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Abstract

In service oriented computing, choreography lan-
guages are used to specify multi-party service com-
positions. Two main approaches have been followed:
the interaction-oriented approach of WS-CDL and the
process-oriented approach of BPEL/Chor. We in-
vestigate the relationship between them. In particu-
lar, we consider several interpretations for interaction-
oriented choreographies spanning from synchronous to
asynchronous communication. Under each of these in-
terpretations we characterize the class of interaction-
oriented choreographies which have a process-oriented
counterpart, and we formalize the motion of equiva-
lence between the initial interaction-oriented choreog-
raphy and the corresponding process-oriented one.

1 Introduction

Choreography languages are attracting a lot of at-
tention within the Service Oriented Computing (SOC)
research community. They are intended as notations
for representing multi-party service compositions, that
is, descriptions of the global behavior of service-based
applications in which several services reciprocally com-
municate in order to complete a predefined task.

Despite the recognized need for a standard chore-
ography language to be used by service applica-
tion developers, two main approaches are currently
followed. On the one hand, W3C is developing
the Web Services Choreography Description Language
WS-CDL [Wor]. On the other hand, the research com-
munity around the Web Service Business Process Ex-
ecution Languages WS-BPEL [OAS] is investigating
BPEL4Chor [DKLWO07].
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In WS-CDL, the basic activities in a service choreog-
raphy are interactions, that is, the atomic execution of
a send and a receive operations performed by two com-
municating partners. For this reason, we say that WS-
CDL follows an interaction-oriented approach. On the
contrary, in BPEL4Chor the business process of each
partner involved in a choreography is specified using
an abstract version of BPEL, in which the basic activ-
ities are either invoke or receive operations performed
by the specified partner. A choreography is the paral-
lel composition of the independently specified business
processes. For this reason, we say that BPEL4Chor
follows a process-oriented approach.

Even if the two approaches are both intended as so-
lutions to the same problem, their relationship is not
trivial, and depends on choices about the kind of com-
munication (synchronous or asynchronous) and the lo-
cal events that are globally observed (either send or
receive, or both). In the literature the different alter-
natives have never been systematically compared.

Our comparison starts with the observation that the
interaction-oriented approach supports a more abstract
(global) vision of a choreography, in which the send
and the receive events of a communication are consid-
ered as an atomic entity. On the contrary, the process-
oriented approach keeps the more concrete vision of
the two distinct send and receive events performed by
two separate processes. For instance, consider a trivial
interaction-oriented choreography (IOC) specification

a>besd
describing an interaction on the operation o between
the roles a and b, followed by an interaction on the op-

eration o' between the roles ¢ and d. The naturally cor-
respondent process-oriented choreography (POC) is:

©)a Il (0)s [ (e [I (')

where we indicate for each role the invoke and the re-
ceive operations to be executed.
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The two above choreographies could give rise to dif-
ferent behaviors. For instance, in the POC, the com-
munication between ¢ and d could happen before the
interaction between a and b. On the contrary, if we
consider a = ¢, we obtain as correspondent POC:

(@;0)a I () | (0)a

This last POC better matches the initial IOC. In fact,
if we consider the order in which the interactions are
started (i.e., the send event), the interaction on the op-
eration o surely occurs before the one on o’. On the
contrary, if we consider the order in which the interac-
tions are completed (i.e., the receive event), in the case
of asynchronous communication the interaction on the
operation o could be completed after the one on o,

The above example shows that the relationship be-
tween the interaction- and the process-oriented ap-
proaches is strongly influenced by the kind of commu-
nication (synchronous or asynchronous) and the events
that are observed in the POC (send, receive, or both).
In this paper, we consider the relationship between the
two approaches for choreography specification under
synchronous communication, asynchronous communi-
cation, and, in the latter case, we consider the possi-
bility to observe either send or receive, or both events.
For each interpretation we obtain the following: (i) the
precise characterization of the IOCs which have a di-
rect POC counterpart and (ii) the formalization of the
corresponding notion of equivalence between the initial
IOC and the corresponding POC.

2 Calculi

In this section we define two basic choreography
languages, an Interaction-Oriented Choreography lan-
guage (IOC) and a Process-Oriented Choreography
language (POC).

2.1 Interaction-Oriented Choreography

The syntax of IOC, where we use a, b, ... to range
over roles and o to range over operations, is:

Tu=a30b|1|0|5;T7 |T|T|T+T

The basic construct is the interaction between two
distinct roles a and b on operation o, denoted by a = b.
In addition there are the empty IOC 1, the terminated
I0C 0, sequential and parallel composition and nonde-

terministic choice. For instance (a = b || a = ¢);b 2

¢ specifies that @ = b and a = ¢ can be performed in
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(INTERACTION) (SequeNCE)
0 I5T o#y
0 a—>b - - TV
a—b——1 -
,J =17
. (PARALLEL) (Croicn)
-y IST o#y 15T
1—=0 P — —
NI ST I+7 5T
(SEQ-END) (PAR-END)
141 757 %7 g% 7
LI 5T I)75T

Table 1. I0C semantics

any order, and after both of them have been completed

then b 2 ¢ can be executed.

