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Abstract E-commerce collaborations and cross-organiza-
tional workflow applications are increasingly attractive given
the universal connectivity provided by the Internet. Such
applications are inherently concurrent and non-deterministic,
so standard software engineering practices are inadequate,
and we need new techniques to design extended collabora-
tions and ensure that the implemented designs will behave
correctly. The emerging technique for achieving this is to use
a choreography, a global description of the possible sequenc-
ing of message exchange between the participants, as the
basis for both the design of the collaboration and verification
of its behavior. We describe a new technique that uses com-
positions of partial descriptions to define a choreography and
show how the technique can be used to model the use of data
and computation in the rules of the collaboration. We define
conditions for correctness and show that they can be applied
separately to each partial description. We demonstrate the
expressive power of the technique with examples and dis-
cuss how it improves on previously published approaches.

Keywords Behavior contract · Verification · Service
collaboration · Service choreography · Process algebra

1 Introduction

With networks now providing universal connectivity across
organizational boundaries, business-to-business e-commerce
and cross-organizational workflow applications are increas-
ingly common. In such applications, two or more organi-
zations arrange for their systems to collaborate in a shared
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business process, communicating by message exchange
across a network infrastructure. The interaction between the
systems engaged in the services can become complex, involv-
ing multiple message types and many different possible pat-
terns of message exchange.

Current software engineering practice does not offer a gen-
erally accepted approach to the design of extended multiparty
collaborations and consequently industry practice generally
resorts to two expedients:

– The use of multiple simple collaborations, each involving
only a pair of participants and invoking manual interven-
tion when the collaboration enters a state that, because
of the fragmentation of the process, the software is not
designed to handle. While this ensures that the complexity
of the software is bounded to a level that can be validated
using conventional software engineering techniques, in
general it results in business processes that are slower,
less scalable and more expensive than they need be.

– The use of “packaged” solutions that require business
processes to adhere to predefined proprietary templates.
The templates are provided by specialist vendors who are
able to invest in evolving and validating standard solu-
tions over time. This works for some well-standardized
applications but sometimes requires that processes are
forced to fit and, more importantly, does not address cases
where competitive advantage stems from innovative cus-
tom solutions.

This attests to the value in obtaining a general approach
to designing extended collaborations, simple and practical
enough to be used routinely in the context of custom solu-
tion design.
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1.1 The challenge

Designing services that can engage successfully in extended
collaborations is a challenge. Unlike a program or process
that follows a single procedural description, a collaboration
involves the concurrent interaction of independent partici-
pants and is subject to various unpredictable factors at exe-
cution time that can affect its behavior, progress and outcome;
in particular:

– Differences in the relative speed or scheduling of the hard-
ware/software at each participant.

– Variations in latency of message transfer by asynchronous
messaging systems.

– Execution choices made by the infrastructure, indepen-
dently of the application, when handling synchronization
across distributed components.1

Considered as a whole, the behavior of a collaboration is the
emergent behavior of the interaction between its participants
and is non-deterministic in nature. This non-determinism ren-
ders conventional testing techniques ineffective, as it is very
hard to design a test strategy that provides adequate coverage
of the execution possibilities and it is not generally possible
to repeat runs to recreate errors. As Owicki and Lamport
observe: “There is a rather large body of sad experience to
indicate that a concurrent program can withstand very care-
ful scrutiny without revealing its errors. The only way we
can be sure that a concurrent program does what we think it
does is to prove rigorously that it does it.” [16].

The emerging approach to building extended service col-
laborations that are provably reliable is to base the design
on a global contract that specifies the allowable patterns of
message exchange between the participants from a global
perspective. Such a global contract is known as a choreogra-
phy. Building a collaboration based on a choreography has
three steps as depicted in Fig. 1:

1. At design-time, a choreography is developed which
describes all meaningful sequences of message exchange
between the participants.

2. Using some kind of mechanical process, a specification
of the behavior of each participant is extracted from the
overall choreography.2

3. At run time, the participants interact, each behaving
according to its own behavior specification.

1 Such as using a 2-phase commit mechanism for synchronous message
exchange.
2 In the jargon of choreography theory this is called “end-point projec-
tion”.

At run time (step 3), the participants behave independently.
Each is free to send and receive messages according to its
own behavioral specification and without any central orches-
trating or controlling entity to enforce conformance to the
original choreography.

This procedure guarantees a degree of compatibility
between the designs of the behaviors of the participants but,
unfortunately, this is not enough by itself to guarantee that
the behavior of the collaboration at step 3 does not depart
from the choreography. It may be that the collaboration dead-
locks leaving messages unprocessed or allows patterns of
message exchange not envisaged in the original choreogra-
phy definition and which result in combinations of states of
the participants that were not intended and have no meaning.
As the choreography specifies the meaningful sequences of
exchange, it is clearly important that departure from it is not
possible, as such departure represents entering an unintended
and meaningless state. The behavioral rules embedded in
the participants must therefore be strong enough to prevent
such departure and this, in turn, requires that the choreogra-
phy conforms to certain structural conditions. The problem
of determining general conditions on the form a choreogra-
phy which are sufficient to guarantee that the interaction of
extracted behaviors is bound to adhere to the choreography
is known as the realizability problem.

1.2 Choreography realizability

Realizability of a choreography is determined by a combina-
tion of:

– The communication model used for message exchange
between participants. This model describes the commu-
nication channels (or queues) between the participants
and is characterized by the number of the queues, mes-
sage ordering discipline of the queues, queue size bounds
etc.

– Conditions on the form of the choreography itself.
– The mechanical process used to extract the participant

behavior specifications from it.

Investigations into choreography realizability address the
question: Given a particular communication model (e.g.,
unbounded FIFO queues in each direction between each
pair of participants), and a process for extracting partic-
ipant behaviors from a choreography, what are sufficient
conditions on the form of the choreography to guarantee
that the collaboration will always succeed? This is the key
theoretical research challenge in choreography theory, and
the focus of this paper is an investigation into this question.
The idea is that if sufficiently simple and robust conditions
on the form a choreography can be formulated, along with
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Fig. 1 Extracting participant
designs from a choreography

a simple procedure for extracting participant behavior defi-
nitions, then designing extended collaborations can become
routine. If the choreography is built to obey the rules, the
resulting collaboration is bound to work.

1.3 Contribution

Over the last few years, a number of approaches to the realiza-
tion problem have been proposed: some of the main ones are
discussed toward the end of this paper in Sect. 11. We claim
that the approach we define in this paper makes a significant
advance over other proposals in three respects:

– We use composition in the articulation of a choreogra-
phy, so that a single choreography can be expressed as a
composition of partially synchronized descriptions. This
gives our approach the expressive power to model cases
where the ordering and/or certainty of message receipt
is unknown in advance and cannot be constrained by the
choreography. These kinds of collaboration are hard or
impossible to handle without composition.

– We demonstrate that realizability of a choreography
defined as a composition only needs to be established
individually for the components of the composition.
Determining realizability for a single component is easier
than analyzing the choreography as a whole, thus simpli-
fying the analysis.

– We allow the use of data and computation in the defini-
tion of a choreography, so that the decision on whether

it is permissable to engage in a message exchange can
be determined by the result of a calculation. This is in
contrast to most other published approaches, which only
guarantee realizability on the basis of patterns of message
exchange.

1.4 Organization of this paper

The paper is organized as follows:

Section 2 provides background on Protocol Modeling (PM)
whose formalisms provide the basis for the rest of the
paper.

Section 3 introduces the concept of a protocol contract
together with how its satisfaction is defined and estab-
lished. Section 4 discusses how protocol contracts can be
composed and decomposed.

Section 5 extends the basic PM and protocol contract formal-
isms to describe choreographies and participant contracts.

Sections 6, 7, 8 and 9 investigate the question of realizabil-
ity and give sufficient conditions for realizability in both
synchronous and asynchronous collaborations.

Section 10 gives an example of a three party collaboration,
showing the projected participant contracts for asynchro-
nous collaboration.

Section 11 relates our work to other research into choreog-
raphy realization and Sect. 12 concludes with our view of
the significance of this work.
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2 Protocol modeling

Protocol Modeling (PM) is a technique that aims to combine
the strengths of process algebra with the ability to model
data. PM borrows from process algebra in establishing a
formal relationship between the states of a process and the
events it can handle, and in supporting process composition.
It departs from traditional process algebra in allowing pro-
cesses to maintain data and allowing states to be computed
from stored data. The following small example introduces
PM and illustrates how a PM representation relates to pure
algebraic representation. This account of PM is brief and
intended to provide a basis for the rest of this paper; and a
complete account of can be found in [10].

2.1 Protocol model example

Consider the model shown in Fig. 2. The left-hand side
(the “algebraic” description) shows a state machine for a
very simple (and limited) bank account. The account can
have a balance of {−2,−1, 0, 1, 2} represented by states
{B−2, B−1, B0, B1, B2}. It has an alphabet {Open, D1,

D2, W 1, W 2, Close} of events that it understands, where
D1, W 1 deposit and withdraw one unit respectively and
D2, W 2 deposit and withdraw two units respectively. The
left-hand side process can be described in algebraic form
(using Milner’s CCS [14] notation) as follows:

ACC OU N T = Open.B0

B0 = D1.B1 + D2.B2 + W 1.B−1

+ W 2.B−2 + Close.Closed

B1 = D1.B2 + W 1.B0 + W 2.B−1 + Close.Closed

B2 = W 1.B1 + W 2.B0 + Close.Closed

B−1 = D1.B0 + D2.B1 + W 1.B−2

B−2 = D1.B−1 + D2.B0

The right-hand side of Fig. 2 shows the same bank account
rendered in PM notation. The PM description comprises
three machines, A1, A2 and A3. These are called protocol
machines.

– A1 provides the basic account behavior, showing that
the Open must happen first, followed by any number of
deposits {D1, D2} and withdraws {W 1, W 2}, followed
by the Close. This machine maintains a balance attribute
for the account using the updates indicated in the bub-
bles attached to the transitions. The balance is a numeric
attribute owned by A1 and only A1 may alter its value,
although other composed machines may access it. The
current state is also an attribute of the machine, with an
enumerated type allowing values {dot, active, closed}.

