]!start is only active when b is selected,
and [⊤]?finish is always active). The semantics of CtrlF is given by the semantics of its
projections to sets of features, each filtering the set of active transitions (e.g., projecting
CtrlF on the (singleton) set {b} yields the Ctrl component, while projecting it on the set
{µ} yields the CtrlV component, both depicted in Table 4). ▷

Components Systems Teams Receptiveness

Earlier work
from [tBHK20a]:

Contribution
from [tBCHP21a]: A : fCA S=(An)n∈N : fSys

A⇂p : CA S⇂p=(An⇂p)n∈N : Sys

fETA × fReqs

TA ×Reqs

featured
(weakly)
receptive

(weakly)
receptive

theoremCore

fst:fSTS

st:STS

⇂p ⇂p ⇂p⇂p

Figure 7. Overview of the contributions in our previous work [tBCHP21a]
with respect to earlier work [tBHK20a], using a valid product p
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Table 4. Family model of a controller CtrlF and its two products obtained
by projecting on the feature b (identical to Fig. 1) and on the feature µ

(identical to Fig. 6)

fCA (CtrlF) CA (CtrlF⇂b = Ctrl) CA (CtrlF⇂ µ = CtrlV)

0 1 2

34

[µ]!ask

[b]!start

[µ]?reject

[µ]?grant

[µ]!start

[⊤]?finish

[⊤]?finish

0

34

!start

?finish

?finish

0 1 2

34

!ask

?reject

?grant

!start

?finish

?finish

Example 7.1 illustrates how CA are projected in the Components part of the overview
diagram in Fig. 7. This is trivially lifted for systems of CA (cf. the System part in Fig. 7),
and required a notion of featured STS (synchronisation type specification) when enriching TA
with variability (cf. the TA part in Fig. 7). Our core result related notions of receptiveness in
fETA and its projections (cf. the Receptiveness part in Fig. 7), supporting a single analysis
over families of systems (instead of over each possible projection).

The work on featured TA [tBCHP21a] describes a more complex example of a system,
in which two users join and leave a server using two possible products: either with or
without requiring permission from the server. The resulting superimposed featured system
(fSys) counts 142 transitions and 18 states, which are reduced when building the fETA and
projecting onto each TA, counting 10 transitions and 8 states with the simplest product.

This ability to present many variations of a state machine based on annotations of features
over the transitions has been shown to be more efficient for model checking all variations in
a single model (in a so-called family-based fashion [TAK+14]) rather than model checking
each of the product variants individually (cf., e.g., [CHS+10,CCS+13,CDKB18, tBDL+22]).

7.1. Featured Component Automata and Featured Systems. We assume a finite set
of features F , each regarded as a Boolean variable that represents a unit of variability. In
our running example F = {b, µ}. A product is a finite combination of (desirable) features
p ⊆ F . A feature expression ψ over a set of features F is a Boolean expression over features
with the usual Boolean connectives and constants ⊤ and ⊥ interpreted by the truth values
true and false. A product p satisfies a feature expression ψ, denoted p |= ψ, if and only if
ψ is evaluated to ⊤ when ⊤ is assigned to every feature in p and ⊥ to the features not
in p. A feature expression ψ is satisfiable if there exists a product p such that p |= ψ. A
feature model fm is a feature expression that determines the set of products that satisfy the
feature model. A featured transition system (fTS) is a tuple A= (Q, q0, Σ,E, F , fm , γ )12

such that (Q, q0, Σ,E) is a labelled transition system, F is a finite set of features, fm is a
feature model , and γ is a mapping assigning feature expressions to transitions in E. A
product p ⊆ F is valid for the feature model fm if p ∈ fm. A transition t ∈ E is realisable

12Throughout this section we use grey backgrounds to highlight extensions with features.