We give an LTS semantics to I0OCs. The rules are
in Table 1, and are standard (see, e.g., [BZ0T7]). We
use o to range over labels. Symmetric rules for parallel
composition and choice have been omitted.

We define the function roles(Z) that given an I0C
7 computes the set of roles in it as:
roles(a % b) = {a,b} roles(1) = roles(0) = ()
roles(Z;Z") = roles(Z || Z') = roles(Z) Uroles(Z")
roles(Z + Z') = roles(Z) U roles(Z")

2.2 Process-Oriented Choreography

POC describes processes, ranged over by P, and sys-
tems, ranged over by S.

pP
S

0|3|1]0|P;P'| P|P' |P+P
(P)a| SIS

Processes include input o and output o on operation
o, the empty and the terminated process, sequential
and parallel composition and nondeterministic choice.
The runtime syntax includes also messages (0). Sys-
tems are parallel compositions of roles. Each role in-
cludes a unique role name and a process.

We define two semantics for POC: synchronous and
asynchronous. In the synchronous semantics input and
output interact atomically, while in the asynchronous
one the output creates a message that can later interact
with the corresponding input.

The LTS for the asynchronous semantics is in Ta-
ble 2. We use « to range over labels. Symmetric rules
for parallel composition and choice have been omitted.
The unique nonstandard rules are those dealing with
asynchronous communication. MsG produces a mes-
sage (o) when a process performs an output operation



(In) (Our) (Async-Our) (ONE)
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(SEQUENCE) (INNER PARALLEL)
PLH P y#y PH P y#y
P;Q 5 PhQ PlQ->PQ
(CHOICE) (SEQ-END)
PP pY p 0L
P+QL P P.Q L Q)
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PSP QY%
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(INNER) (Msa) B
PLP y+#3,y PP
(P)a = (P')a (P)a =% (P' | {0))a
(Syncnro) (EXT PARALLEL)
S (0):a S s o:b, N s s
a=b S|Is"Ls | s

S || SII Sl || SIII
Table 2. POC asynchronous semantics

on o. This message can be subsequently consumed by
a reader. The synchronous semantics — differs from
the asynchronous one since rules OuT, AsyNc-OUT
and MSG are deleted and the rule below is added:

(Sync-Ourt)

52, 1

3 From IOC to POC

In this section we show how to relate the Interaction-
Oriented and the Process-Oriented description of a
choreography. In particular, given an I0C 7 we want
to define a system S implementing it. The idea is to
project the IOC on the different roles, and build the
system S as parallel composition of these projections.

Definition 3.1 (Projection function). Given an
IOC T and a role a, the projection proj(Z,a) of T on
role a is defined by structural induction on L:

proj(a 2 b, a) proj(a % b,b)

= 0 = 0
projla 3 b,¢) = 1ifc#a,b
proj(l,a) = 1 proj(0,a) = 0
proj(Z;I',a) = proj(Z,a);proj(Z',a)

proj(Z || 7', a)
proj(Z +T',a) =

proj(Z,a) | proj(Z’,a)
proj(Z,a) + proj(Z', a)
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We denote with ||;cr S; the parallel composition of
systems S; for each i € I.

Definition 3.2. Given an IOC Z, the associated sys-
tem S is defined by:

proj(I) :”aeroles(l') pI‘Oj(I, a)

The projection proj(Z) of a IOC 7 is a system that
behaves according to Z. However, “behaves according
to” can be formalized in different ways, and will require
different well-formedness conditions to be guaranteed,
depending on the kind of properties that one wants
to ensure. We will give now an informal description of
the different possible relationships, while the rest of the
paper is devoted to fully formalize the correspondence
in terms of bisimilarity relations, and to discuss the
necessary well-formedness conditions.

Let us consider the IOC Z = a 2 b;¢ 2> d from the
Introduction, where a, b, ¢ and d may or may not be
distinct. In the system proj(Z) there are two possibly
distinct events for each interaction a = b in the IOC:
the sending @ : a and the reception a = b. Let us
denote with s; and s the sending events from a b

and ¢ =+ d respectively, and similarly let us denote
with 1 and 7y the corresponding receive events. We
denote with e an arbitrary event, write e; = es when
the two events are synchronized and e; < es when e;
happens before es.