– A2 expresses the fact that the account may only be closed
if it is in credit. Instead of having its state stored as part
of the local storage, this machine has its state represented
by a state function (shown in the A2 cartouche in the dia-
gram) that returns an enumerated type, allowing values
{in credit, overdrawn}. We describe this as a machine
with a derived state. Because their states are derived
rather than driven by transitions, protocol machines that
use a derived state can be topologically disconnected. For
graphical emphasis, the state icons in a machine with a
derived state are shown with a double outline.

– A3 expresses the fact that the balance is limited to the
range −2 to +2. The machine does this by constraining
the deposit and withdraw events on the basis that their
ending states must be in this range. In PM, this is called
a post-state constraint. A machine is unable to accept an
event that violates a post-state constraint, so in CSP terms
it is a refusal exactly as if there was no outgoing transition
for the event from the current state of the machine.

These three machines are in parallel composition using the
parallel composition operator of Hoare’s CSP [5], so the
behavior of the bank account is given by A1 ‖ A2 ‖ A3.
This composition is also a protocol machine and has a behav-
ior that is indistinguishable, by black-box testing, from the
algebraic description. For instance, the Close can only take
place if A1 is in state active and A2 is in state in credit, mir-
roring the fact that the left-hand diagram only has outgoing
transitions for Close from the states {B0, B1, B2}.

While this approach is based on parallel composition of
conceptually concurrent machines, it is important to appre-
ciate that there is no requirement or implication that multiple
virtual processors or threads are used. We will assume that
the assembly of composed machines, such as A1 ‖ A2 ‖ A3,
is single threaded.3

Clearly, the PM model on the right-hand side of Fig. 2 can
be modified to handle balances ranging −∞ to +∞ (assum-
ing no limit on the ability of the balance attribute to represent
any numeric value) by:

– Replacing {D1, D2, W 1, W 2} with generic Deposit and
Withdraw events carrying an amount field,4 and using
this field to update the balance appropriately in A1.

– Removing A3.

Making the equivalent change to the algebraic model would
require an infinite state space, as the data owned and main-

3 The ModelScope tool [11] that supports Protocol Modeling uses a
single threaded implementation of CSP ‖ composition.
4 We use the term field in the context of messages and attribute in the
context of machine local storage.
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Fig. 2 Bank account as
algebraic and protocol model

tained by the system has to be encoded in the state space of
the process.

2.2 Terms and definitions

This section provides some further definitions and terminol-
ogy related to protocol machines that are germane to the
paper.

Alphabet. Every protocol machine divides the universe of
possible events into those that it understands (and will either
accept or refuse) and those that it does not (and ignores). This
is done on the basis of the alphabet of a process: the set of
event types for which the behavior of the process is defined.
Thus, the alphabet, denoted α(A1), of the machine A1 in the
example (once amended to handle arbitrary balance values)
is the set {Open, Deposit, Withdraw, Close}.

Attributes. A machine owns a set of attributes, each of
which is either stored or derived. Only the machine that owns
a stored attribute can alter its value, and only when mov-
ing to a new state in response to an event. The updates for
stored attributes are shown as bubbles attached to transitions.
A derived attribute is not stored and has its value returned on
demand by a derivation (calculation) function using the attri-
butes of the owning machine and other composed machines.

Dependent and independent machines. We distinguish two
types of machine:

– A dependent machine is one that accesses the values of
attributes that it does not own (i.e., that belong to other
machines composed with it). Both A2 and A3, consid-
ered as “stand-alone” machines, are dependent as they
use balance, which they do not own, to compute their
state.

– An independent machine is one that makes no such
access. A1 is independent; as is the protocol machine
formed as the composition of A1 and A2 as the reference
to the balance attribute used by A2 to determine its state
is resolved by A1, which is within the composition.

While derived state calculations are the source of dependency
in the machines A2 and A3, the definition extends to any
inter-machine reference whereby one machine uses the attri-
bute of another to:

– compute the value of a derived state, or
– compute the value of a derived attribute, or
– compute the new value of a stored attribute in response

to accepting an event.

Note that two machines having elements of their alphabets
in common is not a source of dependency between them.
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Thus, A1 is independent even though event types in its alpha-
bet are also in the alphabets of A2 and A3.

Composition. We will use the symbol ‖ to indicate CSP
parallel composition, with the semantics defined by Hoare
in [5]. We use the term assembly to describe a machine cre-
ated by parallel composition of other machines; and we allow
an attribute in one component of an assembly to resolve a ref-
erence in another, as balance in A1 resolves the references
in A2 and A3.

Trace. A sequence of event instances, t, is a trace of an
independent machine, M , if there is an execution of M start-
ing from the machine’s initial state that accepts t. Each ele-
ment of a trace completely specifies both the type of the event
instance and the values of all fields carried by the instance.
Thus, a trace of A1 (once amended to handle arbitrary bal-
ance values) might be 〈Open, Deposit 100, Withdraw
80, Deposit 50〉. The set of traces of M is denoted by
traces(M).

If M is a dependent machine, t is trace of M iff ∃ X such
that M ‖ X is independent and t ∈ traces(M ‖ X) �α(M).
In other words, there is a trace of M ‖ X which, if all entries
that are not in the alphabet of M are removed, is equal to t.

Determinism. Protocol machines are deterministic, in that
the set of events that a given independent machine can accept
at any point is fully determined by the trace accepted by the
machine up to that point. More formally: If X is an indepen-
dent machine (i.e., one with no unresolved references) and
two executions of X behave as follows:

– In one execution, X accepts a trace, t, of event instances
and then accepts (refuses) a further event instance, e++,5

– In the other, X accepts t but then refuses (accepts) e++.

Then X is not a protocol machine.
Determinism of a dependent machine is defined by the

requirement that any composition of it with another protocol
machine that resolves its references must yield an indepen-
dent machine that qualifies as a protocol machine according
to the above.

Because the component machines are deterministic, so
are assemblies. As Hoare himself notes: “…the concurrent
operator by itself does not introduce non-determinism” [6].

Equivalence. A consequence of determinism is that if two
independent machines have the same set of traces, no black-
box experiment can determine the difference between them,

5 We use the notation ++ throughout this paper as a visible reminder
that a trace element is an instance, carrying values in all its fields.

and they are therefore considered to be the same machine.
Two dependent machines are considered to be the same if one
can be substituted for the other in any independent assembly
without affecting the trace set of the assembly.

2.3 Topological representation

Much of the later parts of this paper concern reasoning
based on the topology of protocol machines represented as
state transition diagrams. As a basis for this we define a
representation of a stored state machine as a tuple P =
(ΛP ,ΣP , ΓP ,ΔP ) where:

– ΛP is the alphabet of P , the set of events which P will
either accept or refuse. So ΛP = α(P). Elements range
over a, b, ….

– ΣP is a finite set of states of P . Elements range over
σi , σ j , ….

– ΓP ⊆ (ΛP × ΣP ) is a binary relation. (a, σi ) ∈ ΓP

means that a can be accepted by P when P is in state σi .
(a, σ j ) /∈ ΓP means that a is refused by P when P is in
state σ j .

– ΔP is a total mapping ΓP → ΣP that defines for each
member of ΓP the new state that P adopts as a result of
accepting an event. So ΔP (a, σk) = σl means that if P
accepts a when in state σk it will then adopt state σl .

Clearly, this has a direct translation into a graphical state
transition diagram. Note that this kind of representation is
defined for stored state machines, where the new state that a
machine adopts as the result of accepting an event is driven
by topological rules (embodied in the function Δ). It is not
defined for derived state machines as their behavior cannot
be depicted in pure topological form.

Suppose we have two stored state machines, P and Q.
Using the semantics of CSP ‖ composition we can create a
representation of P ‖ Q as follows:

– ΛP‖Q = ΛP ∪ ΛQ

– ΣP‖Q = ΣP × ΣQ (the Cartesian product of ΣP and
ΣQ)

– Given a ∈ ΛP‖Q and a state (σp, σq) ∈ ΣP‖Q , we deter-
mine whether (a, (σp, σq)) ∈ ΓP‖Q as follows:

– (a ∈ ΛP ∧ (a, σp) /∈ ΓP ) ⇒ (a, (σp, σq)) /∈ ΓP‖Q

– (a ∈ ΛQ ∧ (a, σq) /∈ ΓQ) ⇒ (a, (σp, σq)) /∈ ΓP‖Q

– Otherwise, (a, (σp, σq)) ∈ ΓP‖Q

– And we construct ΔP‖Q(a, (σp, σq)) as follows:

– (a ∈ ΛP ) ∧ (a /∈ ΛQ) ⇒ ΔP‖Q(a, (σp, σq)) =
(ΔP (a, σp), σq)

– (a /∈ ΛP ) ∧ (a ∈ ΛQ) ⇒ ΔP‖Q(a, (σp, σq)) =
(σp,ΔQ(a, σq))
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– (a /∈ ΛP ) ∧ (a /∈ ΛQ) ⇒ ΔP‖Q(a, (σp, σq)) =
(σp, σq)

– Otherwise ΔP‖Q(a, (σp, σq)) = ΔP (a, σp),

ΔQ(a, σq))

We will be using this construction in Sect. 8, in the context
of choreography analysis.

3 Protocol contracts

We now introduce the concept of a protocol contract, which is
a partial specification of the behavior of a protocol machine.
Later in the paper, we use protocol contracts as the vehicle
to capture required participant behaviors extracted from a
choreography.

3.1 Definition of a protocol contract

A protocol contract C is a pair [C, F] where:

– C is an independent protocol machine, called the contract
machine of C.

– F is a set of event types, F ⊆ α(C), called the fully
constrained event types of C.

An independent protocol machine M satisfies a contract C,
written M  C, iff:

M ‖ C = M (3.1)

and:

∀ e ∈ F ∃ X such that M = X ‖ C and
X can never refuse an event of type e

(3.2)

The first condition, (3.1), has two implications:

– The alphabet of M is a superset of that of C . This is natu-
ral, as you would not expect a design to satisfy a contract
if its alphabet does not include all the event types in the
alphabet of the contract.

