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1. INTRODUCTION

Background. Distributed software applications have become a crucial asset of our soci-
ety: messaging, governance, healthcare, and transportation are just some of the contexts
recently revolutionised by distributed applications. A hallmark characteristic of distributed
applications is that their global behaviour, usually referred to as protocol, emerges from the
interaction of several programs, also called endpoints, that run in parallel and rely on mes-
sage passing to communicate and coordinate their actions [1]. Developers strive to correctly
implement separate endpoints that, when put together, will enact the expected protocols.
If endpoints fail to follow their protocols, the distributed system can block or misbehave
— e.g., due to deadlocks [2] or race conditions [3]. Ensuring that all endpoints play their
respective parts correctly — i.e., that they follow their intended protocols — is very difficult
due to the inherent non-determinism of several distributed programs running in parallel.
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Since the early days of distributed computing, designers and developers introduced and
used several tools to describe the order of interactions among the endpoints of a system,
like security protocol notation [4], Message Sequence Charts [5] and UML Sequence Dia-
grams [6]. The common denominator of these tools is to present a global description of the
sequence of messages in the system, an information difficult to infer (due to the complex-
ity of interleaved communications) from the specified behaviours of the endpoints. Even
for very simple systems with a fixed number of participants, algorithms for extracting this
information have exponential complexity [7].

Recognising the usefulness of these approaches, in the early 2000s the W3C assembled a
Working Group tasked with the definition of a standard for describing interactions among
Web Services. This resulted in the Web Services Choreography Description Language (WS-
CDL) [8]. A program in WS-CDL is a “choreography”, which specifies the observable be-
haviours of all the endpoints involved in the system of interest, formalising from a global
viewpoint the ordering conditions and constraints that regulate the exchange of messages.

Ezxample 1.1. We illustrate the choreographic approach with a representative example
in our syntax, which describes a simple business scenario among a client process c, a seller
service located at lg and a bank service located at lz. Locations (1) are abstractions of
network addresses, or URIs — they identify where services can be contacted to interact
with them.

start k: c[C] <=> 15.s[S], 15.b[B]; 5 if b.confirm_pay( cc, order ){

k:c[cl.product —> s[S].buy( x ); 6  k:b[B] —> c[Cl.ok(); k:b[B] —> s[S].ok()

k:s[S].mk_order( x ) —> b[Bl.regPay( order ); 7 }else {

k:c[Cl.cc —> b[B].sendCC|( cc ); 8  k:b[B] —> c[Cl.ko(); k:b[B] —> s[S].ko()
9 }

In Line 1, the client c asks the seller and the bank services to create two new processes,
respectively s and b. The three processes c, s, and b can now communicate over a pri-
vate multiparty session k, intended as in Multiparty Session Types [9]: each process owns
a statically-defined role in the session, which identifies a message queue that the process
uses to receive messages asynchronously. For simplicity, in Line 1, we assign role C to pro-
cess ¢, S to s, and B to b. As usual, processes have local states and run concurrently. All
communications in the rest of the choreography now take place over session k, as indicated
by the prefix “k :” in the other lines. In Line 2, the client ¢ invokes operation buy of the
seller s with the name of a product it wishes to buy, which the seller stores in its local
variable x. In Line 3, the seller uses its internal function mk_order to prepare an order
(e.g., compute the price of the product) and sends it to the bank on operation openTz, for
opening a payment transaction. In Line 4, the client sends its credit card information cc to
the bank on operation pay. Then, in Line 5, the bank makes an internal choice on whether
the payment can be performed (with the internal function close_tx, which takes the local
variables cc and order as parameters). The bank then notifies the client and the seller of
the final outcome, by invoking them both either on operation ok or ko.

The advantage of choreographies is their clarity: they specify the intended behaviour of
a communicating system unambiguously. For this reason, since the inception of WS-CDL,
choreographies have been adopted also in other practical applications, like the Business
Process Model and Notation by the Object Management Group [10] and Testable Architec-
ture [11]. In general, choreographies come with the promise of enhancing the correctness of
systems, since they equip programmers with precise specifications of the communications
that a system should enact. This promise motivated a fruitful line of research in the areas of
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process calculi and programming languages, which rotates around the question: “Can we use
choreographies to prove that a concurrent program will execute the right communications?”

Inspired by this question, two development methodologies have emerged based on chore-
ographies. In the first, called Choreographic Programming [12], programs are choreographies
as that in our Example 1.1. The idea is that the choreography defines both the inter-
nal computation performed by processes and the communications among them. Then, a
correct-by-construction implementation (typically given in terms of a process calculus) can
be automatically synthesised [13; 14]. In the second methodology, choreographies are used
to describe protocols, which abstract away from internal computation. The aim is then to
verify that each process, which in this case is written manually as usual (in contrast to being
automatically synthesised, as in choreographic programming), implements correctly its role
in the protocols that it participates in. Multiparty Session Types [15] is representative of
this methodology.

Both methodologies are based on the same general idea: for each endpoint described
in a choreography, we can project a definition of its local behaviour using a procedure
known as EndPoint Projection (EPP). In choreographic programming, this yields the local
implementation of each endpoint. For multiparty session types, this yields a type that
we can use to check that a process implements its role in a protocol correctly. The key
technical result that one needs to prove then is that projection yields a set of endpoint terms
(programs or types) that, when executed in parallel, implement exactly the communications
described in the original choreography. This is typically called the EndPoint Projection
Theorem (or EPP Theorem, for short).

The model of Compositional Choreographies [16] unifies the two methodologies in order
to combine their advantages. In this model, programmers can model parts of a system as
in choreographic programming, and then other parts as independent process terms. Then,
multiparty session types are used to check that the composition of the independent process
terms with the projections of choreographic programs will behave correctly. This unification
is made possible by the strong operational correspondence guaranteed by EPP.

Motivation. The main application area for choreographies so far is that of Service-
Oriented Computing (SOC), as in web services [8] or microservices [17]. Implementing
communications in this setting is nontrivial, since services must be loosely coupled and
thus we cannot assume the presence of any particular common middleware. However, in
all previous definitions of EPP, both the choreography language and the target language
abstract from how real-world frameworks support communications [18; 19; 13; 14; 20|, by
modelling message exchange through synchronisations on names (as in CCS and the 7t
calculus [21; 22]).

As a consequence, the implementations of choreographic frameworks [23; 24; 25] sig-
nificantly depart from their respective formalisations [14; 26; 15] (a common aspect of
implementing process calculi, cf. [27; 28]). In particular, implementations realise the cre-
ation of new channels and message routing with additional data structures and message
exchanges [12; 29] that are absent in their formalisations. The specific communication mech-
anism used in these implementations is message correlation; correlation is the reference
communication support in SOC, and is supported by mainstream technologies (e.g., WS-
BPEL [30], Java/JMS, C#/.NET). The gap between formalisations and implementations
can compromise the correctness guarantee of choreographies. Thus we ask:

How can we formalise the implementation of communications in choreographies?

A satisfactory answer should preserve the correctness guarantees down to the level of
how communications are concretely implemented. Defining such a model is challenging: we
wish to retain the typical clarity of choreography languages, yet we need enough details
to (formally) reason on how communications are realised at the lower level. Ideally, the
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complexity of implementing communications should not leak into the choreographic pro-
gramming model exposed to programmers, and should just be a “detail” that we can forget
about with confidence. Building this confidence is the main aim of this article.

Contributions and Outline. We tackle our question by developing the framework of Ap-
plied Choreographies. Our framework consists of three calculi, which enjoy a tight series of
correspondences.

The first calculus, called Frontend Calculus (FC), is meant to be the programming model
exposed to programmers and is presented in § 2. FC is a straightforward reformulation of
the standard calculus of Compositional Choreographies [16], which we adopt to show that
our approach applies to both the methodology of choreographic programming and that of
multiparty session types. In particular, communications are based on name synchronisation,
as in standard process calculi.

The second calculus, called Backend Calculus (BC), has the same syntax of FC but a dif-
ferent semantics. Specifically, instead of using name synchronisation, BC models and keeps
track of the data structures that would be needed in a realistic implementation based on
message correlation (§ 4). However, BC abstracts from how these data structures should be
concretely distributed at participants and, thus, whether it is possible to obtain a distributed
implementation of the described system.

The third calculus, called Dynamic Correlation Calculus (DCC), is a process calculus of
distributed executable code based on a standard formal model for Service-Oriented Com-
puting [31], introduced in § 5. DCC considers both distribution and how concrete commu-
nications are implemented, but it is very low-level when compared to FC and BC: all the
abstraction given by using choreographies is lost at this level.

Our main contribution is the definition of a behaviour-preserving compiler from choreogra-
phies in FC to distributed services in DCC, which uses BC as intermediate representation.
This is the first correctness result of an end-to-end translation from standard choreogra-
phies to programs based on a real-world communication mechanism; using DCC as target
model gives our results immediate practical significance in Service-Oriented Computing.
Our compiler proceeds in three steps:

(1) an algorithm generates the data structures needed to support the execution of the original
FC choreography using message correlation (§ 4.1). Essentially, we obtain a Backend
Choreography which is operationally correspondent to the source FC;

(2) a source-to-source projection (EPP), illustrated in § 6.1, transforms the source FC chore-
ography, which describes the behaviours of many participants, into a composition of
modules, called endpoint choreographies, each describing the behaviour of a single par-
ticipant;

(3) finally, in § 6.3, we pair the BC data structures obtained at step (1) and the endpoint
choreographies obtained at step (2) and we synthesise a correct distributed implementa-
tion of the source FC program into a system of DCC independent services.

Starting from FC proves that our development is adequate, since programmers are pre-
sented with abstract programming primitives and semantics as found in previous works on
choreographies; FC is also expressive, as it supports both asynchronous communications [14]
and modular development [16]. We conclude this work with discussion on related and future
work in § 7.

We report in the Appendix the presentation of auxiliary technical material and the proofs
of our results.

2. FRONTEND CALCULUS
We present the Frontend Calculus (FC), the language model intended for programmers.
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Before giving the formal syntax of FC, we first describe the intuition behind its key
components. The following table displays the symbols that we are going to use, along with
their names and domains.

Name Symbols Domain

Choreographies Cq1,Co

Processes P, q P
Operations 01, 02 0
Variables X,y Var
Sessions ki, ko X
Roles AB R
Locations 1, 1o L

FC programs are choreographies, as in Example 1.1, denoted by C. A choreography
describes the behaviour of some processes. Processes, denoted p,q € P, are intended as
usual: they are independent execution units running concurrently and equipped with local
variables, denoted x € Var.

Processes communicate by exchanging messages. A message consists of two elements: 7)
a payload, representing the data exchanged between two processes; and i) an operation,
which is a label used by the receiver to determine what it should do with the message—in
object-oriented programming, these labels are called method names [32]; in service-oriented
computing, labels are typically called operations as in here. Operations are denoted o € O.

Message exchanges happen through a session, denoted k € X, which acts as a commu-
nication channel. Sessions in FC are behaviourally typed [33]. Intuitively, a session is an
instantiation of a protocol, where each process is responsible for implementing the actions
of a role defined in the protocol. We denote roles with A,B € R.

A process can create new processes and sessions at runtime by invoking service processes
(services for short). Services are always available at fixed locations, denoted 1 € £, meaning
that they can be used multiple times (in process calculus terms, they act as replicated
processes [34]).

FC supports modular development by allowing choreographies, say C and C’, to be com-
posed in parallel, written C | C’. A parallel composition of choreographies is also a choreogra-
phy, which can thus be used in further parallel compositions. Composing two choreographies
in parallel allows the processes in the two choreographies to interact over shared location
and session names.

We distinguish between two kinds of statements inside of a choreography: complete and
partial actions. A complete action is internal to the system defined by the choreography,
and thus does not have any external dependency. By contrast, a partial action defines the
behaviour of some processes that need to interact with another choreography in order to be
executed. Therefore, a choreography containing partial actions needs to be composed with
other choreographies that provide compatible partial actions.

To exemplify the distinction between complete and partial actions, we consider the case
of a single communication between two processes.

Complete interaction ‘ Composed partial actions

k:c[Cl.product —> S.buy
k:c[Cl.product —> s[S].buy( x ) |
k:C—> s[S].buy( x )
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Cu= n;C (seq) | if p.e {Cq} else {Cs} (cond)

| Ci|Co (par) | k:A—=> q[Bl.{oi(xi); Cilier (recv)

| 0 (inact) | def X=C"in C (rec)

| X (call) | acc k: T.q—[BT; C (accept)
1 = k:plAl.e—> B.o (send) | start k: p[A] <= Tﬁ (start)

| k:pl[Al.e —> q[Bl.o(x) (com) | req k: p[A] <=> 1B (req)

Fig. 1. Frontend Choreographies, syntax.

Above, on the left we have the communication statement as seen in Line 2 of Exam-
ple 1.1. This is a complete action: it defines exactly all the processes that should interact
(c and s). On the right, we implement the same action as the parallel composition of two
choreographies with partial actions: a send action by process c to role S over session k (left
of the parallel) and a reception by process s from a role C (right of the parallel) over the
same session k. More specifically, we read the send action (top of the parallel) as “process ¢
sends a message as role C with payload product for operation buy to the process playing
role S on session k”. Dually, we read the receive action (bottom of the parallel) as “process
s receives a message for role S and operation buy over session k and stores the payload
in variable x”. The compatible roles, session, and operation used in the two partial actions
make them compliant. Thus, the choreography on the left is operationally equivalent to the
one on the right. Observe that partial actions do not mention the name of the process on
the other end—for example, the send action by process ¢ does not specify that it wishes to
communicate with process s precisely. This allows some information hiding: a partial action
in a choreography can interact with partial actions in other choreographies independently
of the process names used in the latter. Expressions and variables used by senders and
receivers are also kept local to statements that define local actions.

2.1. Syntax of Frontend Calculus

We now move to presenting the formal syntax of FC, which is displayed in Fig. 1. In the
remainder, we use the symbol ~ over an element to indicate an ordered set of elements of
its kind, e.g., p indicates an ordered set of processes p1,...,pn.

Complete Actions. In term (start), process p creates a new session k together with pro-
cesses § (q is assumed non-empty). Process p, called active process, is already running,
whereas each process q in T.q, called service process, is dynamically created at the respec-
tive service location 1. Each process is annotated with the role it plays in the new session
k. Term (com) reads: on session k, process p sends to process q a message for its operation
0; the message carries the evaluation of expression e on the local state of p, whilst x is the
variable where q will store the content of the message. We leave the guest language for writ-
ing local expressions (e) unspecified, and assume that it consists of terms for accessing local
variables (x) and implementing standard computations based on those (e.g., arithmetics).

Partial Actions. A choreography can use partial actions to interact with other choreogra-
phies composed in parallel. Therefore, partial actions describe the behaviour of processes
that wish to synchronise with “external” participants. Concretely, these external partici-
pants will be processes and /or services whose behaviours are defined in other choreographies
composed in parallel. In term (req), process p requests some external services, respectively

located at 1, to create a new session k and some new external processes. The role annota-
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start k: c[C] <—> l5.s[S], l5.b[B]; 8 if b.confirm_pay( cc, order ){
k:c[Cl.buyReq —> s[S].buy( x ); 9  k:b[B] —> c[Cl.ok(); k:b[B] —> q[S].ok();
req k' : s[S] <=> 1,.D; 10 k’:s[S] —> D.sendShipping
k’:s[S].mk_shipping( x ) —> D.quoteShipping; 11 }else{

k’:D — s[S].shippingCosts( y ); 12 k:b[B] —> c[Cl.ko(); k:b[B] —> q[S].ko();
k:s[S]l.mk_order( x, y ) —> b[Bl.reqPay( order ); 13  k’:s[S] —> D.abortShipping

k:c[Cl.cc —> b[Bl.sendPay( cc ); 14 }

Fig. 2. Choreography C1, extension of Example 1.1.

acc k'’ : 1p.d[Dl; 4 k':8—>dD]{
k’:8 —> d[D].quoteShipping( pkg ); 5  sendShipping(),
k’:d[D].quote( pkg ) —> S.shippingCosts; 6  abortShipping() }

Fig. 3. Choreography Cg2, compliant choreography to Fig. 2.

tions follow have the same intuition as in term (start): in the new session k, p will play A
and each new external process q; will play the respective role B;.

Term (acc) is the dual of (req) and defines a choreography module that provides the
implementation of some service processes. We assume that (acc) terms are always at the
top level, to capture that choreography modules are always available. By top level, we mean
that the term is not preceded by another term in a sequential composition (seq).

In term (send), process p sends a message to an external process that plays B in session
k. Dually, in term (recv), process q receives a message for one of the operations o; from
an external process playing role A in session k, and then proceeds with the corresponding
continuation. In the remainder, we omit curly brackets in (recv) terms when they have only
one operation, i.e., k:A —> q[B].o(x); C is an abbreviation of k:A —> q[B].{o(x); C}.

Other Terms. Term (seq) is sequential composition. In a conditional (cond), process p
evaluates a condition e in its local state to choose between the continuations C; and Cs.
Term (par) is standard parallel composition, which allows partial actions in two chore-
ographies C; and C, to interact. Respectively, terms (def), (call), and (inact) model the
definition of recursive procedures, procedure calls, and inaction.

Some terms bind identifiers in continuations—the choreography that follows them in a
sequential composition. In terms (start) and (acc), the session identifier k and the process
identifiers q are bound (as they are freshly created). In terms (com) and (recv), the variables
used by the receiver to store the message are bound (x and all the x;, respectively). In term
(req), the session identifier k is bound. Finally, in term (def), the procedure identifier X is
bound. In the remainder, we omit 0 or irrelevant variables (e.g., in communications with
empty messages). Terms (com), (send), and (recv) include role annotations only for clarity
reasons; roles in such terms can be inferred, as shown in [12].

Ezample 2.1. In Fig. 2, we extend (in blue) the behaviour of the seller of Example 1.1
to use an external module. In the updated code, the seller contacts an external service for
the delivery of the product: the seller receives from the buyer a request buyReq, which
contains the wanted product and the delivery address (Line 2). Next, the seller creates a
new session k’ with an external delivery process (Line 3) and sends to the latter the shipping
information of the product, e.g., the origin and destination addresses (Line 4). In Line 5, the
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seller receives the shipping costs, which it adds to the costs of the order at the bank (Line
6). In Lines 11 and 14, the seller notifies the delivery process if it shall ship the product
or not. Let us call C; the code above. We report in Fig. 3 the module C5 of a compliant
delivery service for C;. We obtain a working system by composing the two choreographies
in parallel: C; | Cs.

2.2. Semantics

We give an operational semantics for FC in terms of reductions of the form D, C — D’, C’,
where D is a deployment. Deployments keep track of: the local states of processes (the
values of their local variables); and the messages in transit in sessions, which we use to model
asynchronous communications. In the following, we first formalise our notion of deployment,
and then move to presenting our reduction semantics.

2.2.1. Deployments. Each pair of roles in a session has two dedicated asynchronous message
queues that they can use to exchange messages, one for each direction. Formally, let Q =
K x R x R be the set of all queue identifiers; we write k[A)B] € Q to identify the queue from
role A to role B in session k.

A deployment D is an overloaded partial function defined by cases as the sum of two
partial functions, fs : P — Var — Val and fq : Q — Seq(O x Val) (notice that their
domains and co-domains are disjoint):

_ [fs(z) ifze?
D(Z)_{fq(z) ifzeQ

Function fs maps a process p to its state. A state is a partial function from variables
X,y € Var to values v € Val. Function f stores the queues used in sessions. Each queue is
a sequence of messages M =m; ... My | € (¢ is the empty queue), where each message
m = (0,v) € O x Val contains the operation o for which the message is intended and the
payload v.

Deployments are a runtime concept: programmers do not need to define them, just as
they normally do not explicitly give an initial state for their programs in other language
models. Formally, we assume that choreographies without free session names start execution
with a default deployment that contains empty process states. Let fp(C) return the set of
free process names in C. Then, we formally define a default deployment as follows.

DEFINITION 2.2 (DEFAULT DEPLOYMENT). Let C be a choreography without free session
names. Then, the default deployment D for C is defined as the function that maps all free
process names in C to empty states (we write & for the empty partial function from Var to

Val):
D=[p—a|pefp(C)]

Intuitively, D is a default deployment for a choreography without free session names C if
i) the D is defined for all and only the processes that appear free in C and i) the state of
these processes is empty.

2.2.2. Deployment transitions. In our semantics, choreographic actions have effects on the
state of a system—deployments change during execution. At the same time, a deployment
also determines which choreographic actions can be performed. For example, a communica-
tion from role A to role B over session k requires a queue k[A)B] to exist in the deployment
of the system.

We formalise the notion of which choreographic actions are allowed by a deployment and
their effects using transitions of the form D, » D’, read “the deployment D allows for
the execution of & and becomes D’ as the result”. Actions & are defined by the following
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D’ =D[q~ @ |q € §|[k[C)E] — ¢ |{C,E} C {A,B}]
D, start k: p[A] <=> L.q[B] » D’

O lstart]

[Olsendl

v=eval(e,D(p)) D(k[A)B])=m
(

D, k:p[Al.e —> B.o » D [Kk[A)B] — 1 :: (0,V)]

O lRecv]

— m|[q — D(q)lx — V]|
Fig. 4. Frontend Choreographies — Deployment transitions.

grammar.

—

d == start k: p[A] <=> l.q[B] (session start)
| k:p[Al.e —> B.o (send in session)
| k:A—> q[Bl.o(x) (receive in session)

The rules defining D, » D’ are given in Fig. 4.

Rule [Plswrl states that the creation of a new session k between an existing process p and
new processes  results in updating the deployment with: a new (empty) state for each of
the new processes q in g ([q —~J|qe E]] ); and a new (empty) queue between each pair of
distinct roles in the session ([k[C)E] — ¢ |{C,E} C{A, E}])

Rule Plsendl models the effect of a send action. In the first premise, we use the auxiliary
function eval to evaluate the local expression e in the state of process p, obtaining the
value v to use as message payload. Then, in the conclusion, we append a message with
this payload—(0,v)—to the end of the queue from the sender’s role to the receiver’s role
(k[A)B]). We assume that function eval always terminates—in practice, this can be obtained
by using timeouts.

Rule Plrel models the effect of a reception. First, in the premise, we look up the head
of the message queue between sender and receiver, i.e., (0,v). Then, in the conclusion, we
remove the message from the queue ([k[A)B] — ﬁl]) and update the state of the receiver at

the variable used to store the message ([q — D(q)x — v]} ).

2.2.3. Reductions. Using deployment transitions, we can now define the rules for reductions
D,C — D', C’. We call a configuration D, C a running choreography. The reduction relation
— for FC is the smallest relation closed under the rules given in Fig. 5.

Rule [Clsel creates a new session, by ensuring that both the new session name k’ and new
processes t are fresh wrt D (D#Kk’,¥). We use the fresh names in the continuation C, by
using a standard substitution C[k’/k][F/q].

Rule [Clsend] Teduces a send action, if it is allowed by the deployment—D, k:p[A].e —> B.o »
D’.

Rule [“Ire] reduces a message reception, if the deployment allows for receiving a message on
one of the branches in the receive term (j € I). Recalling the corresponding rule [Plreal, this
can happen only if the deployment D has a message for operation oj in the queue k[A)B].

Rule [Clel closes — under the congruences =¢ and ~~¢. Structural congruence =¢, reported
in Fig. 6, is the smallest congruence supporting «-conversion, recursion unfolding, and
commutativity and associativity of parallel composition. The swap relation ~¢, reported in
Fig. 7, is the smallest congruence able to exchange the order of non-interfering concurrent
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D#k’,¥ b =start k’:p[A] <> lq[B] D,5p» D’
D, start k: p[A] <> l.q[B;C — D', C[k//k][F/d]

LC ‘ Start“

n=%k:plAl.e—>B.o D,np» D’
D,;;C — D/, C

[lsend]

jEI D,k:A —> q[B].oj(xj) » D’
D, k:A—> q[Bl.{0oi(xi); Cilier — D', G

LC ‘ Recv]

i=1if eval( e,D(p) ) = true,i = 2 otherwise
D, if p.e{Ci}else{Cs} — D, C;

[€lcond]

D,Cl — D/,Cll
D,def X=CyinC; — D’,def X=CyinC}

LC ‘ Ctx“

Re{=,~} CRC; D,C; »D’C, C/RC
D,C — D/.C

LC ‘ Eq-l

D,C; — D’C|
D,C;|C; — D/, C{|C

LC ‘ Par]

te{l,...,n}  D#K.7F  {IB =W{liBh {7 =UR)

b =start k' : p[A] <> li.r1[B1l,..., lh.rm(Bnl D,5» D’
D,req k: plA] <=> UB;C | [[; (acc k: Li.qiBiJ;Ci) —
Clk//kl | TT; ( Cilk//KIlFi/ai) ) | T (ace k: 1i.gi[Bi); Ci)

[Clpstart]

Fig. 5. Frontend Choreographies — semantics.

defX:C/iHOECO CIC/ECCIIC (C1|C2)|C3£CC1|(C2|C3)
def X =C’ in C[X] =¢ def X = C’ in C[C]
k:plA]l.e —> q[Bl.o(x); C =¢ k:plA].e —> B.o; k: A —> q[B].{o(x); C}

Fig. 6. Choreography Calculus, structural congruence =¢

actions. For example, provided pn returns the set of process names, Rule [le:en]l swaps two
communications respectively enacted by completely disjoint processes.

Rule [le] also enables the reduction of complete communications on (com) terms—see
the last equivalence in Fig. 6, which unfolds a complete communication term into the two
corresponding send and receive terms.

Rule [‘lpsr]l starts a new session by synchronising a partial choreography that requests
to start a session with other choreographies that can accept the request. The premise of
the rule {T.B} = (1) {li-Bi}i, where ) indicates the disjoint union of the list of located roles,
requires that in the acceptlng choreographies the list of locations and their supported roles
match the corresponding list of the request. The rest of the rule is similar to [Clswel. Here it
is convenient that deployment transitions are specified by a separate set of rules, since the
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n
pn(n) Npn(n') =2 _ P ¢ pin) (65 letacad]
P I T [Sleeal if p.e {n; C1} else {n; Ca}
L ~c TM;if p.e{Cy}else{Cs}

q ¢ pn(n) Slen
k:A—>qBl{oi(xi);n; Ciier =~ mM;k:A—> q[Bl{oi(xi); Cilier o
P#q

LCS |Rcchv]

k:A —> p[Bl.{oi(xi); k":C —> qlD].{of;(x{;); Cij}jesher
~¢ Kk':C—= qlDl.{oj(x{); k: A —> p[Bl{04;(x4;); Cijlie1lies

P#q

if p.e{if q.¢/ {C1} else {Cy}} else {if q.¢’ {C}} else {CL}}
~c if q.¢/ {if p.e {C1} else {C|}} else {if p.e {Ca} else {Cro}}

P#£q
k:A —> p[Bl.{0oi(x{); if q.e {Ci1} else {Ciz}hier
¢ if g.e{k:A—> p[Bl.{oi(xi); Cii}ier} else {k:A — p[B]{oi(xi); Ciz}ier}

[<S]cndcnd

LCS | Rchnd]

~

Fig. 7. Frontend Choreography — swap relation ~.

effect that starting a session using partial actions is equivalent to that of using a complete
start term. The choreographies accepting the request remain available for subsequent reuses.

Finally, rules [‘lcondl,[€lcsd, and [Clrl are standard and respectively model guarded condi-
tionals, recursion, and parallel composition.

Example 2.3. The interplay between ~¢ and rule [‘Isend] yields an elegant formalisation of
asynchronous behaviour for choreographies that, differently from previous work [14], does
not require a labelled transition system and ad-hoc reduction rules. Consider Line 10 in
Example 2.1, reported below.

C ¥ k.bB] = cld).ok(); k:bB] — qlS].ok()

We can reduce C as follows (for brevity, we omit deployments):
C — k:B-——= c[Cl.ok(); k:b[B] —> s[S].ok() by [leg] with R = =¢ and [Clsend]
— k:B—>s[S].ok(); k:B—> c[Cl.ok() by [Cleal with R = ~¢ and [Clsend]

In this case, process s may receive its message before process c, due to asynchronous
message passing (the sending actions for process b are non-blocking).