The cpndition that a = b has to be executed be-
fore ¢ <+ d, expressed by the ; in the IOC, has to
be mapped into a condition relating the corresponding
events in the POC. We consider the following possibil-
ities, a synchronous one and four asynchronous ones:

Synchronous semantics: it guarantees that the
POC behaves as specified by the IOC when exe-
cuted using the synchronous LTS. Because of syn-
chronous semantics s; ry and ss = 79, thus
the sequentiality condition can be expressed as
851 < 82Vsy <raVry <s3Vry <ra;

Sender semantics: it guarantees that the sequential-
ity condition is verified from a sender perspective,
i.e. that s; < s9;

Receiver semantics: it guarantees that the sequen-
tiality condition is verified from a receiver perspec-
tive, i.e. that ry < ro;

Sender-receiver semantics: it guarantees that the
sequentiality condition is verified from both a
sender and a receiver perspective, i.e. that s; <
S$9 ATy < 19; in the following we will not consider
this semantics since it is simply the intersection of
the sender semantics and the receiver semantics;
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Figure 1. Partial order for connectedness.

Disjoint semantics: it requires that the intervals of
execution of the first interaction (from s; to ry)
and of the second one (from s2 to ry) are com-
pletely disjoint: this can be formalized by r; < ss.

The different conditions presented above form a par-
tial order w.r.t. implication, e.g., if a system satisfies
the conditions of the disjoint semantics then it also sat-
isfies the conditions of the other semantics. The partial
order is represented in Figure 1. The same implications
are still satisfied when we generalize the conditions to
take into account more complex choreographies.

Since in the POC different roles are executing in
parallel, in order to enforce the conditions above the
same role should occur in different interactions. We
show below the conditions on roles required to enforce
the semantics discussed above in our simple example:

Synchronous semantics : {a,b} N {c,d} # 0;

Sender semantics : ¢ =aVc=b;
Receiver semantics : d = bV ¢ = b;
Disjoint semantics : b= c.

Let us analyze for instance the sender semantics: we
require that the sending from ¢ happens after the send-
ing from a. If a = ¢ then a can enforce this condition.
However if b = ¢ then b, when it receives the message,
knows that the message has been sent, and thus can
enforce the condition. We call this condition connect-
edness for sequence.

Similar conditions are required to ensure that all the
participants are aware of which branch of a nondeter-
ministic choice has been taken (we call it existence of a
unique point of choice), and that different interactions
using the same operation do not mix up (we call it
causality-safety). We will refer to all these conditions
as connectedness.
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4 Synchronous conformance

In this section we discuss conformance and connect-
edness in the synchronous case.

We will formalize the notion of conformance between
a IOC and a POC using bisimilarity [Mil89]. In the
synchronous case a form of strong bisimilarity is used.
Similar characterizations can also be given using trace
equivalence [Hoa85].

Definition 4.1 (Synchronous bisimilarity). A syn-
chronous bisimulation is a relation R between I0Cs and
POCs such that if (Z,S) € R then:
o if T T then S “b, S and (T',S') € R;
a>3b

o if S X S then T 225 T and (T',S') € R.

Synchronous bisimilarity ~s is the largest synchronous
bisimulation.

The aim of this section is to give all the tools to
(make formal and) prove the following theorem:

Theorem 4.1 (Synchronous conformance). Let 7
be I0C and S = proj(Z) be its projection. If T satis-
fies the connectedness conditions for the synchronous
semantics then I ~4 S.

We start by formalizing the connectedness condi-
tions for the synchronous semantics. A few auxil-
iary functions are needed. Functions transl(e) and
transF(e) compute respectively the sets of initial and
final interactions in a I0C:
transI(a 2 b) = transF(a % b) = {a > b}
transI(1) = transI(0) = transF(1) = transF(0) = ()
transl(Z || Z') = transI(Z+Z') = transI(Z) U transI(Z’)
transF(Z || Z') = transF(Z) U transF(Z")
transF(Z + Z') = transF(Z) U transF(Z")

transI(Z; Z') = transl(Z') if 7 i}, transI(Z) otherwise

transF(Z; ') = transF(Z) if 7' %, transF(Z') other-
wise

Definition 4.2 (Synchronous connectedness for
sequence). An I0C T is synchronous connected for
sequence if for each subterm of the form I;J we have

Va % b € transF(Z),Ye 2 d € transl(7), {a,b} N
{e,d} # 0.

Definition 4.3 (Synchronous unique point of
choice). An IOC I has synchronous unique points of
choice if for each subterm of the form 7 + J we have

Ya % b € transI(Z),Ve 2 de transI(7), {a, b} N
{e,d} # 0. Furthermore roles(Z) = roles(7).



