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ABSTRACT. Choreographic Programming is a correct-by-construction paradigm where a
compilation procedure synthesises deadlock-free, concurrent, and distributed communicat-
ing processes from global, declarative descriptions of communications, called choreographies.
Previous work used choreographies for the synthesis of programs. Alas, there is no formalisa-
tion that provides a chain of correctness from choreographies to their implementations. This
problem originates from the gap between existing theoretical models, which abstract com-
munications using channel names (& la CCS/m-calculus), and their implementations, which
use low-level mechanisms for message routing. As a solution, we propose the theoretical
framework of Applied Choreographies. In the framework, developers write choreographies
in a language that follows the standard syntax and name-based communication semantics
of previous works. Then, they use a compilation procedure to transform a choreography
into a low-level, implementation-adherent calculus of Service-Oriented Computing (SOC).
To manage the complexity of the compilation, we divide its formalisation and proof in three
stages, respectively dealing with: a) the translation of name-based communications into
their SOC equivalents (namely, using correlation mechanisms based on message data); b) the
projection of a choreography into a composition of partial, single-participant choreographies
(towards their translation into SOC processes); ¢) the translation of partial choreographies
and the distribution of choreography-level state into SOC processes. We provide results of
behavioural correspondence for each stage. Thus, given a choreography specification, we
guarantee to synthesise its faithful and deadlock-free service-oriented implementation.

1. INTRODUCTION

Background.  Concurrent, distributed software applications have become a crucial asset
of our society: messaging, governance, healthcare, and transportation are just some of the
contexts recently revolutionised by distributed applications. A hallmark of those applications
is that their global behaviour, usually referred to as protocol, emerges from the interaction
of programs, also called endpoints, that run in parallel and rely on message passing to
communicate and coordinate their actions [CD88|. Developers strive to correctly implement
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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 [CEST1] or race conditions [NM92|. Ensuring that all endpoints play their
respective parts correctly—i.e., that they follow their intended protocols—is difficult due to
the inherent non-determinism of distributed programs running in parallel [O’H18].

Since the early days of distributed computing, designers and developers introduced
and used tools to describe the order of interactions among the endpoints of a system,
like security protocol notation [NS78|, Message Sequence Charts [Int96] and UML Sequence
Diagrams [OMGO04]. 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
complexity of interleaved communications) from the specified behaviours of the endpoints.
Even for simple systems with a fixed number of participants, algorithms for extracting this
information have exponential complexity [CLM17].

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) [W3C04]. A WS-CDL artefact is a “choreography”, which specifies the observable
behaviours 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.

Example 1. We illustrate the choreographic approach with a representative example. We
use the example to also introduce the syntax of choreographies used in the remainder of
the paper. The example describes a simple business scenario among a client process c, a
seller service located at s and a bank service located at lg. Locations (1) are abstractions of
network addresses, or URIs, which identify where services can be contacted to interact with
them.

1 start k: c[C] < I5.s[S], Is.b[B]; if b.confirm_pay( cc, order ){

k:b[B] —> c[C].0k(); k:b[B] —> s[S].ok()

5

2 k:c[C].product —> s[S].buy( z ); 6
3 k:s[S].mk_order( x ) —> b[B].reqPay( order ); 7 } else {

8

9

4 k:c[C].cc —> b[B].sendCC( cc ); k:b[B] —> c[C].ko(); k:b[B] —> s[S].ko()
}

At 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 communicate over a private
multiparty session k, intended as in Multiparty Session Types [CDCYP15|: 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, at Line 1, we assign role C to
process ¢, 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. At 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 . At 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 openT'x, for
opening a payment transaction. At Line 4, the client sends its credit card information cc to
the bank on operation pay. Then, at Line 5, the bank makes an internal choice on whether
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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 global
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 [OMG11] and
Testable Architecture [JBo13]. 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 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
choreographies. In the first, called Choreographic Programming [Mon13|, programs are
choreographies as that in our Example 1. The idea is that the choreography defines both the
internal 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 [CHY12, CM13]. In the second methodology, choreographies
are used to describe protocols, which abstract away from internal computation. The aim of
this second methodology is to verify that each process, written manually (in contrast to being
automatically synthesised, as in choreographic programming), implements correctly its role
in the protocols that it participates in. Multiparty Session Types [HYC16] 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, e.g., used
to check that a process implements its role in a protocol correctly. The key technical result
that one needs to prove then is that the 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 [MY13] unifies the two methodologies, with
the aim of combining their advantages. In that model, programmers can describe parts of
a system as in choreographic programming and other parts as independent process terms.
The model uses multiparty session types to check that the composition of the independent
process terms with the projections of choreographic programs will behave correctly. What
made the unification of the two approaches possible is the strong operational correspondence
guaranteed by the EPP.

Motivation.  The main application area for choreographies so far is that of Service-
Oriented Computing (SOC), as in web services [W3C04] or microservices [DGLT17, New15].
Implementing communications in this setting is non-trivial, since services must be loosely cou-
pled 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 [QZCY07, LGMZ08,
CHY12, CM13, CMS17|, by modelling message exchange through synchronisations on names
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(as in CCS and the m-calculus [Mil80, MPW92|). As a consequence, the implementations of
choreographic frameworks [Chol6, AIO16, NY14] significantly depart from their respective
formalisations [CM13, DGG*15, HYC16] (a common aspect of implementing process calculi,
cf. [CLMO05, HYHOS8]). In particular, implementations realise the creation of new channels and
message routing with additional data structures and message exchanges [Mon13, DGL"14]
that are absent in their formalisations. The specific communication mechanism 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 [OASO07],
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 complexity of
implementing communications should not leak into the choreographic programming 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
Applied Choreographies. Our framework consists of three calculi, which enjoy a tight series
of correspondences.

The first calculus, called Frontend Choreographies (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 [MY13], 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 Choreographies (BC), has the same syntax of FC but
a different semantics: instead of using abstract name synchronisation, BC models and keeps
track of the data structures needed to implement concrete correlation-based communications
(§ 4.1). While more involved than FC, BC is agnostic wrt the specific technology used for
correlation.

The third is a process calculus of distributed executable code, based on a standard formal
model for Service-Oriented Computing [MC11]|, called Dynamic Correlation Calculus (DCC)
(§ 5). DCC models both data distribution and how concrete communications are implemented.
Given its low-level scope, DCC does not capture all the abstraction of choreographies.

Our main contribution is the definition of a behaviour-preserving compiler from Frontend
Choreographies to DCC distributed services. The compiler uses Backend Choreographies as
intermediate representation. This is the first correctness result of an end-to-end translation
from standard choreographies to programs based on a real-world communication mechanism.

More concretely, our compiler includes two transitional stages (FC-to-BC and EPP)
toward the Compilation:

FC-to-BC: generates the data structures needed to support the execution of a source FC
program using message correlation (§ 4.3). Essentially, we obtain a Backend choreography
which is operationally correspondent to its source Frontend;
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EPP: transforms a choreography that describes the behaviours of many participants into a
set of modules, called endpoint choreographies, each describing the behaviour of a single
participant. More precisely, the procedure is an endomorphism (§ 6.1) that transforms
a source choreography—whether FC or BC does not matter, since they share the same
syntax—into a set of (endpoint) choreographies whose syntax is restricted to only partial
actions (i.e., belonging to one of the two ends of a communication);

Compilation: takes in the BC data structures obtained from the FC-to-BC conversion and
the endpoint choreographies obtained from the EPP transformation and synthesises a
correct implementation of the source FC program as a distributed system of DCC services.

Starting from FC proves that our development is adequate. Programmers can use high-
level programming primitives and semantics as found in previous works on choreographies—
with state-of-the-art features like asynchronous communications [CM13] and modular de-
velopment [MY13]—while our compilation procedure tackles the heavy-lifting of producing
correct service-oriented implementations.

We conclude our proposal discussing related and future work in § 7 and report in the
Appendix auxiliary technical material and the proofs of our results.

This paper integrates and extends material from [GMG18|, which presented the main
ideas behind the Applied Choreographies framework. The extensions in this work include:
a) full formal definitions (syntax and semantics of all three calculi); b) detailed examples
for each main component of the work (the three calculi, the typing system, the three stages
of compilation) to illustrate their relevant characteristics and features; ¢) full proofs of the
formal properties guaranteed by the framework (in appendix B, to avoid breaking the flow
of the reader with details of the technical development). Besides the previous points, this
version contains an extended, revised, and refined presentation of all the contents presented
in [GMG18]

2. FRONTEND CHOREOGRAPHIES

We present Frontend Choreographies (FC), the language model intended for programmers.

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 C1,Cy —
Processes P, q P
Operations 01, 02 O
Variables x,y Var
Sessions k1, ko K
Roles AB A
Locations 1,1 L

FC programs are choreographies, as in Example 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.
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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 [Pie02]; 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 € K, which acts as a communi-
cation channel. Sessions in FC are behaviourally typed [HLV*16]. 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 € A.

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 [ € £, meaning
that they can be used multiple times (in process calculus terms, they act as replicated
processes [SWO01]).

FC supports modular development by allowing choreographies, say C' and C’, to be
composed in parallel, written C' | C’. A parallel composition of choreographies is also a
choreography, 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[C].product —> S.buy
k: c[C].product —> s[S].buy( x ) |
k:C —> s[S].buy( =)

Above, on the left we have the communication statement as seen at Line 2 of Example 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 ¢ 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 c 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
z”. 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
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C:= nC (seq) | if p.e {C1} else {Cs2} (cond)

| C1]Cy (par) ] k:A —> q[B].{0i(2;); Ci}ier (recv)

| O (inact) ] def X =C"inC (rec)

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

| k:plAl.e —> q[B].o(x) (com) | req k : p[A] <> [.B (req)

Figure 1: Frontend Choreographies — syntax.

communicate with process s precisely. This mechanism supports 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 Choreographies. We present the formal syntax of FC, displayed
in Figure 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 pi, ..., Pn-

Complete Actions.  In term (start), process p creates a new session k together with
processes q (g is assumed non-empty). Process p, called active process, is already running,
whereas each process q in [.q, called service process, is dynamically created at the respective
service location [. 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 o; 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 writing local
expressions (e) unspecified, and assume that it consists of terms for accessing local variables
(z) and implementing standard computations based on those (e.g., arithmetics).

Partial Actions. A choreography can use partial actions to interact with other chore-
ographies composed in parallel. Therefore, partial actions describe the behaviour of processes
that wish to synchronise with “external” participants. Concretely, these external participants
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 l~, to create a new session k and some new external processes. Role annotations
follow 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'}.
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start k : c[C] < [5.5[S], l5.b[B]; 8 if b.confirm_pay( cc, order ){
k:c[C].buyReq —> s[S].buy( z ); 9 k:b[B] —> c[C].0k(); k:b[B] —> q[S].0k();
req k' : s[S] <> Ip.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].ko(); k:b[B] —> q[S].ko();
k:s[S|.mk_order( z, y ) —> b[B].reqPay( order ); 13 k':s[S] —> D.abortShipping

k:c[C].cc —> b[B].sendPay( cc ); 14 3

Figure 2: Choreography C', extension of Example 1.

acc k' : Ip.d[D]; 4 k':s—>dp].{
k':8 —> d[D].quoteShipping( pkg ); 5  sendShipping(),
k':d[D].quote( pkg ) —> S.shippingCosts; 6  abortShipping() }

Figure 3: Choreography Cs, compliant choreography to Figure 2.

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 Cy. Term
(par) is standard parallel composition, which allows partial actions in two choreographies
Cj and C3 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 g are bound (as they are freshly created). In terms (com) and (recv), the variables
used by the receiver to store the message are bound (z 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 [Mon13|.

Example 2. In Figure 2, we extend (in blue) the behaviour of the seller of Example 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 a request buyReq from the buyer. The request
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). At Line 5, the
seller receives the shipping costs, which it adds to the costs of the order at the bank (Line 6).
At Lines 11 and 14, the seller notifies the delivery process if it shall ship the product or not.
Let us call C7 the code above. We report in Figure 3 the module Cs of a compliant delivery
service for C;. We obtain a working system by composing the two choreographies in parallel:

Cy | Co.

2.2. Semantics of Frontend Choreographies. We give an operational semantics for FC
in terms of reductions of the form D,C — D', C’, where D is a deployment. Deployments
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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 formalise our notion of deployment and we present our reduction semantics.

2.2.1. Frontend Deployments. In the remainder, we adopt as a convention, when indicating a
Frontend Choreographies program, its shortened form “Frontend choreography” (lowercase c)
or simply “choreography” when the context clearly associates it to Frontend Choreographies.
We also use the shortened form “Frontend deployment” to indicate a Frontend Choreographies
deployment.

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 @ = K x A x A 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 f; : Q@ — Seq(O x Val) (their domains and
co-domains are disjoint):

) fs(z) ifzeP
D(Z)_{fq(z) ifz€Q

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 = my ... :: 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 1 (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|pefpC)]

Intuitively, D is a default deployment for a choreography without free session names C'
if 7) 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. Frontend 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
communication from role A to role B over session k requires a queue k[A)B] to exist in the
deployment of the system.
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D'=D[qw— @ |qe€a][k[C)E] — ¢ | {C,E} C {A,B}]

— [°lstart]
D, start k : p[A] <> [.q[B] » D’
v = eval(e, D(p)) D(k[A)B]) =m Ol
D, k:p[A].e —> B.o » D[k[A)B] — 1 :: (0, v)] e
DHAJB]) = (0,0) = 1 Plrecs]

D,k:A —> q[Bl.o(x) » D[k[ )B] — ] q— D(q)[x — v]]
Figure 4: Frontend Choreographies — Deployment transitions.

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 result”. The following grammar defines § actions.

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

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

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

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 add a message (0,v) — where o is
the operation used to label the message — to the tail of the queue k[A)B], i.e., the queue
expected to contain messages sent by A to B in session k. We assume that function eval
always terminates — in practice, this can be obtained by using timeouts.

Rule Plrev] 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] — m]) and update the state of the receiver at
the variable used to store the message ([q — D(q)[z — 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 Figure 5.

Rule [Clswrl creates a new session, by ensuring that both the new session name k' and new
processes T are fresh wrt D (D#Fk',¥). We use the fresh names in the continuation C, by
using a standard substitution C[k'/k|[r/q].

Rule [“lsendl reduces a send action, if the deployment permits it: D, k: p[A].e —> B.o » D'.
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D#K' ¥ 6 =start k' : p[A] <> [.q[B] D,i» D’
D, start k: p[A] <> I.qB];C — D', C[K/K][f/q]

LC |Start-‘

n=k:p[Al.e —>B.o D,nw» D’
D, n,C — D, C

[€sendl

j€I D,k:A—>q[Bl.oj(z;) » D’

C
D, kih—> aBl o) Cilier  —» DL C;

i =1if eval( e, D(p) ) = true,i = 2 otherwise
D, if pe{Ci}else {C2} — D, C;

I_C ‘Concﬂ

D,Cy — D/,Ci
D,def X =CyinCy — D',def X =Cs1in (]

LC ‘ Ctx]

Re{=,~} CRC, D,C,—D.C, C,RC
D.C — D.C' [l

D,Cl — D/,Ci
D,Cl | CQ — DI,Ci | CQ

ief{l,...,n}  D#K.P {IBy=W{liB}i {7} =U"}
§ = start k' : p[A] <> [1.r1[B1],. .., ln.rn[By] D, é» D’

D,req k : p[A] <> 1.B;C | [1; (acc k- W,C’Z) —
D', CIE'/K] | T1; ( Cilk'/KIFi/a] ) | 11; (ace k = 1i.qiBi); Ci)

|_C‘Par.|

|_C |PStarJ

Figure 5: Frontend Choreographies—semantics.

def X =C"in0=;0 C|C’ECC’|C (01|02)|035001|(02|03)
def X = (' in C[X] =¢ def X =’ in C[C']
k:p[A].e —> q[Bl.o(x); C =¢ k: p[A].e —> B.o;k: A —> q[B].{o(z); C'}

Figure 6: Frontend Choreographies — structural congruence =¢

Rule [C|rec] reduces a message reception, if the deployment permits the reception of a message
on one of the branches in the receive term (j € I). Recalling the corresponding rule [Plre,
this can happen only if the deployment D has a message for operation o; in the queue k[A)B].