3. TYPING

In this section, we define our typing discipline for the Frontend Calculus. Our typing checks
the behaviour of sessions against protocols, given as Multiparty Session Types [35; 9]. Inter-
estingly, we retain the same syntax of traditional Multiparty Session Types yet we ensure
that correct initial deployments do not corrupt at runtime due to inconsistencies on states
and message queues.

In § 3.1 we present the types that abstract choreographies, called global types. We define
the syntax of global types and we introduce local types. The latter are abstract descriptions
of the behaviour of single processes, used for type checking. We also formalise how from a
global type we obtain a set of related local types by means of a projection procedure. In
§ 3.2 we formalise the environment and the rules of our type discipline. In § 3.3, we consider
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Global Types G := A— B{oy(U;); Gi}i (communication)

| rect.G | t (recursion)
| end (end)
Local Types T = ®A{o;(Uy); Tih (send)
| &A{oi(Wi); Tik (receive)
| rect.T | t (recursion)
| end (end)
Sort Types U = int | bool | str |

Fig. 8. Global and Local Types.

the typing of running choreographies. We illustrate why and how a choreography and its
companion deployment can become inconsistent and we present a runtime typing extension
to avoid inconsistencies. Finally, in § 3.4, we present two comprehensive examples to clarify
the relationship between types and running choreographies, and in § 3.5 we formalise the
properties guaranteed by our typing system.

3.1. Types and type projection

Global and Local types. As in standard Multiparty Session Types, we use global types to
represent protocols from a global viewpoint and local types to describe the behaviour of
each participant. Our type system checks that a set of local types, each abstracting the
behaviour of a process in a choreography, coherently follows a global type. We report in
Fig. 8 the syntax of global types G and local types T.

A global type A —> B.f{o;(U;); Gi}i abstracts a communication, where A can send to B
a message on any of the operations o; and continue with the respective continuation Gj.
A carried type U types the value exchanged in the message. In local types, !A{o;(Uy); Ti}i
abstracts the sending of a message of type U; to role A on one of the operations o;, with
continuation T;. Dually, ?A.{o;(U;); T;}; abstracts the offering of an input choice among the
operations o;, with continuation T;. The other terms for recursion and end of types are
standard. As done for FC, also in types we omit curly brackets when outputs and inputs
comprise only one operation.

As an example, we report below two global types, G; and Gs, that abstract the chore-
ographies presented in Figs. 2 and 3. In particular, G; types session k, created at locations
(ls,1lg) — Line 1 of Fig. 2 — and Gs types session k', created at location (lp) — request
at Line 3 of Fig. 2, accept at Line 1 of Fig. 3. We also write operations followed by empty
parentheses when the type of their message U is unit.

G1 = C—> S.buy(str); G = S —> D.quoteShipping(str);
§ —> C.reqPay(int); D —> S.shippingCost(int);
C —> B.sendPay(str); S -Df
B—>C{ o
ok(): B —> S.0k(), sendShipping(),
ko();B —> S.ko() abortShipping();
}; end }; end

Type Projection. To relate global types to the behaviour of processes in choreographies,
we project a global type G onto a set of local types, each corresponding to the behaviour
of a single role. We report in Fig. 9 the projection of global types, defined following [16].
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@C.{Oi(ui); [[Gi]]c}i lf A=B

[B—>C{oi(Ui); Gik], = < &B{oi(Ui);[Gi]ch ifA=CcC
LJ; [Gil, otherwise
_ frect.[G], ifAcG
[rec t.Gl, N {end otherwise
[[t]]A =t
[end], = end

Fig. 9. Choreography Calculus - Global Type projection.

M=o (empty environment)
| T,p.x: U (variable)
| T,X: T (definition)
| T,k[A]: T (local session)
| T, p: k[A] (ownership)
| T, 1: G(A[B[C) (service)

Fig. 10. Choreography Calculus — typing environments.

[G], denotes the projection of G onto the role A. Intuitively, [G], gives an encoding of the
local actions expected by role A in the global type G. When projecting a communication
we require the local behaviour of all roles not involved in it to be merged with the merging
operator L. Like in [16], TUT’ is isomorphic to T and T’ up to branching, where all branches
of T or T’ with distinct operations are also included, formally

T FT=T
ConlUingi ety U1 i1 = oy (Ui Tohe

&A. < { on(Un); Ty, tnen
and T’ = &Afo; (U;); T/}
{ on(Un); Th UT, hejnn {oj(Uy); T ey

TUT =

3.2. Type checking

Now that we defined the relation between global and local types, we can proceed to present
our system that guarantees that sessions in choreographies follow their types.

3.2.1. Environments. We define our typing environments I', T, ... as reported in Fig. 10.

The typing of variables denote that a process p has in its state a variable x of type U. We
assume that we can write I', p.x: U only if either x has not been typed yet in I or it is already
associated with the same type U (formally if U = U’ then I', p.x: U, p.x: U =T, p.x: U). We
assume a similar convention for all the identifiers in I" except for service typings, whose rule
for set inclusion is detailed at the end of this section. The typing of definition of recursive
procedures associates a procedure identifier X to a typing environment I'. A local session
typing k[A]: T states that role A in session k follows the local type T. An ownership typing
p: k[A] states that process p owns the role A in session k. Hence, each process can participate

in multiple sessions, but can play only one role in each session. A service typing 1 : G(A[B[C)
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types with a global type G all sessions created by contacting the services at the locations L.
In the typing,

— A is the role that the active process (the starter) should play;

— B are the roles respectlvely played by each 1 in 1. We assume that each 1 plays one role,
so the lengths of B and 1 are the same;

— C are the roles implemented by the choreography that we are typing. We assume
namely that C contain a subset of the roles in B, ordered following the order in B
Definition A.1).

CCB,
(as of

Regarding set inclusion of service typings, when we write I' = '/, 1: G(A|BIC) we assume
that:

— {A,B} =roles(G), where function roles returns the set of roles in G;
— the locations 1 are ordered lexicographically;
— the locations in 1 do not appear in any other service typing in T
— that _either:
— 1 does not appear in ' and the resulting I' includes it, formally 1 ¢ dom(I'’) and
r=T’" U {l: G(AB[C));
— 1 appears in I'’, such that T’ =T, 1: G(A[B[D), and {C} N {D} = @, i.e., the roles in C
do not appear in D. The resulting I' includes in the service typing of 1 the merged
list of roles in C and D, following the 1eXicographic order in B. We write the merge as

Az C (see Definition A.2) and ' =T",1: G(A[BD >z C).

We underline that the annotation C in service typings play two important parts: it enables
composition of choreographies and it ensures that only one choreography implements a
specific role. This is mirrored in the composition I' = T, 1: G(A[BIC) where, if T’ already
contains the typing for some roles D in 1, T will contain the additional roles defined in C
(provided D and C contain distinct roles).

3.2.2. Typing Judgements and Rules. A judgement I' - C states that the choreography C
follows the specifications given in I'. We comment the typing rules reported in Fig. 11.

Rule [TIswrl types a session start. In the first premise, the service typing 1 : G(A[B|B) checks
that the continuation implements all the roles in protocol G. The function init assembles
the typing environment that correctly types — with the appropriate ownerships and local
typings — the freshly-started session k, given the global type G and the processes p, each
playing its corresponding role in B. Formally,

init( p[Al,k,G ) = { q: k[B], k[B]: [G], | qlB] € {p[A]} }.

where the type of each process p € p playing role B € B is the local type projection [G]j of
the global type G. In ["Is=rl, we abuse the notation q € I' to check that all freshly created
processes in § do not appear in I' (i.e., there is no variable or ownership typings in I’
associated with any process in q).

Rule [Treal types (req) terms and is similar to [Mlswel, although it only performs the checks
for the process p, playing role A, that requests the creation of the new session k. Dually,
["accl mirrors Rule [Tlswr]l and 17 C 1 checks that (following definition Definition A.1) the list
of locations of the service typing in I' comprises the locations in the (acc) term.

Rule [Meoml types a complete communication. From left to right the premises check that:

(1) the sender p and the receiver q own their respective roles in the session;
(2) since j € I:
— operation oj can be effectively selected by the sender, according to its local type;
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p—

I, 1: G(ABIB), init( r[C],k,G ) C r[c] =plal,qB] q¢T
]

[Tlstart]
—

ri: G(A[BB) - start k: p[A] <=> 1.q[B];C

p:k[ALk[Al: [G],FC THF1:G(AB®)
' reqk: p[A] <> fé;C

\_T ‘ Req]

ICU T,U:G(AB|@),init( qlcl,k,G)FC §¢T
r: G(A[BIC) - acc k: 1.q[C];C

[Maccl

Mbp:kial,q: kBl jel Trpe:U; T,qx: U kAT, kBT FC
I, k[A]: @ B.{oi(Ui); Tilier, k[Bl: &A.{oi(Ui); T{}ier - k:plAl.e —=> q[B.0j(x); C

[Mlcom]

jel Trp:klAl Trkpe:U; T,kA:T+C
I k[A]: @ B{oi(Ui); Tilier - k:plAl.e —> B.oj; C

I_T | Send]

M-q: kBl VjelT,qx:U,kBl:THG
I k[B]: &A{oi(Ui); Titier F k:A —= q[Bl.{0j(%j); Cj}jeruy

LT | Recv“

'Fpe:bool THC; THFHGC,
' if p.e {C1} else {Cy}

[Tl condl

NX:T"EC T,X:T"FC' T/ €T
N'Fdef X=C"in C

[Tlpef]

NnNeECy TLhEC end(IN) I'"cr’ end(l

T ——
MG lCy rro e T XX

LT ‘Call-l

Fig. 11. Choreography Calculus — Typing rules.

— similarly, oj is among the operations offered by the receiver, according to its local
type;
(3) the expression of the sender (e) has the type' Uj, expected by the protocol;
(4) the resulting environment I', q.x: Uj, k[A]: Tj, k[B]: Tj’ correctly types the continuation C,
in particular that:
— the receiver q correctly uses the reception variable x in C;
— processes p and q proceed according to their local types, respectively T; and Tj’ .

Rules [Msendl and [Mreel share part of the checks commented for [Tlcoml and judge the respec-
tive partial terms (send) and (recv). Note that, as in standard multiparty session types, the
local typing of the branching process q is contravariant wrt the branches in the choreogra-
phy, i.e., the Rule [Tlrel checks that the operations supported by the typing o; € I are at
least a subset of the actual operations o; € I U] provided in the (recv) term.

Rule [Meondl checks that the expression of a conditional has a compatible type (bool) and
that both branches C; and Cy are correctly typed by T.

Rule [Mloerl checks procedure definitions. Here, function |jocs applied to an environment I’
returns all service typings in it. In the Rule we write I''[jos € ' to check that the body of

1The judgement v : U reads as “value v has type U”.
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the recursive procedure does not introduce unexpected services, i.e., services that are not
present at top level.

In Rule [Tlea]l we extend the set inclusion for Ty, 5 point-wise to the identifiers in T to
merge typings and to check that choreographies executing in parallel do not implement
overlapping roles at locations.

In Rule [Tlend, the predicate end(T") holds if the protocols for all sessions in I' have termi-
nated (i.e., all local typings have type end).

[Tlcail checks a procedure call. The premise ' C T checks that procedure X does not intro-
duce unexpected typings (and, by extension, behaviours) wrt the active sessions contained
in ', The premise end(I") makes sure that the remaining sessions in the typing environment
have all terminated.

3.3. Runtime Typing

To prove that well-typed FC programs never go wrong, we need to pay attention to how their
deployments evolve at runtime. For example, in Rule [ lsend], the deployment D must contain
the proper queue where the sender can deliver its message: a remarkable difference wrt
previous works on choreographies, where such conditions do not exist and choreographies
can always continue execution (see, e.g., [18; 36; 13; 14]).

To guarantee that well-typed FC programs never go wrong, we must guarantee that their
companion deployments evolve in a consistent way. We address this issue by extending our
typing discipline to check runtime states.

Wrong Deployments. We want to rule out “wrong” deployments. Intuitively, we say that a
deployment is wrong wrt a choreography if e.g., processes have undefined variables that are
used in the choreography or a message queue does not contain messages as expected by the
protocol of the session in which it is used.

Wrong deployments may cause unpredictable executions or faulty behaviours, e.g., dead-
locks. We illustrate the consequences of having wrong deployments with this simple running
choreography:

D, k:plAl.y —> q[Bl.o(x);0

— (uninitialised variables) assume that D is such that the state of process p in D, D(p),
does not contain a value for variable y; then the condition eval( y, D(p) ) given in Rule
[Plsenal is undefined and Rule [‘lcoml cannot be applied, causing the choreography to get
stuck.

— (protocol violations) assume that D( k[A)B] ) = (0’,v) where o # o’. Namely, that ) in
session k process q (playing role B) has a message in its receiving queue from process p
(playing role A) and i) the operation of the message is o', different from operation o
expected in the choreography. If we let the choreography reduce following the previous
point, it ends up deadlocked. After the reduction, the queue used by p contains in its
head the message (0’,v) and Rule [€lre] cannot apply as it expects to find a message for
o at that position.

To avoid these outcomes, we extend our type system to prove that, given a well-typed
choreography and a non-wrong companion deployment, our semantics never produces wrong
deployments. Note that this development is transparent to programmers since default de-
ployments are never wrong.

Runtime Global Types. To capture asynchrony and partial runtime states, we extend the
syntax of global types with:
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Gu= ...
| ®As{oi(Ui)}; G (global choice)
| &aB.{oi(Ui); Gilier (global branch)
| A)B.o(U); G (global buffer)

Global choice and branch are the equivalent of a complete communication A —> B.o(U); G
where: ®As.{o;(U;)}; G means that role A can choose to send a message to role B on operation
o; with type U;, proceeding with continuation G; while &aB.{0; (U;); Gi}ic1 means that B can
receive a message from A on any operation o;,1 € I, proceeding with the related continuation
Gi.
When the choice performed by A is applied to the branch controlled by B, we obtain term
A)B.o(U), which marks that A has sent the message but the B still has to consume it.

Semantics of Global Types. To express the (abstract) execution of protocols, we give a
semantics for global types. Formally, G — G’ is the smallest relation on the recursion-
unfolding of global types satisfying the rules in Fig. 12.

Rule [Slsend] allows the sending of a message from a (global choice). The continuation G’
is obtained from the application of the sending to the corresponding (global branch), with
function Ag}?iG that transforms the related branch in G into a (global buffer) on the selected
operation o;, followed by the respective continuation Gj.

The actual reception of the message is executed in Rule [Slrel. In [Cleql. We model the
splitting of complete communications and recursion unfolding with the structural equiva-
lence =g, the smallest congruence defined by the rules in Fig. 12. To capture the semantics
of asynchronous message delivery, we define the swap relation ~¢ as the smallest congruence
defined by the rules in Fig. 12. Both congruences are similar to what presented for chore-
ographies in § 2.2. Note rules |%lchoerc] and [lchoeu] that enable the swapping of choice terms
with receptions, as long as the swap preserves the causal consistency between operations
(i.e., we do not swap a sending that is causally dependent from a reception on the same
role).

Runtime Type checking and Typing Rules. We extend the typing rules given in the pre-
vious section to check runtime terms. The extension consists in ¢) new terms for I', and )
the introduction of Rule [Tloc] to type runtime choreographies. We extend the grammar of
typing environments with

o= ...
| T, p@l (location)
| T k[A)B]: T (buffer)

where T', p@QL states that process p runs at location 1. A buffer typing k[A)B] : T types the
messages in the queue where the process implementing role B in session k receives messages
from role A. We extend to buffer typings the assumption for set inclusion stated for standard
elements in T'. For location typings we assume that we can write I', p@l only if pQl & T.
This formalises the requirement that a process can appear ounly in one choreography (e.g.,
given the choreography C = C; | Cq process p € pn(C) appears either in C; or in Cs) and
that it is associated only to one location.

To relate the typings of queues to the buffer types expected by the protocol of sessions,
we define the buffer type projection [G]]g, which follows the rules in Fig. 13 and returns the
expected buffer type of role B from A in G. [[G]]g extracts from G the partial receptions of
the form A)B.o(U), translating it to a local type &A.o(U). Below, we report the rule that
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0cUdo) &'="hG .
®As{o;(U))} G — G’ [Flsena] MB.o(U);G — G [1Recv]

Ref{=¢,~} GRG, G —G G,RG
G — G

\.G ‘ Eq]

Reduction Rules.

A—> B{oi(W); Gi} =¢ ®as.{oi(U)}; &aB{oi(l); Gi}
Glrec t.G’] =¢ G[ G'[rec t.G'/t] ]

Structural Congruence.

A7CVB#D S5 |choChol
®As.{o;i(U;)}; EBCD.{O]' (U.j) ~a @CD.{O)' (Uj )}; @As.{o;(U;)}
A#£CVB=#D S lorcon]
&aB{oi(Uy); &cD.{o;(U;); Gij}} ~¢ &cD.{o;(U;); &aB{oi(Ui); G}
A#D S | choBre]
®As.{0;(U;)}; &ceD.{o;j(U;); Gj} ~¢ &cD.{o;(U;); ®As.{oi(Ui)}; G;}
A#CVB#D .
1)B.o(U); &cD {0} (U ); G} =g &eD.{o; (U, ): AB.o(U): G;) ™
A£CVEB#D
1)B.o(U); C)D.o’ (U] ~ C)D.o’ (U} A)B.o(U) ™"
A#£D

5 | choBuf]

®As{0:(Uy)}; C)D.o(U) ~ C)D.o(U); Bhs {0t (U;)}

Swap Relation.

*%1&aB {0 (Ui); Gilier = A)B.0j(U;); G; ifjel
Ag?i&CD{Oi(Ui); Gilier = &cD{oi(Uy); Ag?iGi} ifA#CVB#D

MELCD.o(U); G =C)D.o(U);M3LG  MEl @ Cofoi(U)} G = @Cofoi (L)} M3LG
A>g¢rec t.G =rec t.G A>§¢t =t A>§¢end = end

Application Function.

Fig. 12. Global types — Semantics.

extends global type projection for global buffers.

&A.o(U);[G], ifc=B

[4)B.o(U); G], = {[[Gﬂc otherwise
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. . o TA _ Jend ifC=A A\ND=B
[€ > D{ou(Us); Gills o {|_|1 [[Giﬂg otherwise

o ~ [&h.o(U);[G]p ifC=AAD=B
[€)D-0(W); Gl B {[[G]]Q otherwise

[t]5 = [end]; = [rec t.G]; = end
Fig. 13. Choreography Calculus — Buffer Type Projection.

Note that we do not need to extend the projection to (global choice) and (global branch).
Indeed, in our setting we consider only running global types that are evolution of a global
type, hence global choices and branches are always balanced. Given a running global type
G, we can always obtain an equivalent (~q, =¢) global type G’ which is absent from
(global choice) and (global branch) terms. We call a running global type canonic if it con-
tains no (global choice) and (global branch) terms. When writing projections of global types
we assume G to be in canonic form.

Finally, we extend our typing discipline with a new Rule [Tlocl that checks for coherence
among types, choreographies, and deployments. To define [Tlocl, we formalise a predicate,
called partial coherence® and denoted pco(T), that holds if and only if, for all sessions k,
the local and buffer typings of k follow (are projection of) the same global type G.

DEFINITION 3.1 (PARTIAL COHERENCE). We write pco(I") when, for all sessions k in
I', there exists a global type G such that

VKB: TeTl, T=[G], A VAcroles(G)\{B}, '+ k[A)B]: [G];

Rule [loc] is defined as:

peo(l’) THD THFC
'=D,C

[Tlbc]

where a judgement I' = D, C states that C and D are coherent according to I' and all
sessions in I" are coherent. I" is an abstraction between D and C and guarantees D to not
go wrong. Formally

DEFINITION 3.2 (DEPLOYMENT JUDGEMENTS).

FED ew {(1)Vp.x:UeF, D(p).x: U ) )

(2) VK[A)B] : T e TAD(K[A)B]) =, bte(A,m)=T
We comment the checks performed by I' = D: (1) checks that, for each typing p.x: Win T,
D associates x, in the state of process p, to a value of type U; (2) uses buffer types to check
that the typing of a message queue in T is correct wrt to the actual sequence of messages
stored by that queue in D. We extract the type of a queue m, i.e., the sequence of message
receptions from a role A, with function bte(A, m). Formally,

DEFINITION 3.3 (BUFFER TYPE EXTRACTION). Let - vi: Ui, i € [1,n] and M =
(01,v1) - = (on,vn) thenbte( A,m ) = &A.o1(Uy); -+ ; &A.on(Upn).

2Partial because it accounts for missing typings of roles implemented by external partial choreographies.
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Typing Environment ‘ Choreography Deployment
G = A-—> B.pass(str);
B —> C.fwd(str);
end C’ = k:alA]."ok" > b[B] first( x )
= k:alA]l."ok" —> Jurst( x ) ,
@ | k= @©B.pass(str); end k:b[B].x —> c[C].second( x ) D
k[B] = &A.pass(str);
& C.fwd(str); end
k[C] = &B.fwd(str);end
5 = k:alA]."ok" —> B.
G — G’ by [Clea], [Slsend] C’ — C” by [Clea], [Clsend] D/,aé[i DO// by L>D|Sen§ass
G’ = A)B.pass(str);
B —> C.fwd(str);
end
k[A} = end C” = k:A — b[B].pCLSS( X ); D// A)B|) = "ok"
@ k[B] = &A.pass(str); k:b[B]l.x —> c[Cl.fwd( x ) (k[A)B]) = (pass, "ok")
®C.fwd(str); end
klC] = &B.fwd(str);end
k[A)B] = &A.pass(str)
, , 8’ =k:A—> b[Bl.pass(x
G —»G” by [ClRecy] c’r—c” by [€IRecy] D/l’él » D byIIJ_D|RecE—\ )
G” = B—> C.fwd(str);
end
® | k[A] = end C" = k:b[Bl.x —> c[C].fwd( x ) D" (b).x = "ok"
k[B] = &C.fwd(str);end
k[C] = &B.fwd(str);end

Table . Example of message delivery on elements of interest of choreography C’ (second column), its companion
deployment D’ (third column), and their typing environment (first column).

3.4. Runtime Examples

In this section, we present two running examples that illustrate the relationship between
global types and choreographies. First we report a basic case where a session starts and
two processes exchange a message. Then we consider a started session and comment the
asynchronous delivery of messages.

Example 3.4 (Start and Message Delivery). We consider a running choreography C,D
and a global type G such that D is a default deployment (cf. Definition 2.2) and

C = start k: a[A] <=> 13.b[B], l¢.c[C]; G = A —> B.pass(str);
k:a[Al."ok" —> b[B].pass( x ); B —> C.fwd(str);
k:b[B]l.x —> c[C].fwd( x ) end

The global type G is used in the typing environment I' to check C, D, formally the service
typing lg,lc: G{ A | B,C | B,C ) belongs to I and I' - C, D.

Now, we let D, C reduce to D’, C’ following rules [ lsatl and [Plswe] so that D contains the
data and queues needed to support interactions on session k. Finally, we report in Table I:

— left column, the main elements in the typing environment T, i.e., the evolution of the
type G. To show how partial coherence (Definition 3.1) holds, we report also the local
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and buffer types of A, B, and C projected from G following global type projection [G],

for local types (see Fig. 9) and buffer type projection [[Gﬂi (see Fig. 13) for buffer types.
For brevity, we omit to report empty buffer types such as k[A)B] = end;

— middle column, the reduction of choreography C;

— right column, the main changes in D.

To ease the reading of the example, we highlight in grey the elements that have been
changed by the reduction. To keep our example brief, we only report the reduction (sending
and reception) of the first interaction in C, namely k:a[A]."ok" —> b[B].pass( x ).

In Table I, row (1) shows on the left column the original type G and the global type
projection onto the local types of roles A, B, and C; in the next two columns we reported
for completeness the reductions C’ and D’. Next, we let the running choreography reduce,
applying Rules [Cleq], [Clsendl, and [Plsend] to let process a deliver its message in the queue k[A)B]
of process b. We also let G reduce to G’ with Rule [Slsendl. In row (2) we report the result of
the reductions. In the left column, G’ indicates that role A has sent a message to B, which
should consume it in the next step. This is also mirrored by the buffer projection, where the
buffer typing k[A)B] is &A.pass. The deployment D’ contains the actual message sent by a
in the queue owned by b. The reduced choreography is still well-typed as, applying function
bte( A,D”(k[A)B]) ) on the interested queue, we obtain the same local type of the buffer
typing k[A)B]. Finally, we let the running choreography and the global type reduce again,
allowing process b to consume the message. We show the result of the reductions in row (3),
where in deployment D’ we can find that the value of the message has been assigned to
the receiving variable x of b.

Example 3.5 (Asynchronous Message Delivery). In this example, we consider a well-
typed running choreography I' - D, C where C and its correspondent reduced global type
G are:

C = k:a[A] —> b[B].first(); G = A —> B.first(unit);
k:a[A] —> b[B].second() A —> B.second (unit);
end

We keep the same conventions on notation defined in the previous example with the addition
of omitting round parenthesis for void values. We report in Table II a possible sequence of
reduction. Following the previous example, we use row (1) to summarise the status of (from
left to right) the typing environment I', the choreography C and its companion deployment
D.

In row ® we report the main elements involved in the reduction. In the left-most cell
of the raw, the global type G; which is structurally equivalent (=¢) to G and that ap-
pears in Rule [°le] to split the complete communication A —> B.first() into its equivalent
®As.first(); &aB.first(). Then Gy reduces to G| with Rule [Slsend] and, as of Rule [Sle], we take
G’ as structurally equivalent to G/, as shown in row (), G’ splits the complete communi-
cation A —> B.second() into its equivalent @®As.second(); &aB.second(). The reduction of C
mirrors that of G: it splits the complete communication on operation first, consumes the
sending, and finally splits the other complete communication on operation second, resulting
in C’ (row (). The sending is applied on D which contains the related message in queue
k[A)B] in its reductum D’.

Then, in row (B) we allow the delivery of operation second. This illustrates how asynchrony
works in both the context of global types and choreographies. As before, we start from the
left-most cell in the row. First we consider Gg, which is swap-equivalent to G’, after applying
to it Rule [$Slchoewrl. This brings on top the (global choice) on operation second. Then Go
reduces to G5 with Rule lsend] and, as of Rule [lel, we take G” = Gi. The reduction on
C’,D’ is similar to that of G’.
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Typing Environment Choreography Deployment
G = A— B.first;
A —> B.second;
end C = k:alA] —> b[B].first
= k:alA] — first;
® k[A] = @B.first; k:a[A] —> b[B].second D
®B.second; end
k[B] = &A.first;
&A.second; end
G — G’ by [Sleq|, [Slsendli.e.,
G =; G; = @As.first;
&aB. first; , c c & =k:alA] —> B.first
® A —> B.second,; C = € by [l lsend D, 5 » D’ by [Plsend]
end
Gy — G} and G] = G’
G’ = MA)B.first;
@PAs.second ;
&B.second ; ,
® end C' = k:A[—}> b[B].ﬁrst;d R — [ )
k:a[A] —> B.second ; D’(k[A)B]) = (first,
k[A] = ®B.second;end k- & — b[B].second
k[B] = &A.first;
&A.second; end
k[A)B] = &A.first();end
G/ — G// by LG‘Eq—|7 LGISend-‘i.e.7
G’ ~; Gy = @As.second;
M)B.first; , ” c c 8" =k:A—> b[B].second
&B.second; C’ = € by [“lea], [lsend D’, 5’ » D" by [Plsend]
end
Gy — G} and G} ~; G”
G” = A)B.first;
A)B.second ;
end
k4] = end B ,
® kBl = &A.first; C” = k:A—> b[B].first; D”(k[A)B]) = (first, )=
&A.second;; k:A —> b[B].second (second, )
end
k[A)B] = &A.first
&A.second
end
Table 1. Example of asynchrony and effects on elements of interest of choreography C (second column), its

companion deployment D (third column), and their typing environment (first column).

3.5. Properties

We close this section with the main guarantees of our type system.
First, our semantics preserves well-typedness:

THEOREM 3.6 (SUBJECT REDUCTION).
'eD,C and D,C — D', C’ imply T" = D', C’ for some T".
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We report in § B.1 the proof of Theorem 3.6.