The two conditions above are enough when each op-
eration occurs just once in the IOC. However the same
operation can be used more than once, provided that
special care is taken to ensure that different occurrences
do not interfere. This is formalized below, requiring a
causality relationship between interactions using the
same operation.

For defining the causality relation we need to index
interactions inside IOC, and we use natural numbers to
this end. Indexes are preserved by the projection, i.e.
the input and the output obtained by projecting inter-
action i have both index 7. We call a POC input and a
POC output with the same index matching events. We
denote with € the event matching event e. An event is
unmatched if it has no matching events. An annotated
IOC (resp. POC) is an IOC (resp. POC) with indexes.

Definition 4.4 (Synchronous causality relation).
Let us consider an annotated IOC . A synchronous
causality relation <; is a partial order among events in
the projection S of T. We define <s as the minimum
partial order satisfying:

sequentiality: for each T;7',if i is an interaction in
Z, j is an interaction in I', and e; and e; are
events in the same role then e; < e;;

synchronization: for each i, j if e; <, e; then€; <,
ej.

Definition 4.5 (Synchronous causality-safety).
An 10C is synchronous causality-safe iff for each pair
of interactions i and j using the same operation, either
8i s ATy Sg 85 0185 Sy ATj <4 5.

To understand the need for causality-safety consider
the following I0C: a 3 b || ¢ 2 d. Here the two
interactions exploit the same operation o, but there
are no causal dependencies between the events corre-
sponding to the two interactions, i.e., the IOC is not
causality-safe. In fact the projection has the transition
@)a Il ()5 | @)c Il (0)a “=% (L) || (0)s | @)c |l (1)
which is not allowed by the IOC.

Annotated I0OCs and POCs are used also in the
proof of our main theorem to deal with nondetermin-
istic choice: when a choice is performed in the POC,
some garbage is kept in form of events whose match-
ing events has been discarded. Consider, e.g., the IOC
transition (a % b;b LN c)+ (b LN ce LN a) e,
(b2 ¢). The corresponding POC transition is:
a—=b

(0;1+150"), | (0;0' +0"; 1) || (1;0' +o" 0. 15
(1;1)a [| (350" || (150" +0";0").. In the result events
o' and o' are unmatched, thus can never be executed
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and can be discarded. We define the function rem(e)
below to this end.

Definition 4.6. Let S be an annotated POC. We de-
note with rem(S) the POC obtained from S by repeating
the following pruning operations while possible:

o replace an unmatched event e in S with 0;

e replace each subterm 0; P by 0, each subterm 0+ P
by P and each subterm O|P by P.

POCs obtained from annotated connected I0Cs en-
joy particular properties.

Definition 4.7 (Synchronous well-annotated
POC). A POC S is synchronous well-annotated for
a causality relation < iff for each index i there are at
most two events with index i and in this case they are
matching events. Furthermore, for each pair of events
ey and es on the same operation o with different indezes
either e; <; es or es <5 e1. Finally, if ey <5 eo then
ey can become enabled only after e; has been executed.

Lemma 4.1. Let S be a synchronous well-annotated
POC for <s;. We have S a—_>b>s S" iff rem(S) a—_H)>s
rem(S’).

Proof. By induction on the number of pruning opera-
tions in rem(S). The base case is trivial. Let us con-
sider the inductive case. If the last pruning operation
has been applied the thesis follows from the definition
of the operational semantics. If the first one has been
applied, we have to prove that e cannot interact. The
proof is by contradiction. Suppose e interacts with e;.
They must be on the same operation. Since e is un-
matched they can not have the same index. Thus since
S is well-annotated there should be a causal depen-
dency between e and e;. Thus at most one of them
can be enabled. This provides the contradiction. O

Lemma 4.2. Let T be a causality-safe 10C. Then
proj(Z) is a well-annotated POC w.r.t. <j.

Proof. The proof is by structural induction on Z. The
only condition difficult to prove is that if e; < e, then
es can become enabled only after e; has been executed.

We will prove by contradiction that at each step only
minimal events can be enabled. The thesis will follow
trivially. Suppose e; is enabled but not minimal, i.e.
there is e; such that e; <, e;. If there is more than one
e; consider the one such that the length of the deriva-
tion of e; <, e; is minimal. This should have length
one, and this should result from an application of the
rule on sequential composition. The thesis follows by
definition of projection. O



Lemma 4.3. If S is a well-annotated POC and
S 2% S then S' is a well-annotated POC.

Lemma 4.4. If 7 Yy then for each role r € roles(T)
proj(Z,r) Y,

Lemma 4.5. Let Z be a synchronous connected 10C
and a > b be an interaction in T with index i. Ifo and
o0 have both index i and are both enabled in proj(Z) then
a 2 b € transI(Z).