30 M.H. TER BEEK, R. HENNICKER, AND J. PROENÇA

for a valid product p if p |= γ(t). An fTS A can be projected to a valid product p ∈ fm
by using γ to filter realisable transitions, resulting in the LTS A⇂p = (Q, I,Σ,E⇂p), where
E⇂p = { t ∈ E | p |= γ(t) }.

A featured component automaton (fCA) is an fTS A = (Q, q0, Σ,E, F , fm , γ ) such
that Σ = Σ? ∪Σ! are the disjoint sets of input and output actions as before. For simplicity,
we do not consider internal actions here. Example 7.1 contains an fCA and its projections.

A featured system (fSys) is a pair S = (N , (An)n∈N ), where (An)n∈N is an N -
indexed family of fCA An = (Qn, q0,n, Σn, En, F , fm , γn ) over a shared set of fea-
tures F and feature model fm . Any such fSys S = (N , (An)n∈N ) induces an fTS
fts(S) = (Q, q0, Λ,E, F , fm , γ ), where Q =

∏
n∈N Qn is the set of system states, writing

qn to represent the projection of a state q ∈ Q to the fCA An, q0 =
∏

n∈N q0,n is the initial
system state, Λ is the set of system labels, E is the set of system transitions, and γ holds
the system transition constraints. Formally, Λ and E are defined as in Section 2, since
they do not refer to features, and γ is built out of the individual γn by mapping each
transition t = q

(out,a,in)−−−−−→ q′ ∈ E to
∧

n∈(out∪in) γn(qn
a−→An q′

n). The projection of an fSys
S = (N , (An)n∈N ) on a product p ∈ fm is the system S⇂p = (N , (An⇂p)n∈N ).

7.2. Featured Team Automata. Similarly to TA, fETA restrict the behaviour of (featured)
systems with synchronisation types, here enriched with constraints over features and called
featured synchronisation type specification (fSTS). An fSTS over an fSys S, is a total function,
fst : fm ×Σ → Intv×Intv, mapping each product p ∈ fm and action a ∈ Σ to a traditional
synchronisation type, i.e., to a pair of intervals as before. Thus, an fSTS is parameterised
by (valid) products and therefore supports variability of synchronisation conditions. For any
product p ∈ fm, an fSTS fst can be projected on an STS fst⇂p such that fst⇂p(a) = fst(p, a)
for all a ∈ Σ.

Given an fSys S = (N , (An)n∈N ) and an fSTS fst over S, the featured team automaton
(fETA) generated by S and fst is the fTS fta(S, fst) = (Q, q0, Λ,E, F , fm , γ fst ), such that
fts(S) = (Q, q0, Λ,E, F , fm , γ ) is the fTS induced by S, and γ fst is a variation of γ that
takes fst into account. Formally, for any t ∈ E, γ fst(t) holds iff γ(t) holds and if, for every
valid product p ∈ fm, the senders and receivers of t are bounded by fst(p, t.a).

Receptiveness of fETA has been analysed in our previous work [tBCHP21a], correspond-
ing to the right-most part of Fig. 7. Our core theorem shows that receptiveness of a family
of team automata can be checked by verifying, once and for all, receptiveness on the featured
level. For doing so, we have introduced a notion of featured receptiveness; more details can
be found in [tBCHP21a].

7.3. Tool Support. We implemented a prototypical tool to specify and analyse fETA.
It can be used online and downloaded at http://arcatools.org/feta. It offers a small DSL
to describe a set of fCA, a feature model as a constraint, and an fSTS. The tool can
calculate and draw the resulting fETA and the requirements for each state that must hold to
guarantee receptiveness. It is implemented in Scala, using the Play Framework to generate
an interactive website with a server that uses a Java SAT solver to reason over valid products.

http://arcatools.org/feta
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7.4. Related Work. Variability has also been studied for related coordination models. For
example, BIP [KKW+16,MBBS16] has been extended with parameters to represent families
of systems, one for each actual parameter, including approaches to model check such families.
Contract automata [BDGG+17,BtBDGG17,BtBD+20] have also been lifted to a featured
version, further investigating systems where the selected product can be updated at runtime.
Reo [PC17] has been extended with numeric parameters describing the number of inputs and
outputs of connectors, formalised using category theory. Petri nets [MPC11,MPC16] have
been extended to featured nets, enriching arcs with conditions over features in a similar way
to fCA. I/O automata [LNW07,LPT09] have also been lifted to product lines and analysed
based on model checking.