We now relate ' and T to prove that the behaviours of sessions in a well-typed choreog-
raphy follow their respective types. We denote [G], the projection of a global type G for a
session k and let [G], be the set of local and buffer typings as obtained by the projection
of G on each of its roles:

DEFINITION 3.7 (GLOBAL TYPE PROJECTION).
[G]. ={ k[Al: [G], | A € roles(G) },{ k[a)B]: [[G]]g | A € roles(G),B € roles(G) \ {A} }

We say that a reduction is “at session k” if it is obtained by consuming a communication
term for session k (as in [35]), and we write k & I" when k does not appear in any local
typing in I'. Then we have:

THEOREM 3.8 (SESSION FIDELITY).
LetT\w = D,C,k &T. Then, D,C — D', C’ with a redex at session k implies that, for some
GandT’, k&T’, (i) i C[G]y, (i) G — G’, (iit) T}, C [G']y, and (iv) T',T}, FD’,C’.

Theorem 3.8 states that all communications on sessions follow the expected protocols (T
may differ from I' for the instantiation of a new variable). The proof of Theorem 3.8 is
reported in § B.1.

Finally, we present the definition of the coherence predicate co:

DEFINITION 3.9 (COHERENCE). co(TI") holds iff Vk €T |, 3 G s.t.

— 1:G(ABIC) eT A C=B and
— V Acroles(G), k[Al: Tel" A T=][G], A VBeroles(G)\{A}, I+ Kk[B)A]: [[G]}ﬁ

Coherence extends partial coherence to check that ) all needed services to start new sessions
are present and ) all the roles in every open session are correctly implemented by some
processes.

Coherent and well-typed systems are deadlock-free, as stated by Theorem 3.10.

THEOREM 3.10 (DEADLOCK-FREEDOM).
I'+ D,C and co(T") imply that either (i) C =¢ 0 or (ii) there exist D' and C’ such that
D,C— D’,C".

We report the proof of Theorem 3.10 in § B.2.

4. BACKEND CALCULUS

We now present the Backend Calculus (BC). Formally, the syntax of programs in BC is
the same as that of FC. The only difference between BC and FC is in the semantics: we
replace the notions of deployment and deployment effects with new versions that formalise
message exchanges based on message correlation, as found in Service-Oriented Computing
(SOC) [30]. Indeed, the structure and semantics of the Backend deployments D is one of our
major contributions: it formalises, at the level of choreographies, how to implement sessions
using the communication mechanism of message correlation typical of SOC systems.

In the following, we first informally introduce correlation-based message exchange, then
we formalise data and queues in the (deployment of the) Backend Calculus, and finally we
formalise correlation-based message exchange in the semantics of deployment effects in BC.

Message Correlation. Processes in SOC run within services and communicate asyn-
chronously: each process can retrieve messages from an unbound number of FIFO input
queues, managed by its enclosing service. A service identifies each queue with some data,
called correlation key. This is represented in Fig. 14 by process ry, that wants to consume a
message received on queue Qi, corresponding to the correlation key k;. The request is sat-
isfied by the service, which delivers message m; to ry, also removing the interested message
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— Service, — Service,

— Send message with
B2y % Receiver

Process | I
P, | r
I
]
]
I

Receive message with correlation key k,

Key | k. k. k. Le==Eeaa——
Space k1
Retrieve payload
v
Queue
Space Q 1

Enqueue payload [ S—
0000,

Fig. 14. Depiction of correlation-based message exchange in SOC.

from the head of queue Q1. When a service receives a message from the network, it inspects
its content, looking for a valid correlation key, i.e., one that points a queue of the service.
If a queue can be found, the message is enqueued in its tail. In Fig. 14, this is represented
by data k; marked by the attribute key in the message sent by process pn (of Service;) to
Servicey. At reception, Services:

(1) checks for the presence of the attribute key;

(2) extracts the corresponding key ki;

(3) finds the queue Q, pointed by kq;

(4) enqueues the received payload in Q; as message my,.

As noted in the example, messages in SOC contain correlation keys as either part their
payload or in some separate header. Here we abstract from such details as in [31]. To sum-
marise, two processes can communicate over correlation-based messaging if: i) the sender
knows the (location of the) service where the addressee is running and i) the sender and
the addressee know the key corresponding to a queue in the addressee service. After having
presented the mechanism of correlation for message exchange, we can proceed to explain
how we model SOC systems in BC.

Data and Process state. Data in SOC is structured following a tree-like format, e.g.,
XML [37] or JSON [38]. In BC, we use trees to represent both the payload of messages
and the state of running processes (as in, e.g., BPEL [30] and Jolie [39]).

Formally, we consider rooted trees t € T, where T = Val U £ U Set(Lab x T) and

to= v | U ] {xiit,. o, xnttn )

i.e., a tree (node) is either a value v, a location 1, or a set of ordered pairs of edge labels
X,y € Lab and tree nodes. We assume tree nodes to be values or locations only in leaves.
Now we can define BC variables as paths on trees (the latter, we remind, represents state of
processes) as sequences of labels x,y € Seq(Lab) such that x :=x.x | ¢, ¢ being the empty
sequence, which we often omit for brevity. When writing paths in their extended form, e.g.,
x.y.z.€, we often use the abbreviation x.y.z.

‘In addition, we define two operators to handle trees: path application and deep copy. The
path-application operator x(t) is used to access the sub-nodes pointed by path x in tree t.
Intuitively, x(t) returns either the value, the location or the sub-tree pointed by path x in
t; returning an empty set of ordered pairs label-tree if x is not present in t. Formally,

x(x.e(t)) ifx#e
xx(t) =<t ifx=candt={x:t/,..., Xn: tn }
%) otherwise
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The deep-copy operator t< (x,t’) is a (total) replacement operator that returns the tree
obtained by replacing in t the sub-tree rooted in x(t) with t’. If x is not present in t,
t<(x,t’) adds the smallest chain of empty nodes to t such that it stores t’ under path x.
Formally,

Fga(xx,t') ifte ValUL
ta(xx,t) =<t \ {x:x(t)})u{x:t'} iftg ValUL and x = ¢
(t\ {xix(t) P)u{x:x(t)a(x,t')} otherwise

=

Backend Deployment. We can now define the notion of deployment for BC, denoted D,

which includes:

— the locality of processes;
— queues, pointed by a combination of a location and a correlation key;
— the state of processes.

Formally, D is an overloaded partial function defined by cases as the sum of three partial
functions gy : L — Set(P), gm : (L X T) — Seq(O x T), and g5 : P — T. The domains and
co-domains of the functions are disjoint, hence:

gi1(z) ifze L,
D(z) =< gm(z) ifze (L xT),
gs(z)  otherwise

Function g; maps a location to the set of processes running in the service at that location.
Given a location 1, we read D(1) = {p1, ..., pn} as “the processes p1,...,pn are running at
the location 1”7 (we assume each process p to run at most at one location). Function ¢, maps
a couple location-tree to a message queue. This reflects message correlation as informally
described above, where a queue resides in a service, i.e., at its location, and is pointed by
a correlation key. Given a couple 1 : t, we read D(1 : t) = m as “the queue m resides in
a service at location 1 and is pointed by correlation key t”. The queue m is a sequence of
messages M == 1My = --- = My | € and a message of the queue is m 1= (o, t), where t is the
payload of the message and o is the operation on which the message was received. Function
gs maps a process to its local state. Given a process p, the notation ID(p) = t means that p
has local state t.

Deployment Effects in BC. In BC, we replace the deployment effects of FC with the rules
defining D, 6 » I/, reported in Fig. 15. We comment them in the following.

Rule Plser] simply retrieves the location of process p (the one that requested the creation
of session k) and uses Rule Plsw! to obtain the new deployment D’ that supports interactions
over session k. Namely, D’ is an updated version of D with: 7) the newly created processes
for session k and i) the queues used by the new processes and p to communicate over
session k. In addition, in D', 44) the new processes and p contain in their states a structure,
rooted in k and called session descriptor, that includes all the information (correlation keys
and the locations of all involved processes) to support correlation-based communication in
session k. Formally, this is done by Rule Plsw! where we (D) retrieve the starter process, here
called g1, which is the only process already present in ID. Then, given a tree t, we ensure it
is a proper session descriptor for session k, i.e., that:

(@ t contains the location l; of each process, represented by its role in the session Bj, under
path B;.1;

(® t contains a correlation key ti; for each ordered couple of roles B, B; under path B;.Bj,
such that (9 there is no queue in D at location 1; pointed by correlation key ti;;

Finally, we assemble the update of D in four steps:
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P

peDl) D,sup({Llplallq.[Bl})»D Blen]

D, start k: p[A] <=> l.q[B] » D’

a1 eED® je IN{i} Bi.l(t) =L@ Bi.Bj(t) =ty® Lty € D@
D’ :]D)[ L HD(li)U{qi}]@ D” :D'[ Litty—e }@ D" :D”[ qr — D”"(q1) < (k,t) ]@

P‘S”W
D,sup( { Li.qi[Bi] Jier ) » D" [an = {k:t} ], ® ’
1=%k.B.l( D(p) ) t. =k AB(D(p)) tm =eval(e,D(p) Pl
D, k:plal.e—=B.ow D[L:te = D(l:te) : (0, tm) | send
te =kAB(D(q)) qeD(l) Dl:t.)=(o,tm)zm D' =D[1l:t.+— m] Bl
D,k:A—> q[Bl.o(x) » D' [ g+ D'(q) 9 (%, tm ) ]
Fig. 15. Deployment effects for Backend Choreographies.
first, we obtain D’ by adding in D the processes qo,...,qn at their respective locations;

®

© second, we obtain D” by adding to D’ an empty queue ¢ for each couple ; : ti;;

(@ third, we obtain D" from D" by storing in the state of (the starter) process q; the session
support t under path k;

finally, we update D"’ such that each new created process (qs,...,qn) has in its state
just the session descriptor t rooted under path k.

We deliberately define in [Plsw] the session descriptor t with a set of constrains on data,
rather than with a procedure to obtain the data for correlation. In this way, our model is
general enough to capture different methodologies for creating correlation keys (e.g., UUIDs
or API keys).

Rule Plsenl models the sending of a message. We comment the premises. From left to
right, the first gets the location 1 of the receiver B from the state of the sender p; the second
retrieves the correlation key in the state of p (playing role A) to send messages to role B;
the third evaluates the expression e of the sender p using its local state to get a value ty,.
Function eval evaluates expressions in a process state, traversing its paths and performing
local computation. We highlight that, since in BC we preserve the syntax of choreographies
of FC, we make two assumptions: that expressions (e.g., e in [Plsed) are defined on Variables
and that eval in BC automatically maps variables x, y, z into the respective paths x.¢, y.¢,
and z.¢, used to access process states in ID. Finally, in the conclusion of the Rule, we add
the message (0,t,) in the queue pointed by 1: t. that we found via correlation.

Rule Plre]l models a reception. From left to right, the first premise finds the correlation
key t. for the queue that q (playing role B) should use to receive from A in session k. The
second premise retrieves the location 1 of q. The third accesses the queue pointed by 1: t.
and retrieves message (o0, t;,). The last premise updates D to D’ removing (o, t;,) from the
interested queue. Dually wrt how we modelled eval to map variables into paths in Rule
[Plsend], in the conclusion of Rule [Plre] we map X, i.e., the intended variable that should store
the payload t,, in the state of q, into path x.e.

4.1. Encoding Frontend Choreographies to Backend Choreographies and Properties

Now that we defined BC, we can proceed with our main intent: defining a three-stage
compilation procedure from high-level FC programs to low-level services. The encoding
from FC to BC presented in this section is the first step of our compilation process. The
intuition here is to translate high-level FC abstractions, e.g., communications over names,
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1 (DY = D:=g

3 foreach p@Ql in T

4 D:= D[1— D(1) U{p}]

5 D:= D[lp— o]

7 foreach px:U in T

8 D:= Dlp~ D(p) < (x,D(p)(x))]
10 foreach { p:k[A] q: k[B], q@l} in T
11 := fresh(DD, 1)

12 D:= D[1: t+— D(k[A)B]) ]

13 D:= D[p— D(p)<(kA.B,t)]
14 D:= Dlq~ D(q)<(k.AB,t)]
15 D:= D[p~ D(p)<(k.B.1,1)]
16 D:= D[g~ D(q)<(k.B.1L,1)]
18 return D

Fig. 16. Encoding Frontend to Backend Deployments.

into lower-level correspondents in BC, e.g., communications over correlation. We prove that
our encoding guarantees an operational correspondence between the semantics of a Frontend
choreography and its Backend encoding.

Formally, since choreographies in BC have the same syntax of FC ones, we can translate
FC runtime terms D, C to BC runtime terms by encoding the FC deployment D to an
appropriate Backend deployment. Notably, BC deployments contain more information wrt
FC deployment. We extract these data from I'; the typing environment of D, C.

DEFINITION 4.1 (ENcODING FC 1N BC). Let T+ D, C and (D) be defined by the algo-
rithm in Fig. 16. Then, the Backend encoding of D, C is defined as (D)", C.

The algorithm of (D) does:

(1) include in D all (located) processes present in D (and typed in I');

(2) translate the state (i.e., the association Variable-Value) of each process in D to its
correspondent tree-shaped state in D;

(3) for each ongoing session in D, set the proper correlation keys and queues in D and, for
each queue, import and translate its related messages.

More precisely, in the algorithm defined in Fig. 16 at Line 1, we create a new Backend
deployment I and assign to it the totally undefined function (emptyfunc); D is an empty
Backend deployment that will be later refined via the updates on D at Lines 3-16. Then,

— Lines 3-5, for each located process p@l in I', we update the locations of D to contain p
at location 1 (Line 4) and we include process p in D, associating to it an empty state,
i.e., the empty tree @ (Line 5);

— Lines 7-8, for each variable x (typed in I') of a process p, we update the state of process
p in D to include the association of x to its value in the state D(p). As done in Rules
[Plsend] and [Plre], we map FC variables x € Var into BC paths x € Seq(Lab);

— Lines 10-16, follow the same principles to support correlation-based exchanges as for-
malised in Rule Plswl; for each couple of processes p, g, respectively playing distinct roles
A and B in a session k, with q located at L:
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— Line 11, we obtain a fresh correlation key t with auxiliary function fresh. The latter
takes deployment D and location 1 as input and returns a correlation key which is
fresh among the keys associated to location 1l in D. Formally t is such that l: t ¢
dom(DD);

— Line 12, we associate correlation key t with location 1 in D and make it point the
corresponding queue of messages from role A to role B in D (accessed with triple
k[A)B]). Note that we can directly copy message queues from D into D. Indeed, while
message queues in D and D are respectively of type Seq(O x Val) and Seq(O x T),
by definition T subsumes Val;

— Line 13-14, we include in the state of processes p (Line 13) and q (Line 14) correlation
key t, storing it under path k.A.B;

— Line 15-16, we include in the state of processes p (Line 15) and q (Line 16) the
location of role B under path k.B.l.

The encoding from FC to BC guarantees a strong operational correspondence.

THEOREM 4.2 (OPERATIONAL CORRESPONDENCE (FC «+ BC)).
Let T'HD,C. Then:

(1) (Completeness) D,C — D', C" implies (D), C — (DY, C’ for someT’ s.t. T’ +D’,C’;
(2) (Soundness) (D),C — D, C’ implies D,C — D’,C’" and D = (D’)"" for some I'’ s.t.
M+D’,C.

PROOF SKETCH OF THEOREM 4.2. We sketch the proof of Theorem 4.2, analysing its
two parts: (Completeness) and (Soundness). The proof of Completeness is by induction on
the derivation of D, C. The main observation is that the encoded system (D)", C mimics
D, C by applying the same semantic rules on C and corresponding deployment effects (e.g.,
respectively defied by rules [Plsendl and [Plsend]). Let D’ be the Backend environment obtained
from the reduction (D), C — D, C’ on Rule [lswrl. Since Fig. 16 and Rule Plsw] (on which

Rule Plswr] relies) implement the same principles, we know that D and k.A.B( (D’)"" ) will
be the same, except possibly for i) the location of processes and ii) trees of correlation keys
corresponding to the same paths. Concretely, item i) derives from the fact that T and T’
can disagree on the location of the same process p, and item i) is caused by the random
generation of correlation keys, for which, considering a correlation key rooted in k.A.B of a
process p, the trees obtained from k.A.B(D(p) ) and k.A.B( (D’)""(p) ) may differ. However,
these discrepancies do not constitute a problem, since both locations and correlation keys
are used consistently in their respective deployments, which are thus interchangeable.

We can extend the same observation also for Soundness, which is proved by induction on
the derivation of (D)",C. O

5. DYNAMIC CORRELATION CALCULUS

We now introduce the Dynamic Correlation Calculus (DCC), the target language of our
compilation. DCC extends the Correlation Calculus (CC) [31], a formal model for Service-
Oriented Computing that, in particular, formalises the semantic of message exchange of
the Jolie programming language [39], making our theoretical results directly applicable.
However, CC is too simple for our purposes as its processes can be associated to only
one message queue. Contrarily, to properly capture correlation-based messaging of SOC, as
presented in § 4 and modelled in Backend Choreographies, we need single processes to be
able to access an unbound number of queues. To this aim, in DCC we extend the syntax
and semantics of CC with proper primitives to dynamically create and access queues from
processes.

While DCC is a necessary theoretical step to ensure our results, in practice our extension
of CC to multiple queues would be trivial to implement in a new version of the Jolie
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. S = (Bs, P, M)y (srv)
Services | S|s (net)
- 1(x)-
Start Behaviour Bs : 1(x); B (qcpt)
| 0 (inact)
P = B-t
Processes | PP Eng))
Behaviours
B := ?Qe;(e2); B (regst) | > ;[oi(xi) from el {Bi} (choice)
| o(x) frome; B (input) \ 0@61(62) to es; B (output)
| def X B’ in B (def) | if e{B1}else {Bs} (cond)
| v > (newque) | 0 (inact)
| x (assign) | X (call)

Fig. 17. Dynamic Correlation Calculus, syntax.

language. Indeed, the Jolie interpreter implements CC, i.e., it includes the components to
handle correlation and message queues. Since DCC builds on such components, it is trivial
to extend the Jolie interpreter to run DCC programs and, by extension, the compiled
systems in § 6. Finally, we argue DCC to be a proper abstraction for real-world message-
exchange models. Indeed, beside SOC, having multiple message queues per process is a
common feature of other linguistic paradigms, frameworks, and messaging middlewares, as
e.g., in some versions of the actor model [40], where one actor can be associated with many
queues,/mailboxes [41] and in renowned message-exchange middlewares [42; 43].

Syntaz. The syntax of DCC, reported in Fig. 17, comprises two layers: Services, ranged
over by S, and Processes, ranged over by P.

In the syntax of services, term (srv) is a service, located at 1, with a Start Behaviour By
and running processes P (both described later on) and a queue map M. The queue map is
a partial function M : T — Seq(O x T) that, similarly to function g, in BC deployments,
associates a correlation key t to a message queue. We model messages like in BC where a
message is a couple (0,t), o being the operation on which the message has been received,
and t the payload of the message. Services are composed in parallel in term (net).

Concerning behaviours, in DCC we distinguish between start behaviours and process be-
haviours. Process behaviours define the general behaviour of processes in DCC, as described
later on. Start behaviours use term !(x) to indicate the availability of a service to generate
new local processes on request. At runtime, the start behaviour B of a service is activated
by the reception of a dedicated message that triggers the creation of a new process. The
new process has (process) behaviour B, which is defined in By after the !(x) term, and an
empty state. The content of the request message is stored in the state of the newly created
process, under the bound path x. As in Backend Choreographies, also in DCC paths are
used to access process states.

Finally, processes (prc) in DCC consists of a behaviour B and a state t and can be
composed in parallel (par). Process states t are trees and, in Behaviours, operations (o),
procedures (X), paths (x), and expressions (e, evaluated at runtime on the state of the en-
closing process) are all the same as defined for Backend Choreographies (§ 4). Terms (input)
and (output) model communications. In (input), the process stores under x a message from
the head of the queue correlating with e and received on operation o. Dually, term (output)
sends a message on operation o. The three expressions in the term define: e, the location
of the service where the addressee is running; es the content of the message; e3 the key that
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correlates with the receiving queue of the addressee. Term (choice) is an (input)-choice:
when one of the inputs can receive a message from the queue correlating with e on oper-
ation oi, it discards all other inputs and executes the continuation B;. Term (regst) is the
dual of (acpt) and asks the service located at e; to spawn a new process, passing to it the
message in eg. Term (newque) models the creation of a new queue that correlates with a
unique correlation key (in the service hosting the running process). The correlation key is
stored under path x in the state of the process, for later access. Other terms are standard.

Semantics. In Fig. 18, we report the rules defining the semantics of DCC, a relation
— closed under a (standard) structural congruence =p that supports commutativity and
associativity of parallel composition. We comment the rules.

Rules [P<Classign], [P<Clewd, and [PCleond] are standard for, respectively, assignments, procedure
definition, and condition evaluation. Rule [P¢lreql uses equivalence =p on DCC processes to
describe parallel execution and recursion. The rules of =p are reported in the lower part of
Fig. 18.

Rule PInewquel adds to M an empty queue (€) correlating with a randomly generated key
te. The key is stored under path x of the process that requested the creation of the queue.
As in Rule Plswl of Backend Choreographies (see § 4), we do not impose a structure for
correlation keys, yet we require that they are distinct within their service.

Rule IP<lrea] models message reception. Since both (input) and (choice) define receptions
of messages, we consider both cases in the Rule. Indeed, in the first premise of the Rule,
we allow the receiving process to either execute an (input) o;j(x) from e or a (choice)
> ic1[0i(xi) from €] {B;}. In both cases, we obtain the correlation key of the receiving queue
from the evaluation of expression e against the state of the receiving process (t). Then, we
inspect queue map M and check if it has a message in its head received on operation o;. If
this holds, the Rule removes the message from the queue and stores the payload (t,,) under
path x; in the state of the process.

Regarding message delivery, in DCC, there are two output actions: i) (output) used by a
process to communicate with another one and ) (regst) used by a process to require the
creation of a new process in a service. Since in DCC communications can happen within
the same service or between two services, we describe two sets of Rules, either for internal
and inter-service message delivery.

We start from the easier case of internal delivery, defined by Rules [°“linsendl and [Plistart] .
In Rule [Plmsenal a process B -t sends a message into a queue of its hosting service. This
is illustrated by the second premise of the Rule where the location 1, corresponding to the
evaluation of expression e; against the state of the sender process, is the same of its hosting
service. As expected, correlation key t. must point an actual queue of the service. This is
checked by the last premise, which requires t. to be in the domain of queue map M. In the
conclusion of the Rule, we update the content of the queue pointed by t. including message
(0,tm) in its tail. In Rule [P*lmswr] a service accepts the request to create a new process from
one of its local processes. In the conclusion of the Rule, we find the newly created process
Q. The behaviour of the new process corresponds to the one associated with the (acpt)
term of the service (B’). The state of the new process is empty (&) except for the inclusion
of the payload of the request, stored under path x and obtained from the evaluation of e,
against t.

Message delivery between two services is defined by Rules [Plsendl and [PIsar]l. The two
Rules are similar to their respective internal cases, except for requiring the location defined
by the sender (i.e., the one obtained from the evaluation of expression e; against the state
t of the sender process) to match that of the receiving service.

The last two Rules in Fig. 18 are [°Clspal and [P<Isesl and define the (parallel) execution
of networks of services.
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t/ = eval(x,t . ’ o
1) o PCC ] __Brto Bt — P<Cla]
x=e;B-t — B-ta(x,t) def X=B;inB:t — defX=B;inB’-t
i =1 if eval(e, t) = true,i = 2 otherwise P=, Py |P; P, —P] P{|Py=P
- [P€C] cond] 7 [PCCpgq]
if e{Bi}else{By}-t — B;i-t (Bs, P, M), — (B, P/, M);

B=v)x;B t.€dom(M) M'=M]It. > &
(Bs, B-t|P, M), — (Bs, B-ta(x,tc)|P, M),

[PC Inewquel

B e { 0j (Xj) from e; Bj s ZiEI [Oi(Xi) from e] {Bl}}
jel t. = eval(e, t) M(te) = (05, tm) zm
(Bs, B-t|P, M)y = (Bs, Bj-ta(xj,tm) | P, Mlte = ml),

[PCC Recy]

B = 0@Qe;(e2) to e3; B’ eval(e;,t) =1
eval(es, t) =t eval(eo, t) =t t. € dom(M)
(Bs, B-t|P,M); — (Bs, B"-t|P,Mtc = M(tc) = (0, tm)]),

[PCC inend]

B =?Qe;(e2);B” Q =B’ o <(x,eval(es,t))
(Ix);B’, B-t P, M)y  —  (I(x);B", QIB”-t|P, M)y

LDCC ‘ InStart]

B = 0@e;q(e3) to es; B” eval(e;,t) =1 eval(es, t) = t,
eval(eg,t) =t t. € dom(M’) M"” = M'[te = M/ (te) = (0, tim)]
(Bs,B-t|P, M), | (BL,P", M), — (Bs,B”-t|P, M), | (BL,P',M"),,

[PCClsend]

B =?Qe;(e2); B” B.L =l(x);B’ evalle;,t)=1 Q=B’-@<(x,eval(es,t))
(Bs, B-t|P,M), | (B, P", M");, — (Bs, B”-t|P, M) | (B;,QI|P/, M),

LDCC ‘Start—‘

’ S= S S =S S/=S§
535 [PCCspar] L ! ! 1 =0 [PCC|sEq]

SISt —» SIS S — 5

def X=Bin0-t =, 0-t P|Pl =p P/|P (P1|P2)|P3 =p P1|(P2|P3)
P =, P|0-t def X=BinX-t = def X=BinB/X-t S|S" =, SIS
(S11S2) [S3 =p S11(S21S3)

Fig. 18. Dynamic Correlation Calculus, semantics.
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Fig. 19. Scheme of compilation from Frontend Choreographies to Dynamic Correlation Calculus.

6. COMPILING FRONTEND CHOREOGRAPHIES INTO DCC PROCESSES

We now present our main result: the correct compilation of Frontend Choreographies into
networks of services and their related processes in the DCC language. As we argued in
§ 5, the compiled DCC processes are directly executable by a modified version of the Jolie
interpreter, supporting the same primitives that DCC adds to the Correlation Calculus. We
depict in Fig. 19 a schematic representation of the steps involved in the compilation from
FC to DCC programs. Concretely, given an FC program D, C and its typing environment
I, our compilation procedure consists of three steps:

® the encoding of the Frontend deployment D to a Backend deployment D = (D), whose
definition is provided in § 4.1;

the projection of choreography C into a parallel composition of choreographies, each
defining the behaviour of a single active or service process in C. The projection at step
is called Endpoint Projection and is presented in § 6.1;

(© the actual compilation of the Backend choreography, obtained pairing the outputs of steps
® and (®), into a network of corresponding DCC services and their located processes.
We present the compilation at step (© in § 6.3.

The division in three steps makes the definition of the compilation process, and its related
checks for correctness, simpler. In particular, they ease the extraction of the behaviour of
a single process (step ®) from the source Frontend choreography and of its state (step @)
from the source Frontend deployment. In the remainder of this section, we detail step ®),
we define how we pair the outputs of steps & and step B) and its properties, and finally we
describe the last step (© and the properties of our main contribution.

6.1. Step ®: Endpoint Projection

Given a choreography C, its Endpoint Projection (EPP), denoted [C], returns an
operationally-equivalent composition of Endpoint choreographies. Intuitively, an Endpoint
choreography is an FC choreography that does not contain complete actions — i.e., terms
(start) and (com) — and that describes the behaviour of a single process. We remind that
a Frontend choreography can contain two kinds of processes: active processes which are
already running, and service processes which accept requests to create new active processes
at their respective associated location 1. As detailed later on, our EPP procedure projects
Endpoint choreographies on all processes, both active and service ones.