Proof. By structural induction on Z. The cases for 1,
0 and interactions are trivial. For parallel composi-
tion and choice just consider that since the two events
have the same index then they are from the same com-
ponent, and the thesis follows by inductive hypothe-
sis. Let us consider sequential composition. Suppose
T =717". fa% be T the thesis follows by in-
ductive hypothesis. Otherwise by inductive hypothesis
a 2 b € transI(Z"). Thus from synchronous connect-

edness for sequence there exists ¢ — d € transF(Z')
with {a,b} N {ec,d} # 0. If the corresponding event is
not part of a choice then either o or 0 is not enabled,
and we get an absurd. If it is part of a choice, the
same role should occur in all the other branches, and
we have the absurd again. O

Remember that an IOC 7 is synchronous connected
if it is synchronous connected for sequence, has syn-
chronous unique points of choice and is synchronous
causality-safe. We can now prove Theorem 4.1.

Proof of Theorem 4.1. We will show that the relation
R ={(Z,5)|rem(S) = proj(Z)}

where 7 is synchronous connected and § is synchronous
well-annotated is a bisimulation. Thanks to Lemma 4.2
all proj(Z) are well-annotated. Thanks to Lemma 4.1
and Lemma 4.3 it is enough to consider the case S =
proj(Z). The proof is by structural induction on the
I0C Z. All the subterms of a synchronous connected
IOC are synchronous connected, thus the induction can
be performed.

Case 1, 0, a > b: trivial;

Case Z;7': from the definition of the projection func-

tion & =||, proj(Z,r);proj(Z’,r). Suppose
that Z;7' ﬂ> 7". There are two possibil-
ities: either Z ﬁ) 7" and 1" "1
or T Y and T ﬂ 7". 1In the first case
by inductive hypothesis ||, proj(Z,r) ﬂ”r
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proj(Z",r), thus |, proj(Z,r); proj(Z',r) <=,
proj(Z",r); proj(Z’,r) and the thesis follows.

7 Y% and 7' “=% 7" then by inductive hypoth-
esis proj(Z') az?h proj(Z"). The thesis follows

since thanks to Lemma 4.4 also proj(Z;Z’) azb,

proj(Z").

Let us consider the other condition. Suppose
a—=b

N :HT‘ pI‘Oj(I,T);prOj(II,’F) —>||r S; Thus

proj(Z; 7', a) ﬂ S, and proj(Z; Z',b) % Sp. The
two events should have the same index thanks to
Lemma 4.2 and to the definition of well-annotated
POC (otherwise they could not be both enabled).
Thus they are either both from Z or both from Z'.

In the first case we have also ||, proj(Z, r) a—_>b>||r
S/ with S, = S;proj(Z’,r). Thus by inductive

hypothesis Z “—% 7" and ||, S! is the projection

of 7. Also 7; T’ azb, Z":7'. The thesis follows.

In the second case thanks to Lemma 4.5 a 2
b € transI(Z;Z"). Thus 7 Yy and 70 22 77,

Thanks to Lemma 4.4 then proj(Z',a) ﬂ Sa,

proj(Z',b) % S, and proj(Z') a—_)b>||r S.. The

thesis follows by inductive hypothesis.
Case 7 || Z': similar to the previous one.

Case 7 + 7': from the definition of the projection

function & =||, proj(Z,r) + proj(Z',r). If

T + 7' can perform an interaction, i.e. 7 +

AN 7", then one of its two components

can perform the same interaction. Let it be
a=b

Z. Thus T —— Z". By inductive hypothe-

sis [, proi(Z,r) “=%||, proj(Z”,r). Thus ||,
proj(Z,r) + proj(Z',r) a—_)b>||r S)'. We have to
show that rem(||, S) =||, proj(Z",r). For roles a
and b this is trivial. For other roles, if the interac-
tion is initial then it can be discarded by rem(e).
In fact, because of the existence of unique points
of choice one of its events is at a or at b, thus
the matching event becomes unmatched and can
be discarded (first pruning operation). We prove
by induction on the structure of the term that if
the initial transitions of a term can be discarded,
then all its transitions can be discarded. The only
difficult case is sequential composition. Let J; 7’
be the term. For interactions in J the thesis fol-
lows by inductive hypothesis. It is enough to prove



that the initial interactions in [J' can be discarded.
Let a % b be such an interaction. Because of syn-
chronous connectedness for sequence then a or b
occur also in an interaction of 7, which is dis-
carded, i.e. replaced by 0. Thus using the second
pruning operation an event in the projection of
a % b can be discarded, the other becomes un-
matched and can be discarded too.