– Every trace of M , when restricted by eliminating those
events whose type is not in the alphabet of C , must be a
trace of C . This condition is described as M being Obser-
vationally Consistent6 with C .

The second condition, (3.2), requires that an X can be found
so that either e is not in the alphabet of X or every state of X
allows e to be accepted. If an event type is fully constrained
by the contract, acceptability by the contract machine is a
necessary and sufficient condition for acceptability by M .

6 As defined by Ebert and Engels in [2].

If an event is not fully constrained by the contract, acceptabil-
ity by the contract machine is a necessary but not a sufficient
condition for acceptability by M . We give an example in the
next section.

3.2 Protocol contract example

Consider Fig. 3. The left-hand side specifies a contract for
the behavior of a bank account. The right-hand side shows
the design of a bank account, Account = A1 ‖ A2 ‖ A3.
We now show that the design satisfies the contract.

Account clearly obeys the upper part (state machine) of
the contract, as the state diagram A1 of the Account is the
same as the state diagram, C , of the contract. This means that
Account ‖ C = Account , thus meeting (3.1).

We now wish to show that Account meets the lower part of
the contract, which lists the events that are fully constrained
by the contract. To do this, consider the Account reformu-
lated as shown in Fig. 4 so that:

Account = A1′ ‖ A1′′ ‖ A2 ‖ A3

In this reformulation, the machine A1 has been split into two
machines, A1′ and A1′′. The first of these specifies the event
sequencing on Open, Deposit, Withdraw and Close; and the
second maintains the balance but does not constrain event
sequencing.

The machine A1′ is now identical to C , so:

Account = C ‖ A1′′ ‖ A2 ‖ A3

The machine A1′′ ‖ A2 ‖ A3 plays the role of X for both
Open and Deposit in part (3.2) of the contract definition
above. As none of A1′′, A2 or A3 can ever refuse the events
Open and Deposit, these events are fully constrained by the
contract. However, as A2 can refuse Close and A3 can refuse
Withdraw, these events are not fully constrained by the con-
tract.

3.3 Discussion

Suppose I have a bank account and I know, because the bank
tells me, that the account conforms to the contract shown on
the left of Fig. 3. Suppose also that I know that the account
has been opened but not closed. Then I know that, in terms
of the contract, it is in the state active. From this I can deduce
that:

– I can do a Deposit and the account will accept this in its
current state. This is because Deposit is fully constrained
by the contract.

– I may or may not be able to Withdraw or Close, as the
contract does not fully constrain these and so does not
guarantee that these will be accepted when in the con-
tract is in the active state. In other words, the bank has
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Fig. 3 Bank account: contract
and design

Fig. 4 Bank account
reformulated

rules about when a withdraw can be made and when an
account may be closed, but the contract does not include
these rules.

– If I close the account, and the bank permits this operation,
I cannot then do any further deposits or withdraws. This
is because the sequencing rules of the contract cannot be
violated.

In this way, a contract allows determination of what is pos-
sible for a machine, based on partial knowledge of its state.

3.4 Dependency in contracts

Suppose that we want to enhance the contract for the Bank
Account to fully constrain Withdraw events, with the rule that
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a withdraw must not take the account overdrawn beyond its
limit. The obvious way to do this is the include the machine
A3 in the contract, so that the protocol machine of the con-
tract becomes C ‖ A3 where C is the state diagram shown
on the left of Fig. 3. However, A3 has a derived state based
on balance, and the contract needs to know what this is as
the contract machine must be independent. This means that
balance has to be defined within the contract and so we add
it as an attribute to C , along with the update rules (as shown
in the bubbles in A1) that maintain its value. This means that
C is now identical to A1.

In general, we allow the use of dependent machines in the
definition of a contract provided that they are in composi-
tion with other machines so that the contract as a whole is
independent. This requires that any inter-machine references
used in the contract are fully resolved within the contract.

4 Composition and decomposition of contracts

Protocol contracts can be composed and sometimes decom-
posed, as we describe below.

4.1 Composition

If C1 = [C1, F1] and C2 = [C2, F2], then their composition
is defined as follows:

C1 ⊕ C2 = [C1 ‖ C2, F1 ∪ F2]
It is easy to show that if a machine P satisfies both C1 and
C2, it also satisfies C1 ⊕ C2:

1. P  C1 ⇒ P = C1 ‖ P
P  C2 ⇒ P = C2 ‖ P
so P = (C1 ‖ C2) ‖ P .

2. Suppose e ∈ F1. Then ∃ X s.t. P = C1 ‖ X and X never
refuses e.
As P  C2, P = C2 ‖ P
so P = (C2 ‖ C1) ‖ X .

4.2 Decomposition

Suppose that C = [C, F] and that C = C1 ‖ C2. It is reason-
able to ask whether C can be decomposed into two contracts,
C1 and C2, the former using C1 and the latter using C2, in
such a way that:

P  C ⇒ (P  C1) ∧ (P  C2)

This is possible provided that:

F ∩ α(C1) ∩ α(C2) = ∅ (4.1)

and the decomposition, giving C = C1 ⊕ C2, is:

C1 = [C1, F ∩ α(C1)] and C2 = [C2, F ∩ α(C2)]
The reason for the stricture (4.1) is as follows. Suppose that
P  C and that e ∈ (F ∩ α(C1) ∩ α(C2)). While the
pattern of occurrences of e in P is fully described (i.e., fully
constrained) by C1 ‖ C2, it may not be fully described by
either C1 or C2 alone because it depends on the way the two
processes synchronize on e. In this case e cannot belong to
the set of the events fully constrained by a contract defined
in terms of either C1 or C2 alone, so the decomposition fails.

Suppose that stricture (4.1) is met and that P  C. We
have:

P = C ‖ P = C1 ‖ C2 ‖ P (4.2)

As it is a property of CSP ‖ that for any A, B with α(B) ⊆
α(A):

traces(A) ⊇ traces(A ‖ B) (4.3)

we have by (4.2) and (4.3):

traces(P) ⊇ traces(P ‖ C1) ⊇
traces(P ‖ C1 ‖ C2) = traces(P)

so traces(P) = traces(C1 ‖ P), and hence:

P = C1 ‖ P (4.4)

Suppose e ∈ F ∩ α(C1). As P  C, ∃ X s.t. P = C ‖ X
and X never refuses e. So, P = C1 ‖ (C2 ‖ X). As, by
stricture (4.1), e /∈ α(C2), X ′ = (C2 ‖ X) can never refuse
e, and we have:

P = C1 ‖ X ′ and X ′ can never refuse e (4.5)

(4.4) and (4.5) ⇒ P  C1. Similarly, P  C2.
Finally, combining the results for composition and decom-

position we note that:

If F1 ∩ F2 = ∅, (P  C1 ⊕ C2) ⇔ (P  C1 ∧ P  C2)

5 Choreography and collaboration

In this section, we explore the use of Protocol Modeling ideas
to specify a choreography for a collaboration.

Our approach uses end-point projection, whereby the
behavior of the participants is abstracted from the choreog-
raphy. This is conceptually similar to projecting a WS-CDL
choreography into BPEL end-point (participant) definitions,
for instance as described by Mendling et al. [13]. The differ-
ence in our scheme is that, rather than projecting into any par-
ticular design language, a choreography is projected to define
protocol contracts for the end-points. As protocol contracts
can be composed, it is possible for a participant to engage in
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multiple choreographies by complying simultaneously with
the different contracts they impart.

5.1 Choreography definition

We define a choreography, C, as a choreography protocol
machine. Instead of an alphabet of event types as we had in
in Sect. 2, a choreography protocol machine has an alphabet
of message exchanges. The upper cartouche in Fig. 5 shows
a choreography for collaboration between two participants,
a Customer (Cust) and a Supplier (Supp), in the context of
order processing. The transitions are labeled with the mes-
sage type being exchanged, with a prefix indicating the sender
and receiver of the message. So a label:

Supp > Cust:Accept Order

represents the exchange of an Accept Order message sent
by participant Supp to participant Cust . These exchanges,
defined by the combination of sender, receiver and message
type, are the individuals that form the alphabet of the chore-
ography.

Roughly speaking, a choreography represents the set of
possible orderings of message exchange between the par-
ticipants of the collaboration; the exact definition will be
given later, in Sect. 6.2. The choreography in Fig. 5, shown
in the upper cartouche of the figure, is represented as two
machines which are taken to be in CSP ‖ composition, so
that they synchronize on message exchanges that appear in
the alphabet of both but are otherwise independent. The set
of possible orderings of exchanges between Customer and
Supplier given by this choreography is the set of traces of the
composition of these two machines. This idea, that CSP com-
positions are used to generate the set of possible exchanges
in a collaboration, is central to the approach described in this
paper.

If t is a sequence of entries of the form P>Q:m++
we define t to be a trace of an independent choreogra-
phy machine if it is accepted by the machine. Note that the
machines of a choreography can have attributes and derived
states, so a trace has to be defined in terms of a sequence
of message instances, loaded with field values (as indicated
by the ++ in the entry). The choreography of a collabora-
tion is well constructed if it has a set of traces that covers
all possible useful interaction scenarios. We will assume that
choreographies are, in this sense, well constructed.

The statement The Choreography Fully Constrains the
Receivers specified as part of the choreography means that it
fully describes the circumstances under which a message can
be received. This assumption is required to establish realiz-
ability, and we will assume, as standard, that choreographies
fully constrain message reception in the participants.

5.2 Collaboration contracts

We define the behavior of the participants in our collabora-
tion using protocol contracts. The elements of the alphabet
of the contracts represent sending and receiving messages,
and we refer to these as actions. An element of the alphabet
of a contract is of the form:

– !>Q:m1 indicating a send action that sends a message of
type m1 to participant Q; or

– ?<R:m2 indicating a receive action to receive a message
of type m2 from participant R.

Composition of machines of a participant is CSP ‖ compo-
sition over the action alphabets of the composed machines.
Accordingly, the synchronization across composed machines
within a given participant is on both send and receive actions.