Our definition of EPP is an adaptation of that presented in [16] and it is divided into two
components:

— a process projection that derives the Endpoint choreography of a single process p from a
given choreography C, written [C] ;

— the actual EPP of a given choreography C, which results into the parallel composition
of:

— the process projections of all active processes in C;
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req k: plA] <=> 1B;[C], ifr= p
acc k: Lr[C]; [C], if L.r[C e{lq 1}
[Cl, otherwise

{k-p[]e>Bo-[[C]} ifr=p
{
{
{

[start k: p[A] <= Lq[B]; C],

k:A—>q [C], ifr=gq
[cl, otherwise

[k:plAl.e — q[Bl.o(x); C], =

acc k: Lr[C]; [C], if L.r[C] € {l.q[B]}

[ace k: Lq[BJ; C], ~\C] otherwise

req k: p[A] <= UB;[C], ifr=p

[[req k: plA] <> L.B; Cﬂr = €] otherwise

k:plAl.e —>B.o;[C], ifr=p

[k:plal.e — B.o; C], - ICl, otherwise

[def X =C"in C],

def X =[C’], in [C],

[X1. =X
) _ [if p.e{[C1],} else {[Cs],} ifr=p
[if p.e {Ci} else {Co}], = {[[Cﬂ]r U [Ca], otherwise

_ k:A —> q[Bl.{oi(xi); [[CL]] }161 ifr=q
[[k A —> q {O‘L(Xl 1}1€II| - {I_liel [[Cl]]r otherwise
[Ci | Ca], =[G, T [Cl,
[o], =0

Fig. 20. Frontend Calculus, process projection.

— the process projections of all service processes in C, with the exception that we merge
into the same Endpoint choreography all process projections of service processes that
accept requests at the same location.

In the next paragraphs, first we present process projection and next the actual Endpoint
Projection.

Process Projection. Let us start the definition of process projection by formalising End-
point choreographies.

DEFINITION 6.1 (ENDPOINT CHOREOGRAPHIES). Given a Frontend choreography C. If
either:

— C =acc k: 1.q[Bl;C’, and q is the only free process name in C’;
— C has only one free process name.

then C is an Endpoint choreography.

The process projection of a subject process p in a choreography C, written [[C]]p, returns
the Endpoint choreography obtained following the rules defined in Fig. 20.
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Process projection follows the structure of the source choreography. We briefly comment
the rules in Fig. 20, from top to bottom.

We start with the complete actions (start) and (com) which, if participated by the subject
process, are projected into proper partial terms. When projecting a (start) action, if the
subject process is the active process p, we project a (req). If otherwise the subject process
is one of the service processes in g, we project an (always-available) (accept). Similarly,
when projecting a (com) action, if the subject process is the sender or the receiver in the
interaction, we respectively project a (send) or a (recv). Partial actions (acc), (req), and
(send) are projected verbatim, except for (acc) terms, which define the availability of only
the subject process.

When projecting a (rec) term, we project both the body of the procedure (C’) and the
choreography C. This is safe even if r does not take part into the body of X, indeed, in that
case, the projection of C’ is just an (inact) term. As a consequence, we can safely project
(call) terms verbatim.

The projections of conditionals and receptions are peculiar. Indeed, we project a condi-
tional verbatim if the subject process evaluates the condition; for all other processes, we
merge their behaviours with the merging (partial commutative) operator LI, defined by the
rules reported in Appendix (Fig. 23). C U C’ is defined only for Endpoint choreographies
and returns a choreography isomorphic to C and C’ up to receptions, where all receptions
with distinct operations are also included. We use LI also in the projection of (recv) terms,
where we require the behaviour of all processes not receiving the message to be merged.

Finally, when projecting two choreographies in parallel we return the parallel composition
of their respective projections, while (inact) is projected verbatim.

We conclude the paragraph with the formal definition of process projection.

DEFINITION 6.2 (PROCESS PROJECTION). [C], is a partial homomorphism from Fron-
tend Choreographies to Endpoint Choreographies, inductively defined by the rules in Fig. 20.

Endpoint Projection. We can now proceed to define our Endpoint Projection.

In the definition below, we use the grouping operator |C],, which returns the set of all
service processes accepting requests at location 1. We report in Appendix (Fig Fig. 24) the
rules that inductively define |C],.

DEFINITION 6.3 (ENDPOINT PROJECTION). Let C be a Frontend choreography. The end-
point projection of C, denoted by [C], is defined as:

[cl= I e, II{ | fe1,

p € fp(C) L p € C],

(i) (i1)

Commenting Definition 6.3, the EPP of a Frontend choreography is the parallel com-
position of two kinds of Endpoint choreographies: (i) Endpoint choreographies that are
the process projection of active processes p € fp(C) and (i¢) Endpoint choreographies that
are the merge (L) of the process projections of all service processes available at the same
location 1, i.e., p € [C];.

Example 6.4. As an example of Endpoint Projection, let C be the choreography at Lines
5-9 of Example 1.1 (for convenience, we report the mentioned snippet of code in the lower
part of Fig. 21). The EPP of C, [C], is the parallel composition of the process projections
of processes ¢, s, and b, i.e., respectively [C]., [C],, and [C],. As per Definition 6.3, [C] =
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[C], = if b.confirm_pay(cc, order) {

k:b[B] —> C.ok; k:b[B] —> S.ok [C]. =k:B —= c[CL.{ 0k(), ko() }
}else
k:b[B] —> C.ko; k:b[B] —> S.ko [Cl, = k:B —= s[S]{ ok(), ko() }

}

C = if b.confirm_pay( cc, order ){
k:b[B] —> c[C].0k(); k:b[B] —> s[S].ok()
}else{
k:b[B] —> c[Cl.ko(); k:b[B] —> s[S].ko()
}

Fig. 21. Example of Endpoint Projection of Lines 5-9 of Example 1.1 (reported in the lower part.)

We report in the top half of Fig. 21 the projections [C]., [C],, and [C],. The example
is useful to illustrate that the projection of the conditional is homomorphic on the process
(b) that evaluates it. The projection of a (com) term results into a partial (send) for the
sender — as in the two branches of the conditional in [C], — and a partial (recv) for the
receiver — as in [C]. and [C],. Note that the EPP merges branching behaviours: in [C].
and [C], the two complete communications are merged into a partial reception on either
operation ok or ko.

6.2. Properties

We conclude this section presenting the guarantees provided by the Endpoint Projection
wrt to the source Frontend choreography, as formalised in Theorem 6.6. Before presenting
Theorem 6.6, we update the definition of the rule of process projection reported in Fig. 20
for (rec) terms. Indeed, applying the rule below

[def X=C"inC], = defX=[C'], in [C],

in the EPP we could obtain more than one procedure with the same identifier, which could
prevent the EPP from being typable (according to the typing rules defined in § 3, we cannot
have in I" two definition typings on the same identifier). We tackle the issue by updating the
rule in Fig. 20 for (rec) terms so that it guarantees the coherent usage of different definition
identifiers for different processes:

[def X=C"inC], = defX,=[C'[X,/X]], in [ CIX,/X] ],

The update is safe as, by assumption, we consider well-sorted Frontend Choreographies
where definitions always precede recursive calls.

We also introduce the notion of pruning (as defined in [13]) where, < specifies an asym-
metric relation between two choreographies C and C’, written C < C’, in which C prunes
some unused accepts and receptions of C’. To give a formal definition to our pruning rela-
tion, we present the two concepts of subtyping of typing environments and minimal typing
system. Below we just give the intuition on both concepts, which are formalised in the
Appendix:

— given two typing environments I' and I'’; T' is a subtype of T, written I' < '/, if T is
identical to I'" up to i) some local and global types that are more constrained in I' than
in T’ and %) some service typings present in I'’" and not present in I'. We report the
formal definition of T' < T’ in Definition B.3,
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— the minimal typing system I' 3, C uses the minimal global and local types to type
sessions and services in C. We report in § B.3.1 the formal definition of minimal typing.

We can finally formalise the pruning relation.

DEFINITION 6.5 (PRUNING). Let T bypin C and T bpin C/, if T' < T then C prunes C’
under T, written T Fpn C < C/, or C < C’ for short.

The shortened form C < C’ is similar to [13], where the authors underline that that it
does not lose any precision since it is always possible to reconstruct appropriate typings.
The pruning of C’ by C means that C omits unused inputs and service processes present
in C’. The < relation is thus a strong bisimulation since C < C’ means that the two
choreographies have precisely the same observable behaviours, except for the receive actions
at pruned receptions and unused available service processes.

We can now write the statement of our EPP Theorem.

THEOREM 6.6 (EPP THEOREM).
Let D, C be a well-typed Frontend choreograph. Then,

(1) (Well-typedness) D, [C] is well-typed.
(2) (Completeness) D,C — D', C’ implies D, [C] — D’,C"” and [C'] < C".
(8) (Soundness) D,[[C] — D’,C"” implies D,C — D’,C’ and [C'] < C".

We report in § B.3 the proof of Theorem 6.6.

6.3. Step (©: From Backend Endpoint Choreographies to DCC

This is the last step of our compilation process, where, given a parallel composition of
Backend Endpoint choreographies, we obtain a network of DCC services that faithfully
follow the semantics of the source choreography.

Given a Backend deployment D, a parallel composition of endpoint choreographies C, and
a typing environment I', we write r to indicate the compilation of D, C under T into
DCC.

To formally define [D, C|', we use some auxiliary functions:

— (] returns the endpoint choreography in C correspondent to the service process accept-
ing requests at location 1 (e.g., C|; = acc k: L.p[a]; C");

— C\p returns the endpoint choreography in C correspondent to process p;

— [C]";, given a single endpoint choreography C and a typing environment T, compiles C to
DCC, using the rules in Fig. 22;

— 1 €T, a predicate satisfied if, according to I', location 1 contains or can spawn processes;

— DI, returns the partial function of type T — Seq(O xT) that corresponds to the projection
of function g, in I with location 1 fixed. Formally, for each t such that D(1: t) = m,
D, (t) = m.

DEFINITION 6.7 (COMPILATION). Let D be a Backend deployment, C a parallel compo-
sition of endpoint choreographies, and given the typing environment T’

D.qr = 11 <E H()F-D(p), D1>
Lerm peED

1

Intuitively, for each service (Bs, P, M), in the compiled network: i) the start behaviour B
is the compilation of the endpoint choreography in C accepting the creation of processes at
location 1; ) P is the parallel composition of the compilation of all active processes located
at 1, equipped with their respective states according to D; ii7) M is the set of queues in D
corresponding to location L.
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Let p@Ql’ €T, |req k: p[A] <—> 1.B; C|r = start(k, 1.4, T.B);[C]"
- VIKLA ;
start(k, 1,.A, [3.B) = kLl=1 ;@ 2@k.Ll(k) ; ;@ start@k.L1(k) to k.A.I
Te(a5) e \ sync(k) fromk.LA | 55
sy s2 $3
Let le LT €T, [acc k: Lq[Bl; C| = accept( k, B,T(1) );[C",

accept(k, B, G(A[C|D)) = !(k) ; @ (v)k.l.B);sync@k.A.l(k) to k.B.A; start(k) from k.A.B
1€{A,C}\{B}

~———

ai az as aq

[k:p[Al.e —> B.o; C|" = 0@k.B.1(e) to k.A.B;[C]"

[k:A —> q[B]{oi(xi); Ci}ier|"

Y [oi(x:) from k.A.B] {[C{]" }

iel

if e {r} else {r}
[def X=C"in CJ" def X =[C/]"in[C]"
XJr =X

o] =0

Fig. 22. Compiler from Endpoint Choreographies to DCC.

|if p.e {C1} else {C2}|r

We comment the rules in Fig. 22, where the notation (+) is the sequence of behaviours
Oienn(Bi) =Bi;...;Bn.

Requests. Function start defines the compilation of (req) terms. Function start compiles
(req) terms to create the queues and a part of the session descriptor for the starter (this
is similar to what Rule PPlsw] does in Backend deployment effects, § 4). Given a session
identifier k, the located role of the starter (1,.A), and the other located roles in the session
(13.B), start returns the DCC code that:

sy includes in the session descriptor all the locations of the processes involved in the session;
sy for each role, except for the starter,
— creates the key and the correlated queue that the current role will use in the session
to communicate with the starter;
— requests the creation of the service process that will play the current role in the
session;
— waits on the reserved operation sync to receive the correlation data for the session
defined by the newly created process.
s3 sends to the newly created processes the complete session descriptor obtained after the
reception (in the sync step) of all correlation keys.

Accepts. (acc) terms define the start behaviour of a spawned process at a location. Given
a session identifier k, the role B of the service process, and the service typing G(A|C[D) of
the location, function accept compiles the code that: (a;) accepts the request to spawn a
process, (az) creates its queues and keys, updates the session descriptor received from the
starter, and sends it back to the latter (a3). Finally with (a4) the new process waits to start
the session.
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Other terms. An Backend (send) term compiles to a DCC (output) term. Notably, the
compiled code contains the same elements used by the semantics of BC to implement cor-
relation, i.e., the location of the receiver (k.B.l) and the key that correlates with its queue
(k.A.B). Similarly, (recv) compiles to (choice), which defines the path (k.A.B) of the key
correlating with the receiving queue.

Example 6.8. As an example of compilation, we compile the first two Lines of the chore-
ography C in Example 1.1, considering a deployment D and a typing environment I

F: <0’PC>1C | <8570>15 I <BB70>LB

where
kSl=1s; kBl=1l; v)kS.C; ?@k.S.l(k); sync(k)fromk.S.C;
P v)k.B.C; ?@k.B.l(k); sync(k) fromk.B.C; start@k.S.1(k) to k.C.S;
€ ) start@k.B.l(k) to k.C.B;  /# end of start-request */
buy@k.S.l(product) to k.C.S;
and

X v)k.CS; v)k.B.S; sync@k.C.l(k) to k.S.C;
$ 7\ start(k) from k.C.S; /* end of accept */  buy(x) fromk.C.S;

We omit to report Bg, which is similar to Bg.

6.4. Properties of Applied Choreographies

We conclude this section by presenting our main result, i.e., a compiler from Frontend
Choreographies to DCC network and its properties.

In our definition, we use the term projectable to indicate that, given a choreography C,
we can obtain its projection [C]. Formally

DEFINITION 6.9 (PROJECTABLE CHOREOGRAPHY). Let C be a choreography, we call C
projectable if there is a choreography C such that C' = [C].

Theorem 6.10 defines our result, for which, given a well-typed, projectable Frontend
Choreography, we can obtain its correct implementation as a DCC network. Such result is
obtained by merging the properties of steps @), ®, and ©.

THEOREM 6.10 (APPLIED CHOREOGRAPHIES).
Let D, C be a Frontend Choreography where C is projectable and T'+ D, C for some I'. Then:
(1) (Completeness) D,C — D', C’ implies

|<<D>>'H,[[C]]|r—fr |<(D’>>r/,(:”r and [C'] <C” and for somel’, "+ D’ C’

(2) (Soundness) (DY, [C]|"—* S implies

7

r/
D,C —*D’,C" and S—*|(D')", C” and [C'] <C” and for someT’, T'+D’ C’

We report in § B.7 the proof of Theorem 6.10.

By Theorem 3.10 and Theorem 6.10, deadlock-freedom is preserved from well-typed chore-
ographies to their final translation in DCC. We say that a network S in DCC is deadlock-free
if it is either a composition of services with terminated running processes or it can reduce.

COROLLARY 6.11. T'H D, C and co(T") imply that |D, [C] M is deadlock-free.
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7. RELATED WORK AND DISCUSSION

This is the first work that formalises how we can use choreographies in the setting of a
practical communication mechanism used in Service-Oriented Computing (SOC), i.e., mes-
sage correlation. Previous formal choreography languages specify only an EPP procedure
towards a calculus based on name synchronisation, leaving the design of its concrete support
to implementors. Chor [23] and AIOCJ [24] are the respective implementations of the mod-
els found in [14] and [26]. However, the implementations of their EPP depart significantly
from their respective formalisations, since they are based on message correlation instead of
name synchronisation. This means that there is no proof that the implementation strategies
followed in these languages correctly supports synchronisation on names. Implementations
of other frameworks based on sessions share similar issues [28; 44; 25]. Our work gives the
first correctness result for the compilation of choreographies to real-world language, thus
providing a useful reference to formalise the implementation of session-based languages in
general. In the future, this line of work may pave the way to establishing certified choreog-
raphy compilation.

We believe that our approach can be easily applied to many models that use choreogra-
phies and sessions (or channel-based communications), including those designed around
(variants of) the 7r-calculus [13; 14; 16; 15] and those based on linear logic [20; 45].

Our development shows that it is possible to keep a simple language model as frontend,
allowing developers to abstract from how sessions are concretely implemented. Neverthe-
less, our Frontend Calculus is expressive, as illustrated by our examples, and recent studies
have shown that choreography languages such as this are Turing complete [46]. There are
many works that investigate how to introduce different features to choreographies, which
we have not studied here and leave to future work. Examples include nested protocols [47],
asynchronous two-way exchanges [20], and general recursion [48]. These features are orthog-
onal to our development, so their inclusion should be straightforward. A more interesting
feature to add may be session delegation for choreographies [14; 15]. Delegation allows to
transfer the responsibility to continue a session from a process to another. Introducing del-
egation in FC is straightforward, since we can just import the development from [14; 16].
Implementing it in BC and DCC would be more involved, but not difficult: delegating a
role in a session translates to moving the content of a queue from a process to another, and
ensuring that future messages reach the new process. The mechanisms to achieve the latter
part have been investigated in [28], which use retransmission protocols. Formalising these
“middleware” protocols and proving that they preserve the intended semantics of FC could
be an interesting future work.

In the semantics of BC, we abstract from how correlation keys are generated. With this
loose definition we capture several implementations, provided they satisfy the requirement
of uniqueness of keys (wrt to locations). As future work, we plan to implement a language,
based on our framework, able to support custom procedures for the generation of correlation
keys (e.g., from database queries, cookies, etc.).

8. CONCLUSIONS

In this paper, we presented i) our model of Applied Choreographies (AC), i) a type system
to check AC against multiparty protocol specifications, and i) a formally-correct compiler
to obtain executable code from choreographies. The main novelty of AC regards its original
semantics that abstracts the features of choreographies (message passing, creation of new
sessions and processes) from their implementation (and the related complexity). To this end
we 1) equip choreographies with a global deployment and i) define a separate semantics of
effects on deployments. This separation allows us to compose our semantics of choreogra-
phies with other definitions of deployment and effects in order to model different communi-
cation semantics (e.g., synchronous, asynchronous with buffers) and implementations (e.g.,
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distributed objects [49]). The notion of deployments let us formalise how choreographies can
go wrong (see § 3.3) and show that the theory of session types is useful not only to type com-
munications on choreographies ([14; 16]) but also to check the correctness of deployments.
It is worth noting that, except for the declaration of locations, AC has the same types and
syntax from previous works [14; 16], hence developers have only to specify protocols and
choreographies and do not need to deal with deployment information or correlation data.

We have already mentioned some short term future work in the previous section. More
long term projects include the investigation of compilation of Applied Choreographies to
other target languages of more general use, which go beyond service oriented programming,
notably Erlang and Scala+Akka. Clearly this would be a major development, since the
actor-based concurrency and message passing of these languages are substantially different
from that one of Dynamic Correlation Calculus that we have considered in this paper.
Nevertheless we believe that ... . Another ambitious goal is the application of our research to
the Internet of Things (IoT) setting. IoT promotes the communication among heterogeneous
entities — which use a wide range of communication media and data protocols — whose
integration result in a cumbersome low level programming activity. To achieve a higher
degree of interoperability [50] proposes the use of high level languages for communication
technology integration in IoT. In particular, an extension of Jolie is introduced [50] which
natively integrates the two most adopted protocols for IoT communication (CoAP and
MQTT). We plan to take this approach further by developing a suitable version of Applied
Choreographies, specifically designed for IoT applications, which can then be compiled to
the Jolie extension mentioned above This would allow one to import in the IoT field the
correct-by.construction approach, with the formal correctness of compilation that we have
developed in this paper.
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A. ADDITIONAL MATERIAL

In this section, we provide full definitions of formalisations omitted in the main part of the
paper.

A.1. Typing

DEFINITION A.1 (LIST SUBSET). Let ¢ be the empty list and N, M be two lists of ele-
ments 1 of the kind N:z=c¢|n,N’, the predzcate N C M holds sz M =¢ or, assuming
N=n,N" and M =m,M’ eithern =m and N’ C M’ or N C M.

DEFINITION A.2 (ORDERED JOIN OPERATOR). Let N, L, and M be three lists of ele-
ments as defined in Definition A.1, the ordered-join operator N i N is defined as
Noae M = ¢ o
) ) N M ifl~¢NU~M
N g M= ¢LN g M if N=1,N’
LN>; M/ if M =1,M/

A.2. Compiling Frontend Choreographies into DCC Processes
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acc k: L.p[A]; C; U

acc k : LqlAl: Cs acc k: L.p[A]; (C; U Co)

req k: p[A] <=> T._P:; Ci U
req k: q[A] <=> ﬁ; Co

req k: p[A] <=> 1B; (C; U Cy)

k:plAl.e —>B.o;C; U . | )
Kiqlle—~Bo Cy = k:p[Al.e —> B.o; (C; U Ca)

{ 0i(x1); Ci henyg
= k:A—>p[Bl. ¢ U {0i(xq); C{ hiepun
U { 0i(x1); Ci U CY{ Hierng

k:A—=> p[Bl.{ 0i(x1); Ci }ier U
k:A—=> q[Bl.{ 0j(xj); C{ }jej

if p.e {C;} else {C{} U

_ 2 / li
if qe {Co)else {C)} if p.e {C; U Ca} else {C{ L CS}

def X=C{inC; U

J— — / A
def Y =C} in Cy =def X=CUC3in C UGy

Xuy=X

oOouo0=0

Fig. 23. Merging Function
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Lstart k: p[D] <> l.q[B]; CJ1 = Lacc k: lL.q[Bl; CJl
= _ [{u[C), ifLr[A] €{ lq[B] }
Lacc k: LaBl CJ[ a {LCJl l otherwise
n; CJy = [C|y ifn# (start)
Lif p.e {Cl} else {CQ}J[ = LClJL U LCQJL

ldef X = C’ in CJ, |C'] U [C],

I.XJI =g
|_0J1 =0
[C1 | Caly =[G U [Ca)y

Fig. 24. Service Grouping
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B. PROOFS
B.1. Proofs of Subject Reduction and Session Fidelity

In order to prove Subject Reduction (Theorem 3.6), we prove the stronger result of Typing
Soundness, defined in Theorem B.10. We use Theorem B.10 to also prove Session Fidelity
(Theorem 3.8).

In order to define and prove Theorem B.10, we provide additional definitions and lemmas,
in particular:

— we define an annotated semantics for FC (§ B.1.1) to track reductions on sessions;

— we define subtyping (§ B.1.2) for local types and for typing environments. On these
definitions we prove lemmas used to relate evolutions of the typing environment wrt
reductions in choreographies;

— we define an annotated semantics for global types (§ B.1.3) and prove Lemma B.7, guar-
anteeing that global types and local types in the typing environment evolve accordingly.

Finally, we proceed to prove Typing Soundness (§ B.1.5) and consequently Subject Re-
duction and Session Fidelity.

B.1.1. FC Annotated Semantics. We define the semantics of annotated FCs by marking tran-
sitions with the name of the session whose term has reduced. We annotate other reductions
as T. We range over annotated labels with

f == kiA—Bo | k:A)Bo(x) | T

We report the annotated semantics of FC in Fig. 25. Intuitively, we mark reductions
over a session k with k:A —> B.o for message sends ([%lsendl and [lcoml) and k : A)B.o(x) for
receptions ([Clreal).

B.1.2. Local Types and Typing Environment Subtyping. We define a subtyping relation on local
types following [51; 13; 16]. We write the subtyping relation as T’ < T, which intuitively
indicates that T’ is more constrained than T in its behaviour. Note that, like in [13; 16], the
input type is covariant and the output type is contravariant for this relation.

DEFINITION B.1 (LOCAL SUBTYPING). We define the subtyping relation between local
types as T' < T, which is the smallest relation over closed local types, satisfying the rules

T <T' TaT" JCI Vie]|Ti<T/ A U =<Uf
; (54T ] ' ; ; [SubT |send]
T<T IA{oi(Ui); Tikier < 'A{oi(U{); T/ }iey
I1C Viel | Ti<T/ N U < U ~
— ] | ks L 7 s 7 ! LSUbT‘Recv-l LSUbT|VaI] M LSUleE"d]
?A{oi(Ui); Tikier < ?A{0:(U{); T hiey u=<u end < T

In Rule B*7le], T < T’ if there exists a local type T”, subtype of T, such that T =~ T",
i.e., T” approximates T, ~ being the standard tree isomorphism on recursive types.

Although not directly relevant in the current proof, we also define the subtyping for
global types G < G’, which intuitively follows that of local ones. Subtyping for global
types is used in the definition of Environment subtyping. The relation between subtyping
of Environments and of global types (in service typings) will become relevant when proving
properties of our Endpoint Projection (see § B.3). Our definition of subtyping for global
types follows [16].
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D#k/,v b =start k’: p[A] <> l.q[B] D,56» D’

LC |Start]

D, start k: plA] <> LqB:;C - D’, CIk'/K[F/d]

n=xk:plAl.e—>B.o D,np» D’

k:A—>B.o
D,n3;C — % D', C

[Clsend]

jel D,k:A—>q[Bl.oj(x;) » D’
k:A)B.Oj(X])
D, k:A—> q[Bl{oi(xi); Ci}ietr —— D', G

LC ‘ Recv‘l

i=11if eval(e,D(p)) = true, i =2 otherwise Clewd]
Cond

D, if p.e{Cq} else {Cs} 5 D, C;

B
D,C; — D/7 Cll

[Clew]

B
D,def X=C2inC; — D’,def X=Cyin C}

B
Re{=,~} CRC, D,C; —D,C, CRC

LC ‘ Eq“

D,C D, C’

D,C, D’,C!

€ lparl

I=|l= |=

D,C | G D', C1 | Co

ie{l,...,n} D#k', ¥ {UB} = Y, {Ti Bi} {7} = U}
peD(1) b =start k’: p[A] <=> L1.r1[B1],..., ln.rn[Bnl D,5» D’

D,req k: p[A] <=> 1B;C | IL (acc k: L.qi[Bil; Ci) l)
D', CIk'/kl | TT; ( Cilk'/KI[Fi/ail ) | TT; (ace k: li.qilBil; Ci)

[Ipstart]

Fig. 25. Fronted Choreographies, annotated semantics.

DEFINITION B.2 (GLOBAL SUBTYPING). G < G’ is the smallest relation over closed
global types satisfying the rules below

Ig] Viel, Gi‘<Gi/ /\U1<U{

[SubG| com]
A —>Boi(Ui); Gikier < A —> B{oj(U); Gljej ‘
U<UW GG .
A)B.o(U); G < A)B.o(U'); G’
G"<G' (G"~G V G"~G) 4~ G
<o bl =G e

Finally, we define a subtyping relation between Typing Environments. Intuitively I' < T
means that I’ and ' are identical Typing Environments up to a) some local and global
types that are more constrained in I' — i.e., subtypes of a correspondent global/local type

— than in T’ and b) some service typings not present in I'.
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DEFINITION B.3 (TYPING ENVIRONMENT SUBTYPING). Let T and T’ be two typing en-
vironments, where I'' =T" Ty , for which dom(T") = dom(T""") and T} contains only service
typings. Then, T' < T’ if and only if

(i) Vpx:UeT, IMEpx: U

(i) VX:Terl, M X: T

(414) V p: k[A] €T, I'Fp: k[A]

(iv) VpQleT, I+ p@l

(v) Vk[ )BJ: TEF, I+ k[A)B]: T

(vi) VKIA]: TeT, Ik k[A] T and T< T’
(vit) Vl G(ABIC) e T, T’ +1: G'(ABIC) and G < G’

Commenting the definition, the subtyping relation for typing environments states that
an environment I" is a subtype of an environment ' if

— they type the same variables (i), procedure definitions (%), role ownerships (74), process
locations (iv), and buffers (v) and they agree on their judgements;

— they type the same local sessions (vi) and the local type in T' is a subtype of the local
type in T';

— if they type the same service (vii) (note that I'’ is allowed to have additional service
typings wrt I') and the global type in I is a subtype of the global type in T'.

In Lemma B.4 we prove that if ' < T'” and T" types a running choreography D, C also T’
types that choreography.

LEMMA B.4 (SUBSUMPTION). Let ' < T/ and T+ D, C for some D,C then T’ + D, C.

PrOOF. The proof is immediate by Definition B.1 and Rules [Tlrel, [Mlsendl, and [Mlcoml.