For the other direction, we have an input and an
output on the same operation o enabled. Sup-
pose they are both in proj(Z). Then proj(Z)

has the same transition, i.e. proj(Z) azh, S",
and by inductive hypothesis 7 27 7% and thus

T+7 2% 7. Also proj(Z + 7') “=% S, We
have to show that rem(S"") = proj(Z"). The tech-
nique is the same as for the other direction. The

thesis follows.

It is not possible that the input and output events
are one in Z and the other in 7' since otherwise
because of synchronous causality-safety they could
not be both enabled.

O

5 Asynchronous conformances

In this section we discuss the different possibilities
of conformance and connectedness that arise when the
asynchronous semantics for POC is used. In fact, while
in the IOC an interaction is an atomic event, in the
POC for each interaction two events are performed:
the sending and the receiving of the corresponding mes-
sage. Thus different conformance relations are possi-
ble, depending on whether the IOC is used to specify
the ordering of sendings, of receivings, or both the or-
derings. These correspond respectively to the sender,
receiver and sender-receiver semantics. We also con-
sider the disjoint semantics, which considers also the
ordering of sendings and receivings mixed.

Definition 5.1 (Asynchronous unique point of
choice). An IOC T has asynchronous unique points
of choice if for each subterm of the form T + J we

have Ya = b € transl(Z), Ve Sde transI(J).a = c.
Furthermore roles(Z) = roles(7).

In order to define causality and well-annotated
POCs, in addition to inputs and outputs events as in
the synchronous case, we have to consider also mes-
sages (o). Messages are considered output events, they
inherit the index of the output that generates them,
and are matched with inputs with the same index.
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Definition 5.2 (Asynchronous causality rela-
tion). Let us consider an annotated IOC . An asyn-
chronous causality relation <, s a partial order among
events in the projection S of T. We define <, as the
minimum partial order satisfying:

sequentiality: for each T;7',if i is an interaction in
Z, j is an interaction in I', and r; and e; are
respectively a receive and a generic event in the
same role then r; <, ej;

synchronization: for each i, j if r; <, ej then s; <,
e;j (here s; can be an output or a message).

Notice that here outputs can not enforce sequential-
ity, since they can be executed asynchronously. The
definition of asynchronous causality-safety is equal to
the synchronous one (see Definition 4.5), but exploit-
ing the asynchronous causality relationship <,. The
definition of the function rem(e) is unchanged too.

Definition 5.3 (Asynchronous well-annotated
POC). A POC S is asynchronous well-annotated for
a causality relation <, iff it is synchronous well-
annotated and each unmatched event is an input.

Lemma 5.1. Let S be an asynchronous well-annotated
POC for <,. We have S azh s (resp. S e, S') iff
rem(S) =, rem(S’) (resp. rem(S) =% rem(S')).
Lemma 5.2. Let 7 be an asynchronous causality-safe
10C. Then proj(Z) is an asynchronous well-annotated
POC w.r.t. <,.

Lemma 5.3. If S is an asynchronous well-annotated

POC and S “=% S or S Z% ' then S' is an asyn-
chronous well-annotated POC.

5.1 Sender conformance

In the sender case we use IOC to determine when
messages are sent, disregarding when they are received.
The corresponding notion of bisimilarity is weak
w.r.t. inputs. As a notation we will write =; for
a10—1>b1\ . ano—n)b,1

> (zero or more transitions).

Definition 5.4 (Sender bisimilarity). A sender
bisimulation is a relation R between IOCs and POCs
such that if (Z,S) € R then:

o if T % T then S =; 2% &' and (T',8") € R;
a3b

o if S 29y S then T <% T' and (7',S") € R;



o if S 2% S then (,S') € R.
Sender bisimilarity ~, is the largest sender bisimula-
tion.

We will develop the tools to prove:

Theorem 5.1 (Sender conformance). Let 7 be an
I0C and S = proj(Z) be its projection. If T satisfies
the connectedness conditions for the sender semantics
then T ~, S.

We start by showing the connectedness conditions.

Definition 5.5 (Sender connectedness for se-
quence). An IOC T is sender connected for sequence
if for each subterm of the form T;J we have Ya = b €

transF(Z),Ve 2+ d € transI(J).a = cV b =c.

Lemma 5.4. Let 7 be a sender connected IOC and
a > b be interaction in T with index i. If 6 has index
i and is enabled in proj(T) then a % b € transI(7).

Lemma 5.5. Let R' be a relation between I0Cs and
POCs. Let R={(Z,8")|S' =i SA(Z,S) € R'}. Sup-
pose that in each S’ there is no mized choice and in in-
put choices at most one branch at the time is enabled.

If R’ is such that if (Z,S) € R’ then:

o if T % T then S 2% S' and (I',S') € R;

o if S 29 S then T “2% T and (7',S") € R;
e S has no input transitions.
then R is a sender bisimilarity.