Rule |°[eq] closes — under the congruences =¢ and ~¢. Structural congruence =¢, reported
in Figure 6, is the smallest congruence supporting a-conversion, recursion unfolding, and
commutativity and associativity of parallel composition. The swap relation ~¢, reported in
Figure 7, is the smallest congruence able to exchange the order of non-interfering concurrent
actions. For example, provided pn returns the set of process names, Rule [“S|etet] swaps two
communications respectively enacted by completely disjoint processes.
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p & pn(n)
n N pn N = %] cs taCn
p (77,) E () T (| etaEeal if p.e {n; C1} else {n; Ca} e
B =e s ~c¢ n;if p.e {C1} else {Cy}
q ¢ pn(n) Sl
k:A —> q[B].{oi(xi);m: Ci}icr  =~c 1n;k:A—> q[B].{oi(xi); Ci}icr
P#q

Lciscchv-‘
k:A —> p[B].{0;(;); K': ¢ —> q[D].{0};(x};); Cij }jes }ier
~¢ k':C—> q[D].{0}(z}); k: A —> p[B].{o;(i;); Cijtier bjes
P#q

if p.e {if q.¢’ {C1} else {Cs2}} else {if q.¢/ {C]} else {C}}}
~c if q.¢/ {if p.e {C1} else {C]}} else {if p.e {C2} else {Cr2}}

P#4q
k:A —> p[B].{o;(7i); if q.e {Ci1} else {Cio}}ier
~¢ if q.e {k:A —> p[B].{0i(7;); Ci1 }ic1} else {k: A —> p[B|.{0i(x;); Cia}icr}

[SIcndcnd]

<5 |RevCnd]

Figure 7: Frontend Choreographies — swap relation ~c.

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

Rule [lpstan] 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
{IB} = ¥,{Ti-B;}:, where |4 indicates the disjoint union of the list of located roles, requires
that in the accepting choreographies the list of locations and their supported roles match
the corresponding list of the request. The rest of the rule is similar to [Clswrl. Here it is
convenient that deployment transitions are specified by a separate set of rules, since the
effect of 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 [‘lcond],[%lcd, and [Clparl are standard and respectively model guarded condi-
tionals, recursion, and parallel composition.

Example 3. The interplay between ~¢ and rule [“lsendl yields an elegant formalisation of
asynchronous behaviour for choreographies that, differently from previous work [CM13], does
not require a labelled transition system and ad-hoc reduction rules. Consider Line 10 in
Example 2, reported below.

C ¥ .b[B] —> c[c].ok(); k:b[B] —> q[S].0k()

We can reduce C' as follows (for brevity, we omit deployments):
C — k:B—> c[C|.ok(); k:b[B] —> s[S].0k() by [leq| with R = =¢ and [lsend]
—  k:B —> s[S].ok(); k:B —> c[C].0k() by [‘lea] with R = ~¢ and [lsend]

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).
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G == A—>BA{o;(U;);Gi}i (communication)
Global Types | rect.G | t (recursion)
| end (end)
T == ©A{o;(U;); T} (send)
| &A{o;(U;); T} (receive)
Local Types .
| rectT | t (recursion)
| end (end)
Sort Types U == wunit | int | bool | str |

Figure 8: Frontend Choreographies — Syntax for Global and Local Types.

3. TYPING

In this section, we define our typing discipline for the Frontend Choreographies. Our
typing checks the behaviour of sessions against protocols, given as Multiparty Session
Types [HYC08, CDCYP15|. Interestingly, 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
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 Figure 8 the syntax of global types G and local types T

A global type A —> B.{0;(U;); G;}; abstracts a communication, where A can send to B a
message on any of the operations o; and continue with the respective continuation G;. A
carried type U types the value exchanged in the message. In local types, A.{0;(U;); T;}i
abstracts the sending of a message of type U; to role A on one of the operations o;, with
continuation 7T;. Dually, ?A.{0;(U;);T;}; abstracts the offering of an input choice among the
operations o;, with continuation 7;. 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.
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G1 = C —> S.buy(str); Go = S —> D.quoteShipping(str);
S —> C.reqPay(int); D —> S.shippingCost(int);
C —> B.sendPay(str); S —> D.{
B—>C{ o
ok(): B —> S.0k(), sendShipping(),
ko();B —> S.ko() abortShipping();
}; end };end

Figure 9: Global types G (left) and Gy (right) abstract the respective choreographies
presented in Figures 2 and 3.

@C.{Oi(Ui); [[G’L]]C}Z if A=B

[[B —> C.{Oi(Ui); Gz}z]]A = &B{OZ(UZ), HGZHC}Z ifA=¢C
L, [Gil, otherwise
[rec £.G] _ Jrect. IGl, ifAeqG
A end otherwise
[[t]]A =t
[end], = end

Figure 10: Frontend Choreographies — Global Type Projection.

As an example, we report in Figure 9 two global types, G; and G3, that abstract the

choreographies presented in Figures 2 and 3. In particular, G| types session k, created at
locations (I, lg) — Line 1 of Figure 2 — and G2 types session &/, created at location (Ip) —
request at Line 3 of Figure 2, accept at Line 1 of Figure 3. We also write operations followed
by empty parentheses when the type of their message U is unit.
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 Figure 10 the projection of global types, defined following [MY13].
[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 [MY13|, T'UT" is isomorphic to T" and T” up to branching, where all
branches of T or T” with distinct operations are also included, formally

T ifT =1
{ on(Un); Ty Yhens U

&A. S { on(Un); Ty, thea U
{ on(Un); T UT} Ynesnr

T U T = it T = &AA{0;(U;); T; Yier

and T" = &A{0;(U;); T} }jes
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= o (empty environment)
| Typx:U (variable)
| I,X:T (definition)
| T,k[A]: T (local session)
| T,p: k[4] (ownership)
| T,l:G(A|B|C) (service)

Figure 11: Frontend Choreographies — Typing Environments.

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',I”, ... as reported in Figure 11.
The typing of variables denote that a process p has in its state a variable z of type
U. We assume that we can write I', p.z: U only if either x has not been typed yet in '
or it is already associated with the same type U (formally let {u,u'} € U, if w = u’ then
[,px: u,px: v/ =T, p.x: u). We assume a similar convention for all the identifiers in T’
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 [ : G(A|B|C) types with a global type G all sessions created by
contacting the services at the locations [. In the typing,
e A is the role that the active process (the starter) should play;
e B are the roles respectively played by each service process at [ in [ — we assume that each

[ plays a unique role, so the lengths of B and [ are the same;

° C are the roles implemented by the choreography that we are typing — we assume C C B,
, that C contain a subset of the roles in B, ordered following the order in B (as of
Deﬁnition 14).
Regarding set inclusion of service typings, when we write I =I",1: G (A|B|C) we assume
that:
e {A,B} = roles(G), where function roles returns the set of roles in G;
e the locations [ are ordered lexicographically;
e the locations in I do not appear in any other service typing in I';
e that either: .

— [ does not appear in I” and the resulting I' includes it, formally | ¢ dom(I"”) and
L =1", I: G(ABIC);

— [ appears in I", such that IV = I, 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 ! the merged list of
roles in C and D, following the lexicographic order in B. We write the merge as D b C
(see Definition 15) and ' = I/, G(A|B|D >z C).
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—

T,0: G(A[B|B), init( r[C[,k,G Y- C ¥[C]=p[A],qB] G&T

= — — [Mlstard]
T,0: G(AJBIB) - start k : p[A] <> L.qB);C i
T,p: k[A] k[A]: [G],FC [1:G(AB|@)eTl e
I+ reqk: p[A] <> 1.B;C "
[Cl T,I':GAB|@),init( qC[,k,G)FC §¢&r e
T,0 : G(A|B|C) F acc k : 1.q[C];C e

I'p:k[Al,q: kB] je€l Trpe:U; T,qz:Ujk[Al: T)kB]: T;FC
U, k[A]: & BA{0;(U;); T; tier, k[B]: &A{0;(U;); T} }ier b k:p[Al.e —> q[Bl.oj(2); C

[l coml

jel Ttp:k[A] Tkpe:U; T EA:T;FC
I'k[A]: @ BA{0i(U;); Titier F k:plAl.e —> B.oj; C

I_T |Send1

I'-q:kB] Vjel T, qz;:U;kB]:T;FC;
L, k[B]: &A.{0;(U;); Ti}ier = k: A —> q[B].{oj(x;); Cj}jerus

[I' ‘ Recv-‘

'Fpe:bool THC;, T'FCh
I'Fif p.e {C1} else {Ca}

[I—‘Cond]

ILX:T'FC T X:T'FC' Tl|ees CT

T
I'+def X =C"inC o]
MG Tk Oy end(I‘) rcr’ end(I‘)
D—‘Par] D—‘End-‘ 7 77 \_T‘Calﬂ
Fl,P2|—01|CQ 'O LI X: "X

Figure 12: Frontend Choreographies — Typing Rules.

We underline that the annotation C in service typings plays two important parts: it enables
the composition of choreographies and it ensures that only one choreography implements
a specific role. This is mirrored in the composition I' = I",I: G(A|B|C) where, if I" already
contains the typing for some roles D in [, 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 Figure 12.

Rule [Tlswrl types a session start. In the first premise, the service typing [ : 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
in p, each playing its corresponding role in B. Formally,

init( p[A]. .G ) = { a: k[B], k[B]: [Cly |alB] € {pA]} }.
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where the type of each process p € p playing role B € B is the local type projection [Glg of
the global type G. In [TIswrl, we abuse the notation q € I" to check that all freshly created
processes in g do not appear in I" (i.e., there is no variable or ownership typings in I" associated
with any process in q).

Rule [Tlrea] types (req) terms and is similar to [Tlswrl, although it only performs the checks
for the process p, playing role A, that requests the creation of the new session k. Dually,
[Tlac] mirrors Rule [Tlswrl and [ C I’ checks that (following Definition 14) the list of locations
of the service typing in I' includes the locations in the (acc) term. In the premise, we type
the continuation C' with I’ : G(A|B|@) since (acc) terms can only appear at top level in
choreographies.

Rule [Mlcoml 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:

e operation o; can be effectively selected by the sender, according to its local type;

e similarly, o, 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.z: Uj, k[A]: T}, k[B]: T} correctly types the continuation

C, in particular that:

e the receiver q correctly uses the reception variable z in C}

e processes p and q proceed according to their local types, respectively T} and T]’

Rules [Mlsend] and [Mlree] share part of the checks commented for [Mlcoml and judge the
respective 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
choreography, i.e., the rule ["lree| checks that the operations supported by the typing 05,7 € [
are at least a subset of the actual operations oj,j € I U J provided in the (recv) term.

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

Rule [Moefl checks procedure definitions. Here, function [1¢s applied to an environment T’
returns all service typings in it. In the rule we write I'|jocs C T to check that the body of
the recursive procedure does not introduce unexpected services, i.e., services that are not
present at top level.

In rule [Tlparl we extend the set inclusion for I'1,I's point-wise to the identifiers in I' to
merge typings and to check that choreographies executing in parallel do not implement
overlapping roles at locations.

In rule [Tfend, the predicate end(I') holds if the protocols for all sessions in I' have
terminated (i.e., all local typings have type end).

[Tlcal checks a procedure call. The premise IV C T' checks that procedure X does
not introduce unexpected typings (and, by extension, behaviours) wrt the active sessions
contained in TV. 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 [“lsendl,
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

IThe judgement F v : U reads as “value v has type U”.
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not exist and choreographies can always continue execution (see, e.g., [QZCY07, BGGT06,
CHY12, CM13)).

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.,
deadlocks. We illustrate the consequences of having wrong deployments with this simple
running choreography:

D, k:p[Al.y —> q[B].o(z); 0

e (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 [Plsend is
undefined and rule [‘lcoml cannot be applied, causing the choreography to get stuck.

e (protocol violations) assume that D( k[A)B] ) = (o/,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 ii) 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 (o', v) and we cannot apply rule [lreal, 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
deployments are trivially never wrong.

Runtime Global Types.  To capture asynchrony and partial runtime states, we extend
the syntax of global types with:

Gu= ...
| @as{o;(U;)}; G (global choice)
| &aB.A{0i(U;); Gitier (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.{0;(U;)}; G means that role A can choose to send a message to role B on operation
o; with type Uj;, proceeding with continuation G; while &aB.{0;(U;); G;};c; means that B can
receive a message from A on any operation o;,7 € I, proceeding with the related continuation
G;.

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 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 Figure 13.
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ocUfo} & ="2lG

N G
®As{0;(U;)}; G — G Flsend] MBo(U),G — G 6]Rec]
Re{=¢>} GRGI Gi—=G GRG
G N G/ LclEq—I

Reduction Rules.
A —> BA{o;(U;); G} =¢ ®As.{0;(U;)}; &aB.{0;(U;); G;}
Glrec t.G'] =¢ G| G'[rec t.G'/t] ]

Structural Congruence.

A7CVB7D 55| chochol
®As.{0;(U;)}; ®Cp.{0j(U;)} ~¢ ®Cp.{0;(U;)}; ®As.{0;(U;)}
A#£CVB#£D .
&AB.{OZ'(UZ‘); &CD.{Oj(Uj); Gij}} ~a &CD.{Oj(Uj); &AB.{OZ‘(UZ‘); Gij}} lercere
A # D GS
D5 {0:(U3)}: &cD-{0; (U,); G, } ~a &ob {0y (U); Dhs {0y (U }: Gy} - e
A7ZCVB#D 65| BufBrc]
A)B.o(U); &cD.{0;(U;); Gj} ~=¢ &cD.{0;(U;); A)B.o(U); G;}
A#CVB#D GS
0)B.0(0); C)D.0/ (U7) ~g C)D.o/(U7): MYB.o(T) = =™
A#D

I_GS‘ChoBuf-‘
®AB.{0;(U;)};C)D.o(U) ~¢ C)D.o(U); ®As.{o;(U;) }
Swap Relation.

AZ)?J,&AB.{Oi(UZ'); Gi}ie[ = A>B.0j(Uj); Gj ifj el
818D {0(Ui); Gitier = &eD{oi(U;);*21Gi} ifA#CVB#D

MR LCYD.0(U); G = C)D.o(U); Y31 MEL @ oo {oi(T)}; G = @co.{o:(U)}; VLG
A>g¢rec t.G =rec t.G A>§¢t =t A>g¢end = end

Application Function.

Figure 13: Global types — Semantics.

Rule [Clsend 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 A>013.¢G 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 [°lreel. In [¢les] We model the
splitting of complete communications and recursion unfolding with the structural equivalence
=g, the smallest congruence defined by the rules in Figure 13. To capture the semantics of
asynchronous message delivery, we define the swap relation ~g as the smallest congruence
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d ifC=A AD=B
C D.{0;(U;); G; A = en
[C = D.{0i(U): Gille {|_|z [Gils  otherwise
&ho(U);[G]s ifC=AAD=B
C)D.o(U); Gly = B
[C)D-0(U); Gl {[[G]]g otherwise
[t]s = [end]s = [rec t.G]; = end

Figure 14: Frontend Choreographies — Buffer Type Projection.

defined by the rules in Figure 13. Both congruences are similar to what presented for
choreographies in § 2.2. Note that rules [*%[chorrcl and [®%|chosufl 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
previous section to check runtime terms. The extension consists in i) new terms for I', and
ii) the introduction of rule [Tlocl to type runtime choreographies. We extend the grammar of
typing environments with

.F.,'p@l (location)
I k[A)B]: T (buffer)

where T', p@[ states that process p runs at location | and 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 I'. For location typings, we assume that we can write [', p@[ only if p@I & I.
This formalises the requirement that a process can appear only in one choreography (e.g.,
given the choreography C' = C | Cs process p € pn(C) appears either in C or in C3) 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 IIG]]Q, which follows the rules in Figure 14 and returns
the expected buffer type of role B from A in G. [[G]]é extracts from G the partial receptions
of the form A)B.o(U), translating them to local types of the form &A.o(U). Below, we report
the rule that extends global type projection for global buffers.

[A)B.o(U): G], = {E&éﬂo(U);[[G]]c ftﬁejw]?se

.=
|
|

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 (~, =¢) global type G’ which is absent from (global choice) and
(global branch) terms. We call a running global type canonic if it contains 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 ["loc] that checks for coherence
among types, choreographies, and deployments. To define ["Iocl, we formalise a predicate,
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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 projections of) the same global type G.