The fields of output messages are considered to be derived
(calculated by a derivation function) using the attributes of
the machines of a participant. This creates a dependency
between the machines and the fields, whereby an output mes-
sage field f is dependent on a machine M if its derivation
function uses (directly or indirectly) any attribute of M . For
a machine M to be independent, we require that (in addition
to the conditions described earlier in Sect. 2.2):

– If f is a field of a message type output by M , either f has
no dependency on M or M fully resolves all dependencies
of f .

The entries of a trace are now the instances of message
send and message receive actions performed by the machine
in an execution. Each element of the trace fully specifies both
the action in which the machine engages and the values of all
fields carried by the message sent or received. If a sequence
t of action instances performed by an independent machine
M is a trace of M , then t�!>P:m++, where � means con-
catenation7 and m++ means a message instance of type m
along with the values of all fields it carries, is also a trace iff
both of the following hold:

– t brings M to a state (in terms of its protocol) in which
it allows a transition for the action !>P:m

– t brings M to a state (in terms of its attributes) in which
the derivation function for any field of m that depends on
M returns the same value as that field has in m++.

We will create the contracts for participants by projection
from the choreography. The lower cartouche of Fig. 5 shows

7 So if t = <a,b> then t�c = <a,b,c>.

123



SOCA (2010) 4:109–136 119

the projected contract for Cust . The prefixes on the transi-
tion labels in the choreography are changed in the obvious
way, so in constructing the Cust contract:
– a prefix “Cust>Supp:” in the choreography becomes

“!>Supp:” in the contract; and
– a prefix “Supp>Cust:” in the choreography becomes

“?<Supp:” in the contract.
The choreography shown in Fig. 5 involves only two par-
ticipants and in this case the projection has exactly the same
topology as the choreography. If there are more than two par-
ticipants in a collaboration the contracts will not have exactly
the same topology as the choreography, as we shall discuss
in Sect. 7.

The statement “The choreography fully constrains all
receive actions.” shown below the choreography state dia-
grams is projected into the lists of fully constrained actions
(the receive actions) shown in the contract as FCust .

5.3 Computations in choreographies

The example in 5 only uses state transition topology to define
the choreography. But Protocol Modeling also allows the use

of computation (to determine the values of attributes, fields
and states), and this can be used in addition to pure topology
in the definition of choreography.

A choreography may maintain attributes and use derived
state machines. Where a message exchange is constrained by
a derived state machine to start at a state with value s it has
the following semantics:

– The sender can only send when in state s; and
– The receiver can only receive when in state s.

The reason for this interpretation is:

– If only the sender were constrained, the constraint should
properly represented as a business rule in the sender rather
than as part of the choreography.

– If only the receiver were constrained, the choreography
would not in general be realizable as the receiver is never
guaranteed to enter the required state, s.

Realizability requires that both sender and receiver be able
to determine whether they are or are not in state s. It also

Fig. 5 A two party
choreography
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means that, because the sender knows both the starting state
and the attributes of the message being sent, it can determine
the result of the message on the state of the receiver, and this
means that post-state constraints are not required in the defi-
nition of a choreography. A choreography that uses a derived
state is described in Sect. 8.4.

It is also possible for a choreography to make use of
derived attributes and derived fields. These features have no
protocol (behavior) implications, so their use is transparent
to realizability analysis. The choreography examples in this
paper do not illustrate these features, but their use is straight-
forward.

5.4 Proof structure

Our aim is to be able to construct (design) choreographies that
we know to be realizable, and we now embark on establishing
conditions on a choreography that guarantee realizability.

As discussed by Kazhamiakin and Pistore [8], the rules
for realizability depend on the form of communication model
used for the collaboration, in particular whether communi-
cation between participants is synchronous or asynchronous.
Our main interest is in collaborations that use asynchronous
communication. This means that a sender transmits a mes-
sage on the assumption that the receiver is able to receive it,
and the message may take time to transit so that the receive
happens at a later time. With this form of communication, the
sender and receiver do not engage in a send/receive simul-
taneously, which would require some kind of transactional
infrastructure across the participants. Where the participants
in a collaboration are geographically distributed a transac-
tional infrastructure is complex and difficult to operate, so
an asynchronous messaging infrastructure is more practical.
For completeness of the theoretical treatment, we also con-
sider synchronous collaborations, but not in as much detail.

The structure of the argument is not simple, as it involves
a number of threads of discussion that are developed inde-
pendently and then brought together. The proof extends over
Sects. 6, 7, 8 and 9. Figure 6 provides a guide to the threads
of the argument and how they combine to deliver the result.

6 Choreography realizability

In this section, we establish sufficient conditions for realiz-
ability of a choreography in both synchronous and asynchro-
nous collaborations.

6.1 Preliminaries

We assume that we have a set of participants, P. We will use
P, Q, R to refer to individual participants in P; and P j, j =
1, . . . , n, to index over all participants in P.

We also assume that we have a choreography, C, defined as
a composition of independent machines (using Π to denote
CSP ‖ composition over a population of processes):

C =
∏

i

Ci

We will use bold font to indicate an independent machine
(such as C, Ci and CP ), and normal font (such as C, Ci and
CP ) to indicate a machine that may or may not be indepen-
dent.

We further suppose that each machine, Ci , in C is projected
to each participant P j ∈ P to give a projected machine Ci

P j .
The projected contract for a participant, P j ∈ P, is then:

CP j =
∏

i

Ci
P j (6.1)

We assume that the projection of the independent choreog-
raphy machine Ci to a participant P results in a contract
machine for P that is also independent. This assumption is
justified later, in Sect. 7.4.

This projection, along with the standard stipulation that a
choreography fully constrains all receive actions in Pj , forms
a protocol contract for each Pj ∈ P.

6.2 Definition of realizability

We define choreography realizability of a choreographed col-
laboration to mean:

(C1) At any point of the collaboration it is possible to deter-
mine the corresponding state of the choreography.

(C2) At any point of the collaboration, those sends allowed
in the corresponding state of the choreography may
happen in the collaboration, and only those sends.

(C3) If a message is sent it is guaranteed to be received.

Before considering realizability, we define the notions of
faithful projection and trace matching. We then show that, if
these two properties hold, the choreography is realizable.

6.3 Faithful projection

We define the concept of faithful projection. Consider:

– A choreography machine: Ci in C.
– The machine Ci

P obtained by projecting Ci to P ∈ P.

Suppose t ∈ traces(Ci ), we define the restriction t�P , of
t to Ci

P as the sub-sequence comprising entries in t that
involve P as either sender or receiver. An entry such as
P>Q:m++ in t having P as sender becomes !>Q:m++ in
t�P , and an entry such asQ>P:n++ inthaving P as receiver
becomes ?<Q:n++ in t�P .
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Fig. 6 Realizability proof structure

The projection is faithful iff:

(F1) t ∈ traces(Ci ) ⇒ t�P ∈ traces(Ci
P ).

Informally, faithfulness means that a projected machine
can support any behavior (trace) that its source choreogra-
phy machine allows. Faithful projection is a property of the
way in which a choreography is projected to the participants,
and we show that this property holds when we define the
projection mechanism in Sect. 7.6.

6.4 Trace matching

We define the concept of trace matching in a choreographed
collaboration. Consider:

– A choreography machine: Ci in C.
– The machines Ci

P j obtained by projecting Ci to all Pj
∈ P.

Let E denote any (perhaps incomplete) execution of the col-
laboration between the projected machines. Suppose that the
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collaboration executes to a global clock, and on each tick of
the clock:

– In a synchronous collaboration, a single atomic send/
receive takes place.

– In an asynchronous collaboration, either a single send or
a single receive takes place.

This device gives a global sequence, sE , of the sends exe-
cuted in E . We denote the restriction of this global sequence
of sends to the alphabet of a given choreography machine, Ci ,
by si

E . So a send of m++ by P to Q of the global sequence is
included as an entry P>Q:m++ in si

E iff (P>Q:m) ∈ α(Ci ).
The machines Ci

P j are trace matched iff, ∀ collabora-
tions E :

(M1) si
E ∈ traces(Ci ). si

E is called the implied trace of Ci

in E .
(M2) ∀ j the trace of Ci

P j in E is a prefix of si
E�P j .

Informally, trace matching means that the sequencing of
sends in a collaboration uniquely defines the traces (sends
and receives) of the projected machines. Trace matching is a
property of both a choreography and the way it is projected
to the participants, and we will be considering the conditions
under which this property is guaranteed later, in Sect. 8.

The ability to identify the state of the choreography
machines on the basis of the observable sequence of sends
meets the first condition, (C1), for realizability. We now go on
to show that, if we have faithful projection and trace match-
ing, we also meet conditions (C2) and (C3). We show this
for first for synchronous and then asynchronous collabora-
tion. In these arguments we take faithful projection and trace
matching as given.

6.5 Synchronous realizability

We show that, in a synchronous collaboration, the combi-
nation of faithful projection and trace matching guarantees
realizability of the choreography. We assume that the chore-
ography is projected as described in (6.1) and that ∀i, j Ci

P j

are faithfully projected and ∀i Ci
P j are trace matched. We

may assume that the participants’ designs contain their
respective contract machines as, if not, we may add the con-
tract machines without altering the behavior of the partici-
pant.

As this is a synchronous collaboration, every exchange in
any trace of a choreography machine Ci must be fully repre-
sented (both send and receive entries present) in the traces of
the projections. This means that no entries can be removed
by the prefixing in (M2). So, if the sequence of exchanges so

far in a synchronous collaboration, E , is s, the trace of Ci
P j

is exactly si
E�P j .

Sending (C2). We assume the collaboration is success-
ful up to some point with a sequence, s, of synchro-
nous exchanges. By (M1), ∀i , s implies a trace si of
the choreography machine Ci . Suppose that, ∀ j for which
(P>Q:m) ∈ α(C j ), P>Q:m is possible for C j after execut-
ing s j . Consider one of these machines, Ck . We know that
sk�P>Q:m++ ∈ traces(Ck).