Intuitively, the lemma holds since the local typings in ' allow for additional, unused actions
inD,C. O

We also prove Lemma B.5 which guarantees that the typing of choreographies (C) is
invariant wrt buffer types.

LEMMA B.5 (BUFFER TYPES INVARIANCE). Let ' =T’ Ty, where I, contains only buffer
typings. If T' = C then T - C.

PROOF. Trivial from the definition of Rule [Tlocl and T - C for which buffer typings affect
only predicate pco and the typing of deployments. O

B.1.3. Reductions for Global Types. We annotate the reductions of global types with labels
Y = A—>B.o | A)B.o
and report below the correspondent annotated semantics.
ocUfoi} G ="ElG
Uslou ot (6 lsend] 16 lRecy]

A—>B.o A)B.o
®as{o;(U))}, G —+ G’ AMB.o(U);G —— G

Rel=g~) GRG G 5G| G|RG

LG ‘Eq.l
Y
G — G’
In Lemma B.6 we account for the fact that any output reduction at the level of global types

can constrain the projected local types of the roles not involved in the reduction. Indeed,
referring to Rule [Slsend], the output operation chooses one of the available continuations G’
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and discards all the others. Therefore the local types of the other roles not involved in the
reduction can be constrained by the removal of the unused branches.
LEMMA B.6 (PROJECTION SUBTYPING). Let T = [G];, T' = [G']., and {A,B,C} C
A—>B.
roles(G), C ¢ {A,B}, then G # G’ implies T' < T.

N
PROOF. Easy by induction on the derivation of G — G’. O

B.1.4. Typing Environment Reductions. We define a reduction relation for typing environ-
ments. To do so, we first formalise the writing k & T', which means that " has no local
typing and buffer types for session k, formally, for some local types T and T’

kgl <= PABst. k[Al: Tl VKAB:T €T

Finally, we formalise the reduction relation for typing environments of the form I' — T,
— being the smallest closed under the rules below. Note that the annotation labels are a
subset of the labels used to annotate the semantics of FC, ranged over by f3.

A —>B.oj

K¢l TN C[G], {kMAl:T,kB:T}el jel G— G

" send
kA—>B.o L lsenal

P\ e~ T {Kle): [G] | Kle] € T, (Kic)pl: [G']; | Kic)p) € i
Kgr ToClGl, (A:T,KE:T} el Thq kB G

:A)B.oj (x)
P — 200 el [67] | KIG € T (KIO)D): [G']E | KIGD] € Tl qx: U

LF | Recv-‘

With slight abuse of notation, we also write 3x to mark reductions of I' on session k, i.e.,
By € {k:A—>B.o, k:A)B.o(x)}.
We define the correspondence operator G.c. () between p and y labels:

A—>B.o if By =k:A—>B.o

Gact(Bk) = {A>B.0 if Bk =k: A)B.O(X)-

In Lemma B.7 we prove that if a typing environment I' includes local types that are
projection of a global type G, then if the global type can reduce, also the typing environment
can reduce. The reduction preserves the correspondence between the reduced global type
and the reduced local types in T'.

LEMMA B.7 (TYPE-ENVIRONMENT FIDELITY). Let I' = T, [G], for some I, k & T,

Gact (Bx) B
and G —=""5 G’ then T —= T and for some T, k¢ T, T"=T/[G'].

PRrROOF. Direct by cases on the derivation of I'. O

B.1.5. Proof of Typing Soundness. We also report Lemmas B.8 and B.9 that prove that typing
is invariant wrt structural equivalence and swapping.

LEMMA B.8 (SuBJECT CONGRUENCE). ' D, C and C =¢ C’' imply ' - D, C’ (up to
a-renaming)

PROOF. By induction on the rules that define =¢;. O
LEMMA B.9 (SuBJeEcT SwaP). I'=D,C and C ~¢ C' imply '+ D, C’
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PROOF. By induction on the derivation of C ~; C'. O

Below we restate the definition of Deployment Judgements enriched with pointers of the
kind (DX.Y) for a clearer referencing in the proofs.

Definition 3.2 (Deployment Judgements)
N-D

F, p).x

(D|3.2.1) ¥V pxe€ (
V k[A)B] : EF/\D( [A)B]) =, bte(A,m)=T

(D|3.2.2)

Finally, we prove Theorem 3.6 by proving the stronger result Theorem B.10.
In the proof, we use the context over global types G[-], defined as

G[] == A—>B{oi(Ui); GL1h
| @As.{oi(Ui)}; Gl
| &aB{oi(Ui); Gl et
| A)B.o(U); Gl

We can now proceed to define and prove Theorem B.10.

THEOREM B.10 (TYPING SOUNDNESS). Let D,C be an annotated FC and (T/B.10.1)
' D,C for someT:

B B
Cif (TB.10.2) B # T and D,C — D', C’ then (T/B.10.8) T — T' and (T/B.10.4) T’ F
D’,C’;
. if (T/B.10.5) D,C — D', C’ then, for some ", (T|B.10.6) T' D', C".

B
PROOF. Proof by induction on the derivation of D,C — D', C’.

Case [Clsend]
The case is:

n=k:plAl.e —B.o; D,n» D’

k A—>B.oj
D,nC — % D, C

Where (T|B.10.2) has the reductum C’ = C and, let v = eval(e,D(p)) and m =
D(k[A)B]), D’ = ng[A>B] — 1z (05,v) | by Rule Plsen.
To prove (T|B.10.3) we must prove Rule [lsendl to be applicable.
From (T|B.10.1) we know that there exists a global type G for session k such that pco(I")
holds. We can partition I' =T, T such that I, =T\ [G], and I =T\ T,.
From (T|B.10.1) we can write the derivation (with I' = I, k[A]: & B{oi(Wi); [Gi],tier )

[lsend]

jel Tibp:kiAl Nkpel; Ty kAl [G],FC
peo(l) THFHD ', k[A]: @ Bfoi(U;); [Gill}ier F k:plAl.e —> B.oj; C
I'FD,k:plA }.e—> B.oj; C

I_T ‘Send-‘
[Mocl

Since I' - k[A]: @ B.{oi(U;); Ti}ie1, we can write G = G[A —> B.o;(U;); Gi] where V1 € I,
[Gil, = Ti. Let 7 be the reduction of G with rules [°leal and [Slsend], we observe the followmg
derivation:
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oi € Ui{oy} G'=A (6lsun] A:?fig[&AB-{Oi(Ui}?Gi]
Yy Send
G1 =~ G2 G2 — G’ G~ G’ G2 = ®Ae{o: (Ui)}; Gl&aB{o (Ui}; Gil
= . [Sle G1 = G[@ae{oi (Ui}; &aB.{oi (Ui}; Gi]
G =¢ G G11>G/ G=;G’
Y [S1ed] G/_9[>BOJ7G1]
G — G’ =A—>B.0oj

In the reductions, since C, D reduces with 3 = k:A —> B.oj and G types C,D in T', there
are no other exchanges from A to B in G that could prevent from obtaining, after a finite
number of derivations on Rule [¢lel, the swap-equivalence G; ~¢ Gs. Following a similar
reasoning, the application A targets the global branching in the context, which reduces
the continuation §[&aB.{o;(U;}; Gi] after the global choice ®As.{0;(U;)} to G’.

Given 7, we can use it to write the reduction at the level the typing environment T,
applying Rule [Mlsendl. Below, we consider I' = T, I« where I'¢ contains all and only typings
of session k in T'.

T

A \Bo,

K¢T, T C[G], {kA:T,kB:T}el jel G—0OH G/

Msend]
k A—> B.o; Elsen

I, Ty ———— T, {k[c]: [G'] | k[c] € I}, {k[c)D]: [G']e | k[C)D] € Ny}
Hence (T|B.10.3) holds and I'" =T, {k[C]: [G’]. | k[C] € N}, {k[C)D]: [G']a | kIC)D] € Ti}.
We now prove (T|B.10.4) by proving that Rule ["loc] applies to I'" -+ D’, C".
peo(l’") T/HC' T'HD’
D', ¢’
Hence we need to prove (1) peo(I'), 2) "= C’, and (3) I'" - D’

PROOF OF (1). For all sessions k' € T, pco(I"’) holds as pco(I") holds by (T|B.10.1).
For session k, pco(I'') holds by construction.

[Tloc]

O

PROOF OF (2). From the derivation on I' - D,k:p[Al.e —> B.0j; C we know that
ML KIA: [G], F C. Let T = Ty, kiAl: [G], and TY, = Iy \ T = N \ {kIAl: [G],}.
We can write I'"" = T, T}/, k[A]l: [G;],. Note that in the premise of Rule [Tlsend] that
types the continuation C, the buffer types in I' (i.e., those in I') are unaffected. There-
fore T (k[A)B]) # T(k[ ) 1), however from Lemnld B.5 we know that we can omit to
consider buffer types as they are irrelevant for the typing of choreographies. For all ses-
sions k/ # k in F” their local typings are the same in T’. For session k, the typing
F"(k[ }) =T"(k[ [[G 1,- From Lemma B.6, for all other k[C] € I'"",C # A it holds that
I (k [[G]]C, = [G’], and [G']; < [G]. Therefore I'" < T" and (2) holds by
LLIIIIIld B.4.

O

Proor oF (3). To prove I’ - D’ we need to prove that the conditions of Definition 3.2
hold. (DJ3.2.1) holds by the application of Rule [Plsenl, by construction of T, and by
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(T|B.10.1). (D|3.2.2) holds for all sessions k’ # k by application of Rule Plsed] and the
construction of I'". The same holds true for session k and any process q: k[C] € T | C = B.
Finally, we need to prove that I'"( k[A)B] ) = bte( A, D’(k[A)B]) ). From (T|B.10.1)
we know that i) T'(k[A)B]) = T and ) let D(k[A)B]) = m, that bte(A,m) = T.
From Definition 3.3 we have a direct proof that bte( A, m; = -+ = mMp ) =
bte(A,my) ; ... ; bte(A, my).

Now, from the reduction on [‘lsed] we know that

D'( k[A)B] ) =m' =mm: (0j,V)
And therefore, bte(A,m’) = T; bte(4, (0j,v)). From the reductions on I' and G, we

observe that the reduction on G do not affect the context § (which contains local type
T), thus, by the rules of the definition of the Buffer Type Projection (Fig. 13), we have

[G']s = T; &A.0; (U;)

Hence, from the reduction on rule [lsed], we know that T'( k[B)A] ) = T( [[G’]}g ) =
T; &A.0;(U;). Finally, from the typing rule ["lsend] we know that p.e - U; and from reduc-
tion rule [lsenal that v = eval( e,D(p) ), thus v has type U;. Hence, bte( A, (0j,v) ) =
&A.Oj(u]') and

I( k[A)B] ) = T; &A.0j(U;) = bte( A, D'(k[A)B]) )
[}

Case [Clrel
The case is:
jel D,k:A—>qBl.oj(x;j) » D’
k:A)B.oj (xj)
D, k:A—> q[Bl.{0i(xi); Ci}ier — D', G
(T|B.10.2) has reductum C’ = C;. Since we could apply [Ire], we know that D(k[A)B]) =
(0j,v) :m. Let D; =D [q — D(q)[x — v]], from the application of Rule [Plrel, we know
that D’ = D;[k[A)B] — m]. To prove (T|B.10.3) we must prove that Rule [kl is
applicable.
Since (T|B.10.1) holds pco(T") and T'F D hold and therefore we know that, by (D|3.2.2),
I'(k[A)B]) = bte(A, (o0j,v) = m).
Let = v : Uj, then bte(4, (o05,v) = m) = &A.05(U;); T where T = bte(A, m) by
Definition 3.3 and T'(k[A)B]) = &A.0;j(Uj); T. Since pco(I') holds, there exists a global
type G for session k such that G = G[A)B.o;(U;); G;]. Let 7t be the reduction of G with
Rules [°leq] and [¢lre], we observe the following derivation:

LC ‘ Recv]

v [ 1Recy] G1 = A)B.o; (U;); G[G;]
G ~¢ G, G, — G’ G~ G’
= - W
: l Eq GIZS[G]]
¢l g Y =4)B.o; (Uj)

In the reductions, since C,D reduces with § = k : A)B.oj(x;) and G types C,D in T,
there are no other exchanges from A to B in G that could prevent from obtaining, after a
finite number of derivations on rule [°ledl, the swap-equivalence G ~; G;. Then, applying
Rule [Slsendl, G can reduce to G’.
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Given 7, we can use it to write the reduction at the level the typing environment T,
applying Rule [Mlre]. Below, we consider I' = T, I« where T¢ contains all and only typings
of session k in T.

A)

kgl TC[Gl, (KA:T.kB:T)elh TN Fq:kB G — G

)
Mo T 20 b (KId): [G'], | KIC) € My (KICYD): [G/]2 | KICD] € My aox: Uy

Hence (T|B.10.3) holds and " =T, {[G'] | k[C] € Tk}, q.x: Uj.
(T|B.10.4) holds if we can apply Rule ["locl on T+ D', C’

LI' | Recv“

peo(l'") T/'HC' T'+D’
r=n’,c’
and we need to prove (1) peo(I'’), ) I+ C’, and (3) I'" = D’
The proof of (1) for this case is similar to that of (1) for case [Clsenl.

PROOF OF (2). From (T|B.10.1), partitioning I' = I'l, k[B]: &A.0;(U;); [G;]; and since
j € I from Rule [%re], we can write the derivation

[Tloc]

j el I E q: k[B] I"l,q.x]-: Uj,k[B]I [[G]']]B [
pCO(r) =D Fl, k[B]Z &A.Oj (Uj); [[Gj]]B Fk:A—> q[B].{oi(xi); Ci}iel
I'=D,k:A > q[Bl.{oi(xi); Cilier
hence we know that th X] Uj, k[B]: [Gjl, }— Gj.
Let ' = Fl,q x) U, k[Bl: [G;]; + C and Fl \T. =Ty \{k [[Gﬂ I3 We can write
I =TTkl [[GJ]]B Sumlarly to @ for case [Slsendl, T"(k[A)B ) # T''(k[A)B]), but we
omit to con81der buffer types as they are irrelevant for the typing of choreographies by

Lemma B.5. For all sessions in '/, their local typings are the same as in I'". We consider
in particular k on which we applied the reduction for this case for which it holds

v k[l e T, T"(k[c]) = T'( =[G'],

LT | Recv“
[Tlocl

a

Proor or (3). To prove I'" - D’ we prove the conditions in Definition 3.2. (D|3.2.1)
holds from the application of Rule [Plrel, (T|B.10.1), and the construction of I'’. (D|3.2.2)
holds for all p.x from the application of Rule Plrel, (T|B.10.1), and the construction of
I, except for q.x; Which is not defined in I'. However the condition holds by construction
of T/ = I, a.x5: U, k[Bl: [G;]g. (D]3.2.2) holds for all sessions k’ # k by the application
of Rule Plrel and the construction of T'". The same holds true for session k and any
process p: k[C] € ' | C #B.

For q: k[B] and role A we know from the application of [“lsed] that D’(k[A)B]) = m Since
we took G such that [G]} = &A.0j(U;); T, where T = bte(A, ) then [G']g =T

O

Case [Clstan]
The case is:

#r #k/ peD(l) b&=start k’: Lp[Al,L.r[B] D,5» D’

[Cstart]

D, start k: p[A] <—> 1qBl;C - D', CIK'/K[F/d
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Where (T|B.10.5) has C' = C[k//k][f/g]. D’ is defined non- determlnlstlcally but abides
the requirements defined in Rule Plsarl. Let s[C] = p[A], r[B]. Since (T|B.10.1) holds, we
can apply Rule [Tlswi]. We partition I' =Ty, 1 : G(A[B|B)

I, 1: G(ABIB),init( s'[c] , k, G ) C s'[c] =plal,qB] G¢ T
M, L: G(A[BB) I start k: p[A] <=> 1.q[B];C

[MIstart]

Coherently with the semantics of Rule [Clsutl, we take ' = T, init( slc], k', G) — ob-
tainable from the typing environment in the left most premise of rule [Mlser], &-renaming
i) typings on session k k to session k’ and ) process identifies q to ¥ in s’[C] (i.e., such

that s[C] = / qlC [C]) — and we prove the case by proving that we can apply
Rule [loc] on F’ [ D' C' i.e, that the following hold: (1) peo(T"’), (2) T F C’, and (3)
MED'.

PRrOOF OF (1). (1) holds for all session k" € I, k" # k' by (T|B.10.1). For session k’
(») holds by construction. O

PROOF OF (2). By (T|B.10. 1) we could apply [Tlswel where T, init( s[C], k, G ) F C.
Since T is obtained by o-renaming of the left-most premise of Rule [TIstart], Wthh types
the continuation C, I'" types C[k’/k][f/q] and (2) holds by construction. [1

PRrOOF OF (3). To prove (3) we prove the conditions in Definition 3.2.
(D|3.2.1-DJ3.2.2) hold by the application of Rule Plswrl and the construction of I'. O

Case [Clpstar]
The case is:

ie{l,...,n} #K' {ﬁ}:@i{ﬁ} #r {r} = U7}
peD() b5 =start k': LplA]l,l1.r[B1l,..., ln.rn(Bnl D,5» D’

[Ipstart]

D,reqk:p[]< > 1B;C | IL (acck llql[ il C)—>
Clk//K | TL; ( Cilk//K[Fi/ail ) | TT; (acc k: Li.qi[Bi; Cy)

Where (T|B.10.5) has C' = C[k'/k] | T, ( ik /kllri/qil ) | TL (acc k: li.qi[Bi];Ci).
D’ is defined non-deterministically but abldes the requirements defined in Rule [Plstarl.
We partition I' such that:

— I'=TTq

— T F1: G(AIB|@)

— Tq F1: G(A[BIB)

— Ta =Ty, 1: G(ABIBY), -+, T, l: G(AB|By)

and we can write the derivation

Ty, p: k[A] :[G],FC Tk 1: G(aBl@) o
FT F req k: p[A] <> 1B;C o Aq o]
peo(l) T FD I+ reqk:plAl <= LB;C | [Lic; (acc k: LLaiB; Ci)

[Tloc]

'k D,req k: p[A] << 1B;C | [Tic: (acc k: li.qi[Bil; Ci)
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LCl Nl GaBlo), init( qiBd, k, G)FCi G ¢gr _
—_— Acc
Ai = Fi,l' G<A|B|§1> Facck: li Ch[ ;J‘ Ci Ai+1
i Face k: L.qiBi; Ci | TTjeng.... 4 (ace k: 1.q;B;1; C5)

Let g[_cj = P[A], rl[Bl]a T 7rn[ n]'
To prove (T|B.10.6) we take

\_T ‘ Par]

I =T,init( s[C], k’, G ) =Ty, Ty,it( s[C], k/, G )
and we partition init( sicl, k’, G ) such that

r _r'r/7rc/17r
Where
— T/ =T, init( p[A], k', G)
— T —I"l,-~ I

— Il = I, L G<A|B|®> init riBd i, k', G) whereie{l,...,n}
To prove (T|B.10.6) we must prove we can apply Rule ["locl on " - D', C’.

@D 1y T ( Calk//KIF /G )

@ Fa FTT; (acc k: li.qi[Bi];Ci)
7 7 ! —_—— T‘ ar
Oreer) @ e @ M CIO/K Taa T CoR K/ ) 1 T (aee k- Traimiicy) L]

o~ —_— LT‘Par—‘
I+ Clk’//K) | IT; ( Cilk’/KIFi /@) | TT; (ace k= Ti.q:[Bi]; Cy)
r'+p’,c’

[Tioc]

PrOOF OF (1). (1) holds by construction. 0O

PROOF OF (2). (2) holds as
— holds by o-renaming (T, p: k[A : [G] K /Kl F Clk’/k] and by omitting to
consider buffer types as of Lemma B
— similarly to @a), holds by oc-renaming on the derivation of

( Ty, 1: G(AB|@), init( qi[Bi], k, G ) )[k'/KI[Fi/Gi] F Cilk'/KI[Fi/ds]

and by Lemma B.5;
— (29 holds by (T|B.10.1).

O
Proor or (3). The proof of (3) of this case is similar to the of (3) for Case [‘lswil. O

Case [Clcond
The case is:

i=11if eval(e,D(p).st) = true, i = 2 otherwise

¢ ICond]

D, if p.e {Ci}else [Cs}) — D, C;

In (T|B.10.5) D’ = D and we have two cases for C' = C; or C’ = Cs.
From (T|B.10.1) we can write

'Fpe:bool THC; TFEFCo
M- if p.e{Ci}else{Cs}

[Tlcond]
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The proof of (T|B.10.6) follows directly from the premises of the typing derivation as
' D = D’ and in both cases that C’ = C; or C’ = C; it holds that I' = C’ from the
premises of [Mlcondl.

Case [‘lesd

The case is:

B
I)7 C1 — D/, Cll

[Cle]
B
D,def X=C2inC; — D’,def X=Cyin (]
From (T|B.10.1) we know that, I' =Ty, X: Ty

I, X T =Gy I, Xe T F Co Ilioes © T
peo(T) I'+def X=Cqin C;
FI—D,defX:Cg inC1

The proof is divided in two cases on the type of {3.
Case B #T
D, C; reduces on some session k. By the induction hypothesis since I' - D, C; we
can find I'" such that (T|B.10.3) holds. We prove (T|B.10.4) by proving that we can
apply [Mlocl on I'" F D’,def X = Cy in C] and therefore that (1) pco(I'’) holds, (2)
IMFdef X=Cyin Cy and 3) "= D".
(») holds by the construction of I'" and (3) holds by the induction hypothesis.
To prove (2) we have to prove that I'" = X: Cy and Txliees C I

[Tlpef]

[Mbcl

From the induction hypothesis we have that T £> I and T’ + D', C{. By construc-
tion of I'" it holds that I'" =T/, T}, where I'" NT" =T, such that k ¢ I, and I' =T, Tk
where T, C [G], for some G. Therefore it holds that I, F X: Ty and thus that
I' F X: Tx. The same applies to T|iees € '« which proves Iylies € T.
Case B =T
from the induction hypothesis for any considered derivation we have I' C . We
prove (T|B.10.6) by proving that we can apply [Tlocl on I'" F D', def X = Cs in Cj.
(D), (2), and (3) hold by construction of I

Case [“lpar]

The case is:

B
D,C;, — D',C!

B LclPar-‘
D,Cl I C2 — DI,Ci | C2
From (T|B.10.1) we have the derivation below, with T partitioned as I' =Ty, T

NEC TLFEC

LT ‘ Par]

pco(F) 'k C1 | C2 D
[Tloc]
'-nD,C; | Co
The proof is divided in two cases on the type of (3.

Case B #T
D, C; reduces on some session k. By the induction hypothesis and since I'1 F D, Cy

we can find I such that Ty i I{ and I'{ F D’, C{. Then we take I'" =T, T2 which
proves (T|B.10.3) to hold. We prove (T|B.10.4) by proving that we can apply ["Ioc]
on ' = D', Cy | C2 and therefore that (1) peo(I'), (2) "= Cj | Co and (3) T - D’
hold. (1), (2), and (3) hold by construction and the induction hypothesis.
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O

Case p=T+
from the induction hypothesis, for any derivation we have that 'Y F D’,C; and
I CTY. Also in this case we take I'" =T}, T2 and prove (T|B.10.6) by proving that
we can apply [locl on " = D', C{ | C. (1), (2), and (3) hold by construction of '’
and the induction hypothesis.

Case [Cled

The case is:

B
Re{=c,~} CRC; D,C; —D’,C| C/RC

B LC‘Eq“
D,C — D', C/
The proof is divided into two subcases on the type of R.

Case R = =¢
The case is proved by induction hypothesis and Lemma B.8.
Case R = ~¢

The case is proved by induction hypothesis and Lemma B.9.

The proof of Theorem 3.8 follows directly from the proof of Theorem B.10 and

Lemma B.7.

B.2. Proof of Deadlock Freedom

We report below the statement of Theorem 3.10 enriched with pointers for clearer referencing
the in the proof.

Theorem 3.10 (Deadlock-freedom)

(D3.10.1) T+ D, C and (D3.10.2) co(T") imply that either (D3.10.3) C =¢ 0 or (D3.10.4)
there exist D’ and C’ such that D,C — D', C’.

Like in [14; 16], frontend choreographies enjoy deadlock freedom, provided that they 7)

do not contain free variable names and i) are well-sorted, i.e., have no undefined procedure
calls. Notably, well-sortedness is guaranteed by the type system.

PROOF. Proof by induction on the structure of C.

Case C=¢0

trivial.

Case C = k:p[A]l.e —> B.o; C;

from (D3.10.1) and (D3.10.2) we know that the requirements of [Plsendl hold and we can
find D’ such that D, k:p[Al.e —> B.o » D’. We can apply Rule [Clsexd] for which C’ = C;.
Case C = k:p[A].e —> q[B].o(x); C;

since (D3.10.1) holds both receiver and sender are typed by I'. We apply rule [°le] to split
the complete term into respectively a send and a receive partial terms, and aimilarly to
the previous case, we apply rule [Clsend], for which C’ = k:A —> q[B].o(x); C;.

Case C = k:A—> q[B].{0i(xi); Ci}ier

from (D3.10.1) and (D3.10.2) we know that the requirements of Rule [Plre] hold
and D(k[A)B]) = (o0j,tm) = m for some j € I. We can find D’ such that
D,k:A—> q[Bl.oj(x;) » D’ and apply Rule [‘lree] for which C’ = C;j.

Case C = start k: p[A] <> l.q[B]; C;

from (D3.10.1) and (D3.10.2) Plswr] applies and we can find D’ such that D, start k’:
L.p[al,T.r[B] » D’ for some k/,  fresh. We can apply Rule [lswdl for which C' =
Calk'/KIlr/q].
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Case C =req k: p[A] <= TB;C | []i, (acc k: T;.qi[BJ; Ci)

similarly to the previous case the requirements of [Plsarl hold and we can find D’ such
that D,start k’ : Lp[Al,l;.ri[B1],...,lh.rn[Bn] » D’ for some k’ and ¥y, -- ,F, fresh.
We can apply Rule [Clpsur] for which

C'=CIK'/K | TTi, Culk//K /@il | T, (ace k= LigilBil; Ci).

Case C=C; | Cy

we can apply the induction hypothesis and Rule [Clral such that D, C; — Dy, C{ and in
(D3.10.4) D’ =D; and C’' =Cj | Ca.

Case C =def X =C5 in C;

applies the induction hypothesis and Rule [Flesd for which D, C; — D’, Cy, where C' =
def X = C2 in C{

Case def X =C, in X; Cy

applies Rule [Cleq] for def X = Co in X; C; =¢ def X = Cy in Cy; C; and by the induction
hypothesis D, Co — D', C} and C’ =def X = Cy in C4; C;.

Case C = if p.e {C1}else {Cs}

from (D3.10.1) we know that ' I p.e: bool and therefore we can apply Rule [Clcondl and,
according to the evaluation of e, we have C’ = C; or C' = Cs.
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B.3. Proof of Endpoint Projection

To prove our result on the Endpoint Projection we first define the minimal typing system
bFpin  for FC.

B.3.1. Minimal Typing. We recall the definition of subtyping for local and global types (see
Definitions B.1 and B.2), which we extend to set inclusion and point-wise to ) the typing
of services (i.e., of kind 1: G(A[B|C)) and ii) the typing of sessions, respectively. Given two
types G and G’, we denote their least upper bound wrt < with GVG’ (the same for local
types and typing environments).

We define the minimal typing system F,;, on this notion of subtyping. The minimal
typing uses the minimal global and local types for typing sessions and services such that
the projection of the choreography is still typable. We report the rules for minimal typing
in Fig. 26.

ProposITION B.11 (EXISTENCE OF MINIMAL TYPING). Let I'F D, C, then there exists
Iy such that Ty = D, C and for each T' = D, C we have that Ty < T''. The environment I
can be algorithmically calculated from C and is called the minimal typing of C.

PROOF OF EXISTENCE OF MINIMAL TYPING. The proof is standard and proceeds by
induction on the rules in Fig. 26, defining the minimal typing system I" b3, D, C.

As in [14; 16], our focus is on the reconstruction of global/local types, thus we leave the
reconstruction of variable types undefined (which it is entirely standard, e.g., see [32]).