7.5. Roadmap. In the future, we intend to extend our theory of featured team automata
to address receptiveness and responsiveness as well as compositionality, i.e., extend fETA
to composition of systems and investigate conditions under which communication safety
is preserved by fETA composition. We would also like to lift to fETA our approaches to
(1) model check communication requirements [tBCHP23], and (2) decompose a realisable
global model into a system of CA [tBHP23a]. Moreover, we plan to further develop the
tool and analyse the practical impact of fETA on the basis of larger case studies. This
involves a thorough study of the efficiency of featured receptiveness checking compared to
product-wise receptiveness checking. Finally, we would like to implement a family-based
analysis algorithm that computes, for a given fETA, the set of all product configurations
that yield communication-safe systems.

8. Conclusion

We provided an overview of team automata, a model for capturing a variety of notions related
to coordination in distributed systems with decades of history (cf. Sect. A) as witnessed by
25+ publications by 25+ researchers,13 and discussed a number of aspects: communication
properties, realisation, verification, composition of systems, variability, and tool support.
Table 5 shows the relations between the main formalisms discussed in Section 3 (and included
in the more detailed comparison in [tBHP24]) and the team automata aspects discussed
in Sections 4–7, i.e., verification of compliance of communication properties in terms of
receptiveness and responsiveness, verification of the possible decomposition (realisation) of
global models in terms of component models, composition of systems of component models,
variability in the development and analysis of families of component models, and tool support
for all these aspects). We did not discuss aspects like data, for which Reo and BIP provide
native support, since team automata cannot currently deal with data.

In the past, we also studied in detail the computations and behaviour of team automata
in relation to that of their constituting component automata [tBK03, tBK09], identifying
several types of team automata that satisfy compositionality in terms of (synchronised)
shuffles of their computations (i.e., formal languages). Moreover, a process calculus for
modelling team automata was proposed [tBGJ06, tBGJ08], extending some classical results
on I/O automata as well as enlarging the family of team automata that guarantee a degree
of compositionality. Team automata have also been used for the analysis of security aspects

13http://fmt.isti.cnr.it/~mtbeek/TA.html

http://fmt.isti.cnr.it/~mtbeek/TA.html
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Table 5. Coordination formalisms and aspects analysed in this paper
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Team Automata [Ell97, tBEKR03] ✓ ✓ ✓ ✓ ✓ ✓
Reo via Port Automata [Arb04,KC09] ✓ ✓ ✓ ✓
BIP (without priorities) [BBS06,BS08] ✓ ✓ ✓ ✓ ✓
Contract Automata [BDFT14,BDF16] ✓ ✓ ✓ ✓ ✓ ✓
Choreography Automata [BLT20,BLT23] ✓ ✓ ✓ ✓
Multi-Party Session Types [SY19,SD19] ✓ ✓ ✓ ✓ ✓ ✓

in communication protocols [tBLP03, tBLP05, tBLP06,EP06], in particular for spatial and
spatio-temporal access control [tBEKR01b,NVK10].