By (F1) we have:

(sk�
P>Q:m++)�P = (sk�P

�
!>Q:m++) ∈ traces(Ck

P )

By (M2) sk �P is the trace so far of Ck
P , so !>Q:m++ is

possible for Ck
P . This applies to all machines in P required

to participate in the send of m++ under CSP ‖ composition,
so the send is possible for P as a whole.

In addition, (M2) means that a send that is not allowed by
the choreography is not allowed by any participant, so we
have (C2).

Receiving (C3). An identical argument shows that
?<P:m++ is possible for Q as a whole.

This means that these two machines can engage in a syn-
chronous exchange onP>Q:m++. As the receipt by Q is fully
constrained by the choreography contract, no other (non con-
tract) machine in Q can refuse (block) it. This means that the
choreography C is realizable.

6.6 Asynchronous realizability

We now show that realization of the choreography is also
guaranteed in an asynchronous collaboration between faith-
fully projected trace matched machines. As in the synchro-
nous case, we assume that the choreography is projected
as described in (6.1) and that ∀i, j Ci

P j are faithfully pro-

jected and ∀i Ci
P j are trace matched. Again, we may assume

that the participants’ designs contain their respective con-
tract machines as, if not, we may add the contract machines
without altering the behavior of the participant.

The method of argument is similar to the synchronous
case. Note that, in the asynchronous case, while the traces
of Ci

P j may be matched for a given i , the traces for two dif-
ferent values of i may be interleaved differently at different
participants so that we do not have trace matching on the
contracts considered as a whole.

Sending (C2). We suppose an asynchronous execution E
that has executed a sequence, s, of sends. By (M1), this
implies a trace si of each choreography machine Ci . Con-
sider an exchange P>Q:m involving a message m++ and
suppose that ∀ j for which (P>Q:m) ∈ α(C j ), P>Q:m is
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possible for C j after executing s j . Consider one of these
machines, Ck . By (F1), (sk�!>Q:m++)�P∈ traces(Ck

P ).
This means that if the send is possible in the choreography,
it is also possible in the collaboration.

Note that, unlike the synchronous case, (M2) only guar-
antees that current trace of Ck

P is a prefix of
(sk�!>Q:m++)�P and there may be outstanding messages
for Ck

P to receive before!>Q:m++ becomes available to exe-
cute. So, unlike the synchronous case, the send may not be
available to P immediately. This is inherent to asynchronous
collaboration.

In addition, (M2) means that a send that is not allowed by
the choreography is not allowed by any participant, so we
have (C2).

Receiving (C3). Now we suppose that there is at least one
message that fails: in that it cannot be successfully received
by the participant to which it has been sent and so remains
permanently “in flight”. In the global sequence of sends in
E we assume, without loss of generality, that the first failed
message is m++ f ail of type m sent by P to Q. We argue to
show that this failure is impossible.

The two machines that govern the sending (by P) and
receiving (by Q) of m++ f ail are as below:

CPm =
∏

(!>Q:m) ∈α(Ci
P )

Ci
P and CQm =

∏

(?<P:m) ∈α(Ci
Q)

Ci
Q

The proof is based on the observation that at a point of send-
ing m++ f ail , the component machines in CPm must all be
synchronized under their CSP composition at states able to
participate in the send; and similarly, at a point of receiving
m++ f ail , the component machines in CQm must all be syn-
chronized at states that are able to participate in the receive.

By (M1), the global sequence of sends up to and includ-
ing the send of m++ f ail gives an implied trace for each
component machine, Ci , of the choreography. We denote
the implied trace of Ci by ti

f ail . In addition, by (M2), the
sequence of sends determines the trace (of both sends and
receives) of each machine projected from Ci for all message
exchanges in ti

f ail up to and including that for m++ f ail .

We consider a machine Ck
P in CPm and its matching

machine Ck
Q in CQm . As Ck

P has sent m++ f ail , its trace must

contain !>Q:m++ f ail . So the implied trace, tk
f ail , of Ck

must contain P>Q:m++ f ail and the restricted trace tk
f ail�Q

must contain ?<P:m++ f ail .
By (M2), the trace of Ck

Q is a prefix of tk
f ail �Q . As all

messages sent before m++ f ail succeed (do not remain per-
manently “in flight”), all entries in the trace of Ck

Q before
?<P:m++ f ail will also eventually succeed, otherwise there
is an earlier failure than m++ f ail . So Ck

Q must advance to the
point where it can only remain trace matched by accepting
?<P:m++ f ail as the next entry in its trace.

This applies to all machines in CQm , so all of these
machines must reach a state where they can do nothing except
receivem++ f ail . Moreover, by assumption, all messages sent
by P to Q before m++ f ail succeed so will all eventually clear
from the queue between P and Q; so m++ f ail must reach the
front of the queue. Finally, as the receipt of m++ f ail is fully
constrained by CQm , no other (non contract) machine in Q
can refuse it. It must therefore be accepted. This means that
the choreography C is realizable.

7 Preservation and reduction

We now move to a discussion of how a choreography is
projected into participant contracts. The aim is to show
that, under defined conditions, the projection is faithful and
ensures trace matching. With these shown to be the case,
the results above give us realizability. Before defining how a
choreography is projected to participants, we define:

– Preservation of Attributes and Derivation,
– Reducibility and Reduction of a Stored State Machine,
– Reducibility and Reduction of a Derived State Machine.

We use the device of a filter, FS, defined in terms of a set of
participants, S ⊆ P. The effect of the filter is to remove any
transition that does not involve every element of S as either
sender or receiver. So:

– F∅ has no effect.
– F{P} removes any transition that does not involve P .
– F{P,Q} removes any transition that does not involve both

P and Q.
– FS is not defined if S contains more than two elements.

The idea, of course, is that filtering a choreography using
F{P} is the basis for creating the projected contract for P . In
the context of asynchronous collaboration, in Sect. 8.2, we
will also need to consider filtering to pairs of participants.

7.1 Preservation of attributes and derivation

An attribute a is preserved under FS iff no transition that
carries (i.e., has a bubble attached containing) an update to
a is removed by FS. A derivation function (that calculates
a derived attribute, a derived state, or a field of an output
message) is preserved under FS iff every attribute used in
the derivation is preserved under FS. A derived attribute is
preserved under FS iff its derivation function is preserved.

Note that preservation is defined in terms of a choreogra-
phy as a whole. This is because, for instance, the derivation
function for a derived state in machine C1 might depend on
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attributes in C2 and C3. Provided the attributes in C2 and C3

are preserved, the derivation function is too.

7.2 Reduction of a stored state machine

The stored state machine C is reducible under FS iff:

– For every pair σa and σb (with possibly σa = σb) of
states in C joined by a connected path that is completely
removed by FS, all connected paths between σa and σb

are completely removed. For this purpose the direction
of the transitions is ignored: only the connectivity is con-
sidered.

– For every message send by C not removed by FS, all
field derivations present in C are preserved by FS.

If C is reducible under FS, we have a relation on the states
of C whereby two states are related iff the filter removes all
the connections between them. This is an equivalence rela-
tion, as follows:

– We define a state as relating to itself, whether or not cir-
cular connections involving the state are removed, so the
relation is reflexive.

– As the removal of a path is irrespective of the direction
of the transitions that form the path, the relation is sym-
metric.

– If σa is related to σb and σb is related to σc, then there is a
connected path from σa to σc that is completely removed,
so σa is related to σc. This makes the relation transitive.

The reduction of C under FS, CS, is a new machine created
from C as follows:

– The states of CS are the equivalence classes of the rela-
tion defined by the filter.

– The transitions of CS are the transitions of C that are not
removed by the filter. The start (end) state of a transition
in the new machine is the equivalence class to which the
start (end) state in C belongs under the relation.

– The attributes of CS (stored and derived) are all those in
C that are preserved under FS.

If all transitions in C are removed by FS, the reduction is
null (has no alphabet).

7.3 Reduction of a derived state machine

The derived state machine C is reducible under FS iff:

– Either all transitions in C are removed by FS or the der-
ivation function of C is preserved by FS.

– For every message send by C not removed by FS, all
field derivations present in C are preserved by FS.

The reduction of C under FS, CS, is a new machine created
from C as follows:

– The state derivation function and states of CS are the
same as those of C.

– The transitions of CS are the transitions of C that are not
removed by the filter. The transitions in the new machine
have the same start state as in C.

– The attributes of CS (stored and derived) are all those in
C that are preserved under FS.

If all transitions in C are removed by FS, the reduction is
null (has no alphabet).

7.4 Preservation of independence

The reduction of an independent machine is also indepen-
dent. This is because:

– The attributes of a reduced machine are those that are
preserved by the reduction.

– We require that state and field derivations are preserved
for reducibility.

This justifies the assumption made earlier, in Sect. 6.1.

7.5 Ambiguous states

Suppose C is an independent stored state machine. A state in
the reduced machine, CS, corresponding to an equivalence
class of the reduction filter FS that contains more than one
element is called an ambiguous state. An ambiguous state
in a reduced machine is one which does not uniquely iden-
tify the state of the choreography machine from which it was
derived.

States of a reduction of a derived state machine are
never ambiguous. This is because reducibility of a derived
state machine requires that the state derivation function is
preserved in reduction to both the sender and receiver of
any exchange in the machine (to conform to the semantics
described in Sect. 5.3), so the reduction must have certain
knowledge of the state value at all times in the collaboration.

7.6 Reduction faithfulness

Section 6.3 defines a notion of faithfulness in projection from
a choreography, requiring that the restriction of a trace of the
choreography to a participant P should always yield a trace
of the projection of the choreography to P . It is clear that
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the reduction rules above will always yield a reduction that
is faithful to the choreography machine that is its source.

7.7 Reduction used for projection

Reduction of the machines of a choreography to the partici-
pants of the collaboration is the basis for projection, whereby
protocol contracts for the participants are constructed. So the
projection, CP , of a machine C is C{P}. Informally, a chore-
ography being reducible to P (i.e., reducible under F{P})
means that its reduction to P gives P a coherent under-
standing of the state of the collaboration at all times, albeit
potentially ambiguous in some states given that it does not
know about any of the message exchanges in which it is not
involved as either sender or receiver.