We give the intuition behind each case corresponding to the derivation on the rules.
[Min|seara] and Mnlsane] type the starting of sessions. The difference between [M"lseara] and M stare]
is that, when [""Iswml applies, the service typing of 1 is not used any more in C, and thus its
typing is dropped to guarantee minimality. Contrarily, in Mrlser2] the service typing of 1 is
used in the continuation C. In the Rule, we consider the minimal global type GVG’ where
G’ is minimal in session k and G is minimal in the typing of the continuation C.

Rules Mnlreqi] and [Mnlre2] mirror a similar relationship, where in the first rule we drop the
typing of 1, not used in the continuation C, while in the second we consider GVG’. Note
that Rule M"lac] directly drops the typing of 1 in the typing of the continuation. We do this
because we assumed (see § 2.1) that ) (acc) terms can only be at the top level (not guarded
by other actions) and i) by Rule ["la«]l no subsequent term (start) on the same locations 1
is typable (and hence cannot be present in C, well-typed). The same holds for subsequent
(req) terms on 1, which could not be paired with a complementary (acc).

In Mnlcond] we consider T} VI, to determine the least upper bound of receive types. Rules
[Min|com], [Min|send], and M7 lrecv] type receptions with a singleton branching local type. Rule [Mlpar]
is standard.

Also in Rule Mrloefl we consider the least upper bound of T and I'" respectively typing
the continuation C and the body of procedure X. In addition, we also consider the least
upper bound of the local typings T and T’, on which we apply function solve. Function
solve is standard (cf. [13; 14]) and solves the equations tx = T for each T in k[A]: T where,
if tx appears in T, the corresponding component is rec t.Tx, or T otherwise. Rule [M"lpef]
uses rules Mloil and Mrlo2] to determine the content of Iy and I to respectively minimally
type the continuation C and the body of procedure X. Indeed, when Rule [M"loil applies, the
choreography C uses the typing X: I, otherwise M2l applies and the minimal type does
not contain the typing for X. Finally, in case both the typing of C and of C’ type X (i.e., X
in dom(Ty) Ndom(TY)), their judgements coincide.

Rules Mrlendl and Mnlcal use some auxiliary information, obtainable by a preliminary top-
down visit of the choreography syntax tree (cf. [13; 14]). Specifically, vars, ownerships, and
sessions are respectively the variable, the ownership, and the session typings of the choreog-
raphy whose type is being inferred. Similarly, vars(X), ownerships(X), and sessions(X) yield

ACM Journal Name, Vol. DATE: 12/4/2018, No. 0, Article 0, Publication date: April 2018.



0:60 Giallorenzo et al.

M,init( 1[Cl,k, G ) buia € ¥[Cl =plAl,qB] G&l 1 ,
p— [Ming¢arer]

I, 1: G(ABB) Fpin start k: p[A] <=> 1.q[B]; C

.l G(ABIB), init( rlCl,k,G' ) Fusw C  ¥IC] —plAl,qB] G¢T
— M Start2

F,i: GVG'(A[B|B) Fpin start k: p[A] <=> 1.q[B];C

T p: kAL KAl : [G], Fan C 1T o] I, 1: G(AB|@), p : k[A]l, k[A] : [G'], Fain C
I,1: G(AIBI®) Faa Teq k: plA]l <= TB:C © ' T,1: GVG'(AIB|®) Fasa req k : plA] <> 1.B; C

I_"’“" \Req2-|

—_—

TCl Tinit( qcl,k,G ) Fwa C G&I 1¢T
rU: G(A[BIC) Fpin acc k: Lq[Cl; C

[Min|acc]

MVl Fp.e:bool Tyhpn Co T bpin Co
rl VFQ '_min if p.e {Cl} else {CQ}

[Min| cong]

I'-p:k[Al,g: k[B] Thkpe U T,qx:UK[A]: T,k[B]: T' Fpin C
I k[A]l: @ B{o(W); T} k[B]: &A.{o(U); T’} Fpin k:plA].e —> q[Bl.o(x); C

[Min|com]

I'Ep:k[A]l q: kBl ¢l Thpe:U T,k[Al:Thgu, C
I'k[A]: & B{o(U); T} Fpin k:plAl.e —> B.o; C

[Min|geng]

l'kq: kBl p: kAl €T T,q.x: WK[B]: T hp, C
I k([B]: &A{o(U); T} Fpin k:A—> q[Bl.o(x); C

[Min|Recy

I (X) =T (X) if X € dom(Ty) N dom(T}) 3 X"[A"] € dom(T'VT)

X & dom(I'vr’) T/ rx (I k'[A]:T"),C’ I >x (T, k[A] : T),C T oes € T
(Tvl’),solve(k[A] : TV K/[A'] : T/, tx) Fpin def X =C’ in C

[Min | pef]

rl Fmin Cl r2 Fmin C2 . F, FX,X: FX '_min C X g dom[rx) F, FX '_min C
[Min|p,.] [Min|py] [Min|pg]

rl» r2 I7min C1 | C2 rx7X: rx >x r7C rx >x r7C

' = ownerships U sessions U vars ~ k[A] € sessions  k[A] : end
I i 0

[Min|g, 4]

I' = vars U ownerships K/[A] = sessions \ {k[A]}
I'" = vars(X) U ownerships(X) KA = sessions(X) rcr

]",kTA}/:tX,k/[A/} :end, X: (F’,mj:tx) Fpin X

[Min|cap

peo(l',T') THED T/hu, C
I T Fpin D, C

[Min|pc]

Fig. 26. Choreography Calculus — Minimal typing rules
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the respective same information regarding the body of procedure X (i.e., obtained inspecting
the body of the inner-most recursive procedure X). In the rules, in [M"lendl we check that in I’
reside only those ownership, variable, and session typings present in the typed choreography
and that all sessions (i.e., their local types) are terminated. In Rule Mrlcail, ¢) all sessions
outside X must be terminated and those inside X agree on tx and i) ' and '’ contain only
appropriate variable and ownership typings and agree on their judgement (I'" C T').

Rule Mrlocl defines minimal typing for running choreographies.

O

B.3.2. Typing Projection. Here we define the projection of typing environments, which is
used to prove that, given the minimal typing environment I' of a choreography C, from I'
we can build the minimal typing environment for the EPP of C.

To do that, we have to account for two peculiarities (as defined in § 6.2) of our EPP:

— it merges in the output choreography the behaviours of many service processes into one
process. Hence, to guarantee typing and minimality we have to merge typings related to
service processes on the same location into the same (and only) service process present
in [C];

— it projects recursive definitions of the same procedure on different processes, e.g., if in
C there are processes p1,...,pn and procedure X, in the EPP we will find procedures
Xp1s -+, Xp,- Thus, we replace the definition typing of any procedure X in dom(I") with
the typings of its projections X,,, ..., X;,..

To indicate the projection of a typing environment I' wrt to its typed choreography C,

we write [I]¢. To define [I] and also later in this proof, we use the typing environment
filtering operator Tl defined as

{px:U|px:UeT}
{p:k[A}[{p:Kk[Al} CT}

Py =< { kAl T} | { p: KIALK[A]: T} €T}
{1:G(ABIC) | L: G(A[BIC) € T }
{(Xp: e [ Xp: T € T}

C C CCcC

DEFINITION B.12 (TYPING PROJECTION). Let '+ C, the projection of T wrt to C, writ-
ten [T, is defined as:

[re =< U [Mlglp/al | peClinpn([C]) ALe{l} A Tedom(T)p, {[T], |r € fp([C])}
a€lCh 1) iii) ii)

i)
M, = (M \ O T I TEX:Rg) {Xp: [N, 1T X: 1)

iii) iv)

As mentioned above, in the definition of [[F]]C we distinguish two kinds of projections: the
one on service processes i) and the one on active processes ). In the first case, we unify
the projection on service processes at the same location in C (i.e., in [C|;). To do that in
a consistent way, wrt to the EPP of C we:

— obtain the identifier of process p i.i), the only service process at location 1 that is present
in [C] (and hence the one that merges the behaviours of all service processes in C at 1);
— get the projection of I' on a service process q ([G],) in [C];
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— we rename all process-related typings in [I'] 4 to correspond to process p (by abusing the
notation [I'], [p/al) 4.i);

— we merge all the resulting, renamed typing environments into a single typing environment
for process p.

Finally, the projection of typing environment I" on process p, written [[F]]p corresponds to
the union of i) the typing in I" related to process p, from which we remove the typings of
definitions, and iv) the projection of the typings of definitions, renamed for process p.

Note the definition of [[F]]C is coherent with the definition of process projection (see
Definition 6.2) in which the rule for projecting (rec) terms is defined as:

[def X=C"inC], = def X, =[C'[X,/X]], in [ C[X,/X] ],

Similarly, [I'] ¢ generates definition typings for each procedure corresponding to each process
in the choreography (assumed to be C). The typings of definitions are guaranteed minimal
(as required in Theorem B.13).

The only remark regards service typings, which are present in all projected environments,
although they might not be used. While having additional, unused service typings does not
compromise type checking, we must consider a weakened form of minimality of typing where
some unused service typings are allowed. This fact is clearly stated in the definition of the
Theorem B.13.

B.4. Proof of the Well-Typedness property of Theorem 6.6

To prove the property of well-typedness of Theorem 6.6 we prove the stronger result of
Theorem B.13.

THEOREM B.13 (EPP TYPING PRESERVATION).
Let D, C be a well-typed running choreography such that T' Fpiy D, C, where ' =Ty, T such

that Tq F D, then [[FC]]C ,Ta Fuin D, [C] up to service typings.

Intuitively, Theorem B.13 subsumes the well-typedness property (1) of Theorem 6.6, using
the environment projection defined above to provide a minimal typing environment for [C]
up to some unused service typings.

We define some auxiliary lemmas used in the proof of Theorem B.13.

LEMMA B.14 (COMPOSABILITY OF TYPING PROJECTIONS).
Let THC and T =T'.T" then [I]° =[], [I"]€.

PRrROOF. The proof is by contradiction. The projection [[F]]C returns exactly T except
for the projection of the typings of the procedures, as defined in Definition B.12. Hence
the projection [[Fﬂc can differ from [[F’]]C , [[F”]]C only on definition typings. However, it
is impossible that [ # [I']€,[I”]€. Indeed, there could be only two cases for the
partitioning of I' wrt any definition typing X € dom(T"), either:

— i) both " and T type X, in which case, since I' = T, T"”"| they must agree on their
judgement on X;
— 1) the judgement on X is contained only in I'" or I'”.

in both cases the projections obtained from X remain the same wrt the one in I'. O

We prove Lemma B.15 that states that given a well-typed choreography C and a typing

environment ' for which ' Fy;, C then the projection of T, [[Fﬂc, types minimally the
projection of C, [C].
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LEMMA B.15 (CHOREOGRAPHY EPP TYPING PRESERVATION). Let C be a well-typed
choreography and let T Fpin C then [[r]}c Fuin [C].

ProOOF. Like for the proof of Theorem 3.10, we assume our choreographies to be well-
sorted. The proof is by induction on the typing derivation of ' Fp;, C.

Case Mnlstan]
From the premises we have C = start k: p[A] <=> l.q[B]; C’. We can partition I' =

1: G(A[B[B), T and we can write the derivation

I, init(r[C] ] K,G) bmin C'  rlCl =plAl,qB] ¢l 1¢T’

I, 1: G(A|B[B) tpin start k: p[A] <=> 1.q[B]; C’
Let Lq[B] = ll-ql’[B_ll]a t aln-qn[Bn]-
Let T. = I'/,init(r[C], k, G), from the induction hypothesis we have that I'. tg, C’ and
therefore [[FC]]C/ Fuin [C'].
By its definition [C'] =¢ C} | C” where
= [[C'ﬂp | [[C’]]q1 [ ... [[C']]qn

[Min |stare1 |

and

= I e 1 II| L re

r € fp(C")\{p,q} s € [C],

We partition [FC]]C/ (as per Lemma B.14) as

[U“C]] — r/ r//
where

Iy =17, p: Klal KIAl: [G],
and
/ /!

=Ty - Ty,

where

Ty = Tar,qi: k[AL K[Al: [G],,

such that we can write the derivation

[Min|p,r]

rq/1 Fain [[C/]]!n rq/2""’rqft Fuin IIC/]]Q2 o] [[Cl]]Qn Moy ]
" Ipar
Fasa [C'], M Ty Ta Fain [C'lgy | - | [€'], o
7 " Par
I Fpin C rp/,rq Fmin [[C’]]p | [[C’]]q1 [ o] [[C’]]qrl o
Par

T, T, Ty Fuin € | C¢

Since the ownership and session typmgs for k in T, belong to init(r ricl 1,k, G) we can write
Iy =T, p: k[A,k[A]: T where I contains those and only typings (serv1ces ownerships,

sessions, etc.) that type minimally the projection of continuation C’ for process p.
Since the only difference between I' and T, are the typings for session k, we have that

N C [[F]]C and also I'"" C [[F]]C. The same argument holds for typings Iy, . Indeed, we can

partition [[r]] =TTy T nE G(ABIB) (as of Lemma B.14).
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Finally, by the definition of inclusion of service typings in I' (cf § 3.2.1),
we can write judgement L: G(ABB) as the sequence of judgements
1: G(AIB|@), 1: G(ABIBy),...,1: G(A[B[B,).

Therefore we write [I']€ as

[Me=T"T/ T2 ... T 1: G(AB|@),1: G(ABB,),...,1: G(AB[B,)

7ipo gyt tan

Let 1.q[B] ’i ={1;.9i[Bil, . .., ln.qn[Bnl}, we prove the case by proving the typing derivation
for [I Fain [C]
From the definition of EPP (Definition 6.3) we can write

[C]=C, | C”

where, given the shape of C, we know that C” is the same as the one generated from
[C'], as seen above. Cs is

Cs =req k: p[A] <=> TB;[C], | H acc k: Lr[cl; [C],
L.r[c] € {l.q[Bl}

We now prove we can derive the typing of [I] Fuin [C]

Ty, p: kAL k[A]: [G], Fuin [C], 1&Ty

Fp”,i: G (A|B|D) Fpin req k : p[A] <=> 1B; [[C’]]p L0lrec] Ay .
M Fasn i G(A\ﬁl?), ot G(A\ﬁ|B1>,.~. T T G(ABIBR) Fmin Cs S::l
M7, Ty, 1 G(ABl@), T, 1: G(AIBB1),..., T, 1: G(AIB|Bn) Fuin Cs | C”
where
LCl Ty, imit(qilBi),k,G) bain [C'], @ ETa,  L€Ty .
At Ty 1 G(AIBIB;) Fusn acc k : L.qu[Bi; [C'],, M: P
AUZ T T GABIBY), .., 1Y, 1 G(AIBIB) o
Fmin acc k@ 1;.qi [Bil; [[C’]]qi | ’]L acc k : Lr[C]; [C'],
Lrlc] € L.q[B] i

Note that we are reporting only the derivation terminating with [M"lreal, i.e., the one that
applies when Fp” does not contain the typing of 1. The other case is similar and it applies
rule Mnlreg].

I Fain CN;

— I"p”7p: k[Al, k[A]l: [G], Fain [[C']]p;

- rq/i ) init(ql[B1]7 k'a G) }_min [[(:I]}qi -

hold by the induction hypothesis.

Case [Mnlstaro]

Similar to case [Mnlstarl.

Case [M|req]

and Case. M"lre2] follow the proof of case [Mnlswaul, focussing on the request branch.
Case [Mnac]

Follows the proof of case M"lswul, following the accept branch.

Case [Mn|cond]

By induction hypothesis on C; or Cs.
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Case [M|coml
From the premises we have C = k: p[Al.e —> q[B].o(x); C’ on which we can apply the
typing derivation

I'kEp:k[Al,q: kBl T/kFpe:U T/,gx:UKA]: T, k[B]: T Fpin C/
I k[A]: @ B.o(U); T,k[B]: &A.o(U); T’ buin k:plAl.e —> q[B].o(x); C’

Hence we consider ' = T/, k[A]: @ B. o(U.) k[B]: &A.o(U); T’. From the definition of
EPP (Definition 6.3) we have [Cl=C.|C” where

LMTn |Com]

Cc =k:plAl.e —>B.o; [C'], | k:A—=> q[Bl.o(x);[C],

o [ R (e H L] [el,

r € {fp(C/)\{p.al} seC),

From the definition of [I]¢ we can write

[ [[F’]] : @ B.o(U); T,k[A]: &A.o(U); T’
from the induction hypothesis we have that, let T. =T, g.x: U, k[A]: T,k[B]: T', T¢ Fpin C’
and therefore [[Fc}]c, Fuin [C’]. We can partition [[FC]}C/ as

I, ¢ I Ty, k[Al: T, Ty, q.x: U, k[B]: T’
p q
such that

o, k[A]: T Fpin [[C’]]p Ty, q-x: W k[B]: T/ Fpin [[C’]]q

LMin‘ ar]
M b 7 T kI T Ty g KB T/ g [C, [ €T,
[Min|py]
I/, KIAJ: T, Ty, qox: W KIB: T/ Faan [C'], | [C7], | C” "
From the derivation on Rule [M"lcoml we know that
[[r/]]cl — r//’ rp’ rq
and therefore that
[F]€ =T",T,,k[A]: @ B.o(U); T, Ty, k[Bl: & A.o(W);T’
To prove [ Fuin [C] we prove that we can apply Rule Mnlpa].
o Fp:k[A] q:k[B] €T,
okFpe:U T'qFp: k[B] p: k[A] € Ty
Mo KAl T bga [C7], Favax: U k[BI: T/ Fagn [C'],
[Min]geng] [Min | Recy]
Mo KIAl: @ B.o(U); T Tp, KIB]: &h.o(W); T’
Fnin k:plAl.e —>B.0; [C'], Fuin k:A—>q[Bl.o(x); [C’],
Min
, , T, k[Al: @ B.o(U);T, Ty, k[Bl: @ Ao(U); T/ i par
M Fugn € Fuin k:p[Al.e —>B.o;[C'], | k:A—>q[B ); [C'],
Min
T Ty, k[Al: @ B.o(U);T,Tq,k[B]: & Ao(U);T’ 0 lpar
Fmin K: p[]e—>Bo[[C’]} | k:A—> q[B] ;CI, 1 C”
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Tp =

Case [M|send]
Analogous to case [Mnlcom]
Case [Mn|rea]

Analogous to case Mnlcoml.
Case [Mn|par
From the premises we know that C = C; | C5 on which we can apply the typing derivation

r1 l_min Cl r2 l_min C2
rlar2 '_min Cl | C2
the case is proved applying the induction hypothesis.
Case [Mn|pef]

From the premises we know that C = def X = C” in C’ on which we can apply the
typing derivation, with ' = (T'VT"), solve(k[A] : TV K'[A] : T/, tx)

I_Min |Par]

M (X) = T7(X) if X € dom(Ty) Ndom(T)) 3 k”[A”] € dom(I'VT)
X & dom(I'vl’) T} >x (I, kK'[A]:T"),C” I'e >x (T, k[A] : T), C’ Mioes € T’
(T'wT"), solve(k[A] : TV K'[A] : T/, tx) Fpin def X =C” in C’

[Min] pef]

To prove [I]¢ Fnin [C], we consider the processes p € p = pn([C]) with cardinality
[1,n] and we let

— [ =TLC

— Cp =def X, = [C"[X p/X]] in [C'[ p/X]]}p

[[W]

—k T = {k Tl{p'k :T}C T AKI[A]: T € k[A T}
—k,’,[ }.T’:{ T’|{p KA, K/'[A]: T} C Te AK[A]: T'Ek'[A’]:T'}
The case is proved by the derivation A1 where
A
i+1 [Min] ]
7tpi U rC|p I_min H CP
Ay = P € {Pit1,Pn} PE{Pi 1, P} o]
" Par
I—‘clp‘L ) U rc‘p }_min Cpi | H Cp
P € {pPit1spnl PE{Pit1,-sPn}

and
N (Xp) = T (Xp) if Xp € dom(Ty) Ndom(TYy)

A € dom([[l"’]]c‘ v [[r”]]c\ ) > ([[r ¢ RHITYE T/> ,[C" X/ X1,

oo (IM16] KW T ) [C7D/X, [T

< e,

Pllocs

[Min|pef]

[[r’]ﬂp v [r ‘p,solve (ke AT T kg T T/, ) Fasn def Xp = [C”[Xp/XI], in [C'[X,/X]],

Essentially, using the filtrations T'| and the partitions k,[A]: T and ky[A']: T in A, we

shape [[F]]C in such a way that its partitions contain all and only the typings (variable,
ownership, definitions) that minimally type the endpoint choreography C,, with the
exception of service typings, which are duplicated in all filtrations (as per its definition).
However, this is not a problem, as we consider a weakened form of minimal typing that
allows for additional, unused service typings.
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Such a partitioning of [I] is possible by the definitions of [I'] and Vv (and < by
extension):

e = [[(r'vr“),sowe(km :Tvk’[A’];T’,tX)]]C -
U <([[r'ﬂc v [[r"]]c) , Hsolve(k[A] TV :T’,tx)]] C)
pEP

U ((mc v [[r"]]c) ,solve(KAT: TV K/[A] : T’,tx)) \

pPEP

P

P

Finally, we simply rename tx to tx, (in each filtration p € p).

Then in 7, we prove the partition FCIP to minimally type the endpoint choreography C,.
All preconditions in 71, hold as the environments [I']<, [I”']<, ko[Al: T, and ko[A']: T/,
contain those and only definition, ownership, variable, and session types related to pro-
cess p (with the exception of duplicated service typings) and originally contained in T/,
I k[A]: T, and k'[A’]: T’. Definition typing identifiers are properly renamed to be unique
for p (i.e., from X to Xp).

Case [Mi|gnd]

Trivial.

Case [Mn|cail

From the premises we know that C = X , on which we can apply the typing derivation

I'" = vars U ownerships k'[A’] = sessions \ {RW}
I'"" = vars(X) U ownerships(X) kAl = sessions(X) rcr’
I KA : tx, K'[A] : end, X: (", k[A] : tx) Fain X

Thus, in the case, I' = T'"",k[A] : tx,k’[A] : end, X: (', k[A] : tx). Given our assumption
of well sortedness, we can consider as EPP of X the composition

[[X]] = HXP

pPEP

[Min] can]

Where processes p are a subset of the processes present both in the prefix of procedure
call X in C and in the typing environment I' (we recall, I' contains typings that are

coalesced in [I']€). From the definition of [I']<, we can write

Fe =[] =[] WA« tx, k) [A"T < end, | Xp: ([M],, KplA] : tx,)
pPEP
where
— kplAl: tx, = {Kkp[Al: tx, | {p: k[A],k[A]: tx} C T}
— W: end = {kl’)[A’]: end | {p: k/[A'],k'[A]: end} C r}
Finally, let the cardinality of p be [1,n]. The case is proved by the derivation A; where

A
il LMin‘Par-l
T[Pi U rclp |_min H Xp
Ay = P € {Pit1sPn} PE{Pi+15esPn} .
" par
rlC‘p-l ’ U rC|p }_min Xpi | 1_[ XP
P € {Pitiyes pnl} PE{Pit1s---Pn )}
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and
[[I"/]]C‘ = vars U ownerships ky[A'] = sessions \ {kp[A]}
p
T, = [[F’]]C) = vars(Xp) U ownerships(X,)  kp[A] = sessions(Xp) [r1,c [[r’]]c
p

[Min |yl

[[r'}]C]p,kp[A]; tx,s kg [A']: end, Xp: ([T7],, Kp[A] : tx, ) Fain Xp
Where in 71, we consider the usage of auxiliary functions vars, owenerships, and sessions
on the projection [C] .
O
We finally prove Theorem B.13.

Proor or EPP TYPING PRESERVATION. From Theorem B.13, we have that T' = T'g, .
and we need to prove that we can apply Rule Mvoc] on Ty, [Te]€ Faia D, [C]

peo(Ta, []S) TaF D [N]€ Fain [C]
rda [[rc]]c l_min D, [[C]]

[Min|pc]

where

— pco(Tg, [[F]]C) holds as, regarding session typings, [[F]]C just coalesces session typings and
their related ownerships of service processes;

— T'q Fnin D holds as per premises of Theorem B.13;

— [T Fain [C] holds from Lemma B.15 and the assumption of well-sortedness on C (if C

is well-sorted also [C] is well-sorted and typable by [I]°).
O

B.5. EPP Theorem

Before proving Theorem 6.6 we define some auxiliary concepts to establish a correspondence
between a choreography and its projection.

LEMMA B.16 (EPP SwAP INVARIANCE). Let C ~¢ C’ then [C] ~¢ [C'].

PROOF SKETCH. In the proof we show that the projection is invariant under the rules
for the swapping relation ~¢ defined in Fig. 7. [©lesenl is trivial. For Rule [leacnd we need
to check that the projections of the processes in the swapped interaction 11 do not change,
which holds by the definition of EPP for (cond) terms and the merging operator (merging
the same 1 returns n). The same reasoning on the EPP and the merging operator applies
to all other cases. O

LEMMA B.17 (EPP UNDER =). Let C =¢ C’ then [C] =¢ [C'].
PROOF. Easy by cases on the rules of =¢. O

LEMMA B.18 (CoMPOSITIONAL EPP). Let C be well-typed and C = Cy | Co then [C] =¢
[C:] | [C2]-

PROOF. By definition of EPP

[cr= I e, I TT{ L (el
C) 1

p € fp( s€|Cly
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Since C is well-typed and C = C; | Ca, Rule [Tlel applies and by definition of I', I's there
cannot be a process p such that p € fp(Cq) Nfp(Cs). Therefore we can write

[Cl=c I [l 1 JI Il IT{ L Icl.

p € p(Cy) q € fp(C2) s€[Cly

By the definition of service typing we know that i) locations can implement only one role
in a choreography and 1) a location can appear only in one service typing. Therefore there
cannot be two service processes at the same location in C; and Cs. Thus we can write

= I [, II [cl  IT{ U @) (1T L Ic
1

p € fp(Cq) q € p(C2) re [Ci]y Vo \s € [Ca]y/

ce cg Cs C3
where [C1] = C§ | C§ and [C3] = C§ | C§ by definition of EPP. O

B.5.1. Pruning. Following our definition of EPP, the projection of (start) terms on service
processes yield a parallel composition of (acc) terms on the locations subject of the (start).
However, the reduction of a (start) term might remove the availability to start new processes
on the locations subject of the (start) (i.e., if the reductum does not contain another (start)
term on the same locations). Contrarily, (acc) terms remain always available.

A similar observation can be drawn between conditional branches that contain (com)
terms whose projection merges all possible communications into (recv) and (send) terms.
Also in this case, reducing the condition and projecting the result we obtain a subset of all
possible branches for the considered communication.

Similarly to [16] and [13], we deal with these asymmetries by introducing the pruning
relation (see Definition 6.5), which allows us to ignore unused ) endpoint services and i)
input branches.

Before continuing with the last auxiliary results and the proof of Theorem 6.6 we need
to extend the labels of the semantics of annotated Frontend Choreographies (see § B.1.1)
with the identifiers of the processes involved in a reduction

B == k:p[A] —> B.o | A)q[Bl.o(x) | T@p | T

and the annotation of the reduction with Rule [Clcond] as

i=1if eval(e,D(p)) = true, i = 2 otherwise

[€Icond]

D, if p.e{Cy} else {Cs} T—@p> D, C;
Let also pn(k:p[A] —> B.o) = {p}, pn(A)q[Bl.o(x)) ={q}, pn(t@p) = {p}, and pn(1) = o

8
LEMMA B.19 (PASSIVE PROCESSES PRUNING INVARIANCE). D,C — D’,C’ implies
that for all p € fp(C) \ pn(B), [C'], < [C],.
PROOF SKETCH. By cases on the derivation of C. The only interesting case is [Clcond] in
which the projection of the processes receiving selections are merged. The thesis follows
directly from Definition 6.5 and Lemmas B.16 and B.17.

a
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B.6. Proof of Theorem 6.6
We restate items (2) and (3) of Theorem 6.6 to include annotated reductions.

Theorem 6.6 (EPP Operational Correspondence)
Let D, C be well-typed and well-annotated. Then,

B B
(1) (Completeness) D,C — D', C’ implies D,[C] — D’,C” and [C'] < C".
8 B
(2) (Soundness) D,[C] — D’,C" implies D,C — D’,C’ and [C'] < C".
We report below the respective proofs of (Completeness) and (Soundness) separately.

PrROOF (COMPLETENESS).