Proof. By coinduction, exploiting the fact that given
the conditions on choices POC computations enjoy nice
properties allowing to reorder transitions. O

We can now prove Theorem 5.1.

Proof of Theorem 5.1. The proof shows that the rela-
tion

R={(Z,5)|S =; ' Arem(S') = proj(Z)}

where 7 is a connected IOC and S is a well-annotated
POC is a sender bisimulation. Since the conditions of
Lemma 5.5 on choice and input transitions are satisfied
(the first thanks to the existence of unique points of
choice, the second by definition of the asynchronous
semantics) then it is enough to prove that

R'={(Z,8)| rem,(S") = proj(Z)}
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satisfies the conditions of Lemma 5.5. Thanks to
Lemma 5.1, Lemma 5.2 and Lemma 5.3 one can just
consider the case &' = proj(Z).

The proof is by structural induction on Z, and the
cases are similar to the ones of Theorem 4.1. The case
for sequential composition exploits Lemma 5.4, while
the case for choice exploits the function rem(e). O

5.2 Receiver conformance

In the receiver case we use IOC to determine when
messages are received, disregarding when they are sent.
The corresponding notion of bisimilarity is weak
w.r.t. outputs. As a notation we will write =, for

032:a2

—

o1:a1

—_— (zero or more transitions).

Definition 5.6 (Receiver bisimilarity). A receiver
bisimulation is a relation R between I0Cs and POCs
such that if (Z,S) € R then:

o if T 2% T then S =,°2% S and (I',S') € R;

a=b

o if S 20 S then T 2% 1! and (T',8') € R;

o if S Z% & then (Z,8') € R.

Receiver bisimilarity ~, s the largest receiver bisimu-
lation.

We will develop the tools to prove:

Theorem 5.2 (Receiver conformance). LetZ be an
I0C and S = proj(Z) be its projection. If T satisfies
the connectedness conditions for the receiver semantics
then I ~, S.

We start by showing the connectedness conditions.

Definition 5.7 (Receiver connectedness for se-
quence). An IOC T is receiver connected for sequence

if for each subterm of the form T;J we have Ya = b €
transF(Z),Ve 2+ d € transI(J).b = ¢V b =d.

Lemma 5.6. Let 7 be a receiver connected IOC and
a > b be an interaction in T with indexi. If there exists
S such that proj(Z) =, S and o and (o) have both index
i and are both enabled in S then a = b € transI(Z).

Lemma 5.7. Let 7 be a receiver connected 10C.
If proj(Z) =, &' O2b S and T 2 T then
proj(Z') =, rem(S").

Proof. The proof is by structural induction on Z. One

applies the inductive hypothesis to the component that

performs the transition a——)b>, and notices that the
other component can perform just some outputs that
commute with the main transition. O



We can now prove Theorem 5.2.

Proof of Theorem 5.2. The proof shows that the rela-
tion

R ={(Z,8)|proj(Z) =, S Aremy(S') = S}

where 7 is a connected IOC and S’ is a well-annotated
POC is a receiver bisimulation. Thanks to Lemma 5.1,
Lemma 5.2 and Lemma 5.3 it is enough to consider the
case S’ = S§. The proof is by structural induction on
Z. The cases are similar to the ones of Theorem 4.1,
and exploit Lemma 5.7. O

5.3 Disjoint conformance

In the disjoint case we use IOC to determine both
when messages are sent and when they are received.

The corresponding notion of bisimilarity is strong
and considers both inputs and outputs.

Definition 5.8 (Disjoint bisimilarity). A disjoint
bisimulation is a relation R between 10Cs and POCs
such that if (Z,S) € R then:

o if T 225 T then S 2% S" 2% S and
(1',8") € R; furthermore if 8" L S" then

Y, %A on,
S »5— 8",

o if S 29 S then 8" 2% S and T 2% T and

(I',8") € R.

Disjoint bisimilarity ~q4 1s the largest disjoint bisimu-
lation.

The diamond property condition in the first item is
needed to ensure that the output does not make any
new transition enabled, but for the corresponding in-

put. Without this condition e.g. the IOC a = b;a i) c
would be bisimilar to its projection (7;0), || (0;1)s ||
(1;0')¢, but the projection can perform the output on
o' before the input of o, thus violating the disjointness
property we want to guarantee. This is more easily for-
malizable with trace equivalence, saying that the traces
of a sequential composition are compositions of traces
of the two components.
We will develop the tools to prove:

Theorem 5.3 (Disjoint conformance). Let 7 be
I0C and S = proj(Z) be its projection. If T satisfies
the connectedness conditions for the disjoint semantics
then T ~4S.