Clearly, projection requires that the choreography is
reducible to each of the participants. However, reducibility
of the machines of a choreography is not sufficient to ensure
realizability, and we therefore make a distinction between
reducibility and projectability, the latter including the extra
conditions required to ensure realizability.

8 Projectability

The further conditions, beyond reducibility, required to
ensure realizability depend on whether we are aiming for
synchronous or asynchronous implementation.

We assume that the choreography, C, between a set of
participants, P, is defined as a composition of independent
machines:

C =
∏

i

Ci (8.1)

Assuming that, ∀i, Ci is reducible to every participant in P

and that the contract, CP , for a participant, P ∈ P, is given
by:

CP =
∏

i

Ci
P (8.2)

where Ci
P is the reduction of Ci under F{P}.

We define two forms of projectability: synchronous and
asynchronous. A choreography that has synchronous pro-
jectability guarantees that the choreography will be realized
under synchronous communication between the participants,
and asynchronous projectability guarantees that the choreog-
raphy will be realized under asynchronous communication.
Synchronous projectability is less exacting than asynchro-
nous, and the difference between the two can be seen in Fig. 7,
which needs to be read in conjunction with the definitions
below. As our main interest is in the asynchronous case, we
will consider in some detail how asynchronous projectability
of a choreography is established.

8.1 Synchronous projectability

A choreography, C, between a set of participants, P, is syn-
chronous projectable iff:

(S1) ∀i, Ci is reducible to every participant in P and the
reductions are deterministic.

(S2) No transition for a send by any participant starts from
an ambiguous state.

The first condition is required to ensure that we can form
the projected contracts, as specified in (8.2). We require
the reductions to be deterministic to qualify as protocol
contracts. As we shall see in Sect. 9.1, these two condi-
tions ensure that we have trace matching under synchro-
nous collaboration, and therefore that the choreography is
realizable.

8.2 Asynchronous projectability

A choreography, C, between a set of participants, P, is asyn-
chronous projectable iff:

(A1) ∀i, Ci is reducible to every pair of participants in P

and the reductions are deterministic.
(A2) No transition for a send by any participant starts from

an ambiguous state.
(A3) In a given state of a choreography machine, Ci , only

one participant may send.

As we shall see in Sect. 9.2, these three conditions ensure that
we have trace matching under asynchronous collaboration,
and therefore that the choreography is realizable. The reason
for requiring reducibility to every pair in (A1) will become
clear in the proof of trace matching.

First, we show that (A1) ensures that we also have reduc-
ibility to every participant and that such reductions are also
deterministic, as is required if we are to use the reductions by
participant as the basis for projection to contracts according
to (8.2). Suppose that a machine C can be reduced to each
pair but is nevertheless not reducible to P . We consider two
cases:

– C is a stored state machine. Failure to reduce to P means
that there are two paths between some pair of states,
one of which is removed by F{P} and one which is
not. Suppose that an exchange in the path that is not
removed involves P and Q. In the reduction to {P, Q},
this exchange is also preserved, so again the first path is
removed but the second is not. This means that reduction
to {P, Q} is not possible either.
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Fig. 7 Synchronous versus
asynchronous projectability

– C is a derived state machine. Failure to reduce to P means
that the state derivation function is not preserved by F{P}
and at least one exchange is not removed. If the deriva-
tion function is lost in reduction to P , it will also be lost
in reduction to any pair including P . Suppose that the
exchange not removed involves P and Q, this exchange
will also be kept in reduction to {P, Q}. These means that
reduction to {P, Q} is not possible either.

Finally suppose that, in either the stored or derived state case,
the reduction to P is non-deterministic with two identical
transitions involving P and Q starting from the same state.
The same non-determinism will be manifested in the reduc-
tion to {P, Q}.

So if a choreography is reducible to every pair and gives
deterministic reductions, it is also reducible to every partici-
pant giving deterministic reductions.

Note that, although we require reducibility to every pair
for asynchronous projectability, participant contracts are still
based on reduction to individual participants. This is because,
although reducibility to pairs is a more exacting requirement
(as it is sufficient but not necessary for reduction to individu-
als), reduction to pairs loses more information than reduction
to individuals. Consider a choreography in which P sends to
Q which sends to R. The sequencing of the exchanges is
preserved in reduction to Q but lost in all reductions to pairs.

8.3 Relay choreography

Because the asynchronous case is the more important in prac-
tice, we will now examine asynchronous projectability in
some detail. Consider condition (A3). Suppose that σ is a
state some machine Ci from which P is the only sender, and
there is at least one exchange sent by P starting at σ . Suppose
that σ is also the end state of a transition. If the exchange of
the transition ending at σ does not involve P as either sender
or receiver it is removed in reduction to P . This makes σ

ambiguous, violating (A2). This reasoning shows that each
machine, Ci , in the choreography must be a relay machine
defined as one with the following properties:

(R1) In any state that the machine can adopt, only one par-
ticipant can send.

(R2) If two adjacent states (one reachable from the other
by a single transition) have different senders, so that
P is the sender in σ1 and Q is the sender in σ2, then
all transitions directly from σ1 to σ2 must have P as
sender and Q as receiver.

In the context of property (R2), note that:

– If there are two (or more) direct transitions from σ1 to
σ2 they must involve different message types to ensure
determinism.

– There may be direct transitions in both directions, and a
direct transition from σ2 to σ1 must have Q as sender and
P as receiver.

The term “relay” is by analogy with a relay race, in which a
baton is passed from one runner to the next. Property (R1)
says that only the participant “holding the baton” may send,
and property (R2) says the participant must “pass the baton”
to the next sender.8 While in possession of the baton, a par-
ticipant may pass through any number of states as sender
and send any number of messages to different participants,
before passing the baton to the next sender. Although all the
transitions from a given state must all have the same sender,
different transitions from the same state may have differ-
ent receivers. Figure 8 shows an example of a relay trace
choreography between three participants. Because machine
equivalence is defined by trace equivalence, the relay prop-
erty of a machine can be determined from its traces. Every
trace must have the following property: if the sender of an
entry in the trace is different from the sender in the previous
entry, the sender of the second entry must be the receiver of
the first.

A choreography is a relay choreography if it is a CSP
‖ composition of independent relay machines. Note that, in
general, a relay choreography allows a given participant at
a given point in a collaboration both to send messages to
different participants, and to receive messages. For example,
suppose the choreography is a composition of three relay

8 This analogy is not exact, as there is no representation of the baton in
the choreography. A send event that “passes the baton” is syntactically
and semantically identical to one that does not.
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Fig. 8 Relay trace

machines, CR1 ‖ CR2 ‖ CR3 it is possible that, at some
point in a collaboration:

– CR1 allows P to send; and
– CR2 allows Q to send with P as a receiver; and
– CR3 allows R to send with P as a receiver.

Each relay machine in the composition has its own baton,
and you can have as many relay machines composed in the
choreography as you like.

8.4 Relay analysis of assemblies

As demonstrated by the examples in Fig. 9, the rely property
is not preserved by CSP composition: it can both created and
destroyed. So it may be that a choreography is articulated as
a set of “base” machines which, although not all are inde-
pendent and relay individually, can be refactored so that it
is expressed in the form given in (8.1), with some or all of
the Ci being assemblies. If it is possible, such a refactor-
ing establishes that the choreography as a whole is relay. To
support such a process, we need mechanisms to check for
the relay property in assemblies. We consider two cases: the
first where the assembly only involves stored state machines
and the second where the assembly involves derived state
machines.

If an assembly consists only of stored state machines, we
can use the construction described in Sect. 2.3 to create a
single topological representation of the assembly which can
then be checked to be relay. In the case that an assembly
involves derived state machines, we cannot use the prescrip-
tion in Sect. 2.3 directly as the technique described there only
applies to stored state machines. However, for the purpose of
analysis, it is possible to create a stored state approximation
of a derived state machine called the connected form of the
machine for topological analysis. This is done in three steps:

1. Form the state space as that defined by the machine’s
state function.

2. Add transitions between the states to create a topological
surrogate for the state function.

3. Create transitions representing the constraints of the orig-
inal machine, but in topologically connected form.

An example is shown in Fig. 10 in which a connected form
representation, A2∗, is shown for the machine A2 from Fig. 3.
Step 1 identifies the two states: {in credit, overdrawn}. In
step 2, transitions (shown as dashed for graphical emphasis)
are added as a surrogate for the state function. In step 3, the
transition for Close is shown as both starting and ending at
the state in credit as the action can only happen from this
state and leaves the state unchanged. In some cases, step 3
may involve removing transitions added in step 2. Suppose
that A2 were to constrain Withdraw only to happen in the
state in credit, as it does Close, then the dashed transition for
Withdraw starting from overdrawn added in step 2 would be
removed in step 3.

Step 2 merits some elaboration. The transitions that need
to be added in this step (those shown as dashed arrows) are
identified as follows:

– The state function is examined to determine the set of
attributes referenced in the calculation. In this case, it is
just A1.balance.

– The machine(s) that own these attributes are examined to
determine which transitions cause their values to change.
In this case it is Open, Deposit and Withdraw in A1 as
can be seen from the update bubbles attached to these
transitions.

– Corresponding transitions are added to each state of the
connected form machine being constructed, according
to how they can alter the state. For instance, Withdraw
decreases the value of balance so its effect on A2∗ is
either to leave the state unchanged or to cause it to change
from in credit to overdrawn.

Whereas the state function tells us exactly the effect of
depositing or withdrawing funds on the state, the surro-
gate transitions show, and can only show, the possibilities.
Generally, the transitions added in step 2 create a machine
that is non-deterministic. While the left-hand, normal PM,
machine in Fig. 10 is deterministic the right-hand figure
is not. This is a consequence of collapsing the state space
of the algebraic model from its original complete enumera-
tion of the balance values and collapsing the value specific
events {D1, D2, W 1, W 2} into generic Deposit and With-
draw events. The connected form, however, is only for anal-
ysis purposes, and its non-determinism does not pose any
barrier to the analysis. The connected form machine does
not replace the derived state version in the definition of the
choreography, nor is it used as the basis for projection to
participant contracts.