B
Proof by induction on the derivation of D,C — D', C’.

. Case [Clsend
we know that C = k:p[A]l.e —> B.o; C. and we can write the derivation

1 =k:plAl.e—>B.o D, k:plAl.e—>B.o» D’

k: p[A] —> B.o
D,n;C — D/, C

[Isend]

and C' = C..
From the definition of EPP we have that [C] = Cuet | Cs such that
Cact =k:plale —>Bos[Cel, | [  [Cel,
r € fp(C)\{p}

and

Cs - H |_| [[CCHS
1

s € |C]y

While [C'] =¢ C’, | Cs

Czlzct = [[Ccﬂp | H [[CC]L

r € fp(C/)\{p}
We can apply Rules [Clpal, [Cl&], and [Clsend] on D, [C] such that

n=Xk:p[Al.e—>B.o D,np» D”
Lc‘Par.I

k:p[A]'—>B.o
D, [¢C] — D" C”

for which it holds that D’ = D" by Rule [Plsend].

C” =[Cc, | IT Icd, Ic

r € p(C)\{p}
for which it holds that [C'] < C”.
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. Case [‘lrel
we know that D,C =D, k:A—> q[B].{0i(xi); Ci}ier and we can write the derivation

jel D,k:A—>q[Bl.oj(x;) » D’

C

k:A)q[B].Oj (Xj) ) L ‘Recv-l
D, k:A—>q[Bl.{oi(xi); Ci}ier ——— D', G

for B =k : A)q[Bl.0j(x) and C’ = C;j.

By the definition of EPP we have

[[C]]zck:A—>q[B].{oi(xi);[[ciﬂq}ieI| 11 (I_I[[ci]]p>|1‘[ || [cl,

p € p(C)\{q} \i €1 3 re [Cly

Then we can apply Rules [Clparl, [leq], and [Clre] such that

jel D,k:A—>q[Bl.oj(x;) » D"
© Clpar

k:A)q[BJ.oj(xj) .
D, [€] ———— D’ [G], |

(_u uciﬂp) IH1< N [{cm)
p € fp(C)\{q} \i €1 reCh

and

otel, T (W) T U e
1

p € fp(C)\{a} \M eI re|Cl

From Rule Plreal we know that D” = D’. Finally [C'] < C” by Definition 6.5 and
Lemma B.19.
. Case [Clstan]

—

we know that C = start k: p[A] <—> l.q[B]; C. and we can write the derivation

—_

D#k',¥ & =start k’: p[A] <=> l.q[B] D,é» D’
D, start k: p[A] <> lq[B];C — D', CIk//Kk][F/d]

and C’' = C.[k’/K][r/q].
From the definition of EPP we have

€ lstart]

[c1= ] €, II0 L [c¢l.
1

q € p(C’) s € [C'],
and

req k: p[A] <= UB; [Ccl,

| ]_[Hacc k: Lq[Bl; [Cc],
L.qB] € lL.q[B]

[Cl =c q | [T €l

r € (C)\{p}

I H( I1 [[C]L)

Vg 1 \s € [Cly/
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we can apply Rules [Clparl, [leq], [Clpswart]l such that

ie{l,...,n}  D#k"¥ {IB}=W{liBh {¥}=Ur}
5 = start k" : plA] <=> l1.r{[B1],..., ln.r,[Bn] D,5» D”
S [Clearl

D,[C] = D", C"”

where

[Cc], k"/K]
| I1 [Ccl, [k /Klla/r']
(@r) € {(arr)mlanrh)

| [1 [Cc],

Cc! = r € fp(Cc)\{p,a}
| [T acck:LlalBl[Cc],
Lq[8 € L.q[B]

| H~< I1 [[Cc]]s>
UV gl\s€IlCclu

Observe that we can «-rename k” to k/ and ¥’ to ¥ as k”, k/, ¥/, and ¥ are all fresh wrt
D, C.
From the application of Rule Plsarl we can find I' such that

IMmia (D7, C7 K /K [F/F]

and
r Fmin (D/a CH) [k//k/,] [F/Fq
and by a-renaming we have that
D,[C] — D’, C"IK'/k"][F/¥]

Finally [C'] < C"[k’/k"][f/¥'] by Lemma B.19.
. Case [‘lpstarl

Similar to (in particular the second part of) the proof of case [Clstrl.
. Case [‘lcond]

we know that C =¢ if p.e {C;} else {Cs} and we can write the derivation

i=1if eval(e,D(p)) = true, 1 = 2 otherwise

~ap [€Icond]

D, if p.e{Ci}else{C} —— D, ¢

We only consider the case for eval(e, D(p)) = true as eval(e, D(p)) = false is similar.
C’ = C; and by the definition of EPP

[C] =c if p.e{[Ci],} else {[Ca],} | H [Ci], U ICa], | H |_| [C],

q € fp(C’)\{p} L re Ch
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and

[CT=clcl, | ] [cl I [T L] Icul,
1

q € fp(C)H\{p} r € [Ci]y

Q
We can apply rules Clea, Cled, and [Elend such that D, [C] —s D, C” where

c’=[cl, I TI  [alulcl 1T U el
1

q € fp(C)H\{p} r e [Cly

and [C'] < C” by Lemma B.19.
. Case [lev] and Case [Clpal

proved by the definition of EPP and the induction hypothesis.
. Case [‘led

We can write the derivation

&
Re{=c,~} CiRC, D,C;—D.C, C,LRC,

B LClEq]
D, Cl — D/7 CQ

For R = =¢, proved by the definition of EPP, Lemma B.17, and the induction hypothesis.
For R = ~¢, proved by the definition of EPP, Lemma B.16, and the induction hypothesis.

PROOF (SOUNDNESS). Proof by induction on the structure of C.

. Case C = k:pl[A].e —> q[B].o(x); Cc
From the definition of EPP we have

[C] =c k:plal.e —> B.o;[Ccl, | k:A—>aqlBl.o(x);[Ccly | [] [Cel, | H( | [[C]]s>
) 1

r e fp(C s € [Cly

B
we proceed by subcases on the last applied Rule in the derivation of D, [[C] — D', C”.
. Case [Clsend]

Divided into subcases whether = k:p[A] —> B.o holds or not.

. Case B =k:p[A] —> B.o
D, [C] reduces to D’,C” with Rules [lral, [€ledl, ending with Rule [Clsendl such
that

C"=[Cc], Ik:A—=qBlox);i[Cly | J] ICI ITT{ L] Icl
1

r € ip(C)\{p,a} s € [C],

B
D, C mimics D, [C] with Rules [Clel and [lsendl for which D,C — D", C’, D’ =
D’ by Rule [Plsend],
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[C'] =c [Ccl, | k:A—= qlBl.o(x); [Cc], | 11 [ct T | [cl.
r € p(C)\{p,a} 13 s € [C]y
and [C'] < C”.
. Case 3 # k:p[A] —> B.o

In this case D, C can mimic D, [C] with the application of Rules [Cl&l, [lral, and
[Isend] and the thesis follows by the induction hypothesis.
. Case [Clrel, [Clpswr], or [Clcond]
In this case D, [C] reduces with Rules [°I&l, [“lral, and respectively ends the derivation
with either [lrel, [Clpsur], or [lcond], i.e., some process r € fp(C) (p and q included)
either receives a message, starts a new session with some service processes, or reduces
to some branch. D, C can mimic D, [C] applying Rules [ l&l, [Clra] and terminates
the derivation with either Rules [Clreal, [Clpstar] (or [“lsta]l, depending on the form of C)
or [%lcondl. The thesis follows by the induction hypothesis.
. Case C = k:p[A]l.e —> B.o; C.

Similar to case C = k:p[A]l.e —> q[B].o(x); C¢.
. Case C =k:A—> q[B]l{oi(xi); Ci}ier

From the definition of EPP we have

[C] =c k:A — q[Bl{oi(x:); [Cil et | [ L] [cd, ) T L fel

iel \pepC) k \re[C],

B
we proceed by subcases on the last applied Rule in the derivation of D, [C] — D’,C".
. Case [‘lrel

Divided into subcases whether = k: A)q[BJ.0j, j € I or not.

. Case 3 =k: A)q[Bl.oj,j el
D, [C] reduces to D', C” with Rules [Clexl, [°leql, and terminates with Rule [€lrec]
such that

=1, | ] ] Ial, ) PTTL L fc,

iel \pe(Ci)\a} re|Ch

B
D, C mimics D, [C] with Rule [€lre] for which D,C — D”,C’ where D” = D’
by Rule [Plre] and

c1=ic1, 1 1T oL I II( L [ol,

p € fp(Cj)\{a} re Gy

and [C'] < C” by Lemma B.19.
. Case 3 #k: A)q[Bl.o;
For any 3 of this case D, C can mimic D, [C] with the application of Rules [ ledl
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and [Clral, terminating with Rule [Clre] and the thesis follows by the induction
hypothesis.
. Case [Clsend], [Clpstart], OT [Clcond]
is similar to subcase Case [Clre, [Clpstrl, Or [Clcond] of
Case C = k:p[A].e —> q[B].o(x); Ce.
. Case C = start k: p[A] <—> l.q[B]; C.

[C] =c req k : plA] <=> TB;C, | IT el I TTL L] <l

r € fp(Cc)\{p} L \s € |[C],

we proceed by subcases on the last applied Rule in the derivation of D, [C] i) D, C".

. Case [‘lpstn]
D, [C] can reduce to D', C” with a process r (including p) that starts a new session
with some service processes. D, C can reduce to D, C’ mimicking D, [C] by applying
Rules [€leql, [Clpal, terminating with either Rule [Clpstar] or [Clstar] .

. Case [Clsend], [CIreev], and [Clcond]
are similar to the corresponding proof for the previous cases.

. Case C = if p.e {C;}else{Cs}

From the definition of EPP we have

[C] =c if p.e {[C1],} else {[Ca],} | 11 [Cil ulCalg | | H( || [[C]L)

q € fp(C1) U fp(C2)\{p} L \re[Ch

we proceed by subcases on the derivation of D, [C] i D/, C".
. Case [‘lcond]
D, [C] can reduce to D', C” with:
. Case (3 =1@p
that reduces to a branch. D, C can mimic D, [C] applying Rules [ lel, [€lpa], and
terminating the derivation with Rule [‘lcondl. The case is proved by Lemma B.19.
. Case B =1Q@r, r#£p
where process r reduced to a branch. The case follows the proof of the previous
case and the thesis follows by the induction hypothesis.
. Case [Clrel, [Clsend], [Clpstart]
are similar to the corresponding proof for the previous cases.
. Case C =req k: p[A] <= ﬁ; Ce

B
Case not allowed by the hypothesis that D, [C] — D, C".
. Case C = acc k: lLq[B]; C.

Case not allowed by the hypothesis that D, [C] i D,C”.
. Case C=def X=C"1in C’

proved by Lemma B.17 and the induction hypothesis.
. Case C=X

Case not allowed by the hypothesis that C is well-sorted.
. Case C=C1 | Cy

[C] =c [C1] | [C2] by Lemma B.18.
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B
we proceed by subcases for n equal to the length of the derivation of D, [C] — D’,C”
. Case n=1

In this case the only applicable Rule is [Clesail where, Since both [C1] and [Ca]
reduce, we can infer, let

Lq[B] = li.q1[B1], ..., 1i-9iBi), liv1.9i41Big1] - - -, ln-qn[Bn]
that

i
Ci =c req k: plA] <= 1B;CT | Hacc k : 15.95(B;l; le | C&
j=1

n
Cy =¢ H acc k: 15.q5[B;]; C} | C2
j=i+1
and by the definition of EPP that

[C1] =c req k: p[A] <> UB; [Cil, | Hacc k: 15.q5[B;; Hleﬂq | [Ce]
j=1 ]'

[Ca] =¢ H acc k: 15.q5[B;l; [[CJQ]] | [C2]

j=it1 G

Observe that we can proceed without loss of generality as the symmetric case (with
p € fp(Cy)) follows the same structure.

ie{l,....,n} D#K.F {IBl=W, LBk {7 =Uf}
b =start k' : p[A] <=> 11.r1[B1],..., ln.rn(Bnl D,5» D”
D,[Ci] | [Cs] — D”,C"

\_C |PStart]

where
) ]] (k’/k][r/ql

el e

| T iy1 ace k: 1.qi[Bjl; [[CJQ .
- )

Then D, C can mimic D, [C] applying Rule [Clpsear] with reduction

te{l,...,n}  D#K¥  {IB =W LBk {F}=UF)
& =start k" : plA] <=> l1.r{[B1],..., ln.ry,[Bn] D,5» D”

[Ipstart]

D.C,|Cy; — D”.C
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where

I1_: C} | [Tj_1 acc k : 1.q;[8;]; C)
C’'=¢ Cilk" /K| | K" /KIEF /8] | S rIed] e
Hjn:iﬂ Cy | Hjn:iﬂ acc k : 1j.q5[B;j]; C},

Following the structure of the second part of the proof of Case [Clstrl for the proof
of Completeness of Theorem 6.6, by o-renaming we have D’ =D’ and [C'] < C”.
. Case n>1

For n > 1 we have a derivation similar to

R

n — 1 times, each either
\.Clpav-‘ or \.C‘Eq-‘

[Clpar]
B
D,[Ci] | [C2] — D', C{ 1| [C2]

where R is the last applied Rule, R € {[Clsend], [Irecu], [Clpstarc], [€lcondl}. The thesis follows
from the induction hypothesis.

B
The proof for the mirror case D, [C1] | [C2] — D’,[Ci] | C4 follows the same

structure.
. Case C=0
trivial.
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B.7. Proof of Compilation from Frontend Choreographies to DCC Networks

We first define some auxiliary results used in the proof of Theorem 6.10.

We provide some results on DCC variable substitution. We remind that the only bound
names in DCC are the variables in (accept) terms (e.g., x in !(x); B). However, the following
lemmas prove that renaming free variables with fresh names in processes (and, by extension,
in services) preservers bisimilarity.

In the following, we abuse the notation for a-renaming to denote variable renaming in
running processes. We define the variable renaming operator for DCC processes P[x’/x].

DEFINITION B.20 (DCC VARIABLE RENAMING OPERATOR). Let B -t be a DCC pro-
cess, then (B -t)[x ’/x = Bx//x] -t < (x/,x(t)) < (x,@) where Blx'/x] substitutes every
occurrence of x with x'.

LEMMA B.21 (DCC PROCESS VARIABLE RENAMING). Let (Bs,P | Pc,M), be a DCC
service where P =B -t. Let P’ = P[x'/x] where x" is fresh in B. Then (Bs,P | Pc,M); —
(Bs,P" | F’C,I\/l>1 <~ (B, P’ | PC,T\/U‘L — (Bs, P"Ix//x] | PC,M>1.

PRrROOF. The proof is by induction on the form of P. We report the most interesting
cases. Below we consider t’ =t < (x/,x(t)) < (x,2).

Case P =o(y) frome;B’ - t

The only applicable Rule is [P““lre], hence we consider the interesting case in which M

contains a message for the queue defined by e. In the other case the Lemma trivially

holds as services cannot reduce on P and P’. The case unfolds on the combinations of

whether i) y # x and %) expression e contains x. Below we consider the comprehensive

case for y = x and e that contains x. The proof of the other cases is either trivial or a

slight modification of the reported one.

Since we assume we can apply Rule [P<lre] we take t. = eval(e,t) and M(t.) = (0,t’) =

m. From Definition B.20 we have that t. = eval(e[x’/x],t’).

Meaningful reductions on P and P’ are of the foorm P — B’-t<(x,ty) and P/ —
B/[x’/x] - t' < (x’,tm ) and the thesis follow by induction hypothesis.

Case P = Zlel i(xi) from e]{B;} - t

The only apphcable Rule on both P and P’ is [°“lre]. The most comprehensive case is

for M that contains a message for operation oj, j € I where x; = x and expression e

contains x. The remainder of the proof follows that of the previous case.

Case P=if e{B 1} else{Bsy}-t

Trivial by Definition B.20 for which eval(e,t) = eval(e[x'/x], t’).

Case P=y=¢;B-t

The only applicable Rule on both P and P’ is [°““lasienl. The most comprehensive case

is for y = x and expression e that contains x. The case is proved considering that, by

Definition B.20, it holds that eval(e,t) = eval(e[x’/x],t’).

Case P=def X=B; inB-t

The thesis follows from the application of Rule [°*“lc»] and the induction hypothesis.

Case P=v)x;B’ -t

Let t. ¢ M. We have the reduction on Rule [PInewquel

S — (Bs,B - t<a(x,tc) | Pe, Mlte — €l)y
Let service S’ be equal to S with P replaced with P’. S’ can mimic the behaviour of S
by taking the fresh value t. = t., obtaining the reduction
S" = (B, B'[x'/x] -t/ a(x',t.) | Pe, M[t] — €],
The same holds if we let S’ reduce and prove that S can mimic it.
Case P = 0Q@e(e3) toes; B’ -t
We consider the comprehensive case in which expressions e, es and ez contain x. From
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Definition B.20 we know that eval(e;,t) = eval(ey[x’/x],t’). Similarly the couples e3 and
ea[x’/x] and ez and e3[x’/x] enjoy the same property when evaluated respectively on t
and t’.

We analyse the case in which P moves and P[x’/x] mimics it. The other case, for P[x’/x]
that reduces and P that mimics it, follows the same structure.

B = 0Qe;(e2) to e3; B’ eval(e;,t) =1
eval(ez, t) =t eval(ey, t) =t t. € dom(M)
(Bs, B-t|P,M); — (Bs, B"-t|P,M[tc = M(tc) = (0,tm)]),

[PCC insend]

and

Blx'/x] = o@e;[x'/x](e2[x/x]) to es[x'/x];B'[x'/x]  eval(e;[x'/x],t") =1
eval(es[x’/x],t') =t eval(ex[x'/x],t') =t t. € dom(M)
(Bs, BIx'/x]-t' | P,M); — (Bs, B'[x'/x]-t' | P, M[te = M(tc) = (0, tm)]);

Case 7Qe;(es);B” - t

We consider the comprehensive case where expressions e; and ey contain x. From Defi-
nition B.20 we know that eval(ej,t) = eval(ey[x’/x],t’). Similarly e; and ex[x’/x] enjoy
the same property when evaluated respectively on t and t'.

Below we describe the case in which P moves and P[x’/x] mimics it. The other case, for
P[x’/x] that reduces and P that mimics it, follows the same structure. We assume the
start behaviour Bs =!(y); B’.

[PCCnsend]

B:?@el(eg);B” Q:B’~®<1(y,eva1(eg,t))
<'(y)7Bl7 B-t I PC7 M>l — <'(y)7B,7 Q | B”-t | Pca M>l

[PCCinstart]

and

Blx'/x] =7@e; [x'/x](e2[x’/x]); B"[x'/x] Q =B’-@<(y,eval(es[x’'/x],t))
(My); B, BIx'/x]-t' | Pe, M), —  ((y);B’, Q|B"[x/x]-t' | P, M),

I_DCC |InStart-‘

O

LEMMA B.22 (DCC NETWORK VARIABLE RENAMING). Let S and S’ be two DCC
networks such that S = (Bg,P | Q) | Si and S’ = (Bs,Px'/x] [ Q). | S« then
S(Bs,P" 1 Q") | S, < S’ — (Bs,P"[x'/x] | Q') | S..

PRrROOF SKETCH. The proof is by induction on the derivation of S. The main observa-
tion is that the most part of cases are already considered in Lemma B.21. The cases not
considered in Lemma B.21 regard derivations on Rules:

— [PIsend] whose proof follows the same steps of case P = oQ@ej(es) to e3;B’-t in
Lemma B.21;

— [°Iswn] proved following the same steps of case P =7Qeq(ez); B” - t in Lemma B.21;

— [PClgql and [°learl where the thesis follows from the application of the induction hypoth-
esis.

O

We report below the statement of Theorem 6.10, enriched with annotation on the tran-
sitions of D, C.
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Theorem 6.10 (Applied Choreographies)
Let D, C be a Frontend Choreography where C is projectable and I' = D, C for some T.
Then:

1) (Completeness) D, C ﬁ>D’7C’ implies
(1) (Comp p

r
I

(a) [(D)", [C]]"—* [{(D")"", "]

(b) [C] <C”
(¢c) for some I'", T+ D', C’

(2) (Soundness) [(D)", [C]|"—* S implies
(a) D,C —* D’,C’

7 r
(b) S <<D/>>F 7C//
(¢) [C]=<C”
(d) for some I'", T+ D', C’

B
ProOOF (COMPLETENESS). We proceed by induction on the derivation of D,C — D', C’.
The general strategy is to:

& /
— apply Theorem 4.2 from which, let D = (D)", we have that D, C — D’,C’, D’ = (D)"";

— since C is projectable, we can always apply Theorem 6.6, from which, D, [C] i D’,C”
and [C'] < C";

— we compile the Backend Endpoint choreography D, [C] into the DCC network r
and prove that we can reduce it in such a way that its reductum is =p-equivalent to the

—
compilation of the reductum [(D’)"", C”| .

Case [lsend
We know that
— [C] =¢ Cp | Cc with Cp = k:p[Al.e —> B.o; Cy;;

B
— D, [C] — D', C” with [Clsend] being the last applied Rule, where 3 = k:p[Al.e —> B.o
and C” = C; | C¢;
— let m = D(k[A)B]) and v = eval(e, D(p)) we have, by Rule [Plsendl,

D’ = D[ k[A)B] = m : (0,v) ]

which, by Theorem 4.2, corresponds to D’ = D[ U :te = D1 te) = (o, tm) } by
Plsenal where 1* is the location of the receiving process playing role B and t. is the
correlation key used by the process playing A to send to the process playing role B.
The tree t,, corresponds to value v exchanged in Rule [Plsend].
We have two cases, whether the receiving process q is in the same location of the sender
p or not. Formally, let p € D(1) we consider the exhaustive cases:
Case q € D(1)
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From Definition 6.7 we have that (D, [C]|"=p S | S¢ where, let t, = D(p) and M = DJ;

_S:<F’P|Q’M>1

— P:o@kBl( ) to k.A.B;|C, Tt

“o- 1 [Ciow

q € D N\{p}
Cse- < 0 [Cl)-b Dn,>
1 e N\ re D(L) y

In this case (D, [C]|" can mimic D, C applying Rules [P<leal, [P<Ispal, and [°linsend]
where S | S — S’ | S¢ with [°<lseal and S — S’ with

P = 0@k.B.l(e) to k.A.B;|C, Mty eval(k.B.1,t,) =1
eval(k.A.B, t,) = t¢ eval(e, tp) =tm t. € dom(M)
<BSa P | Q7M>1 — <B5a P’ | Q7M[tc — M(tc) = (O7tm)]>1
where P/ = " t,. Since by Definition 6.7 1, tc, and ty, result from the evaluation

of the state of process p, D(p), we have that M[t. — M(tc) = (0,tm)] = D’|;.
This corresponds to the compilation of the reduction D', C’, i.e,

LDCC ‘ InSend]

P’

<r’v“D’<P)' I1 r' Dl>} )
1

. / q € D/( 1)\{p}

oy = |

1 e I'’'\{1} reD/(

<F’, I1 )“D'm, IDJ’IV> }sc
1 i
Where the changes in D’ and T affect only the compilation of the queue in D’|;
identified by t., while for all other terms Ar=[r"and D’|;, = DI,.
Case q € D(1)

Similar to Case q € ID(1) except the last applied Rule in the reduction of s
LDCC ‘Send“ .

Case [CIre]

We know that

— [C] =¢ Cq | Cc with Cq =k:A—> q[B]{0i(x1); Cikier

— D, [C] —> D’,C" with Rule [‘lrees] where 3 = k: A)q[Bl.0j(x;), C' =¢ Cj | Cc. Let
D = (D)" and D(k[A)B]) = (0j,v) : M, we have
D’ =DJ[ q+ D(q)lxj — v] | [ k[A)B] — m |
By Theorem 4.2, let D(t¢ : 1*) = (05, tm) = M* we have

D' =D[ q~ D(q)lxj = tm]][ 1" : tc — m* |

by Plre] where 1* is the location of the receiving process playing role B and t. is the
correlation key used by the process playing A to send to the process playing role B.
The tree t;, corresponds to the encoding of value v in the queue.
Let q@l € T, tqy = D(q), and M = D|;, from Definition 6.7 we have FED S|S.
where
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— sz<FQ|R M)
— Q=) ilo x1 ) from k.A.B] { [C{] } - tq
__R= 1 FD

VED(U\{q}

se-o 1 (@ o e,
l’eF\{l} >

In this case |D, [C]|" can mimic D, C applying Rules [°<leql, [°CIspal, and PIre].

Q =Y icqloi(xi) from k.A.B] {-F} tq jel tc = eval(e, tq) M(te) = (0j,tym) = M*

[PCCRecy
([ChhQIRrRM) = ([CJN[C™ ta < (x5, tm ) | R, Mlte > 7])
DCC

S(S. = S |s. [PCCspar]
Where S’ = <F,F-tq a(%5,tm ) | R, Mltc = ﬁm*]>1. Let t; = tq<(xj,tm ), Q' =
r-té7 and M’ = M[t, — ml.
Since by Definition 6.7 t. and t,, respectively result from the evaluation of the state of
process ¢, D(q) and the encoding of value v, we have that M’ = D’|; and t; = D'(q).
This corresponds to the compilation of the reduction D/, C”, i.e

S/

9
’ r’ ’ ’ ’ ’ ’
T = T AN O BECONIS (= ) G o LNy
r e D/ (L\{q} LV ENnL se D) y

Sc

Where the changes in D’ and '’ affect only the compilation of the queue in D] identified
by tc and the state of q; while for all other terms Ir=[r"and D’|;, = D|,,.

Case [“lpstarl

We know that _

— [C] =c C+ | Cq | C¢ where, let 1: G(ABB) € T

— C, =req k: plA] <= 1B;C/

— let 1;.B1,...,ly.Bp = 1B, Cq = Hacck 1i.qi[Bi); Cq,
We can apply Rules [Cleal and [¢led] and lastly Rule [Clestr] such that

ie{l,....,n} D#k,F {IB =W {liBk {/=U}
b =start k' : p[A] <=> l1.r1[B1],..., lh.rn[Bnl D,5» D’
D,C, | Cqa = D', C/IK'/KI | TL ( Cq. [K'/X][ri/qil ) | Ca

[€lpstart]

and
T li li / /
D,Cr|CalCe — D, CUK/K | []( Calk'/Kllri/ail ) | Ca | Ce
i

thus C”" = CLIk'/K | TT; ( Cqilk//Klri/qil ) | Ca | Ce
We can find T’ =T, init(k’, (p[A],q[B]), G) and " - D’, C’.
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Remark B.23. We have two cases for, let p@l € T, whether 1 € {l} or not. For a

clearer treatment of the case we proceed considering that 1 ¢ {1} (i.e., no service process
is created in the same location — service — of the requester p). The other case follows the

same structure of 1 ¢ {I} although the service located at 1 has r as start behaviour

and (D, [C]|" applies Rule [P“lnswr] in place of the P<Clswrl for starting the DCC process
located at 1. ~
Henceforth we proceed analysing the case for 1 & {l}.

From Definition 6.7 we have, let D* = (D)™ and M* = D*|, and M} = D)y,

n

B = ([l P IR M) 1 TTHQE Q1 TR MG, 15
i=1

In the following, we use the abbreviation t} = D*(s) for process s in D*.
— P =[G /K]
L R e

p’ € D*(1)\{p} o
— Q{ = accept(k,Bi, G(AB[B));[Cq,|"

— Qi = Cq‘ [k’ /Kl[ri/q:]]"" t*i
B

s € ]D)*
—Se= I " [Celo )™ 5, D"
e N\{L1} s’ € D* ) v
From Theorem 4.2 we can apply Rule Plswed on D, [C] — D*, C” such that we know that
Fie*) LI (e% ) (e )
ki(tp) - ki(tql) e T ki(tqn) - tk'

for some ty+ session descriptor of session k'.