In the future, we want to address the roadmaps identified in Sections 4.5, 5.5, 6.5,
and 7.5. Recently, we have investigated asynchronous team automata [BtBP26], where com-
ponents use FIFO channels for asynchronous communication, like asynchronous multi-party
session types [HYC08] or systems of communicating finite state machines (CFSMs) [BZ83],
rather than the current synchronous communication based on simultaneous execution of
shared actions. As a basis, we used CFSMs which, however, are based on peer-to-peer
communication. This means that it was challenging to see how to generalise the approach
by taking into account multi-action communication specified by synchronisation types. In
such an asynchronous context, we obtained different kinds of communication properties and
challenging investigations for their preservation by composition of systems (following, e.g.,
ideas in the context of CFSMs from [BdH19, BH26]). We also provided tool support for
modelling, animation, and automated checks for well-formedness and well-behavedness of
asynchronous team automata [PtBB26].
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Appendix A. Selected Publications from 25+ Years of Team Automata

Year Title Venue

2026 [BtBP26] Asynchronous Team Automata FM
2024 [tBHP24] Team Automata: Overview and Roadmap COORDINATION
2023 [tBHP23a] Realisability of Global Models of Interaction ICTAC
2023 [Pro23] Overview on Constrained Multiparty Synchronisation in Team Auto-

mata
FACS

2023 [tBCHP23] Can we Communicate? Using Dynamic Logic to Verify Team Automata FM
2021 [tBCHP21a] Featured Team Automata FM
2020 [tBHK20c] Team Automata@Work: On Safe Communication COORDINATION
2020 [tBHK20a] Compositionality of Safe Communication in Systems of Team Au-

tomata
ICTAC

2017 [tBCHK17] Communication Requirements for Team Automata COORDINATION
2016 [tBCK16] Conditions for Compatibility of Components: The Case of Masters

and Slaves
ISoLA

2014 [tBK14] On Distributed Cooperation and Synchronised Collaboration JALC
2013 [CK13] Compatibility in a multi-component environment TCS
2012 [tBK12] Vector Team Automata TCS
2010 [NVK10] Team Automata Based Framework for Spatio-Temporal RBAC Model BAIP
2009 [tBK09] Associativity of Infinite Synchronized Shuffles and Team Automata Fundam. Inform.
2008 [Sha08] Extending Team Automata to Evaluate Software Architectural Design COMPSAC
2008 [tBGJ08] A calculus for team automata ENTCS
2007 [SSAM07] A Review on Specifying Software Architectures Using Extended

Automata-Based Models
FSEN

2006 [EP06] Modelling a Secure Agent with Team Automata ENTCS
2006 [tBLP06] A Team Automaton Scenario for the Analysis of Security Properties

in Communication Protocols
JALC

2006 [tBGJ06] A calculus for team automata SBMF
2005 [tBLP05] Team Automata for Security – A Survey – ENTCS
2005 [tBK05] Modularity for Teams of I/O Automata IPL
2005 [Len05] Integration of Analysis Techniques in Security and Fault-Tolerance

(Chapter 6: Security Analysis with Team Automata)
PhD thesis

2005 [Pet05] Aspects of Modeling and Verifying Secure Procedures
(Chapter 4: The Team Automata Chapter)

PhD thesis

2004 [tBCVM04] Teams of Pushdown Automata IJCM
2004 [CK04] Interactive Behaviour of Multi-Component Systems Workshop ToBaCo
2003 [tBCVM03] Teams of Pushdown Automata PSI
2003 [tB03] Team Automata: A Formal Approach to the Modeling of Collaboration

Between System Components
PhD thesis

2003 [tBK03] Team Automata Satisfying Compositionality FME
2003 [tBLP03] Team Automata for Security Analysis of Multicast/Broadcast Com-

munication
Workshop WISP

2003 [Kle03] Team Automata for CSCW – A Survey – LNCS
2003 [tBEKR03] Synchronizations in Team Automata for Groupware Systems CSCW
2002 [EG02] Towards Team-Automata-Driven Object-Oriented Collaborative Work LNCS
2001 [tBEKR01b] Team Automata for Spatial Access Control ECSCW
2001 [tBEKR01a] Team Automata for CSCW Workshop
2000 [tHtB00] A Conflict-Free Strategy for Team-Based Model Development Workshop PDTSD
1999 [tBEKR99] Synchronizations in Team Automata for Groupware Systems Technical Report
1997 [Ell97] Team Automata for Groupware Systems GROUP
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