Definition 2 (Partial Coherence). We write pco(I") when, for all sessions k in T', there
exists a global type G such that
VEB]:TeT, T=[G], A VAcroles(G)\{B}, I'Fk[a)B]: [G]3

Rule [Tlodl is defined as:

pco(I) I'+D T'kC
I'-D,C
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 that D
cannot go wrong. Formally

[Mlodl

Definition 3 (Deployment Judgements).

e D o {(1)Vp.x:U€I‘, D(p).x:U ) )
(2) V k[A)B] : T € ' AN D(k[A)B]) = m, bte(A,m) =T
We comment the checks performed by I' - D: (1) checks that, for each typing p.z: U
in I', D associates z, 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 I' 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 4 (Buffer Type Extraction). Let - v;: U;, @ € [1,n] and m = (o1,v1) == -+
(0n,vp,) then bte( A, ) = &A.o1(Ur); -+ 5 &Aooy (Uy).

3.4. Runtime Examples, Typing and Reductions. 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 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 1) and

C = start k: a[A] < l3.b[B], lc.c[C]; G = A —> B.pass(str);
k:a[A]."ok" —> b[B].pass( x ); B —> C.fwd(str);
k:b[B]l.x —> c[C]. fwd( z ) 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 ' and I' - C, D.

Now, we let D, C reduce to D', C’ following rules [Clstartl and [Plswrl so that D contains the
data and queues needed to support interactions on session k. Finally, we report in Table 1:
e left column, the main elements in the typing environment I, i.e., the evolution of the

type G. To show how partial coherence (Definition 2) holds, we report also the local and
buffer types of A, B, and C projected from G following global type projection [G], for local
types (see Figure 10) and buffer type projection [[G]]i (see Figure 14) for buffer types. For
brevity, we omit to report empty buffer types such as k[A)B] = end;

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);
™ ¢'= kil bf8). s )
= k:alA]."ok" —> b[B|.first( = ); ,
© ZFB\} z gfﬁs::((::;)) end k:b[B].z —> ¢[C].second( z ) b
@C. fwd(str); end
k[cC] = &B.fwd(str);end
6 = k:a[A]."ok" —> B.pas
G — G' by [Sled], lsend C' = C" by |%lea] , [lsend] D 5[1 5,, by vase"ﬁags
G = A)B.pass(str);
B —> C.fwd(str);
end
k[A] = end C” = k:A— b[B].pass( €T )7 D// k[AVB]) = ass. "ok"
@ k[B] = &A.pass(str); k:b[Bl.z —> c[C]. fwd( z ) (KA)B]) = (pass, )
@C. fwd(str); end
k[C] = &B.fwd(str); end
k[A)B] = &A.pass(str)
0’ = k:A —> b[B].pass(z)
! " " u
G' — G" by [Clrecl C" — C" by [‘lreal D8 » D" by Pl
G’ = B —> C.fwd(str);
end
® k[A] = end C" = k:bB]l.x —> c[C]. fwd( x ) D" (b).x = "ok"
kB] = @C.fwd(str);end
k[c] = &B.fwd(str);end

Table 1: 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).

e middle column, the reduction of choreography C;
e 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( = ).

In Table 1, 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 €’ and D’. Next, we let the running choreography reduce,
applying rules |“leq|, [Clsendl, and [Plsendl 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 [Clsendl. 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),



APPLIED CHOREOGRAPHIES 23

‘ Typing Environment Choreography ‘ Deployment
G = A—>B.first
A —> B.second,
o €= k:ala) o blE]. first
e :alA] —> b|B|.jirst;
© k[A] = ®B.first; k:a[A] —> b[B].second p
@ B.second; end
k[B] = &A.first;
&A.second; end
G — G’ by |Sled], Clsendli.c.,
G=¢G1 = ©&hs.first;
&aB. first; , c c 0 = k:a[A] —> B. first
@ A —> B.second, C = C" by [“lea], Flsmd D, » D' by [Plsend
end
G1— Gl and G| = G
G’ = A)B.first;
@AB.second;
&aB.second;
end C’' = k:A —> b[B].first;
©) k:a[A] —> B.second; D'(k[A)B]) = (first, )
Z[[g]] i gf;ff;?d’ end k:A —> b[B].second
&A.second; end
k[A)B] = &A.first();end
G' — G" by [Cleq], Clsendli.e.,
G' ~; Gy = ®AB.second;
M)B. first; , " c c ¢’ = k:A —> b[B].second
® &aB.second, O’ = O by [“lea], [lsend D', 5 » D" by [Plsend]
end
Gy — G and Gy ~¢ G”
G" = A)B.first;
A)B.second;
end
k[A] end , . , .
® k[B] = &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 2: 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).

where in deployment D" we can find that the value of the message has been assigned to the
receiving variable x of b.



24 S. GIALLORENZO, F. MONTESI, AND M. GABBRIELLI

Example 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:
G = A —> B.first(unit);

A —> B.second(unit);

end

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

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 2 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 (A) we report the main elements involved in the reduction. In the left-most
cell of the raw, the global type G is structurally equivalent (=¢) to G and that ap-
pears in rule |%leq| to split the complete communication A —> B. first() into its equivalent
®As. first(); &aB. first(). Then Gy reduces to G with rule [Slsendl and, as of rule |Sleq|, we take
G’ as structurally equivalent to G, as shown in row (2), G’ splits the complete communication
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 (2)). The sending is applied on D which contains the related message in queue k[A)B] in
its reductum D’.

Then, in row we allow the delivery of operation second. This illustrates how asyn-
chrony works at both levels of global types and choreographies. As before, we start from the
left-most cell in the row. First we consider G, which is swap-equivalent to G, after applying
to it rule [*Slcnoeurl. This brings on top the (global choice) on operation second. Then Go
reduces to G4 with rule Flsend and, as of rule |Sleq|, we take G” = G. The reduction on
C', D’ is similar to that of G'.

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

Theorem 1 (Subject Reduction). I'+ D, C and D,C — D', C" imply I = D', C" for some
I

We report in appendix B.1 the proof of Theorem 1.

We now relate I' and IV 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 5 (Global Type Projection).

[G], = { k[A]: [G], | A € roles(G) },{ k[A)B]: [G]s | 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 [HYCO08]), and we write k& ¢ I" when &k does not appear in any local
typing in I'. Then we have:

Theorem 2 (Session Fidelity). Let I'\Ty - D,C, k ¢ T. Then, D,C — D', C" with a
redex at session k implies that, for some G and I, k ¢ I", (i) Ty, C [G], (ii) G — G, (iii)
I, € [G'], and (iv) IV, = D', C".
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Figure 15: Depiction of correlation-based message exchange in SOC.

Theorem 2 states that all communications on sessions follow the expected protocols
(T” may differ from T for the instantiation of a new variable). The proof of Theorem 2 is
reported in appendix B.1.

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

Definition 6 (Coherence). co(I") holds iff Vk € ', 3 G s.t.
e [:GMABIC)eT A C=Band
eVAcroles(G), k[Al: T€l' A T=][G], A VBEcroles(G)\{A}, T'FEk[B)4:[G]}

Coherence extends partial coherence to check that i) all needed services to start new
sessions are present and i) 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.

Theorem 3 (Deadlock-freedom). I' - D, C' and co(I") 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 in appendix B.2.

4. BACKEND CHOREOGRAPHIES

We now present Backend Choreographies (BC). The syntax of programs in BC is the same
as that of FC. Also the two semantics are close, except that FC models communication over
named channels while BC formalises message exchange based on message correlation, as
found in Service-Oriented Computing (SOC) [OAS07]. Formally, thanks to the separation
between choreographic programs and deployments presented in FC, we can let FC and BC
share a large fragment of semantics rules, while the significant differences between the two
semantics of message exchange—name-based for FC, correlation-based for BC—are isolated
within their specific deployments and deployment transitions.

The structure and semantics of the Backend deployments D is one of our major contri-
butions: 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 Choreographies, and finally
we formalise correlation-based message exchange in the semantics of deployment transitions
in BC.
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4.1. Correlation-based Communication. Processes in SOC run within services and
communicate asynchronously. To realise asynchronous communication, services provide
an unbound number of first-in-first-out message queues that processes interact with. The
interaction happens from processes that associate a message insertion /retrieval action with
a correlation key, which uniquely identifies the queue subject of the action. Concretely, a
correlation key corresponds to a set of data that the service associates to a specific queue.

Processes retrieve messages from the queues of their enclosing service. This is represented
in (the right side of) Figure 15 by process r1, which wants to consume a message received
on queue Qi, associated to the correlation key ki. The request is satisfied by the service,
which delivers message my to r1, also removing the interested message from the head of
queue Q;. The complement of the action above is message insertion. Any process (within
the queue-enclosing service and remote) can insert data into a queue by sending a message to
the service owning the queue. That message must associate the payload to be inserted with
the correlation key that identifies the queue within the service. Concretely, when a service
receives a message from the network, it inspects its content, looking for a valid correlation key,
i.e., one that points to any of its queues. If a queue can be found, the message is enqueued
in its tail. In Figure 15, this is represented by data k; marked by the attribute key in the
message sent by process p, (of Service;) to Services. At reception, Services:

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

(2) extracts the corresponding key ki;

(3) finds the queue Qq, pointed by ki;

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

As depicted in Figure 15, messages in SOC contain correlation keys as either part their
payload or in some separate header. As in [MC11]|, also here we abstract from such details.
To summarise, two processes can communicate over correlation-based messaging if: 7) 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 [BPSM198] or JSON [B*14]. In BC, we use trees to represent both the payload of

messages and the state of running processes (as in, e.g., BPEL [OAS07] and Jolie [MGZ14]).
Formally, we consider rooted trees t € T, where T = Val U LU Set(Lab x T) and

te= v | U | {ziit,..,zpity }

i.e., a tree (node) is either a value v, a location [, or a set of ordered pairs of edge labels
z,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 z ::= z.x | £, where ¢ is 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 z.y.z.

In addition, we define two operators to handle trees: path application and deep copy.
The path-application operator z(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
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t. If = is not present in ¢, x(t) returns an empty set of ordered pairs label-tree. Formally,
z(ze(t)) ifax#e

z.x(t) =<t ife=candt={a:t,...,¢n:ty }
1%/ otherwise

The deep-copy operator ¢ < (x,t") is a (total) replacement operator that returns the tree
obtained by replacing in ¢ the sub-tree rooted in z(¢) with ¢'. If x is not present in ¢, t<(x,t’)
adds the smallest chain of empty nodes to ¢ such that it stores ¢ under path z. Formally,

ga(za,t) ifte ValUL
ta(za,t’ )= (t \ {z:z@®) })u{a:t} ift¢ ValUL and x =¢
(t \ {z:z(t) }))U{z:z(t)a(x,t') } otherwise

4.2. Backend Deployments, Transition Rules, and BC Semantics. In addition to the
convention of using the terms “Frontend choreography/deployment” to indicate a Frontend
Choreographies program /deployment, in the reminder we adopt the same convention for
“Backend choreographies” and “Backend deployments”. We use the term “choreography” alone,
when the context makes it clear if we refer to Backend or Frontend ones.

We can now define the notion of deployment for BC, denoted D, which includes:

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

Formally, D is an overloaded partial function defined by cases as the sum of three partial
functions g; : £ — 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:

a(z) ifzel,
D(z) =< gm(z) ifze(LxT),
gs(z)  otherwise

Function ¢g; maps a location to the set of processes running in the service at that location.
Given a location [, we read D(I) = {p1,...,pn} as “the processes p1, ..., p, are running at
the location [” (we assume each process p to run at most at one location). Function g, 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 [ : ¢, we read D(I : t) = m as “the queue m resides in a service
at location [ and is pointed by correlation key t”. The queue m is a sequence of messages
mu=my - my, | € and a message of the queue is m ::= (o, t), where t is the payload of
the message and o is the operation on which the message was received. Pairing operation
labels with message payloads is typical of SOC implementations in general. Indeed, while
not essential for the correct delivery of messages, operation labels are used by processes to
program external choices (for instance, a process expecting to receive a message on either of
two mutually-exclusive operations, e.g., to continue or exit a loop). The case applies also
to BC, where we preserve the association between payload and operations (o, t)—similarly
to FC (0,v). Function g5 maps a process to its local state. Given a process p, the notation
D(p) = ¢ means that p has local state ¢.
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Figure 16: Backend Choreographies — Deployment transitions.

Backend Deployment Transitions. In BC, we replace the deployment transitions of FC
with the rules defining D, § » I, reported in Figure 16. We comment them in the following.

Rule Plstat] simply retrieves the location of process p (the one that requested the creation
of session k) and uses rule [Plsws| to obtain the new deployment D)’ that supports interactions
over session k. Namely, I’ is an updated version of D with: i) 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', iii) 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 [’Isws] where we (1) retrieve the starter process, here called qz,
which is the only process already present in D. Then, given a tree ¢, we ensure it is a proper
session descriptor for session k, i.e., that:
(2) t contains the location [; of each process, represented by its role in the session B;, under
path B;.l;
(3) t contains a correlation key ¢;; for each ordered couple of roles B;, B; under path B;.B;,
such that (4) there is no queue in D at location [; pointed by correlation key t;;;

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

(5) first, we obtain I’ by adding in I the processes qa, ..., q, at their respective locations;
(6) second, we obtain D” by adding to D' an empty queue ¢ for each couple I : t;;;

(7) third, we obtain D" from D” by storing in the state of (the starter) process q; the session
descriptor ¢ under path k;

finally, we update D’/ such that each new created process (qs,...,q,) has in its state just
the session descriptor ¢ rooted under path k.

We deliberately define in [Plsup] the session descriptor ¢ 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 [Plsendl models the sending of a message. We comment the premises. From left
to right, the first gets the location [ of the receiver B from the state of the sender p; the
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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 t,,. 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
Fronted Choreographies, we make two assumptions: that expressions (e.g., e in [Plsendl) 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 . Finally, in the conclusion
of the rule, we add the message (0,t,,) in the queue pointed by [ : t. that we found via
correlation.

Rule [Plrec] 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 [ of q. The third accesses the queue pointed by [ : ¢,
and retrieves message (0,t,,). The last premise updates D to I/ removing (o, t,,) from
the interested queue. Dually to rule [Plsendl, where eval maps variables into paths, in the
conclusion of rule Plree] we map z, i.e., the intended variable that should store the payload
tn, in the state of g, into path z.e.

4.3. Encoding Frontend Choreographies to Backend Choreographies and Proper-
ties. Now that we presented Backend Choreographies, we can proceed with our main intent
of defining a compilation procedure from high-level FC programs to low-level services. Here,
we tackle the transition from FC programs to their intermediate representation toward SOC
systems as Backend Choreographies. Specifically, we translate FC programs that use the
abstract mechanism of communication over names, into BC programs that use the concrete
mechanism of correlation-based communication. We prove our translation correct, i.e., 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 deployments. We extract these data from I', the typing environment of D, C'.

Definition 7 (Encoding FC in BC). Let I' = D, C and (D)! be defined by the algorithm in
Figure 17. Then, the Backend encoding of D, C is defined as (D)'', C.

What the algorithm (D)' does is:

(1) include in D all (located) processes present in D (and typed in T');

(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 Figure 17 at Line 1, we create a new Backend
deployment D and assign to it the totally undefined function (&); D is an empty Backend
deployment that will be later refined via the updates on D at Lines 3-16. Then,

e Lines 3-5, for each located process p@[ in I', we update the locations of D to contain p at
location [ (Line 4) and we include process p in D, associating to it an empty state, i.e., the
empty tree & (Line 5);
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3 foreach p@l in T

4 D:= D[~ D({)uU{p}]

5 D:= D[p— o]

7 foreach p.z:U in I

8 D:= D[p— D(p)<(z,D(p)(z))]
10 foreach { p: k[A] q: k[B], q@l} in T
11 t := fresh(D,!)

12 D:= D[I:t+— D(k[A)B]) ]

13 D:= D[p+— D(p)<(k.A.B,t) ]
14 D:= D[ q+— D(q)<(k.A.B,t)]
15 D:= D[p+— D(p)<(k.B.L1)]
16 D:= D[ q+ D(q)<(k.B.L1)]
18 return D

Figure 17: Encoding Algorithm from Frontend to Backend Deployments.