We start by showing the connectedness conditions.
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Definition 5.9 (Disjoint connectedness for se-
quence). An IOC T is disjoint connected for sequence

if for each subterm of the form T;J we have Ya = b €
transF(Z),Ve 25 d € transI(J).b = c.

Lemma 5.8. Let T be a disjoint connected IOC and
a > b be an interaction in T with indez i. Ifo has index
i and is enabled in proj(Z) then also o (with index i)
is enabled in proj(Z) and a % b € transI(Z).

We can now prove Theorem 5.3.

Proof of Theorem 5.3. The proof shows that the rela-
tion

R ={(Z,8)|rem(S) = proj(Z)}

where 7 is a connected IOC and S is a well-annotated
POC is a disjoint bisimulation. Thanks to Lemma 5.1,
Lemma 5.2 and Lemma 5.3 one can just consider the
case 8’ = proj(Z). The proof is by structural induc-
tion on Z, and the cases are similar to the ones of The-
orem 4.1. The case for choice exploits the function
rem(e), while the case for sequential composition ex-
ploits Lemma 5.4. Notice that the diamond property
is guaranteed since no output execution can make new
parts of sequential compositions enabled. O

6 Possible extensions

We discuss here some possible extensions to this
work. They will be considered in future works.

Other operators. The theory developed in previ-
ous sections can be easily extended to deal with more
operators, such as internal actions 7, and guarded re-
cursion. In both the cases the same operator should be
added to both the IOC and the POC. The projection of
T, on a should be 7,, while its projection on the other
roles should be 1. Note that we can not represent it as
a 3 a, since in the synchronous semantics the projec-
tion will not be executable. For recursion, projection
is an homomorphism. Here the important thing is con-
nectedness: every unfolding of a recursion is connected
if its one-level unfolding is (see e.g. [HYCO08]).

Data. Our input and output operations abstract
message passing, without showing the actual values.
All the results can be generalized to message passing,
provided that corresponding choices are done both in
IOCs and in POCs: for instance, a natural assump-
tion is to have data localized at some roles, and to
check that the sender has the necessary data available.
Also, deterministic choice could be introduced instead
of nondeterministic choice. In this case the unique
point of choice should coincide with the role that evalu-
ates the condition (and which owns the used variables),



and a nondeterministic choice should be used in the
projection on other roles.

Bisimilarity and refinements. One can define
bisimulations or simulations on both IOCs and POCs.
For instance, one could use strong bisimulation for both
I0C and synchronous POC. Interestingly, these notions
are compatible with synchronous conformance and pro-
jection: e.g., the projections of two bisimilar IOCs are
bisimilar. Similar compatibility relations emerge when
sender (resp. receiver) semantics are used, but here at
the POC level one can use a bisimilarity weak w.r.t. in-
puts (resp. outputs). For the disjoint semantics strong
bisimilarity is required instead. In this way one can
e.g. check that a POC S partially implements an I0C
Z, by checking that proj(Z) simulates S.

7 Related work

The problem of conformance between a POC and a
IOC has been considered many times in the literature.
[CHYO07] and [HYCO08] use a global calculus and an end-
point calculus to describe IOC and POC respectively.
Since the language is quite complex types are used as
abstractions to check conformance. The language has
prefix instead of sequential composition, and labeled
choice in the session types style instead of nondeter-
ministic choice. In [CHYO07] a synchronous semantics
is used, and the relation between IOC and POC cor-
responds to our synchronous bisimulation. The con-
straints imposed on IOCs are however stricter than
ours, since for sequence they correspond to our disjoint
connectedness. In [HYCO8] instead the asynchronous
case is considered. The semantics therein corresponds
to our receiver semantics, but they preserve the order
of messages from the same sender and on the same op-
eration. Their conditions are again stricter than ours,
since they do not allow the same role to occur in differ-
ent parallel components, while we do, and they require
projections of non initiator roles in choice to coincide
in every branch, while we allow different projections.

In [BZ07] trace inclusion (with a synchronous se-
mantics) is used to relate service contracts and the roles
of a choreography. This is similar to our synchronous
conformance, but in [BZ07] the participants may pro-
vide additional functionalities, provided that they are
not used inside the choreography. Also, connectedness
is defined only from a behavioral point of view, but no
syntactic criterion ensuring this is presented.

In [BGGT05] and [BGG106] different bisimilarities
are used to characterize conformance of a POC w.r.t.
a IOC. These bisimilarities generalize respectively our
synchronous and receiver conformances, allowing a role
in a IOC to be implemented by many processes in a
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POC. However, the problems of automatically gen-
erating the processes via projection and of deciding
whether a IOC can be implemented are not considered.
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