We argue that the connected form can be used in place of
the original derived state machine in the context of relay anal-
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Fig. 9 Relay property and
composition

Fig. 10 Connected form of a
derived state machine

ysis, as follows. As the connected form machine describes
the transition possibilities of the machine it approximates,
its traces are a superset of the traces that are possible for
the original derived state machine. If the traces of the con-
nected form display the relay property, the subset that consti-
tutes the traces possible for the original derived state machine
must also adhere to relay behavior. We may therefore use
the connected form, combining it with other machines using
the technique in Sect. 2.3 where required, to determine that
an assembly involving derived state machines has the relay
property. Figure 11 shows an example of relay analysis on
a choreography involving a derived state machine. The cho-
reography is defined as two machines, C1 and C2. Forming
the connected form, C2∗, of C2 and composing this to form
C1 ‖ C2∗ allows the relay property to be established.

8.5 Projection of assemblies

Once we have established that an assembly is relay, we need
to be able to project the assembly to participants (to sin-
gle participants and to pairs) both in order to complete the

analysis of projectability by ensuring that projections are
deterministic, and to create the participant contracts. Here,
we have to face the fact that it is not true, in general, that
the reduction of an assembly is equal to the assembly of the
reduction of its components. As in the previous section, we
consider first the case where the components are all stored
state machines and then the case where the assembly involves
derived state machines.

Where an assembly consists only of stored state machines,
the machines in the assembly are combined using the con-
struction described in Sect. 2.3 to create a topological repre-
sentation of the assembly prior to reduction. Once expressed
as a single machine, the recipe for reduction described in
Sect. 7.2 can be used in the normal way.

Now suppose that the assembly involves a derived state
machine. We cannot use the connected form as the basis
for reduction as this only approximates the behavior of the
original machine. Instead we show that, in this case, it is safe
to perform reduction on the derived state machine indepen-
dently of the other machines in its assembly. First we appeal
to the definition of the semantics of a derived state machine
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Fig. 11 Instalments example

in a choreography given in Sect. 5.3. Suppose that we have a
transition between P and Q whose occurrence is constrained
by a derived state machine, Cd . The semantics of a derived
state machine in a choreography requires that both the sender,
P , and the receiver, Q, are able to determine the state of Cd .
This means that all transitions implicated in calculation of
the state of Cd must be preserved in reduction to both P and
Q, and therefore all such transitions must involve both P
and Q.9 Consequently, these transitions can involve no other
participant. As the only transitions in Cd are those that are
either constrained by Cd or implicated in calculation of the
state of Cd , we have that the elements of the alphabet of C
are all exchanges between P and Q. We can now invoke a
result of Hoare’s work on concealment in CSP. The relevant
result concerns concealment of a set of actions c in the com-

9 This is equivalent to stating that the transitions added in step 2 of the
procedure described in Sect. 8.4 involve only P and Q.

position of P and Q, using “\” to denote concealment, and
states that:

If α(P) ∩ α(Q) ∩ c = ∅ then (8.3)

(P ‖ Q) \ c = (P \ c) ‖ (Q \ c)

Concealment in CSP can be equated with removal by reduc-
tion in our theory. The result (8.3) shows that the reduction of
an assembly to a given participant is the same as the compo-
sition of the reductions of the components to that participant,
provided that no action in the intersection of the alphabets
of the components is removed by the reduction. As we have
that all the transitions in Cd involve both P and Q, none is
removed by reduction to either P or Q. It is therefore safe
to reduce Cd to any of {P}, {Q} or {P, Q}, using the recipe
given in Sect. 7.3, separately from any other machine with
which it is in assembly in the definition of the choreography.
As Cd has a null reduction to any other participant, these
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are the only reductions we need to consider. Any stored state
machines in assembly with Cd must be combined with each
other prior to reduction, as described above.

9 Proof of realizability

Section 6.6 showed that the combination of faithfulness and
trace matching gives realizability. As we know projection is
faithful (Sect. 7.6), we only need to show that the conditions
for projectability given in Sect. 8 ensure trace matching. We
address the synchronous case and the asynchronous case in
turn.

9.1 Synchronous case

To prove realizability, we need to establish that (S1) and (S2)
guarantee trace matching. We use induction on a machine Ci

in the choreography. We suppose that at some point in the
collaboration:

– There is a trace ti of Ci so every participant, Pj , has
ti

P j = ti�P j .

– Ci is in state σ .
– Every Ci

P j is in a state that corresponds under projection
to σ .

Suppose that, at this stage of the collaboration, for some par-
ticipant P, Ci

P allows P to send a message m++ to another
participant Q. By (S2) Ci

P is not in an ambiguous state, and
by the induction assumption, must be in a state that cor-
responds 1-1 with σ . So the exchange P>Q:m++ must be
allowed at σ in Ci . Because Ci

Q is also, by assumption, in
a state (albeit possibly ambiguous) that corresponds to σ it
must allow receipt of m++. Assume this exchange happens:

– P>Q:m++ is added to ti ; and
– !>Q:m++ is added to the trace of Ci

P ; and
– ?<P:m++ to the trace of Ci

Q .

As Ci
Q is deterministic, it advances to a new state still syn-

chronized with Ci . Induction begins when the choreography
and all participants are at their initial states and all traces are
empty.

This means that a projected machine is always synchro-
nized with the state of choreography machine from which it
was projected; and so:

– The sequence of sends in a collaboration match a trace of
the choreography, giving (M1).

– The traces of a projected machine always matches the
trace of corresponding choreography machine, giving
(M2).

This establishes trace matching and realizability.

9.2 Asynchronous case

To prove realizability, we need to establish that (A1), (A2)
and (A3) guarantee trace matching. We consider a sin-
gle relay machine, Ci , in the choreography. We assume a
communication environment providing an unbounded FIFO
queue in each direction between each pair of participants.

Figure 8 shows an execution scenario of a relay choreogra-
phy machine. The discipline of baton passing means that the
send operations are globally ordered along the bars, which
represents the “relay baton”. The global ordering of the sends
defines the trace, ti , of the choreography machine. First, it is
clear that the sequence of sends in which this choreography
machine is involved define ti and this gives (M1).

To establish (M2) we have to show that, in any schedul-
ing of the collaboration and any participant P , the trace Ci

P
is a prefix of ti �P . To simplify the notation, we drop the i

superscript and refer to the choreography machine Ci as C
and correspondingly for the projected contract machine.

We establish trace matching by induction. Consider a cho-
reography machine, C, and its projection, CP , to P at some
point in the collaboration:

– The trace of C so far is t, and the current state of C is σt .
– Because of trace matching condition (M2) the trace, tP ,

of CP so far is t’�P where t’ is a prefix of t.
– The current state of CP corresponds to the state σt ′ that

pertained in C after it had executed t’.

We consider the next possible actions in which CP can
engage. Projection rule (A3) requires that only one partic-
ipant is the current sender in C. There are two possibilities:

– P is the current sender (holding the baton) in C.
– P is not the current sender in C.

If P is the current sender in C then, because of the baton
passing discipline, t’ = t. So σt ′ = σt . By projection rule
(A2) a sender cannot be in an ambiguous state. The only next
possible action by CP is a send, and because it is not in an
ambiguous state this must be send allowed by C at σt . The
result of such a send is that corresponding entries are added
to the traces of C and CP and trace matching is preserved.

If P is not the current sender in C then CP can only receive.
Without loss of generality, we assume that there is at least
one exchange in t beyond t’ that sends a message to P and
that the first such exchange is Q>P:m++. As all exchanges
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Fig. 12 Failure of reduction to
pairs

involving P in t’ have entries in tP , no message to P sent
before m++ is still queued; and because the queues are FIFO,
no message sent after m++ by Q to P can overtake it. So it
must become available to P . As we have trace matching so
far, P must be able to receive it.

We need to show that CP is bound to stay matched to the
trace t when it consumes a message. There are two possible
causes for departure:

– CP consumes the message m++ from Q but advances to a
state that does not correspond to the state that C has after
the Q>P:m++ exchange.

– Another message, n++ sent by R in an exchange that
occurred in t after Q>P:m++ is accepted by CP before
m++, causing it to receive messages in an order that does
not correspond tot and hence depart from match tot. An
example of this situation is shown in Fig. 12. Note that
such a message cannot come from Q, as it would then
not be available to P before m++ because of the FIFO
queueing discipline.

The first cause would require that there is a trace t f alse of C
such that t f alse�P=tP + ?<Q:m++; and such that the state
of C after Q>P:m++ in t f alse is different from its state after
Q>P:m++ in t. This requires that the exchange Q>P:m++
uses different transitions in the graph of C in the context of the
two traces. However, in CP these transitions are both avail-
able to P after it has executed tP and this would make this
reduction non-deterministic, which is not allowed by (A1).

The second cause would require that there is a trace t f alse

of C containing R>P:n++ followed, as the next send by Q
to P , Q>P:m++. We consider the graph of C from the state
after t’ to the state where it executes R>P:n++. The path
used by t has a send from Q to P and the path used by
t f alse does not. So these paths must lead to different states,
otherwise C would not be reducible to {P, Q}, as required by
projection rule (A1). If they are different states, then the two

transitions used by R>P:n++ are different in the two paths.
In the reduction of C to {P, R} these would both be avail-
able in the state after t, and this would make this reduction
non-deterministic, which is not allowed by (A1).

Induction begins when the choreography and all partici-
pants are at their initial states and all traces are empty. This
establishes trace matching and realizability.

10 Example

As an example, we take the Shared Book Buying Collabora-
tion described by Honda et al. [7]. In this example, there are
three participants: a Seller (S) and two buyers (B1 and B2).
Buyer1 can afford a portion of a book’s price and the balance
has to be paid by Buyer2, who also makes the buy or no buy
decision. The choreography is shown at the top of Fig. 13
described as two composed machines. It is easy to see that
the choreography is relay, so adheres to projection conditions
(A2) and (A3). Moreover, as a given exchange only appears
once in each choreography machine, any reduction must be
deterministic so the choreography adheres to projection con-
dition (A1). So asynchronous realizability is guaranteed.