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

e Lines 10-16, follow the same principles to support correlation-based exchanges as formalised
in rule [Plsw|; for each couple of processes p,q, respectively playing distinct roles A and B
in a session k, with q located at {:

— Line 11, we obtain a fresh correlation key ¢ with auxiliary function fresh. The latter
takes deployment D and location [ as input and returns a correlation key which is fresh
among the keys associated to location [ in D. Formally ¢ is such that {: ¢ ¢ dom(D);

— Line 12, we associate correlation key ¢ with location [ 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 ). 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 (Operational Correspondence (FC «» BC)). Let I' = D, C. Then:

(1) (Completeness) D,C' — D’,C" implies (D), C — (D')', C" for some I s.t. T + D', C";

(2) (Soundness) (D), C — D,C’ implies D,C — D’,C’ and D = (D')I" for some I" s.t.
I'+D'C.
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Proof Sketch of Theorem 4.  We sketch the proof of Theorem 4, 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 the corresponding deployment transitions
(e.g., respectively defied by rules [Plsendl and [Plsendl). Let D' be the Backend environment
obtained from the reduction (D), C — D, C’ on rule Clswrl. Since Figure 17 and rule [®lsu|
(on which rule Plswrl relies) implement the same principles of (D), we know that k.A.B(D)
and k. A.B( (D’)"" ) will be the same, except possibly for i) the location of processes and i)
trees of correlation keys corresponding to the same paths. Concretely, item i) derives from
the fact that I" and I" 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

In this section, we introduce the Dynamic Correlation Calculus (DCC), the target language
of our compilation.

DCC is a straightforward extension of a previous proposal called Correlation Calcu-
lus [MC11], which is a process calculus that formalises service-oriented, correlation-based
communications. Indeed, while we started this work considering CC as the target language
of our compilation, we found it limited for our purposes: in CC each process receives from
only one message queue, while we need processes to be able to select receptions from multiple
queues (as in our Backend deployments). Hence, we defined DCC as an extension of CC
with the support for the dynamic creation and selection of queues in processes.

We deem DCC a choice that fits the practical motivations of this work thanks to its
closeness to the implementation languages/frameworks listed below, which casts a good
outlook on the affordability of future implementations of our theoretical results. First,
CC formalises the semantics of message exchange of Jolie, a service-oriented programming
language [MGZ14|. Thus CC specifications are directly translatable into Jolie executable
programs. This is not the case for our DCC code, as Jolie lacks the primitives to let processes
create and select queues. Fortunately, the distance between CC and DCC is close enough
so that supporting the extended features in Jolie would entail minimal change, i.e., the
inclusion of the syntactic primitives for queue creation and selection® and the implementation
of the associated semantics—a direct extension of the one-process-one-queue semantics of
the current implementation. Second, the service-oriented language BPEL [OAS07| lets
processes create and receive from multiple queues, making DCC a useful reference for BPEL-
based implementations. Third, besides service-oriented languages, DCC abstracts real-world
message-exchange models where processes can interact with multiple message queues. This
is the case, e.g., for some versions of the actor model [Agh85] where one actor can be
associated with many queues/mailboxes [HO07]| and in some popular message-exchange

3The (newque) and from and to particles in Figure 18.
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Services S _’ gBI’?M>l Ef;?)
Start Behaviour . \(z); B (qcpt)
| 0 (inact)
P = B-t pres)
Processes | PP Epar)
Behaviours
B ::= 7?Qe(es); B (regst) | >, loi(z;) from e] {B;} (choice)
| o(x) frome; B (input) | 0Q@eq(e2) toes; B (output)
| def X =B'in B (def) | if e {B;} else {By} (cond)
| v)z; B (newque) | O (inact)
| x=e;B (assign) | X (call)

Figure 18: Dynamic Correlation Calculus — Syntax.

middlewares [Vin06, VW12|, which are suitable alternatives to the implementation targets
above.

Syntax.  We now introduce the syntax of DCC, which we report in Figure 18 and which
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 [, with a Start Behaviour B
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 Backend deployments,
associates a correlation key t to a message queue. We model messages like in BC where a
message is a couple (o,t), o being the operation on which the message has been received,
and ¢ the payload of the message. Services are composed in parallel in term (net).

Concerning behaviours, in DCC we distinguish between start behaviours and process
behaviours. 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 B after the !(z) 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
enclosing process) are all the same as defined for Backend Choreographies (§ 4.1). Terms
(input) and (output) model communications. In (input), the process stores under = 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: ey,
the location of the service where the addressee is running; es, the content of the message;
es, the key that 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



APPLIED CHOREOGRAPHIES 33

t' = eval(z, 1)
r=e;B-t — B-t<a(xzt)

B-t— Bt
def X=B1inB-t — def X=B;inB'-¢¥

D] Assign] P<Clend

i = 1 if eval(e, t) = true,i = 2 otherwise ocCleun P=P |Ph P—P P |P=PF
Cond

if e {B1} else {B2}-t — Bj-t (B, P, M), — (B, P/, M),

[Pl

B=v)z;B t.¢dom(M) M = Mlt.— €]
(B, B-t|P, M), — (B, B-ta(a,t.)|P, M),

|_DCC | Newq ue—|

B e { o0j(x;) frome; Bj , > .. oi(x;) frome] {B;} }
jel t. = eval(e, t) M(te) = (0j,tm) =M
(B, B-t| P, M), — (B, Bj-t<(zj,tm) | P, M[t.— m]),

LDCC | ReCV-‘

B = 0Qe¢y(e3) to ez; B eval(ey,t) =1
eval(es, t) = t. eval(ez, t) = t,, t. € dom(M)
(B, B-t|P,M), — (B, B'-t|P,Mte— M(t) :: (0,tm)]),

LDCC IInSend-l

B =?Qeq(e2); B” eval(e,t) =1 Q=B -o<(z,eval(es,t))
((z); B, B-t| P, M), — ((«);B, Q| B"-t| P, M)

[PCC instart]

B = 0@e¢q(e3) to ez; B” eval(ey,t) =1 eval(es, t) =t
eval(eg,t) = ty, t. € dom(M') M" = M'[te — M'(tc) :: (0, tm)]
(B,B-t| P, M), | (8,7, M), — (B B"-t|P, M), | (%, P, MY,

[PCCsend]

B =?Qey(ez); B” B =l(z); B’ eval(e;,t) =1 Q=B o<(z,eval(ey,t))
(B, B-t|P,M), | (B, P', M), — (B, B"-t|P, M), | (¥,Q|P, M),

[PCCstart]

S 9 P<Clgpa] S =p 51 Sl — Si Si =p S’

S1S — S8 s = 9

LDCC ‘SEq'|

def X =B in0-t¢ =D 0-t PlP, =D P’lP (P1|P2)|P3 =D Pll(P2|P3)
P =, P|0-t def X=Bin Xt =p def X =BinB/X -t S|S = 5|8
(S1]82) | S =p S| (521 853)

Figure 19: Dynamic Correlation Calculus — Semantics.

e on operation o;, 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 es. 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 z in the state of the process, for later access. The remaining terms are
standard.
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Semantics.  In Figure 19, 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€|assign|, [P<C|cnd, and [P<C|cond] are standard for, respectively, assignments, procedure
definition, and condition evaluation. Rule |P“|peq| uses equivalence =p on DCC processes to
describe parallel execution and recursion. The rules of =p are reported in the lower part of
Figure 19.

Rule [°|newaue] adds to M an empty queue (g) correlating with a randomly generated
key t.. The key is stored under path x of the process that requested the creation of the
queue. As in rule [Plsw] of Backend Choreographies (see § 4.1), we do not impose a structure
for correlation keys, yet we require that they are distinct within their service.

Rule [P¢|ree] models message reception. Since both (input) and (choice) define receptions
of messages, we consider both cases in the rule. Indeed, the first premise of the rule captures
the presence of either an (input)—with shape o;(x) from e—or a (choice)—with shape
> icr loi(xi) from e] { 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 z; 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 iz) (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 [P“linsendl and [P“linstart].
In rule P“lmsend] 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 [, 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 ¢. 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,ty,) in its tail. In rule [°““lnswr] 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 es against .

Message delivery between two services is defined by rules [PClsendl and [PC[swr]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 ¢
of the sender process) to match that of the receiving service.

The last two rules in Figure 19 are [P“|spal and [°C|seq] and define the (parallel) execution
of networks of services.

6. COMPILING FRONTEND CHOREOGRAPHIES INTO DCC PROCESSES

We now present our main result: the correct compilation of high-level Frontend Choreographies
into low-level DCC networks of services (and processes). We depict in Figure 20 a schematic
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encoding to Backend deployments

1 M N
D.,C ]D),Cl||02 —1/><%17P17]ul>l1|'”|<%j’Pj7lmj>l‘
N A compilation to - J
I e e e e e e e e e ! Dynamic Correlation Calculus
projection to endpoint choreographies

Figure 20: Scheme of compilation from Frontend Choreographies to Dynamic Correlation
Calculus.

representation of the stages 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 stages:

FC-to-BC: the encoding, defined in § 4.3, of the Frontend deployment D to a correspondent
Backend deployment D = (D)''. This stage is depicted in Figure 20 with the relation
D --» Dy

EPP: the projection of the choreography C into a parallel composition of partial choreogra-
phies (i.e., containing only actions concerning one participant), each defining the behaviour
of a single active or service process in C. This stage is called Endpoint Projection, it is
presented in § 6.1, and it is depicted in Figure 20 with the relation C' --» C4|- - |Cy;

Compilation: the compilation of the composition of the results of the previous stages—
essentially, an endpoint Backend choreography—into a network of corresponding DCC
services and their located processes. We present the compilation in § 6.3. This stage is
depicted in Figure 20 with the relation D, C1| - - - |C; = (B1, P1, M1)y, |-+ (B, Py, Mj)y,
(the left part highlighted in grey to help readability);

The division in three stages 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 (EPP) from the source Frontend choreography and of its state (FC-to-
BC) from the source Frontend deployment. In the remainder of this section, we detail the
projection stage (EPP), we define how we pair the outputs of FC-to-BC and EPP and
the properties of that pairing, and we present the Compilation stage and the properties of
our main contribution.

6.1. Endpoint Projection (EPP). Given a choreography? C, its Endpoint Projection
(EPP), denoted [C], returns an operationally-equivalent composition of Endpoint chore-
ographies. Intuitively, an Endpoint choreography is a 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 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 [. 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 [MY13| and it is divided
into two components:
e a process projection that derives the Endpoint choreography of a single process p from a

given choreography C, written [[C]]p;

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

4Since the EPP acts on the syntax and FC and BC share the same syntax, distinguishing between them
here is irrelevant.
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— the process projections of all active processes in C;

— 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 the process projection and next the actual
Endpoint Projection.

Process Projection.  Let us start the definition of process projection by formalising
Endpoint choreographies.

Definition 8 (Endpoint Choreographies). Given a (Frontend/Backend) choreography C. If
either:

e C =acc k:1.qB];C’, and q is the only free process name in C’;
e ( 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 Figure 21.

Process projection follows the structure of the source choreography. We briefly comment
the rules in Figure 21, 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 q, 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 (accept), (req), and
(send) are projected verbatim, except for (accept) 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
conditional 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 (Figure 24). 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.

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

Finally, we draw attention on the definition of the rule of process projection for (rec)
terms. Indeed, applying a naive rule like

[def X =C"inC], = def X = [C'], in [C],
in the EPP would yeld more than one procedure with the same identifier, which could prevent
the obtained projection from being typable as, according to the typing rules defined in § 3, we

cannot have in I' two definition typings on the same identifier. To tackle the issue, the rule
for (rec) terms in Figure 21 guarantees the coherent definition and usage of process-unique
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req k : p[A] <> 1.B; [C], ifr=p
[start k: p[A] <> 1.q[B;C], = < acck:Lrc];[C], if .r[C] € {l.q[B]}
Ic1, otherwise
k:p[Al.e — B.o;[C], ifr=p
k:A —>q[Bl.o(z);[C], ifr=q
IC], otherwise

acc k: Lr[c]; [C], if I.r[c] € {T.q[B]}

[acc ke m; C]]r - {[[C]] otherwise

[F:p[A].e —> q[B].o(z); C] =

r

req k : p[A] <> 1.B; [C], ifr=p

k: p[A] <> [B;C =
[req ks plA] . IC] otherwise

[ pla].c —> B.o; ], _ ke p[Al.e —> B.o; [C], ifr=p

[, otherwise
[def X =C" in (], = def X, =[C'[X,/X]], in [ C[X,/X] ],
[[X]]r = X
) _)if pe{[C1],} else {[C2],} ifr=p
[1£ p.e {Ch} else (G}, - {[[01]], L [Ca], otherwise

[k:4 —> qlB]-{ou(z): Cibicr], {]“H)q[B]'{Oi%)aﬂciur}iez =g

l_lie[ [[Ci]]r otherwise

[C1 ]| Co], [Ci], | [Ca,

[0], =0
Figure 21: Frontend Choreographies — process projection.

identifiers through renaming. The renaming is safe as, by assumption, we consider well-sorted
choreographies where definitions always precede recursive calls.
We conclude the paragraph with the formal definition of process projection.

Definition 9 (Process Projection). [C], is a partial homomorphism from (Frontend/Backend)
choreographies to Endpoint Choreographies, inductively defined by the rules in Figure 21.

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 [. We report in Appendix (Figure 25) the
rules that inductively define |C],.
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if b.confirm_pay(ce, order) {
kb[B]_DCOk,kb[B]_DSOk Cl =k:B clel{ ok ,kO

[C], = }else { [C]. —> c[C].{ ok(), ko() }

k:b[B] —> C.ko; k:b[B] —> S.ko

) [C], = k:B —> s[S].{ ok(), ko() }

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

Figure 22: Example of Endpoint Projection (top-half) of Lines 5-9 of Example 1 (lower-half).

Definition 10 (Endpoint Projection). Let C' be a (Frontend/Backend) choreography. The
endpoint projection of C, denoted by [C], is defined as:

icr= II ften, | II L] [e,
) l

p € fp(C p € C],

(%) (47)

Commenting Definition 10, the EPP of a choreography is the parallel composition of
two kinds of Endpoint choreographies: (i) Endpoint choreographies that are the process
projection of active processes p € fp(C) and (77) Endpoint choreographies that are the merge
(1) of the process projections of all service processes available at the same location [, i.e.,
pe(C].

Example 6. As an example of Endpoint Projection, let C' be the choreography at Lines
5-9 of Example 1 (for convenience, we report the mentioned snippet of code grayed-out
in the lower part of Figure 22). The EPP of C, [C], is the parallel composition of the
process projections of processes c, s, and b, i.e., respectively [C]., [C],, and [C],. As per
Definition 10, [C] = [C]. | [C], | [Clp-

We report in the top half of Figure 22 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 End-
point Projection wrt to the source Frontend choreography, as formalised in Theorem 5.
Before presenting Theorem 5, introduce the notion of pruning (as defined in [CHY12]), where
< specifies an asymmetric relation between two choreographies C' and C’, written C' < C’,
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in which C' prunes some unused accepts and receptions of C’. To give a formal definition
to our pruning relation, 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:

e given two typing environments I' and IV, T' is a subtype of I, written I' < I"/, if T is
identical to T up to i) some local and global types that are more constrained in ' than in
I'" and i) some service typings present in IV and not present in I'. We report the formal
definition of I' < I in Definition 18,

e the minimal typing system I' Fpin C uses the minimal global and local types to type
sessions and services in C. We report in appendix B.3.1 the formal definition of minimal
typing.

We can finally formalise the pruning relation.

Definition 11 (Pruning). Let I' byip C and TV Fyip €7, if T' < TV then C prunes C’ under
I, written I' Fpip C < C', or C < C' for short.

The shortened form C < C’ is similar to [CHY12|, where, as here, it does not lose
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 5 (EPP Theorem). Let D, C be a well-typed Frontend choreography. Then,
(1) (Well-typedness) D, [C] is well-typed.

(2) (Completeness) D,C — D', C" implies D, [C] — D’,C" and [C'] < C".

(3) (Soundness) D, [C] — D',C” implies D,C — D’,C" and [C'] < C".

We report in appendix B.3 the proof of Theorem 5.

6.3. From Backend Endpoint Choreographies to DCC (Compilation). This is the
last stage 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 F to indicate the compilation of D, C' under I"
into DCC.