We proceed by proving that we can reduce |D, [C]|"—T S.
From Definition 6.7 we have, let t, = D(p), M = DJ;, and M; = DJ_

n

[D.ICT" = ([CI] P IR M) | [T Qe Ru Moy, 15
i=
where
P = start( k, (LA, 1 ) ); r-t,E,:
k ILl= l

Ie{aB}
- _ ® (Vv)k.LA;?@k.L1(k); sync(k) from k.I.A A

Ie{B)

® start@k.Ll(k) to k.A.L;|CL|"
Ie{B)
I(k); v)k.I

Ie{A, B}\{B }
— Qi = accept(k,B;, G(A[B[B));[C F: sync@k.A.L(K) to k.BLA ;

start(k) from k.A.B; ; -r
T R om

p’ ED N\{p}
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- Rli = H Ccls r'ts
s € D(11)

Cse= T <n I D>

U e M\, s’ € D(V y
r can mimic D, C with the following sequence of reductions. Note that we make
use of renaming on (accept) terms in Qgp,...,Qn and variable renaming on P (as of
Definition B.20) to align the evolution of rWith the evolution of D, C, in which

k has been renamed with the fresh name k’. Since the renamed DCC network and the
original one are bisimilar, as per Lemma B.22, we can proceed to prove our results on
the original DCC network using the DCC renamed network as a proxy.

Therefore we take S ~ (D, [C]|"

n

5= ([CL)t P/ | R M) | TT(QU/K, Ru M)y, | Se

i=1

[PCClseql  [PClsparl  [PCClpparl LDCCAssign]}

n + 1 times
[PCClseql  [P<Clspar]  [PCCINewquel

D
&
So— @

[PCClseq]  [PClsparl  [PCClstart]

®

*

[PCClsgq]  [PCClspar] [P INewquel }
n times - S1

[PClseq]l  [PClsparl  [PCCIsend]

[PClseql  IPClspar]l  [PCIRecr] n times

[PClsgq]  [PClspar]  [PClsend]

LDCC ‘SEq-‘ \_DCC |SPar-‘ LDCC ‘ Recv] @

n times

We briefly comment the numbered transitions.

— In () Pk’ /K] proceeds to store (for n+1 times, 1 plus l;,1 € {1,...,n}) the locations
of all roles under k’.

— In (2), for each location 1;,1 € {1,...,n} (for each service process):

— P creates its receiving queue for the service process @;
— in @ P synchronises with the service at location 1; starting (°“lswr]) a new

service process;
— in the service process creates its own queues for all other roles in the session

(hence n times);
— in the service process sends the correlation values to P;

— finally P receives the message in @
— In (3) for each service process (n times) the starter sends a message to the service

process to start the session and @ the addressee receives it.
Finally we have
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n
= (Cl" P IR MY) 1 TT QiKY QF I Ry, M), IS

i=1
where
— P’ =|C|" [k'/K] -t;,, and
— Q{ =[Cq.]" /K] - tir
From the transitions presented above we know that there exists t, such that t, =
tp < (K, ty, ), where ty, is a session descriptor for session k' (i.e., it contains all the
locations and correlation keys used by the processes in session k’). In this case, we take
t], = tx’ obtained from the derivation D, C — D*, C".
Similarly, M’ and M1,..., M/, contain the necessary (empty) queues to support com-
munication in session k’.

M’ =MIK B A(te/) — el ... [K'.Bn.A(tk/) — €
and (@ being a totally undefined function on Val — M)

M; =2 [k/.A.Bi(tk) — €] [k,.Bl.Bi(tk) - [k/.Bifl.Bi(tk) el L.
. [k/.B-i_+1.Bi(tk) el ... [k/.Bn.Bi(tk) — €]

We proceed with the proof taking S ~ St as S is simply the renaming of k’ to k on start
behaviours Qi,1 €{1,...,n} (trivially Q;[k’/kl[k/k'l = Q)

sz<r| P’ | R,MI>L | 1:[1<Q17Qi’ | R, M)y, | Se

We now proceed to prove that [D, [C]|" —=* |[D*, C”|rl, i.e. that r’ = S with
I D’,C.
We prove that

B’ s
n n

([CJ™ P IR, M) | 1‘[1<Q{’,Q3 | RE M), e = ([P IR M) [T(QuQi IRy MO, I 5c
i= i=

— M* and M’ are equal and similarly M} and M; are pair-wise equal by construction
and rule Plstrl;

— r: l“'aus Mioes = Tl1ee by construction;

— P” =P’ is proved by
CIR/M™ -t =[CI" [k /K - £,
Wthh holds as

mr’ C’ T[k’/K] since
) T does not contain any new process used in CJ;
(b) by renaming, and Lemma B.22.
i) t; =t, by construction and Rule [lsunl.

— Q{* = Q{ proved by

Cau K /KIri/ail|™" t5, =[Cq|" /K] - ticr
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whose proof of equivalence follows that of P = P’  except that I'’ contains the
location of the process (ri) used in Cq, [k'/Kl[ri/qil.
— Q{ = Q4 proved by

accept(k,Bi, G(A[BB)); "= accept(k,B;, G(A[B[B));[C r
which holds as r—= l"because I and I’ contain the same service typings.
— R’ =R is proved by

I b s= I @
p’ € D*(L)\{p} p’ € D(L\{p}

for which
’ . .
i) |Cclp,|r = | Cclp,|ras ' does not contain any new process used in Ce.

i) ty, = tpr unchanged by the reductions of I, C and r_

— R{, = Ry, whose proof follows that of R" = R.

— S/ =S, following the proof of r: r’ and R{. = Ry,.

Case [Clstar

While the original FC program reduces applying rule [Cls.rl, the endpoint projection
D, [C] will mimic it applying Rule [Clesar], as per Theorem 6.6. Hence, to prove this case,
we can follow the same proof of case [“lpstarl.

Case [“lcondl

We have [C] = C,, | Cc where C, = if p.e {C1} else {Ca}. Let p@l € ' and

— = D(p);

— P=if e{[Cy] "} else{[Co| }- tp;

CR= I [

r € D(U\{p}

— S C ’u Y7D’
c l/ew<m 0t |1>/

re D(l)
From Definition 6.7 we have, let M DI,

D, [C]]"=p <| Ccl P IR, M>1 |'S.

we reduce I, [C] applying Rules [lral, [°leql and lastly Rule [Clcond]. We analyse only the
case for eval(e,t,) = true as the other case for eval(e, t,) = false follows the same
structure.

D,[C] — D',C”
and C” = C; | C. and D’ = D by the definition of [°lcendl. We can choose I' = T/, for

which it holds that ' - D', C’.
From Definition 6.7 we have

[D7,C7|" =D, C7 = <|CC|1|F,F.tp IR, M>l 'S,

D, [C]|" can mimic D, C applying Rules P<leql, P<spal, [°<lerad, and lastly [P“Clcond] for
which

[LICT)" > ([l [C™ tp | RM) 1S
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Case [‘lcxd

The thesis follows from the induction hypothesis as D, C applies Rule [‘lcs] and r
can mimic it with Rule [P“lcyd.

Case [Clpar]

The thesis follows from the induction hypothesis.

Case [Cled

The thesis follows from the induction hypothesis. Starting from any configuration of
D,C, I can always mimic the evolution of D, C when it applies Rule [ leq]: in both

cases that R = = or R = ~¢, |D, [C]|" can apply PP<lel, [PIseal, and [P<leral to mimic
D,C.

O

Before proceeding with the proof of (Soundness) of Theorem 6.10, we extend the semantics
of DCC by annotating its transitions with the variable paths (of the kind x = x.y.z) on
which DCC operations execute. We range over DCC transition labels with A.

Ae=x]|v)x|?(x)|ofromx|otox|T

We report in Figure 27 the annotated semantics of DCC.
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A
B . Bl . !
t— t IPCCcs]

t’ = eval(x, t)
LDCC |Assign“

A
x=e:B-t — B-ta(xt) def X=B,inB-t —» def X=B, inB’-t’

A
P=p Py | Py Pi-5P] P|Py=P
p Pi| P2 1 1 11 P2=p —_—

i=1if eval(e, t) = true,i = 2 otherwise
[P€C]cond]

A
if e (B} else (By)-t — Bi-t (B, P, M), = (By, P', M),
B=v)x;B t.¢dom(M) M’'=Mlt,+— &
LDCC INewque]

)
(Bs, B-t|P, M), — (Bs, B-t<(x,tc)|P, M),

B e { 0j (Xj) from e; Bj R ZiEI [Oi(Xi) from e] {Bl}}
jel t. = eval(e, t) M(tc) = (05, tm) =M
I_DCC‘Recv—I

0; from e
(Bs, B-t|P, M)y, ——— (B, Bj-t<(xj,tm) | P, Mltc — ml),

B = 0@e;(e3) to es; B’ eval(e;,t) =1
eval(es, t) = t. eval(eg, t) =t t. € dom(M)

(Bs, B-t|P,M), ——% (B, B'-t|P,Mlte — M(tc) = (0, tm)]),

\_DCC |InSend.‘

B =7Qe;(ez); B” =B’ -@<(x,eval(es,t
(e2);B” Q (x, eval(es, 1)) __

?(e2)

(
(1B, Bt [P, M), ——  ((x);B', Q| B"-t| P, M),
B = 0@e;(es) to e3; B” eval(e;,t) =1/ eval(es, t) = t.
t. € dom(M’) M” = M'[te = M/ (te) = (0, tm )]
[PCCsend]

(Bs,B-t|P, My, | (BL,P!, M/}, —=%% (By,B"-t|P, M), | (B,P",M"),,

eval(eg, t) =t

B =?Qe;(e2); B” B. =!(x);B’ evalle;,t)=1 Q=B'-a<(x,eval(es,t)) e
Start

?(e2)
(Bs, B-t|P,M), | (B, P/, M'){, L (Bs, B”-t| P, M), | (B;,Q [P, M'){,

A
SED Sl 51 —>S{ S{ =p S/

[DCC]sgq]

A
!/
5SS [P |spar]

A A
SISt — SIS S — s

Fig. 27. Dynamic Correlation Calculus, annotated semantics.
We also introduce two operators on sequences of DCC transition labels. Let AA be a
sequence of DCC labels, the filtering of A, A on k , written (A, A) . is defined as

k.xy, vk.x.y, ?(k),
A, (?\’k) it A e ¢ sync from k.x.y, sync@k.x.y,
= start from k.x.y, start@k.x.y

7\) otherwise
k
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Let Aq, 7\1 an Ao, 7\2 pe two sequences of DCC labels, the complement of Aq, 7\1 on Ag, 7\2
, written (A1,A1) \ (A2, A2) is defined as

~ £ if )\1 :)\2
A A2, A2) =
(A1, €) \ (A2, A2) {)\1 otherwise
A\ A iA1= A

(A1, A1)\ (A, Ag) = {)\17 (A1 \ (A2,A2)) otherwise

Below we state Lemma B.24 that proves that, given a DCC system S and a sequence

- A
of reductions A for which S — S’, if the first action is the initiation of a session k, then

we can reorder the execution of the subsequent actions in A such that we first execute all
transitions related to the start of k and then all the remaining actions, obtaining the same
final system S’.

LEMMA B.24 (DCC START PERMUTATION). Let S be a composition of DCC services

A ~ ~ ~ ~ ~ <~ A
such that S — S’ where A = k.C.LLA/, then let Ay = A . and A, = A\ A, we have S BN Sy
As
and S — S’.
PROOF SKETCH. The proof is by induction on the length of A. The main intuition is

that, since the first action is the start of the new session k, all other actions in A’ either

are related to the initiation of k or do not affect it. Hence, we can reorder the execution
3

of actions inj\ such that first we execute all actions regarding the start of the session’
contained in Ay and then all the other actions in A,. O
Next we state Lemma B.25 that proves that, given

— a well-typed FC endpoint choreography D, C

— its DCC compilation S

— the DCC system S’ that results from an arbitrary number of steps of reduction belonging
to the start of a session k in S

we can execute the remaining steps of reduction in S’ to complete the start of session
k, obtaining the final system S” and prove that S” is the same DCC system as the one
obtained from the compilation of D', C’, the reductum of the source FC choreography D, C
after the step of reduction to start session k.

LEMMA B.25 (DCC START COMPLETION). Let I't D, C, C a endpoint choreography

n
C=req k:plA] <=> L.[B1],... . Ln.[Bnl; Cr | [ Jace k: LiqilBil; Cq,
i=1

A ~ ~ A
and [(D)', C "'=S such that S — S’ where ?\‘k = A then i) S’ — S”,ii) D,C —» D', C/,
and iii) there exists some T s.t. T+ D', C" and |(D’)"", C’ M_ g,
PROOF. Proof by case analysis on the length of A.

Let p@Ql € T'. To proceed, we have two subcases whether 1 € {ly,...,1.}, i.e., whether
one of the service processes is at the same location of p. Since the subcases follow the same

3Note, this does not imply nor require that A contains all actions needed to start session k.
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structure, we detail only the proof for 1 & {13, ..., 1} which allows for a uniform treatment.
In the other case, i) we should account for transitions on the same service of p with Rules
[PClnstart] and [Plisend] and 44) we would have a newly created process in parallel with p in
D, C and in the correspondent DCC system S”.

Provided n is the number of service processes involved in the start of the session k, from
Definition 6.7 we can count the number of transitions needed to complete the start of a
session. Indeed, given a D, C with

n
C=reqk:plA]l <<= 1;.[B1],...,ln.Bnl; C; | Hacc k: 1i.9i[Bi]; Cq,
i=1

and [(D)", C|" = S then we can write the sequence of transitions of the compiled DCC
system

s
O 09 a o

v)k.AI 7?(k) v)kII’ sync@Qk.I’.A syncfromk.lI’”.A

D o ©

start@k.I’.A  start fromk.I’.A

S//

©

and count the number of all the transitions to complete the start, let it be m, as the sum
of:

(1). n+1 times, for I € {A, B}, with last Rule [°lassign];

(). n times, for I € B:

. reduces with last applied Rule [°Inewquel;
. reduces with last applied Rule [Plstnl;

. n times for I’ € {4, B} \ {I}, reduces with last applied Rule [P<Inewaul;
@.4). reduces with last applied Rule P“lsenl;
. reduces with last applied Rule [Plrecl;

. n times, for I € B:
. reduces with last applied Rule [PIsend];
. reduces with last applied Rule [°<lre];

and m = n2 4 7n 4 1. We proceed unfolding the proof on the length of A.
Case [{A}| =1

Since the cardinality of A is one and that from the premises we know that A contains

only transitions belonging to the start of session k, we can infer that A = k.C.1 where
C € {A,B}.

ACM Journal Name, Vol. DATE: 12/4/2018, No. 0, Article 0, Publication date: April 2018.



Applied Choreographies 0:91

To prove the thesis we let S’ do all the remaining transitions to start the session and
show that D, C can mimic it. Let TB = 1By, ..., 11.By and L: G(ABB) €.

From Definition 6.7 and Theorem 4.2 we have, let D = (D)", M = D(1), M; = D(L;),
and t, = D(p)

n
(D). "= ([CAJ P IRM) | [T{Qu R M), IS
i=1
where -
P = start( k, (LA, LB) );|C|" t, =
1e{a,B}
- _ ® (Vv)k.IA;?@k.Il(k); sync(k) fromk.I.A); | . T.t
ort kLl KLA): L,
(> start@k.l.1(k) to k.A.I;
1e{B}

k); ©  Vv)kILBi;
- ix L1e{aABN\{B:}
— Qi = accept(k,Bi, G(ABIB));[Cq.|"= syncak.A.l(k) to k.Bi.A ;

start(k) from k.A.B; ; [Cq, [T
— R= IT -Cc| ’ r'tP’
b € DIU\(p) —
— Ry, =

IT [Cel"t
€ D(14)

S
Csem T <t I mm>
e N\{L1} s’ € D(1

The first transition, A = k.C.1 consumed the first assignment of location and assigned
the location of role C to k.C.1 in the state of the starter t,.
Let us suppose, without loss of generality, that C = A, then we have

£

") /

O kLl=1l;;
1e{B)

p_ | ® (v)k.I.A;?@@(k);sync(g from k.I.A); [T < (KAL)
1€(8) .
(2 start@k.L.1(k) to k.A.T;
1c{B}

and [(D)", C F% S’ where
g/ — <F,P/ | R, M>l | TT(Qi.Ru. M)y, ISc

i=1
Since in its reduction D, C renames the new session with a fresh name, we first rename
session k, in P and the service processes Qj, to k’, which is fresh. We take

O K.Il=1;;
1e{B}
PPkl = | © (v)k’.I.A-?@k’.I.l(L’);?@k’.I.l(L’);); [T kA - ¢
1e{B}
© syne(k') tron k'.LA
1e{B}
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where, let t) =t, < (kA.L1), t) =, < (k' k(ty))<(k,@).
We take

Si = ([CL]"P" IRM) | [T{Qilk/k, Ry Ma),, IS

i=1

and by Lemma B.22 we have S§ ~ S’.
Now we can proceed with the rest of the transitions of the start procedure, as defined at
the beginning of the proof. Finally we have

"= ([C]n P 1R M) 1 TT(QUI/KL QY T Ry, M IS
i=1

where P’ :r k'/kl -t{, and Qf = r (k'/K] - tyer
From the transitions presented above we know that there exists ti, such that trl) =

t, < (k' 1), ), where t, is a session descriptor for session k' (i.e., it contains all the
locations and correlations keys used by the processes in session k').

We proceed by proving that D, C can mimic [(D)", C r
We can apply Rules [Flea] and [Cledl and lastly Rule [Clpswre] such that

ie{l,....n} D#k,F (B =W{lBk {H=Ufr}
b =start k’: p[A] <=> l1.r1[B1],..., ln.rn[Bnl D,5» D’
D,req k: p[ ] < 1B;C | 1L (acc k: li.qi[Bil; Cl) —
Clk//Kl | TL; ( Cilk//KI[Fi/ail ) | TT; (ace k: Li.gi[Bi]; Cy)

[ lpstart]

and

D,CIC. — D,Clk/K | [](Cqlk/Klr/ail ) | Hacc k: 1i.qiBi; Cq, | Ce
thus C’' = Cr[k//k} | H{L:l ( qu[k//k] [H/Ch] ) | Hi:l acc k: li.qi[B;J; CS1 | Ce.
From the hypothesis we know that I' = D, C and therefore that T' = I, 1: G(A|B|B). We
can find I'" =T, init(k’, (p[A],q[B]),G) and " + D’, C’.

Finally, we need to prove that St =[(D’)"", C’ r
From Definition 6.7 we have

n
(D737, " = ([Ce" P IR M) | TT(QF Qi IR Mi),, ISt

Let D* = (D’)"" we use the abbreviations t} = D*(s), for s process in D*, and M* = D,
and M} = D|;, in [D*, C']"" we have

— P =|C/[ k/k Moty

e

p’ € D* U\{p}
— Q{ = accept(k, By, G(AB[B)) »mr,

— Qf =|[Cq '/Klri/qil]""- t,
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o F’ *
T

s € ]D)*
/ ’ !
— SC = H ~ F7 -F t*/, D*h/
1 e M\{L,1} s’ € ]DJ* 1) v

From Rule Plserl we know that
K(ty) =K/(tg,) = ... =K/(t5,) = tw
for some ty+ session descriptor of session k'.
We prove the case by taking ti/ = t;,, t, obtained from the derivation of (D), C Mand
M*=M"and M =M/, ie{l,...,n}
Case 1 <A} <m~—1
The case follows the same structure of the previous case. We rename k to k’ on p and all

the newly created service processes. Then we let the system complete all the transitions
and prove that the reductum corresponds to the compilation of D’, C’.

Case [(A}l =m
Since [{A}] = m then S = S’ where S’ has terminated all the transitions to start the
session. Here we only have to rename k to k’, as per Lemma B.22, for all the involved

processes, proving S’ =[(D’)"", C’ "

O

We now proceed to prove the (Soundness) of Theorem 6.10, restated here below to con-
sider annotated transitions:

— (Soundness) -—> S implies i) D,C —* D’,C’ and i) S —* r’ for some
")C'yand T uch that i) " = D’, C’

In the following we use the shortcut

mn
Cstart =Teq kK : p[A] <=> 11.[B1],...,ln.Bn); Ci | Hacc k: 1;.9i[Bi]; Cq,

PROOF (SOUNDNESS). We proceed by induction on the cardinality of A. Then we con-
sider sub-cases on the shape of C and the shape of A.

Case |{A} =0

Trivial, [D,C|'=S =[D’,C’|", D,C=D’,C’, and T - D', C".
Case A} =1
Since the cardinality of A is one, we can directly consider the single annotated transition
A = A. In the sub-cases of this case we omit to consider impossible cases for A = v)x
and A = ?(x) since these transitions (corresponding respectively to rules PInewauel, and
[PClinsean] Or [°Clsean]) can happen only within of a start session sequence (i.e., not at the
first position).
In the following we use the abbreviation follows (#) to indicate that the case unfolds
following the proof of Case # for the same subcase for A, with the thesis following by
applying the induction hypothesis

Case C =k:A—> q[B]{0i(xi); Ci}ier; Cq | Ce
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Case A=x follows (C = Cgurt | Cc), Case A=o0tox follows (C =
k:p[Al.e—> B.o;C, | C.), Case A =7 follows (C = if p.e {C1} else {Ca} | C.)
Case A = o from x
Since receptions in compiled DCC systems can only happen on correlating queues
within sessions, without loss of generality we can assume that A = o from k.A.B
where o5 ¢ {start, sync}, indeed these operation names are reserved for session
initiation and cannot appear as first (in this case, only) reduction of a compiled
system.
Let q@1 € T', from Definition 6.7 and Theorem 4.2 we have

D.C"=s ([CLNQIRM) IS

where, let D = (D), M = D|, and tq = D(q),
o Q ZIEI 01(X1 fromkA B {- } t
S QT

reD(l \{q}

- <n N e
l'er\{l}

s € D(1)
and we can apply Rules [P<leql, [PIsparl and [PClre] such that, let t, =
eval(k.A.B, tq), tm = eval(e, tq), and M(tc) = (05, tm) =M

oj fromk.A.B
D,C[Ff —— 'S

where

S=S"]S.

and S’ = <F,F-tq<1 (%5, tm ) | R, Mltc ﬁ1}>1.

D, C can mimic D, C|" with Rules [lel, [€lpal, and [Clre] for which
D,C — D',C,|Ce

where, let D(k[A)B]) = (0j,vm) = m’, we have

D’ =Dlg — tq < (%), vm )I[k[A)B] — m']
Since from the premises I' - D, C then
I =T, k[A]: &A{oi(Uy); Tilier, k[A)B]: &A.05(U;); T and we can find
I =Ty, k[A]: Ty, k[A)B]: T’ such that "+ D', C".
At the level of choreographies, since the changes in D’ and I'’ and the related
D' = r affect only the queue related to D’|; and the state of q, for all other
terms [JF=[I" and D'[,, = D|,,.
Hence we can write r’: S| S. where S” =S’ by Theorem 4.2.
Case C =k:p[Al.e — B.o;C,, | C.

Case A=x follows (C = Cgut | Cc), Case A=ofromx follows
(C = ki & — qBl{oi(xi);Cikier;Cq | Cc), Case A=t follows (C =
if p.e{Ci}else {Ca}| Co).

Case A=o0tox
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As for Case C = k:A —> q[B]{oi(xi); Citier; Cq | Cc, we know that all send
actions in DCC systems compiled from FC programs happen on a session-related
queues, hence we can assume A = 0@Qk.A.B. Also, we know that o ¢ {start, sync}
for the reasons explained in Case C = k:A —> q[B].{0i(x1); Ci}ie1; Cq | Cc.
From Theorem 4.2, let D = (D)', t, = D(p), and M = DJ;. Now we consider two
cases for which, let p@Ql € I, whether the location of the receiving process (stored
under path k.B.l in the state of p) equals 1, we either reduce the compiled DCC
system by means of Rule [Plisendl or Rule [°lsend]. For brevity we just consider
the case for [P<lmsendl as the other case follows similarly.

Since [Plnsend] applies, we can infer that

D,CFED<CC|1F,P|Q|R,1\/1>l 'S,

where
— P =0@Qk.B.1 to k.A.B;r- tp

o-fa
— R= 1 r-t,

r € D(U)\{p,a}

Cs- T <n N r-ts,m,>
1

velr\{t} s € D(1) ,
Let t. = eval(k.A.B, t,), tm =eval(e, t,), and M(t.) =m

0@k.A.B
D.Cr —

where

S=S"]S.

and §' = ([CIJ[C)"™ tp | [Celg]" ta | R, Mite = w3 (0, tm)])

D, C can mimic D, C|" with Rules [lel, [€lpal, and [Clsendl for which
D,C — D',C,|Ce

where, let v;;, = eval(e,D(p)) and m’ = D(k[A)B]), D’ = DI[k[A)B] — W/ =
(0, Vi)l
Since from the premises I' = D, C then I' = T', k[A]: @ B.o(U); T,k[A)B]: T" and
we can find " =Ty, k[A]: T,k[A)B]: T’; &A.o(U) such that I+ D', C’.
At the level of choreographies, since the changes in D’ and '’ and the related
D’ = r affect only the queue related to D[, for all other terms [N = [T
and D'|;, = DI,.
Hence we can write rlz S” | S, where S” =S’ by Theorem 4.2.

Case C = Cyyqrt | Co

Case A=ofromx follows (C = k: A —> q[Bl.{oi(xi); Citier;Cq | C¢), Case
A=o0tox follows (C = k:plAl.e —> B.0o;C, | C¢), Case A=1 follows (C =
if p.e{Cy}else {Cso}| Co).

Case A =x

From Definition 6.7 we know that assignments in DCC systems that are compiled

from FC programs appear only within the starting of a session. In this case,
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since A contains only one action which corresponds to the first reduction of the
compiled DCC system, it must be the first assignment for the creation of the
session descriptor for some session k' in C.
Let C € {A,B}, we have two subcases whether A = A =k.C.lor A =A =k".C.1,
i.e., whether we are starting session k or we are starting another session k”.
Case A =k.C.1
In this case ris starting a new session on k. The case is proved applying
Lemma B.25.
Case A #k’.C.1
In this case we are starting a session on k” # k. The case unfolds following
the proof of case C = Cgy4,¢|/C. where C. contains the endpoint choreogra-
phies for the starter process and the service processes for session k’. The
thesis follows by applying the induction hypothesis.
Case C = if p.e {Ci}else{Cs}| C,

Case A=x follows (C = Cgart |
k: A —> q[Bl{oi(xi); Cikier; Cq |
k:p[Al.e —> B.o; C, | C¢).

Case A=1

C.), Case A=o fromx follows (C =
Cc), Case A=otox follows (C

Let pQl € T'. From Definition 6.7 we have

r— r
D.0 = ([CIJ P IRM) IS
where, let D = (D)", t, = D(p), and M = D,

— P =if p.e'} else {r}~tp
—R= IT [Cl"t

reD(1)\{p}
Cse= T <c I D>
1 el\{1} seD(1’) ,

1
The case unfolds into two cases, on whether eval(e, D(p) = true. Here we proceed
with the positive case. The other case follows the same structure.
We proceed considering that eval(e,D(p) = true. [D, C|" reduces with Rules
[PCleq], [PClsparl, [P<Clpar], and [PClcond] such that

OO o (S M),
where S = ([Cel"[Cel]"™ to | R. M>l | Se. D, C can mimic [D, C]" with Rules

[Cleq], [Slparl, and [lcond] such that

Se

D,C — D,C;|C¢

We choose I'" =T for which it holds that '+ D, C; | Ce.

Finally, r: S by Definition 6.7.
Finally, Cases C=C;|Cy, C=deftX=C'inC,|C., C=X|C. and
C=0| C. wunfold applying the induction hypothesis on the respective
sub-cases Case A=x follows (C = Cgar | Cc), Case A=o fromx fol-
lows (C = ki A —> qBl{oi(xi);Ciker;Cq | C¢), Case A=o0tox follows
(C =k:p[Al.e —> B.0;C, | C¢), Case A =7 follows (C = if p.e {C1} else {Ca} | Co).
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Case |{A} > 1

The case unfolds considering A as the first action in A = A, A’. For any shape of C and
label A # x we can i) apply the same steps followed in the related case for the same C
with {A}} =1, A = A and i) inductively unfold the case on the remaining part A’.

For A = x and C of shape Cgtq¢ | Cc (the case for other shapes of C can be re-conducted
to this case), let x = k.A.1 (other cases for x = k’.B.1 are similar) and the thesis follows
by applying Lemma B.24, Lemma B.25 and the induction hypothesis on the remaining

transitions in A\ A
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