Below the choreography in Fig. 13 is shown the extraction
of the contract for the participant Buyer1. Similar extraction
produces the three contracts shown in Fig. 14.

11 Related work

A number of other authors have looked at choreography def-
inition and the rules required to ensure realizability. In this
section, we discuss related work and provide a commentary
on how this work relates to this paper. We focus on work on
asynchronous choreographed collaborations.
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Fig. 13 Shared book buying:
choreography and contract for
Buyer1

Session typing. Work by Honda et al. [7] addresses the
question of realizability of asynchronous multiparty
collaborations using a behavioral typing discipline called
Session Typing. The scheme defines global types, which
represent choreography; and local types, which correspond to
our participant contracts. The local types are abstracted from
the global type by a projection calculus, similar to that we
describe in Sect. 7. The conditions we give for asynchronous
projectability are captured in their notion of linearity, which
aims to enforce the discipline that in two communications,
sending actions and receiving actions should respectively be
ordered temporally, so that no confusion arises. Linearity is
established by a process called causality analysis based on
the dependencies between the exchanges of the global type.

This analysis requires that there are subsequences in the cho-
reography that observe a similar discipline to that we require
in relay machines.

Where there is indeterminacy of ordering in the global
type, sequencing is imposed using a device called a channel.
In their solution to the Shared Book Buying Collaboration,
which we discussed in Sect. 10, the channel device is used
to address the indeterminacy in the ordering of receipt of
the Quote and Share messages by B2 by imposing an order-
ing: Quote followed by Share. This is not required in the
solution we present, and it seems that channels are used to
remove the natural concurrency of the collaboration which in
our approach is expressed explicitly using composition in the
choreography. This means that the Session Typing approach,
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Fig. 14 Shared book buying:
participant contracts

at least as described, is not able to describe collaborations
that necessarily entail a race. An example is given in Fig. 15
which describes a simple competition in which two contes-
tants, X and Y , are asked a question and a prize is awarded
for correct answers. A choreography expressed as four com-
posed protocol machines is shown in Fig. 15, and we note
the following:

– The collaboration involves a race, because the sequenc-
ing of the receipt of answers from X and Y is unknown in
advance and cannot be constrained by the choreography.
This is handled using a composition of two machines in
the choreography, shown one above the other at the bot-
tom left of the figure, allowing the ordering of receipt of
the answers from X and Y to be unspecified.

– The provision of the Decision by Q back to P and then
by P on to X and Y is depicted by the two machines at
the bottom right of the figure. Note that it is possible for
P to send notification of the decision to X or Y before
they have responded, as it is possible that either or both
failed to respond quickly enough.

– The four machines in the choreography are independent,
relay and deterministic when reduced to pairs. So the cho-
reography is projectable and therefore realizable under
our theory.

In attempting to create of a global type for this collabora-
tion, we have a choice about how to express the sending

of the question to X and Y and the subsequent receipt of
their answers by Q. One possibility is to use two session
types composed in parallel, following the same strategy that
is used in Fig. 15. However, while the syntax of global types
allows parallel composition, the projection of a global type
that involves parallel composition is undefined if a given
participant is involved in both the types being composed,
either as the sender or the receiver of a message, so this
approach is excluded. The other possibility is to serialize the
two exchanges whereby X and Y send their answers to Q
in a single global type. In this case, we need to address the
question: Should these two exchanges use the same or differ-
ent channels? Neither choice appears to be satisfactory. If we
choose to use different channels then P is forced to receive
the answers in a defined order, as the receives on the chan-
nels must be serialized in P’s logic. This clearly violates the
intention of the collaboration. If we choose to use the same
channel then the global type fails to obey the condition for lin-
earity10 (the Session Typing equivalent of our projectability
condition), and this means that realizability is not guaran-
teed. As some collaborations, such as e-auctions, are likely
to involve such intentional race conditions the difficulty of
modeling this using Session Types seems a weakness.

10 This is because a chain of two receipts on the same channel from
different senders, as we would have here, is considered “non-causal”
and makes the global type non-linear. See Honda et al. [7]
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Fig. 15 Competition example

More recent work is underway, [1], to extend the Session
Typing to include a treatment of data. This work aims to
allow contractual assertions to be included in the definition
of global types and thus bring a “Design by Contract” [12]
capability to protocol construction. At present, this work is
not aimed at allowing data and computation to be used for
the definition of choreographical behavior constraints and so
does not compare directly with our work.

IOC/POC. Work by Lanese et al. [9] define an approach
similar to that used in Session Typing, but without the use
of channels. The scheme defines interaction-oriented cho-
reography (IOC), which represents choreography; and pro-
cess-oriented choreography (POC), which corresponds to
our participant contracts. A POC for each participant is
abstracted from the IOC by a projection calculus. The authors
give realizability conditions, which they call connectedness
conditions, for both synchronous and asynchronous collab-
orations. These conditions correspond very closely to those

we describe for projectability of a single stored state chore-
ography machine.

The IOC/POC scheme allows parallel composition of pro-
cesses in a choreography and, unlike Session Typing, allows
the same participants and message types to appear in dif-
ferent composed processes. This means that the IOC/POC
scheme has the ability to model concurrency involving races
and could be used to express the choreography for the Com-
petition Example in Fig. 15. However there is no concept of
CSP style synchronization or of the use of data and derived
states, so it is not possible to articulate a choreography as
a set of separate partially synchronized descriptions. This
means that the approach would not, as currently described,
be able to describe a choreography that requires a combina-
tion of stored and derived state spaces such as the Instalments
Example in Fig. 11 and, as published so far, the IOC/POC
approach does not use data or computation at all.

Conversation protocols. In their work, Fu et al. [3] describe
an approach for the realization of asynchronous collaborations
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based on Conversation Protocols. A conversation protocol
corresponds to a choreography and is projected to give peer
(= participant) behavior. Both the choreography and the pro-
jected peer behaviors are modeled as Finite State Automata
(FSA). The authors identify three conditions on a conver-
sation protocol that must be met for realizability: Lossless
Join which requires that the protocol should be complete
when projected to individual peers, Synchronous Compat-
ible which ensures that the protocol does not have illegal
states, and Autonomy which implies that at any point in the
execution each peer is determined on the choice to send, or to
receive, or to terminate. Although stated in different terms,
these correspond quite closely to our asynchronous projec-
tability conditions. The Autonomy condition allows more
than one peer (participant) to be in send mode at the same
point in the choreography so is more relaxed than our pro-
jectability condition (A3) which limits sending to a single
participant. This more relaxed condition is balanced by the
stricter requirement of Lossless Join to ensure realizability.
As we point out in Sect. 8.3, different machines in our compo-
sitional approach can have different senders, and this gives
our approach equivalent expressive power to Conversation
Protocols.

This formalism used for Conversation Protocols does not
use parallel composition at all. This does limit expressive
power. For instance, if:

(P > Q:a) ‖ (Q > P:b)

is expressed as a Conversation Protocol (i.e., with no com-
position) then it violates Autonomy as P and Q are both
sending and receiving in the initial state of the choreogra-
phy. However, both components are clearly asynchronously
projectable, so the choreography is realizable under our the-
ory. The same issue would arise in attempting to model the
Customer and Supplier choreography in Fig. 5 as a Conver-
sation Protocol as, for instance, there is a state where the
Customer can send a Request Cancel and also receive an
Invoice.

In more recent work, [4], the authors have added some
capability to model data and computations. This is done by
using Guarded Finite State Automata (GFSA) for both cho-
reography and projected peer behaviors. The general idea
is similar to that we describe, with data and computation
being used to specify rules in the choreography. However, the
scheme is significantly less ambitious than ours in that the
guard of a transition only expresses the relationships between
the message that is being sent and the last message of each
class sent or received by the sender; so there is no notion
of a choreography owning and maintaining attributes as we
have. Updates are confined to changes to message fields, and
it would not be possible to compute a guard condition on

accumulated amounts11 such as is required for the Instal-
ments Example in Fig. 11. The authors describe an algo-
rithm for checking realizability of a choreography described
as a GFSA, and this bears some similarities to the technique
described in Sect. 8.4 but a detailed comparison is beyond
the scope of this paper.

BPMN2. The Business Process Model and Notation12

(BPMN2) [15] developed by the Object Management Group
(OMG) is the latest in a number of attempts to create an
industry standard language to describe choreography.13 The
new standard is notable in that it is the first to our knowledge
to attempt to include rules for realizability, with the following
statement:

There are constraints on how Choreography Activities can
be sequenced (through Sequence Flow) in a Choreography ...
The basic rule of Choreography Activity sequencing is this:

– The Initiator of a Choreography Activity MUST have been
involved (as Initiator or Receiver) in the previous Chore-
ography Activity.

This captures our asynchronous projectability condition
(A2), but is clearly an incomplete treatment of the condi-
tions for realizability.

The BPMN choreography language has no compositional
capability of the kind discussed and advocated in this paper.

12 Conclusion

We believe that the development of advanced distributed col-
laborations will require techniques that enable designers to
construct solutions that are transparently correct so that, as
far as possible, realizability is guaranteed. The modeling for-
malisms used to represent choreographies and the resultant
behavior contracts must play the key role in this, and the use
of compositional modeling appears to be the natural para-
digm to express and analyze the inherent parallelism of dis-
tributed behavior.

If choreography-based approaches are to succeed they
must provide the expressive power to capture real business
collaborations, but also allow realizability to be verified using
techniques within the competence of mainstream software
engineers. We believe that the ideas we discuss here take us
significantly nearer achieving this combination and we hope

11 At least not without including such amounts as extra fields in the
messages. But message content is normally fixed by business consider-
ations or standards, and not open to this kind of change.
12 At the time of writing at the “OMG Adopted Beta Specification”
stage.
13 Previous attempts include WSCI and WS-CDL.

123



136 SOCA (2010) 4:109–136

that this work will help inform future directions in the design
of choreography modeling languages. In particular, we sug-
gest that composition capabilities should be at the heart of
such languages.
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