To formally define F, we use some auxiliary functions:

e (|, returns the endpoint choreography in C' correspondent to the service process accepting
requests at location [ (e.g., C|, = acc k : l.p[A]; C");
o (C \p returns the endpoint choreography in C' correspondent to process p;

[C]Y, given a single endpoint choreography C' and a typing environment I', compiles C' to
DCC, using the rules in Figure 23;

[ € I, a predicate satisfied if, according to I', location [ contains or can spawn processes;
D, returns the partial function of type 7 — Seq(O x T) that corresponds to the projection
of function g,, in D with location [ fixed. Formally, for each ¢ such that D( : ¢t) = m,
D, (t) = .
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Let p@l’ € T, [req k : p[A] <> IB;C|" = start(k,!'.A,1B);[CI0
V)kI.A
start(k,l,.A,15.B) = kll=1I1; rQk.1.1(k) ; ; @ startQk.I.l(k) to k.A.T
Ic{A5} 1e(8} \ sync(k) fromk.J.A 1€{B}
Let 1 €1,l €T, [acc k : 1.q[B]; O = accept( k, B,T(I) );[CI",
accept(k,B, G(A[C|D)) = !(k) ; @ (u)k.I.B);sync@k.A.l(E) to k.B.A; start(k) from k.A.B
1€{A,CH\{B}

|k:p[A]l.e —> B.o; C|! = 0Qk.B.l(e) to k.A.B;[C]V
|]€:A — q[B].{Oi(.CL‘Z'); Ci}i€]|r = E [01(1'2) from ]{AB] {F}

icl
lif p.e {C1} else {Co}|F = if e {[C1]'} else {[Co]''}
ldef X =" in C|F = def X =[C"V'in[C]T
XxJr = X
[ =0

Figure 23: Compiler from Endpoint Choreographies to DCC.

Definition 12 (Compilation). Let D be a Backend deployment, C' a parallel composition of
endpoint choreographies, and given the typing environment I’

por- 0 (0 I o o)
pe

lel l

Intuitively, for each service (8, P, M), in the compiled network: i) the start behaviour 8
is the compilation of the endpoint choreography in C' accepting the creation of processes at
location I; #) P is the parallel composition of the compilation of all active processes located
at [, equipped with their respective states according to D; i) M is the set of queues in D
corresponding to location .

We comment the rules in Figure 23, where the notation (+) is the sequence of behaviours
®i6[1,n} (BZ) = Bl; ey 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 [Plsw| does in Backend deployment transitions, § 4.1). Given a
session identifier k, the located role of the starter (I4.4), and the other located roles in the
session (I5.B), start returns the DCC code that:

s1 includes in the session descriptor all the locations of the processes involved in the session;
so 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;
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— 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, (ag) 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.

Other terms. A (send) term compiles to a DCC (output) term. Notably, the compiled
code contains the same elements used by the semantics of BC to implement correlation,
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 7. As an example of compilation, we compile the first two lines of the choreography
C in Example 1, considering a deployment D and a typing environment I' such that I' = D, C.

D, [CT]"= (0, Pe)y, | (Bs,0),, | (Bs,0),

where
k.S.l=1s; k.B.l=Ig; v)k.S.C; 7Qk.S.I(k); sync(k)fromk.S.C;
p_ v)k.B.C; 7Qk.B (k:) sync(k) from k.B.C;  startQk.S.l(k) to k.C.S;
¢ ) start@k.B.l(k) to k.C.B;  /* end of start-request */
buyQk.S.l(product) to k.C.S;
and

[ NE); vkC.S; v)k.B.S; syncQk.C.I(k) to k.S.C;
7 start(k) from k.C.S;  /+ end of accept */  buy(z) from k.C.S;

We omit to report By, 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 networks 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 13 (Projectable Choreography). Let C' be a choreography, we call C' projectable
if there is a choreography C' such that C" = [C].

Theorem 6 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 the stages FC-to-BC(§ 4.3), EPP(§ 6.1), and
Compilation(§ 6.3).
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Theorem 6 (Applied Choreographies). Let D,C be a Frontend choreography where C' is
projectable and I' = D, C' for some I'. Then:
(1) (Completeness) D,C — D', C" implies

(D), [C]|" =+ |<<D’>>F/,C”F and [C'] <C” and forsomel”, I''+ D', C’

(2) (Soundness) [(D)', [CT[F —* S implies

7 r
D,C —*D',C" and S —*|(D),C” and [C'] <C” and for some IV, T+ D', C’
We report in appendix B.7 the proof of Theorem 6.
By Theorem 3 and Theorem 6, deadlock-freedom is preserved from well-typed choreogra-
phies 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 1. I' - D, C and co(I") imply that |D, [C] " is deadlock-free.

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., message
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 [Chol6] and AIOCJ [AIO16] are the respective implementations of the
models found in [CM13] and [DGG™15]. 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. Implemen-
tations of other frameworks based on sessions share similar issues [HYHO08, HNY 13, NY14].
Our work gives the first correctness result for the compilation of choreographies to a language
close to real-world implementations. More in general, our results are a useful reference to
formalise the implementation of session-based languages. In the future, this line of work may
pave the way to establishing certified choreography compilation.

We believe that our approach can be easily applied to many models that use chore-
ographies and sessions (or channel-based communications), including those designed around
(variants of) the m-calculus [CHY12, CM13, MY13, HYC16| and those based on linear
logic [CMS17, CMSY17|.

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. Nevertheless,
our Frontend Choreographies are expressive, as illustrated by our examples, and recent studies
have shown that choreography languages such as this are Turing complete [CM16]. 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 [DH12],
asynchronous two-way exchanges [CMS17|, and general recursion [CM17|. These features
are orthogonal to our development, so their inclusion should be straightforward. A more
interesting feature to add may be session delegation for choreographies [CM13, HYC16].
Delegation allows to transfer the responsibility to continue a session from a process to
another. Introducing delegation in FC is straightforward, since we can just import the
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development from [CM13, MY13]. 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 [HYHO08], 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. CONCLUSION

In this paper, we presented our framework of Applied Choreographies, which includes
three calculi: a high-level choreographic language intended for developers, an intermediate-
representation choreographic language, and a low-level, close-to-implementation distributed
calculus. We equip our framework with a tight series of behavioural correspondences, so that
we guarantee that low-level distributed programs compiled from high-level sources faithfully
follow their source specifications. By pairing our compilation with a type system and static
checks that guarantee the absence of deadlocks in high-level choreographies, we obtain that
the compiled distributed systems are deadlock-free. Specifically, we target Service-Oriented
distributed systems that communicate over correlation mechanisms.

Besides the contribution above, Applied Choreographies introduce a novel semantics for
choreographies 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 choreographies
with other definitions of deployment and effects so that we have a straightforward way to
capture different communication semantics (e.g., synchronous, asynchronous with buffers)
and implementations (e.g., distributed objects [CC91]|). 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 communications on choreographies (|[CM13, MY13|)
but also to check the correctness of deployments. It is worth noting that, except for the
declaration of locations, Applied Choreographies has the same types and syntax from previous
works [CM13, MY13], 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 to other target languages/commu-
nication mechanisms besides correlation-based ones-orientation, for instance those found in
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
based on correlation, considered in this paper. 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. Indeed,
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to achieve a higher degree of interoperability [GGLZ18, GGLZ19| propose the use of high-
level, service-oriented languages for communication technology integration in IoT systems. In
particular, an extension of Jolie is introduced [GGLZ18, GGLZ19| 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
through the formal correctness of compilation that we have developed in this paper.
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APPENDIX A. ADDITIONAL MATERIAL

A.1l. Typing.
DeﬁnitioP 14 (List S~ubset). Let € be the empty list and N, fo be two lists of elements n 9f
the kind N == ¢ | n, N, the predicate N C M holds if N = M = ¢ or, assuming N = n, N’
and M = m, M’ either n =m and N' C M’ or N C M’.
Definition 15 (Ordered Join Operator). Let N, L, and M be three lists of elements as
defined in Definition 14, the ordered-join operator N tx; N is defined as
N, M = ¢
Ny M iflg NUM
Ny ;M = I,Nw>; M if N=1,N
I,N iz M if M =1, M

A.2. Compiling Frontend Choreographies into DCC Processes.
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acc k: [.p[A]; Cy U
acc k : 1.q[A]; Cs

req k : p[A] <> [.B;C L
req k : q[A] <> 1.B;Cy

if p.e {C1} else {C]} U
if q.e {Cs2} else {C}}

def X =C{in Cy U
def Y = CY in Cy

XuyYy

ouo

acc k : L.p[A]; (C1 U Cy)
req k : p[A] <> [.B; (C1 U CY)

k:p[A]l.e —> B.o; (C1 U C2)

{
k:A—Dp[B].{ U {
u {

o
0i(%); C Yiea\1
o

if p.e {C1 U Cy} else {C] L ChH}

defX:Cil_lCéinCll_lCQ

X

0

Figure 24: Merging Function
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|start k: p[D] <> T.qBl; C’Jl = |acck: T.q[Bl; CJl
j— _ [{rrulcl, ifir(a e {TqB]}
lacc k: 1.q[BJ; O, = {LCJl Ji othermise
n: C1, = |C], ifn# (start)
[if p.e {C1} else {Ca}], = [C1],U[C2],
|def X =C"in C}, = |[C'],u|C],
X1, = o
10}, = 4
LC1 | C2), = [C1];UCe],

Figure 25: Service Grouping
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APPENDIX B. PROOFS

B.1. Proofs of Subject Reduction and Session Fidelity. In order to prove Subject
Reduction (Theorem 1), we prove the stronger result of Typing Soundness, defined in
Theorem 7. We use Theorem 7 to also prove Session Fidelity (Theorem 2).

In order to define and prove Theorem 7, we provide additional definitions and lemmas,
in particular:

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

e we define subtyping (appendix 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;

e we define an annotated semantics for global types (appendix B.1.3) and prove Lemma 4,
guaranteeing that global types and local types in the typing environment evolve accordingly.

Finally, we proceed to prove Typing Soundness (appendix B.1.5) and consequently
Subject Reduction and Session Fidelity.

B.1.1. FC Annotated Semantics. We define the semantics of annotated FCs by marking
transitions with the name of the session whose term has reduced. We annotate other
reductions as 7. We range over annotated labels with

g = k:A—>Bo | k:ABo(z) | T
We report the annotated semantics of FC in Figure 26. Intuitively, we mark reductions

over a session k with k:A —> B.o for message sends ((%lsendl and [Clcoml) and k : A)B.o(x) for
receptions ([CIreal).
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D#K' ¥ 6 =start k' : p[A] <> [.q[B] D,i» D’ Cled
—_— T . Start
D, start k: p[A] <> [.q[B;C — D', C[k'/k][f/q]

n=k:p[Al.e —>B.o D,nw» D’
D, 77;0 kA—> Bo DI, C

LC |Send-‘

je€I D,k:A—>q[Bl.oj(zj)» D’

\_C | Recv.‘

D, k:A —> q[B]{0i(:); Ci}ier JRBe), Cj

i =11if eval( e, D(p) ) = true,i = 2 otherwise Cled
Cond
D, if p.e {C1} else {Co} = D, C;

p,c, % o

|_C | Ctx]

D,def X =Cyin 4 LN D' def X =(C5 in (]

Re{=,~} CRC, D,Ci-5D.C CRC

8 HECJ
D,Cc — D, C

p,c; % D¢

5 [C[parl
D.Ci|Cy, — D,C1|Cs
ie{l,....ny D#k.7 {IB} =W {liB} {7}=U{"}
§ = start k' : p[A] <> [1.r1[B1], ..., l.rn[By] D, 6w D o]
D,req k : p[A] <> [.B;C | Hi(acck:m;ci)l) r
D', CIK'/k) | TI; ( Cilk'/K][Fi/ai) ) | T1; (ace k= 1;.q4(Bi]; Cy)

Figure 26: Fronted Choreographies — annotated semantics.
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B.1.2. Local Types and Typing Environment Subtyping. We define a subtyping relation on
local types following [GH05, CHY12, MY13|. We write the subtyping relation as 7" < T,
which intuitively indicates that T” is more constrained than T in its behaviour. Note that,
like in [CHY12, MY13], the input type is covariant and the output type is contravariant for
this relation.

Definition 16 (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

: U™ ; y L [SubT [gend]
T<T A A{0i(Ui); Titier < 'A{oi(U}); T} }ies
ICJ Viel|T,<T AU <U end ~ T

SubT
28.{0:(U;); TiYier < A{0;(UD); T Vies kel 2T end < T

In rule [$*7|eq|, T < T if there exists a local type T"”, subtype of 17", 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 appendix B.3). Our definition of subtyping for
global types follows [MY13].

Definition 17 (Global Subtyping). G < G’ is the smallest relation over closed global types
satisfying the rules below

ICJ Viel Gi<G, NU; = U]
A —>B{0i(U;);Gi}ier < A —> B.{Oj(U]{); G;}jeJ

[SubT |\al] [SubT | Engl

BUPC] com|

U<U G=<G
MB.o(U); G < A)B.o(U"); G’

I_SUbG IRecv1

G"<G ("=GV G ~G)
G=<G

Finally, we define a subtyping relation between Typing Environments. Intuitively I' < T
means that I'" and T 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 IV and b) some service typings not present in T'.

SubG end ~ G
[ leal end < GG

LSubG'Emﬂ

Definition 18 (Typing Environment Subtyping). Let I' and I be two typing environments,
where IV = I, T, , for which dom(I') = dom(I"”) and I'; contains only service typings.
Then, ' < TV if and only if

(i) Vpax:UEeT, I'+px: U

(i) ¥ X:T,el, 'k X: T,

(@) V p: k[A] €T, I p: k[4]

(iv) Vpa@lel, I+ p@l
(v) VEAB]:Tel, TI'FEAB:T
(vi
(

~—

vi) Vk[A]:TeT, I"EEA:T and T < T
vii) YV 1:G(ABIC) €T, TI'FI:G'(AB|C) and G < G’



APPLIED CHOREOGRAPHIES 53

Commenting the definition, the subtyping relation for typing environments states that
an environment I' is a subtype of an environment I" if
e they type the same variables (i), procedure definitions (i), role ownerships (iii), process
locations (iv), and buffers (v) and they agree on their judgements;
e they type the same local sessions (vi) and the local type in I' is a subtype of the local type
in I';
e if they type the same service (vii) (note that IV is allowed to have additional service typings
wrt ') and the global type in T is a subtype of the global type in I".
In Lemma 1 we prove that if I' < IV and I' types a running choreography D, C also I"
types that choreography.

Lemma 1 (Subsumption). Let I' < I” and I' - D, C for some D, C then I'" + D, C.

Proof . The proof is immediate by Definition 16 and rules [Mlrec/, [Mlsendl, and [Mlcoml.
Intuitively, the lemma holds since the local typings in I'" allow for additional, unused actions
in D,C. ([l

We also prove Lemma 2 which guarantees that the typing of choreographies (C) is
invariant wrt buffer types.

Lemma 2 (Buffer types invariance). Let I' = IV, T, where I';, contains only buffer typings.
IFI'FC thenT + C.

Proof . Trivial from the definition of rule ["loc] and I' F 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
v == A-—Bo | A)B.o

and report below the correspondent annotated semantics.

oeUdfo} & ="2G

ot {o;(U))}; G A=2Bo

LG |Send-‘ I_G |Recv]

el MBo(U): G 2% g

Re{=¢~ GRG G 5G, G RG
G5 G
In Lemma 3 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 [Slsendl, the output operation chooses one of the available continuations G’

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 3 (Projection Subtyping). Let T = [G],, T" = [G'];, and {A,B,C} C roles(G),

C & {A,B}, then G 2222 G implies T’ < T.

LG | Eq}

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

kgl <= PABst. k[A]: T€l VEAB]: T €T

Finally, we formalise the reduction relation for typing environments of the form I' — I”,
— 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 3.

A —D B.oj

k¢gT T,C[G), {k[A]:T.k[B]:T'}el, jel G el

k A —> B.o;
A B.oj F,{k

\_r‘Sencﬂ

I, Ty [c): [G'] | k[] € Tw}, {K[C)D]: [G']c | K[C)D] € Ty}

kgD TuC[Gl, {kA:T.k[Bl: T'} €Ty Traq: kB G-2% ¢

k’:A)B.O]‘ (m LrlRecv“

LT L T k(] [, | K[C) € T, (KO)D]: [G']2 | K[O)D] € i}, q.a: U

With slight abuse of notation, we also write 85 to mark reductions of I' on session k, i.e.,
Br € {k:A —> B.o, k:A)B.o(z)}.
We define the correspondence operator Gact () between [ and v labels:

A—>Bo iffy=k:A—>B.o
Gact (Bk’) = .
A)B.o if B = k : A)B.o(x).
In Lemma 4 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 I'.

Lemma 4 (Type-Environment Fidelity). Let I' = Iy, [G], for some I'y, & ¢ T, and
G LB @ then T 25 T and for some I, kg, I =T, [G'],.
Proof . Direct by cases on the derivation of T. ([l

B.1.5. Proof of Typing Soundness. We also report Lemmas 5 and 6 that prove that typing is
invariant wrt structural equivalence and swapping.

Lemma 5 (Subject Congruence). I' - D, C and C =¢ C’ imply I' = D, C’ (up to a-renaming)

Proof . By induction on the rules that define =¢. ([l
Lemma 6 (Subject Swap). I' - D,C and C' ~¢ C’ imply T' + D, C’
Proof . By induction on the derivation of C' ~¢ C". 0 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 (Deployment Judgements)
I'-D «—
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(D[3.1) Vpaxel',D(p)z:U

(D|3.2) VY k[A)B] : T € ' A D(k[A)B]) = m, bte(A,m) =T
Finally, we prove Theorem 1 by proving the stronger result Theorem 7.
In the proof, we use the context over global types G[], defined as

Gl = & —> B.{0(U): GL 1)
| ®as{oi(Vi)}; G[]
| &aBA{0i(Ui); Gl }ier
| 4)B.o(U); G[]

We can now proceed to define and prove Theorem 7.

Theorem 7 (Typing Soundness). Let D, C be an annotated FC and (T|7.1) I' - D, C for
some I":

L if (T|7.2) B £ 7 and D,C 2 D', ¢’ then (T]7.3) T 25 I and (T|7.4) ' - D/, C;

: if (T|7.5) D,C = D', C" then, for some I, (T|7.6) TV D', C".

Proof . Proof by induction on the derivation of D, C 2 pr ,C.

Case [ [send

The case is:
n=k:p[Al.e = B.o; D,n» D’

kA —D> B.oj Elsedl
D, n;C > D, C

Where (T|7.2) has the reductum C’ = C and, let v = eval(e, D(p)) and m = D(k[A)B]),
D' = D] k[A)B] — 1 :: (0j,v) | by rule Plsend.

To prove (T|7.3) we must prove rule [Isendl to be applicable.

From (T|7.1) we know that there exists a global type G for session k such that pco(I")
holds. We can partition I = Iy, T'y, such that I'y =T\ [G], and 'y, =T"\ T,.

From (T|7.1) we can write the derivation (with I' = I'y, k[A]: & B.{o;(U;); [Gill, }ier )

jel Fll—pik[A} Fll—p.e:Uj Fl,k‘{A]I [[GJ]]Al—C
pco(I') T+D I',k[A]: @ BAoi(U;); [Gil,}ier & k:p[A].e —> B.o;; C
I' - D, k:p[Al.e —> B.oj; C
Since I' F k[A]: @ B.{0;(U;); T;}icr, we can write G = G[A —> B.0;(U;); G;] where Vi € I,
[Gi], = T;. Let 7 be the reduction of G with rules |Sleq| and [Slsend], we observe the following
derivation:

\_T ‘Send1

[Mocl

ocUdo) G'=A A =51 [&B{0s(Ui}: G
[send
G1 ~¢ G2 G L) G’ G~ G Gy = @AB.{OZ'(UZ‘)}; g[&AB.{Oi(Ui}; G»J
T = : |Sled] G1 = G[®As.{0;(U;}; &aB.{0;(U;}; Gi)
G =Gy emayel G =& Sled
aLa A G" = G[A)B.oj; Gj]
¥ =A—B.oj

In the reductions, since C, D reduces with 8 = 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 [®le|, the swap-equivalence G ~¢ G>. Following a
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similar reasoning, the application A targets the global branching in the context, which
reduces the continuation G[&aB.{0;(U;}; G;] after the global choice ®As.{0;(U;)} to G'.

Given m, we can use it to write the reduction at the level the typing environment I’
applying rule [Tsendl. Below, we consider I' = I',, I'y, where I'y, contains all and only typings
of session k in T".

T

A —D> B.oj ’

k¢T., T,C[G], {klAl:T.k[B:T'}el, jel G

D Tk w {K[C]: [G']e | K[C] € Ti}, {K[C)D]: [G']¢ | k[C)D] € Ty}

Hence (T)|7.3) holds and I = T, {k[C]: [G']. | k[C] € T'x}, {k[C)D]: [G']a | k[C)D] € T'x}.
We now prove (T|7.4) by proving that rule [Tlocl applies to I'" + D', C".

[MIsend]
kaA—D> B.oj T
_—

pco(I") IMkC" T'RHD
' D, C
Hence we need to prove (1) pco(I"), 2) I'" = C’, and (3) I'" = D'
Proof of (1)
For all sessions k' € T, pco(I"”) holds as pco(T") holds by (T|7.1). For session k, pco(I")
holds by construction.

Proof of (2).

From the derivation on I' = D, k: p[A].e —> B.o;; C' we know that I't, k[A]: [G,], F C.
Let I = T'1,k[A]: [G;], and T, = Ty \ T'x = T'y \ {k[A]: [G],}. We can write I =
., T, k[A]: [G;],. Note that in the premise of rule ["lsendl that types the continuation C,
the buffer types in I (i.e., those in ') are unaffected. Therefore I'”(k[A)B]) # I"(k[A)B]),
however from Lemma 2 we know that we can omit to consider buffer types as they are
irrelevant for the typing of choreographies. For all sessions k' # k in I their local
typings are the same in I'. For session k, the typing I'’(k[A]) = I''(k[A]) = [G}],. From
Lemma 3, for all other k[C] € I'”,C # A it holds that I'""(k[C]) = [G],, I"(k[C]) = [G"].,
and [G']¢ < [G]¢- Therefore I < T and (2) holds by Lemma 1.

["Ipc]

0

U

Proof of (3).

To prove I'' D’ we need to prove that the conditions of Definition 3 hold. (D]|3.1)
holds by the application of rule [Plsedl, by construction of I, and by (T|7.1). (D|3.2) holds
for all sessions k' # k by application of rule [Plsendl 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|7.1) we know
that i) I'(k[A)B]) = T and i) let D(k[A)B ]) m, that bte(A,m) = T. From Definition 4
we have a direct proof that bte( A, mq :: my, ) =bte(A,mq1) ; ... ; bte(A, my).

Now, from the reduction on [“lsend] We know that
D'( k[A)B] ) =m' =m :: (0j,v)
And therefore, bte(A,m’) = T; bte(A, (0j,v)). From the reductions on I' and G, we

observe that the reduction on G do not affect the context G (which contains local type T'),
thus, by the rules of the definition of the Buffer Type Projection (Figure 14), we have
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[[G,]]g = T; &A.Oj(Uj)
Hence, from the reduction on rule [lsed, we know that TV( k[B)A] ) = TV( [G']s ) =
T; &A.0;(Uj). Finally, from the typing rule [Tlsendl we know that p.e - U; and from reduction
rule [“lsendl that v = eval( e, D(p) ), thus v has type U;. Hence, bte( 4, (0;,v) ) = &A.0j(U;)

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

Case [ |real
The case is:
j€I D,k:A—>q[Bl.oj(z;)» D’

[€|Recyl
k:A)B.oj(x5) A

D, k:A —> q[B].{oi(%); Ci }ier D', C;

(T|7.2) has reductum C’ = C}. Since we could apply [‘lre!, we know that D(k[A)B]) =
(0j,v) :: . Let Dy = D[q + D(q)[z + v]], from the application of rule [Plrel, we know
that D' = Dy [k[A)B] — 1m]. To prove (T|7.3) we must prove that rule [lrel is applicable.

Since (T|7.1) holds pco(I') and I' - D hold and therefore we know that, by (D|3.2),
I'(k[A)B]) = bte(A, (0j,v) :: m).

Let - v : Uj, then bte(4, (oj,v) = m) = &A.0j(U;);T where T' = bte(A, m) by
Definition 4 and I'(k[A)B]) = &A.0;(U;); T. Since pco(I') holds, there exists a global type
G for session k such that G = G[A)B.o;(U;); G;]. Let 7 be the reduction of G with rules
[eq] and [Clree], We observe the following derivation:

5 LG‘Recv] Gl = A>BOJ(U])=g[GJ}
G ~¢ Gq Gl—>G/ G G
™= .
o [Cleql
i g 6" = g(G)]
G—G ’y:A>B.Oj(Uj)

In the reductions, since C, D reduces with § = k : A)B.oj(x;) and G types C,D in I,
there are no other exchanges from A to B in G that could prevent from obtaining, after a
finite number of derivations on rule |le|, the swap-equivalence G ~¢ G1. Then, applying
rule [®lsendl, G can reduce to G’.

Given m, we can use it to write the reduction at the level the typing environment I,
applying rule ["lrel. Below, we consider I' = I'y, I'y, where I'y, contains all and only typings
of session k in T.

T

KET. T C[Cl, {kA:T.kB: T} €Ty T.raq:kE G- 2%

T, Ty 220 e [G, | KIC) € Ty, {R[C)D]: [G'TS | K[C)D] € T}, quz: U

Hence (T]7.3) holds and IV =T, {[G"]. | k[C] € T'x},q.z: Uj.
(T|7.4) holds if we can apply rule ["locl on I + D', C’

I_r | Recv"
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pco(I") I"HC" T'FD
I'F D, C
and we need to prove (1) pco(I), @) I'" = C’, and 3) I" = D’
The proof of (1) for this case is similar to that of (T) for case [Isend.
Proof of ). From (T|7.1), partitioning I' = I'1, k[B] : &A.0;(Uj); [G;]; and since j € I
from rule [|rel, we can write the derivation

["locl

jel Ti1Fq: ,IC[B] Fl,q.l‘j: Uj,k[B]: [[Gj]]Bl—Cj
pCO(F) =D T}y, k[B]: &A.Oj(Uj>; [[Gj]]B FEk:A—> q[B].{OZ'(.Z'i); Ci}ie[
I'-D,k:A —> q[B].{oi(aci); Ci}ie[
hence we know that I',q.z;: Uj, k[B]: [G;]; - C.
Let I = I'i,q.z;: Uj, ]{I[B]Z [[Gj]]B H Cj and P?c =TI\l =T% \ {]{?[B] [[G]]B} We can
write I = T\, T}, k[B]: [G}]5. Similarly to (2) for case [Clsend], T (k[A)B]) # I"(k[A)B]), but
we omit to consider buffer types as they are irrelevant for the typing of choreographies by

Lemma 2. For all sessions in I'”, their local typings are the same as in IV. We consider in
particular k£ on which we applied the reduction for this case for which it holds

¥ k[c] e I, I"(k[c]) = I'(k[c]) = [G'],

|_T | Recv1

[loc]

O
Proof of 3).  To prove I = D" we prove the conditions in Definition 3. (DI3.1)
holds from the application of rule [Plrel, (T|7.1), and the construction of IV. (D|3.2)
holds for all p.x from the application of rule Plrel, (T|7.1), and the construction of I,
except for q.z; which is not defined in I'. However the condition holds by construction of
I =T4,q.2;: Uj, k[B]: [G,]5. (D]3.2) holds for all sessions k' # k by the application of
rule [Plren] and the construction of I'V. The same holds true for session k and any process
p: k[C]eT' | C#B.
For q: k[B] and role A we know from the application of [Clsend that D’(k[A)B]) = 7. Since
we took G such that [G]4 = &A.0;(U;); T, where T = bte(A, 1), then [[G’]]g =T.
O
Case [Clstart
The case is:
D#K ¥ 6=start k' : l.p[Al,[x[B] D,6» D'
D, start k: p[A] <> [qB[;C = D/, C[K'/K][F/d]

Where (T|7.5) has C" = C[k'/K|[r/q]. D’ is defined non-deterministically but abides the
requirements defined in rule [Plswl. Let s[C] = p[A],r[B]. Since (T|7.1) holds, we can apply
rule [Mswil. We partition I' = T'y, 1 : G(A|B|B)

LC ‘ Start]

T1,0: G(A[BJB),init(SC] , k, G)-C S[c]=plAl,qB] G¢T
I'1,l: G(A|B|B) F start k : p[A] <> 1.q[B];C

Coherently with the semantics of rule [Clswl, we take I = T',init( s[C], ¥/, G ) —
obtainable from the typing environment in the left-most premise of rule [Mlswrl, a-renaming:
i) typings on session k to session &k’ and i) process identifies § to ¥ in s'[C] (i.e., such that

1
|_T |Start]
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s[c] = [ ¥[c] /q[c] ]gﬁ) — and we prove the case by proving that we can apply rule [Tloc]
on I'" = D', ', i.e, that the following hold: (T) peco(I"), (2) I'" = C’, and (3) I'" - D'".
Proof of (). (1) holds for all session k" € I, k" # k' by (T|7.1). For session k' (T)
holds by construction. ([l
Proof of 2). By (T[7.1) we could apply ["lswr] where I', init( s[c], k, G) + C. Since
I is obtained by a-renaming of the left-most premise of Rule ["Istrl, which types the

continuation C, I types C[k'/k][f/q] and (2) holds by construction. O
Proof of (3).  To prove (3) we prove the conditions in Definition 3. (D[3.1-D|3.2) hold
by the application of rule Plswrl and the construction of I". O
Case [“Ipstart]
The case is:
ie{l..n} DK {TB}=W{iE} {7 =UfR
p e D(I) § =start k' : 1.p[A],l1.r1[B1], ..., ln.rn[Bn] D,o» D' e
PStart

D,req k : p[A]<}—|> ﬁC| IL (acck: 1:-9:[Bi; C) =
CIK'/&] | T1; ( Cilk'/RI[Fi/@i) ) | T1; (ace k= 1i.qi[Bil; Ci)

Where (T|7.5) has C' = C[K'/k] | 1, ( iK' /K] [Fi/qi] ) | TL (acc k: ;. qi[Bi];C’i). D’

is defined non-deterministically but abides the requirements defined in rule [Plstanl.
We partition I' such that:

-Ir=r,I,

~ I, F1: G(A|B|@)

— Iy F1: G(A|B|B)

~ Lo =T1,0: G(AB|BY), - , T, I: G(A|B| By)

— T4 =Ty,0: G(AJB|B;), - I: G(AB|B,)

and we can write the derlvation

T, p: k[Al,k[A]: [G],FC T,+I: G(AB|®)

I, Freqk: p[A] <> 1.B;C [lre] Ay .
pco(I') T'+FD Tt reqk: p[A] <> IB;C | ;e (ace k: 1;.q:[B]; Ci) Ezaj
I+ D,req k : p[A] <> [B;C | [Tics (acc k- 1:-94[Bi; C)
I; Cl Tyl: GAB|@),init( q;[Bi], k, G)FC; & €T -
A= in,l: G(A|B|B;) - acc k : 1;.q;[Bi]; C; AVER] T
it acc k: [;.qi[Bi]; C; | [Lieng,- }(acc k: 1;.9;[B;]; C))

Let ;[_CT = p[A]7 rl[Bl]7 T rn[Bn]'
To prove (T|7.6) we take

=" init( s s[c], ¥, G)=T,,T,,init( s[c], ¥, G)
and we partition init( s[C], ¥, G ) such that
=TT T,
Where
— I =T,,init( p[4], ¥, G)
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_ 1‘\/ _ Fl .. F/
a — 1a~ I n
— I, =T;,l: G(AB|@), init( r;[B;], ¥/, G ) where i € {1,...,n}
To prove (T|7.6) we must prove we can apply rule [Tlocl on IV + D', C".
T, =TT, ( Cilk'/K)[F /a0) )
@ ToFTI,; (acc k: li.qi[Bi];Ci)
@ pee) @reo @ T\ CIK /K] Th.Ta - IL ( Cilk /KFi/@) ) | T, (ace & - LaiBa); Ci) (e

—— [Tlpar|
I+ Clk' /K] | TI; ( Cilk'/K][Fi/@i] ) | T1; (ace k : 1;.q:[Bi]; Cs) .
I+ D', C’ [loc]
Proof of (). (1) holds by construction. O

Proof of (2).  (2) holds as

— holds by a-renaming (I'y,p: k[A], k[A]: [G],)[K'/k] = C[k'/k] and by omitting to
consider buffer types as of Lemma 2;

— similarly to (@a), holds by a-renaming on the derivation of

—

(Ti,l: G(AJB|2), init( @[Bi], k, G ))[K'/K][Fi/&) - Clk' /K][7i/ai]
and by Lemma 2;

— (29 holds by (T|7.1).
D

Proof of (3).  The proof of (3) of this case is similar to the of (3) for Case [“lswil. [
Case [ lcond]
The case is:
i =11if eval( e, D(p) ) = true,i = 2 otherwise
D, if p.e {C1} else {Co} = D, C;
In (T|7.5) D" = D and we have two cases for C' = C or C" = Cs.
From (T|7.1) we can write

|_C ‘Cond—|

I'kFpe:bool THC; T'kF(Cs
'k if p.e {C1} else {Cy}
The proof of (T|7.6) follows directly from the premises of the typing derivation as
I' = D = D’ and in both cases that C' = C; or C' = Cs it holds that I' = C’ from the
premises of [M|condl.
Case [‘lcud
The case is:

|_T‘Cond]

D0y 5 D

€lced
D.,def X =(C5 in C N D' /def X =C5 in (]
From (T|7.1) we know that, I' =T'1, X : I’y
Fl,XZFzI—Cl Fx,X:F:CI—CQ thocsgr‘ LT| _|
pco(I) I'-def X =Cy in C ' TFD

[Tlocl

I'D,def X =C5 in C;
The proof is divided in two cases on the type of 3.
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Case S # T

D, (' reduces on some session k. By the induction hypothesis since I' = D, C7 we can find
I such that (T|7.3) holds. We prove (T|7.4) by proving that we can apply ["locl on I
D' def X = C in (7 and therefore that (1) pco(I”) holds, (2) I' - def X = C3 in (4
and 3) T"F D'.

@ holds by the construction of IV and @ holds by the induction hypothesis.

To prove (2) we have to prove that I = X: Ca and I'z[10es € T".

From the induction hypothesis we have that T’ S and ' F D , C1. By construction
of I it holds that I" = I",, I} where I"NT =T, such that k ¢ I’y and I' = I, T'y, where
I'; C [G],, for some G. Therefore it holds that I'y - X : T'; and thus that IV = X : T',.
The same applies to I'y|iocs € I'x which proves I'z|joes € I7.
Case =7
from the induction hypothesis, for any considered derivation we have I' C IV. We prove
(T|7.6) by proving that we can apply ["locl on I = D', def X = C3 in C}. (1), (2), and
(3) hold by construction of I".

Case [“lparl

The case is:

p,cy % po

D,Ci|Cy L Dol Cy

From (T|7.1) we have the derivation below, with I' partitioned as I' = I';, 'y

\_C | Parw

LhEC TokCy

\_T‘Par]
pco(T) I'ECy| Cy Tlnd
T'+D,Cy | Cy o
The proof is divided in two cases on the type of 3.

Case S # T
D, C' reduces on some session k. By the induction hypothesis and since I'y = D, C we

can find I'} such that I'y 2, I} and T} = D', C. Then we take IV = I, I's which proves
(T|7.3) to hold. We prove (T|7.4) by proving that we can apply [Tlocl on IV = D', CY | Co
and therefore that (1) pco(I"), (2) I"F C7 | Co and (3) T D’ hold. (1), (2), and (3)
hold by construction and the induction hypothesis.
Case =7
from the induction hypothesis, for any derivation we have that I} - D', C] and I'; C I'}.
Also in this case we take I' = I"},T's and prove (T|7.6) by proving that we can apply
[Mocl on T = D', C7 | C2. (D), (2), and (3) hold by construction of T" and the induction
hypothesis.

Case |%Ied]

The case is:

Re{=c,~} CRC; D,C, 5D, C CRC

p.c L p.o

The proof is divided into two subcases on the type of R.
Case R = =¢
The case is proved by induction hypothesis and Lemma 5.

LC | EJ
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Case R = =~
The case is proved by induction hypothesis and Lemma 6.

O
The proof of Theorem 2 follows directly from the proof of Theorem 7 and Lemma 4.

B.2. Proof of Deadlock Freedom. We report below the statement of Theorem 3 enriched
with pointers for clearer referencing in the proof.
Theorem 3 (Deadlock-freedom)
(D3.1) T+ D, C and (D3.2) co(T") imply that either (D3.3) C' =¢ 0 or (D3.4) there exist D’
and C’ such that D,C — D/, C".

Like in [CM13, MY13|, frontend choreographies enjoy deadlock freedom, provided that
they ¢) 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[Al.e — B.o;

from (D3.1) and (D3.2) we know that the requirements of [Plsendl hold and we can find D’
such that D, k:p[A].e —> B.o » D’. We can apply Rule [lsendl for which C" = Cj.

Case C = k:p[A].e —> q[B|.o(z); C1

since (D3.1) holds both receiver and sender are typed by I'. We apply rule |Cleq| to split
the complete term into respectively a send and a receive partial terms, and similarly to
the previous case, we apply rule [Clsendl, for which C" = k: A —> q[B].o(z); C;.

Case C = k:A —> q[B].{0;(2;); Ci}ier

from (D3.1) and (D3.2) we know that the requirements of Rule [Plree] hold and D(k[A)B|) =
(0j,tm) = m for some j € I. We can find D" such that D,k:A —> q[B].oj(z;) » D’ and
apply Rule [lree] for which C" = Cj.

Case C = start k: p[A] <> m; Cq

from (D3.1) and (D3.2) Plswsl applies and we can find D’ such that D,start k' :
1.p[A], 7.r[B] » D' for some K/, F fresh. We can apply Rule Clsurl for which €7 = C1[K' /k][F/a].
Case C =req k: p[A] <> 1B;C | [ (acc k: 1;.9;[B;]; ;)

similarly to the previous case, the requirements of [°lswrl hold and we can find D’ such that
D,start k' : 1.p[A],l1.r1[B1],...,ln.rn[Bn] » D’ for some k' and ¥y,--- , ¥, fresh. We can
apply Rule [“lpstar] for which

C'=CK [k | TT., Cilk'/K][Fi/an] | T, (ace k& 1;.q4(Bi]; Cy).

Case C =C | Oy

we can apply the induction hypothesis and Rule [€lpal such that D,C; — Dy, C} and in
(D3.4) D' = Dy and C" = Cf | Ca.

Case C' =def X =5 in (4

applies the induction hypothesis and Rule [lewd for which D, C; — D', C{, where C" =
def X = Cy in (1.

Case def X = (5 in X; (4

applies Rule |“leq] for def X = O in X;C =¢ def X = Cy in Cy; C; and by the induction
hypothesis D, Cy — D', C) and C" = def X = Cy in C%; C}.
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Case C = if p.e {C} else {C1}
from (D3.1) 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 ¢/ = Cj.

0
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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 Fpi, for FC.

B.3.1. Minimal Typing. We recall the definition of subtyping for local and global types (see
Definitions 16 and 17), which we extend to set inclusion and point-wise to i) the typing
of services (i.e., of kind I: 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 bpin 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
Figure 27.

Proposition 1 (Existence of Minimal Typing). Let I' = D, C, then there exists I'g such
that I'g = D, C and for each IV F D, C we have that I'y < I'". The environment I'y 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 Figure 27, defining the minimal typing system I' i D, C.

As in [CM13, MY13], 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
[Pie02]).

We give the intuition behind each case corresponding to the derivation on the rules.
Mir|stare1] and Minlstano] type the starting of sessions. The difference between Mn|swar1] and M |staro]
is that, when Mr|swri] applies, the service typing of [ is not used any more in C, and thus its
typing is dropped to guarantee minimality. Contrarily, in M"|star2] the service typing of [ 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 |Mn|geqt] and |[M[req2] mirror a similar relationship, where in the first rule we drop
the typing of [, not used in the continuation C, while in the second we consider GVG'. Note
that Rule Mr|acd directly drops the typing of / in the typing of the continuation. We do this
because we assumed (see § 2.1) that i) (acc) terms can only be at the top level (not guarded
by other actions) and i) by rule [l no subsequent term (start) on the same locations [
is typable (and hence cannot be present in C, well-typed). The same holds for subsequent
(req) terms on [, which could not be paired with a complementary (acc).

In Mn|condl we consider I'y VI's to determine the least upper bound of receive types. Rules
Min|coml, [Mirfsend], and [Mn|recv] type receptions with a singleton branching local type. Rule [Mi|parl
is standard.

Also in rule Mn|oel we consider the least upper bound of I' 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. [CHY12, CM13]) 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.7’x, or T' otherwise. Rule [M"|pefl
uses rules Mnlpil and Mozl to determine the content of I',, and I', to respectively minimally
type the continuation C' and the body of procedure X. Indeed, when rule Mn|pil applies, the
choreography C' uses the typing X : I'y, otherwise [M"p2l 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(T';) Ndom(I?,)), their judgements coincide.
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T,init( r[C],k, G ) Fuin C  ¥[C] = p[A,a[B] G&T LET
— "M start1

T,0: G(A|B|B) Fnin start k : p[A] <> I.q]

|k, G') basn € 7[C] = p[A,qB] G ¢T [ starc]

—_—

el
]~3\]§> nin Start k: p[A] <> [.q[B];

I,1: G(A[B|B), init(
I,0: GG/ (Al

U,p: kAL k[A]: [G], Fain C [T —_ T,0: G(AB|@),p : k[A],
T,i: G(A|B|®) Fnin req k : p[A] <> 1B;C  T,i: GVG'(AB|) Fnin Teq k : p[A] <> 1.B;C

ICl' T 1n1t(
I, I': G(A|B|C) Fain acc k : L.q[C];C

Al k,G ) Fain C  G¢T  [g¢D
LMIn|ACC]

Fl VFQ l_ p.e: bOOl Fl l_min Cl FQ '_min CQ
[V bpin if p.e {C1} else {Cs}
T/ Fmin

I'Fp: k[Al,q: k[B] TFpe:U T,qx:Uk[A]: T, kB]: C
@ B{o(U); T}, k[B]: &A.{o(U);T"} Fuin k:plA]l.e —> q[B.o(z); C

LMin |Cond-‘

LMi" |Com“

T, k[A]:
Prphle] bl Trpe:lU TN Tha O
T, k[A]: @ B.{o(U):; T} Fusa k:p[Al.e —> B.0; C
I'Fq:kB] p:k[A]¢T T,q.2:Uk[B]: T Fpin C ]
" [Recv

kB]: &A{o(U); T} Fuin k: A —> q[B].o(x); C

I, (X)=T.(X)if X € dom(T';) Ndom(I?,) 3 k"[A"] € dom(I'VIY)
X ¢ dom(I'vl”) TV >x (IV,K'[A]:T"),C
(TVI),solve(k[A] : T VK'[A] : T', tx) Fpin def X =’ in C

X ¢dom(T,) T, T,btun C

KA Gy b ©

FJ/’ >x (F7k[A] : T)70 F/|locs g r "
Lin

min C1 T2 Fnin O pinpy LoTas X2 Ty bnin € ol
Par in
[, X:T,>xL,C = I,>xI,C

['1,T2 Fain C1 | C2
k[A] € sessions  k[A] : end
[ endl

I" = ownerships U sessions U vars
I' Fpin O
" = vars U ownerships k'[A'] = sessions \ {k[A]}
I = vars(X) U ownerships(X) k[A] = sessions(X) I'cr
LMin‘Ca”"‘

F,m ttx,k'[A'] : end, X: (F’,7<:TAT ttx) Foin X

pco(l’TY) THD TVhpyn C
/ [ oc]
I, IV bpin D,C

Figure 27: Frontend Choreographies — Minimal typing rules

| Reqﬂ

[Def]

[Min | pa]
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Rules Mirlend] and Mr|cal use some auxiliary information, obtainable by a preliminary
top-down visit of the choreography syntax tree (cf. [CHY12, CM13]). Specifically, vars,
ownerships, and sessions are respectively the variable, the ownership, and the session typings
of the choreography whose type is being inferred. Similarly, vars(X'), ownerships(X), and
sessions(X) yield respectively the same kind of information regarding the body of procedure
X (i.e., obtained inspecting the body of the inner-most recursive procedure X). In the rules,
in Mirlend] 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 M|cail, 7) all sessions outside X must be terminated and those inside X agree on tx
and ii) T" and IV contain only appropriate variable and ownership typings and agree on their
judgement (I' C T).

Rule Mirpc] 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:

e 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
[CT:

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

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 I'| ) defined as

{px:U|px:Uel} U
= { p: k[A],k[A]: T} | { p: K[ALK[A]: T} €T} U
P Y {1:G(ABIC) | [: G(ABIC) e T } U

{Xp: Ty | Xp: Ty € T}

Definition 19 (Typing Projection). Let I' - C, the projection of I" wrt to C, written [[F]]C,
is defined as:

¢ = { U [,[p/al | pe (€l npn(iC]) ALe{i} A [edom(T) b, {[IT, | € fp(IC])}
aclel, \7,:)-/ i.44) i)
i)
M, = (TL\ XTI TEX: T}, {X0 [, | T X T,

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 ii). In the first case, we unify
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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:

e obtain the identifier of process p i.i), the only service process at location [ that is present
in [C] (and hence the one that merges the behaviours of all service processes in C' at 1);

e get the projection of I' on a service process q ([G],) in [C];

e we rename all process-related typings in [I'] q to correspond to process p (by abusing the
notation [I'], [p/a]) i.ii);

e 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 [I'] ; corresponds
to the union of iiz) the typing in I related to process p, from which we remove the typings
of definitions, and 7v) the projection of the typings of definitions, renamed for process p.

Note the definition of [I] is coherent with the definition of process projection (see
Definition 9) 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, [[F]]C 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 8).

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 8.

B.4. Proof of the Well-Typedness property of Theorem 5. To prove the property of
well-typedness of Theorem 5 we prove the stronger result of Theorem 8.

Theorem 8 (EPP Typing Preservation). Let D, C be a well-typed running choreography
such that T bpin D, C, where I' = T'y, I'. such that I'y - D, then [[FC]]C ,Tg buin D, [C] up
to service typings.

Intuitively, Theorem 8 subsumes the well-typedness property (1) of Theorem 5, 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 8.

Lemma 7 (Composability of Typing Projections). Let '+ C and T' = I", I then [I'] =
[, .

Proof . The proof is by contradiction. The projection [[F]]C returns exactly I' except
for the projection of the typings of the procedures, as defined in Definition 19. Hence
the projection [ can differ from [I], [I”]¢ 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(I'"), either:

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

in both cases the projections obtained from X remain the same wrt the one in I'. ]
We prove Lemma 8 that states that given a well-typed choreography C' and a typing

environment I" for which T Fpi, C then the projection of T, [Fﬂc, types minimally the

projection of C, [C].

Lemma 8 (Choreography EPP Typing Preservation). Let C' be a well-typed choreography
and let T bpin € then [ Fuin [C].

Proof .  Like for the proof of Theorem 3, we assume our choreographies to be well-sorted.
The proof is by induction on the typing derivation of I' tpi, C'.
Case Mn|stani]
From the premises we have C' = start k: p[A] <> m]’; C’. We can partition I' =
I: G(A|B|B),T" and we can write the derivation

I

I, init(r[C], k, G) Fnin €' 1[C] = p[A],qB] &¢I’ [¢T’
]

~ ~ ~ — I_Min|Start1-|
IV,1: G(A|B|B) byin start k: p[A] <> 1.q[B;C’
Let l'q[B] = ll'ql[Bl]v_"/' aln‘qn[Bn]'
Let T'. = IV, init(r[C], k, G), from the induction hypothesis we have that T, Fyin, C” and
therefore HFC}]C/ Fmin [C'].
By its definition [C'] =¢ C% | C” where

co=[c], 1 [CT,, |- 1 [T,
and
c'= [T Ie1, | TI( LI Ie.
r € fp(C")\{p,a} ! se ¢,

We partition [[Fc]]ol (as per Lemma 7) as
C/
e =1, , 1%, 1

where
I = T, p: K[A], k(4] [G,
and
A Y] /
Fq—Fql e Fqn
where

Fai = I‘gi,qi: k[A], k[A]: [[G]]Qi
such that we can write the derivation

: |Min p ]
T Fan [Clg,  Tags--o Tq, Faan [Cg, |- | €7, ]
" |par
Ty b [C1 Lo oo Ty o (O | 1 €,
1 7 ;T / " par
I bpin C ThTh basn [C], | [C], | --- | [C], "
" |par

I T, Tk bain C” | CL

ps+q
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J—

Since the ownership and session typings for k in I'. belong to init(r[C], k, G) we can write
I, =T5,p: k[A], k[A]: T where I'] contains those and only typings (services, ownerships,
sessions, etc.) that type minimally the projection of continuation C’ for process p.

Since the only difference between I' and I';. are the typings for session k, we have that

Iy C [[I‘]]C and also I C [[I‘]]C. The same argument holds for typings T',.. Indeed, we can
partition [I']¢ = eIy, - ,an,i: G(A[B|B) (as of Lemma 7).
Finally, by the definition of inclusion of service typings in I' (cf § 3.2.1), we can write judge-

ment [: G(A|B|B) as the sequence of judgements I: G(A|B|@),1: G(A|B|By),...,1: G(A|B|B,).
Therefore we write [I"]¢ as

[ =0"Tp.T4,....T .I: G(AIB|@),1: G(A[B|By),...,I: G(A|B[B,)
Let m’l = {1;.9[Bi], . .., {n-qn[Bn]}, we prove the case by proving the typing derivation
for [I']¢ tFuin [C].
From the definition of EPP (Definition 10) we can write
[Cl=Cs | C”

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

Cs = req k : p[A] <> [B; [[C”]]p | H acc k: Lr[c]; [C'],
Lr(c] € {Ta[e]}

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

Ty, p: kAL K[A]: [G], Fasn [C'], T€TY

~ ~ p— I\Min‘Re ]
Ty, 1: G{A[B@) Fain Teq k : plA] +> [8; [C"], A
. 8 _ . . . Min [y,
[ b €7 T T2 GAB|@), T, T2 G(AIB[B), ..., T, I: G(ABIB,) Fatn Cs t” " l
= ~ = ~ P ~ In|Par
T T, 1: G(AIB|2), T ,1: GABIBL), ..., TV ,i: G{AIB[Bn) Fusa Ca | C”
where
LCl Ty, init(qifBil, k, G) b [C7], @ €Ty, 1€TY, ]
~ ~ In‘ \CC
Ai+1 ng,li G<A‘B|BZ‘> Fmin acc k : li.qi[Bi]; [[C’}]qi )
= = = ~ - Mi"l ar
Ai= 1 T GBB),....TY [ G(AB[B.) Leles]
Fain ace k@ 1.q:[Bi]; [C'],, | I acc k : L.r[c]; [C'],
L.rc] € 1.q[B]
i1

Note that we are reporting only the derivation terminating with [M"|req], i.c., the one
that applies when F’p’ does not contain the typing of [. The other case is similar and it
applies rule |M|req|.

- F” l_min C”;

- Fg,p: k[A], k[A]: [G], Fuin [[C”]]p;

- ng,init(qi[Bi],k:,G) Fuin [[C,]]Qi'
hold by the induction hypothesis.

Case Mn|star2]

Similar to case M"|starl.
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Case |Mi|Req]

and Case. |[M"|req2| follow the proof of case [Mr|swnil, focussing on the request branch.
Case Mn|acd

Follows the proof of case Milstnil, following the accept branch.

Case M"|cond

By induction hypothesis on C; or Cj.

Case [M"|com]

From the premises we have C = k: p[A].e —> q[B].o(x); C’ on which we can apply the
typing derivation

I p: k[A],q: k[B] TVkpe:U T',qx:Uk[A: T,k[B]: T/ Fyin C’
IV, k[A]: @ B.o(U);T,k[B]: &A.o(U); T’ t-pin k:p[A]l.e —> q[B].o(z); C’

Hence we consider I' = I", k[A]: @ B.o(U); T, k[B]: &A.o(U);T'. From the definition of
EPP (Definition 10) we have [C] = C. | C” where

Min| coml

C. = k:p[A].e —> B.o; [[C’]]p | k:A —> q[Bl.o(x); [[C’]]q

c= I [ 1+ 1I{ U I,

r € {fp(C")\{p.a}} L \se ],

From the definition of [I]¢ we can write

[T]¢ =[], k[A]: @ B.o(U); T, k[A]: &A.o(U); T’
from the induction hypothesis we have that, let T'. = I, q.z: U, k[A]: T,k[B]: T”,
I'. Fnin C' and therefore [[Fc]]cl Fuin [C']. We can partition [[Fc]]cl as

[L]¢ =TTy, k[A]: T,Tq,q.2: U, k[B]: T’
such that

Lo, k[A]: T bwin [C],  Tg,q.2: U, kB]: T" Fuin [C'],

I Fpin C” Up,k[A]: T,Tg,q.2: U, k[B]: T" Fuin [C'], | [C7],
I Lo, k[A]: T,Tq,q.2: U, k[B]: T' in [C], | [C'], | C"

(Minpar]

(Min | par]

From the derivation on rule M"|coml we know that

[[F/ﬂ ¢ _ T, I, Ty
and therefore that

[[]¢ =", T,, k[A]: @ B.o(U);T,Tq, k[B]: ® A.o(U); T’
To prove [I]¢ Fuin [C] we prove that we can apply rule Mnle].
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Ipbp: k[A] q: k[B] €T

Iy pe: U g - p: k[B] p: k[A] € Tq
Do, k[A]: T Fusn [C7], Lq,q.2: U, k[B]: T" Fsa [C7]
Min | Sen Min | Rec
T, k[A]: ® B.o(U); T Lol T, k[B]: &Ao(U);T" L]
Fuin k:p[A].e —> B.o; [C'] Fain k: A —> q[Bl.o(z); [C'],
Min‘ ar
T Fpin C” Ty, k[A]: @ B.o(U); T,Tq,k[B]: @ A.o(U);T" Lie]
min Fuin k:p[A].e —> B.o; [C'], | k:A —> q[Bl.o(z); [C],
|Min p |

I, Tp,k[A]: ® B.o(U);T,Tq,k[B]: ® Ao(U);T’
Fuin k:p[A].e —> B.o; [C'], | k:A —> qg[Bl.o(z); [C'], | C”

Case Mn|send
Analogous to case M"|com|
Case Mn|recl
Analogous to case M"|coml.

Case Mn|par
From the premises we know that C' = C; | Cy on which we can apply the typing derivation

111 l_min C'1 FQ I_min C2
['1, T2 Fain C1 | Co
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' = (I"VI"),solve(k[A] : TV K'[A] : T, tx)

(Min|par]

[.(X)=T,(X)if X €dom(l';) Ndom(T%) P k"[A”] € dom(I'VI")
X ¢ dom(VIY) T,y (I, KN]:T),C"  Toox (KA :1),C" g C TV
(I'vT"),solve(k[A] : TV K [A] : T', tx) bpin def X = C” in C’

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

[

= [CT =TI, Cp
- Gy = dot X, = [C"[Xy/ X1l in [C'1X/X1],
- I_\c — [[F]]
— kA T = {k T | {p: k[A],k[A]: T} CT.AKk[A]: T € kK[A]: T}
- k:;,[ .17 = {k’[A’]: T | {p: K'[A'],K'[A]: T'} C T AK[A]: T’ € K'[A]: T/}
The case is proved by the derivation A; where
A,
-~ i oy
Tp; U FC|p Fmin 11 Cp
A; = P € {Piti,Pn} PE{Pit1,---Pn} Minjpa]
" Par
el U Lelp Frin G | I G

P € {Pit1,Pn} pE{pi+1,.--,Pn}
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and
Ie(Xp) =T (X,) if X, € dom(T';) Ndom(T%)

p) I > ([[r”]]C p,W> [C7 X/ X1,

P[A"]: € dom ([[r']]c
roe (019, BT I0/x),  I0°

v [[F//]]C
P

c 19|,

Pllocs

|Min | pef]

[[r']]cj v [[l“”]]c‘ ,solve (kP[A]: IRATSE T',txp) Fain def X, = [C”[X,/X]], in [C[X,/X]],

Essentially, using the filtrations I'| ) and the partitions kp[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.

Such a partitioning of [[']¢ is possible by the definitions of [I]° and v (and < by
extension):

r)° = (o), solve(FA -7 v ¥[K] :T’,tX)]]C:
_ pr, (([[F’]]CV[[F”]]C>,[[solve(k[A] TR :T',tX)]]C) _
€ P
_ pgﬁ ((mc v [[r"]]c) solve(E[A] - T v &[4 :T’,tX)) ‘p

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

Then in 7, we prove the partition Fc|p to minimally type the endpoint choreography Clp.
All preconditions in 7, hold as the environments ¢, e, kolA]: T, and ky[A']: T,
contain those and only definition, ownership, variable, and session types related to process p
(with the exception of duplicated service typings) and originally contained in I, T k[A]: T,
and k'[A]: T'. Definition typing identifiers are properly renamed to be unique for p (i.e.,
from X to X,,).

Case [Mn|end]

Trivial.

Case Mn|cail

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

I'" = vars U ownerships m = sessions \ {k[A]}
I = vars(X) U ownerships(X)  %[A] = sessions(X) rrcr’
I, kA : tx,m cend, X: (I, k[A] : tx) Fuin X
Thus, in the case, T’ = I",m : tx,m]’ :end, X : (F”,m]/ : tx). Given our assumption
of well sortedness, we can consider as EPP of X the composition

[[X]] = HXP

pPEP

Min|canl
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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

Te =[] =[] FolA] : tx, kp[AT : end, | Xp: ([T, Fp[A] : tx,)
pEP
where
— kp[A]: tx, = {kp[A]: tx, | {p: k[A],k[A]: tx} C T}
— k[[A]: end = {k[[A"]: end | {p: K/[A'],K/[A"]: end} C T}
Finally, let the cardinality of p be [1,n]. The case is proved by the derivation A; where

Ait1 Minp.]
Tp; U Fc‘p Fmin [I Xp
A; = P € {Pit1,Pn} PE{Pi+1,--sPn} Minjpy ]
"M Par
Fc‘pi ) U Fc‘p l_min Xpi | 1_.[ Xp
p € {pPit1,-Pn} PE{Pi+1,sPn}
and
[T']¢| = vars U ownerships ky[A'] = sessions \ {ky[A]}
p
T = [[F']]C| = vars(X,) U ownerships(Xp)  kp[A] = sessions(Xp) [, € €
p

2 [Min | can]

[0T) KolA]: tx,, kp[a']: end, Xp: ([T7], koAl : tx,) Fain Xp

b
Where in m, we consider the usage of auxiliary functions vars, owenerships, and sessions
on the projection [C],.
O
We finally prove Theorem 8.

Proof of EPP Typing Preservation.  From Theorem 8, we have that I' = 'y, ', and we
need to prove that we can apply rule M"[ocl on I'y, [[FC]]C Fain D, [C]
peo(T, [[]”) Tar D [T basa [C]
T4, [Tl Fain D, [C]

I_MinlDC.l

where
e pco(Ty, [[Fﬂc) holds as, regarding session typings, [[F]]C just coalesces session typings and
their related ownerships of service processes;
e 'y Fuin D holds as per premises of Theorem 8;
e [I'] Fuin [C] holds from Lemma 8 and the assumption of well-sortedness on C' (if C'is
well-sorted also [C] is well-sorted and typable by [I']%).
]

B.5. EPP Theorem. Before proving Theorem 5 we define some auxiliary concepts to
establish a correspondence between a choreography and its projection.

Lemma 9 (EPP Swap Invariance). Let C' ~¢ C’ then [C] ~¢ [C'].
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Proof Sketch.  In the proof we show that the projection is invariant under the rules for
the swapping relation ~¢ defined in Figure 7. [|ewewl is trivial. For rule [“Slewncadl we need
to check that the projections of the processes in the swapped interaction n do not change,
which holds by the definition of EPP for (cond) terms and the merging operator (merging
the same 7 returns 7). The same reasoning on the EPP and the merging operator applies to
all other cases. g

Lemma 10 (EPP under =). Let C' =¢ C’ then [C] =¢ [C'].

Proof .  Easy by cases on the rules of =¢. O
Lemma 11 (Compositional EPP). Let C' be well-typed and C = C; | Cs then [C] =¢
[Ci] | [l

Proof . By definition of EPP

icr= I e, I TI{ L] fers
l

p € fp(C) selcy;
Since C' is well-typed and C' = C; | Cq, rule [Tlral applies and by definition of I';, T’y
there cannot be a process p such that p € fp(C1) N fp(C2). Therefore we can write

1= ][I [l 1 ]I lead I IT| L fcl,
) l

p € fp(C1) q € fp(Cs se|C],
By the definition of service typing we know that i) locations can implement only one
role in a choreography and i) a location can appear only in one service typing. Therefore
there cannot be two service processes at the same location in C7 and Cs. Thus we can write

1= JI [, 1 I fed I IT| U L) 111 U [ed
l

p € fp(C1) q € fp(C2) re Ci], 14 s € |Coly
of Cg Ot a3
where [C1] = C¢ | Cf and [Ca]] = C | C5 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 [MY13] and [CHY12|, we deal with these asymmetries by introducing the
pruning relation (see Definition 11), which allows us to ignore unused i) endpoint services
and i) input branches.
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Before continuing with the last auxiliary results and the proof of Theorem 5 we need to
extend the labels of the semantics of annotated Frontend Choreographies (see appendix B.1.1)
with the identifiers of the processes involved in a reduction

B ::=k:p[A] —> B.o | A)q[B].o(z) | 7@p | T
and the annotation of the reduction with rule [Clcond as
i =11if eval(e, D(p)) = true, i = 2 otherwise

D, if p.e {C1} else {Cs} AN D, C;
Let also pn(k:p[A] —> B.o) = {p}, pn(A)q[Bl.o(z)) = {q}, pn(7@p) = {p}, and pn(7r) = &

Cond“

Lemma 12 (Passive Processes Pruning Invariance). D,C N ,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 [lcondl in
which the projection of the processes receiving selections are merged. The thesis follows
directly from Definition 11 and Lemmas 9 and 10.

O

B.6. Proof of Theorem 5. We restate items (2) and (3) of Theorem 5 to include annotated
reductions.

Theorem 5 (EPP Operational Correspondence)
Let D, C be well-typed and well-annotated. Then,

(1) (Completeness) D,C LN D', C" implies D, [C] LN D', C" and [C'] < C".
(2) (Soundness) D, [C] N D', C" implies D,C N D', C" and [C'] < C".

We report below the respective proofs of (Completeness) and (Soundness) separately.
Proof (Completeness).

Proof by induction on the derivation of D, C P ,C'.

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

n=k:p[Al.e —>B.o D,k:p[Al.e —>B.op» D’
k p[A] —> B.o
_— 5

[€/send]
D, n;C D, C.

and C' = C..

From the definition of EPP we have that [C] = Cye | Cs such that

Coct = k:plAle —Boi[Cl, | ]  [Cd,
r € fp(C)\{p}
and

Cs = H |_| [[CC]]S
l

s e |C],
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While [C'] =¢ C"., | Cs

;ct = [[CC]]p | H [[CC]]r
r € fp(C")\{p}
We can apply Rules [Clparl, |“leq|, and [Clsendl on D, [C] such that

n=k:p[Ale —>B.o D,nw» D"
: Clpad

D, [[Cﬂ k p[A] —> B.o

for which it holds that D’ = D” by rule [Plsendl.

c'=lcl, | II e, ¢

r € fp(C")\{p}

D// C/I

for which it holds that [C'] < C”.
: Case [“lreal

we know that D,C = D, k:A —> q[B].{0;(x;); Ci}ier and we can write the derivation

jel D,k:A—>q[Bl.oj(z;)» D’

k:A)q[Bl.oj(x )

[€IRecy]

D, k:A—> q[B}.{oi(xi);Ci}iej
for =k : A)q[B].oj(z;) and C" = C}.
By the definition of EPP we have

[C] =c k:A —> q[B]. {oi(xi); [[C'i]]q}ig | H ( |_| [[C’i]]F)) | H ( |_| [[C]]r>

D, ¢

p e fp(C)\{a} \t €1 L \relC]

Then we can apply rules Clpal, [“les|, and [€lrea] such that

j€I D,k:A—>q[Bl.oj(z;) » D"
<Ipar]

k:A)a[B].oj(x;)
_—

D, [[OH DN, [[Cj]]q |

1 [[ciﬂp) | H,< u m)

p € fp(C)\{a} (l el Lc

and

c-en T (W) ( i ucur)
p e fp(C)\{a} \i €1 Lo\rell];
From rule Plresl we know that D” = D’. Finally [C'] < C” by Definition 11 and
Lemma 12.
: Case [“lstart]

we know that C' = start k : p[A] < [.q[B]; C. and we can write the derivation
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D#K' ¥ § =start k' : p[A] <> [.q[B] D,i» D’
D, start k: p[A] <> [.qB;C — D', C[K'/K|[r/q]
and C" = C.[k'/K][r/q].
From the definition of EPP we have

[e1= 11 [[C’ﬂqIH< L] [[C’]]s)

q € fp(¢) L \selC],

LC |Start-‘

and

( reqk:plA] +» TE[Cl,

| II acc k: L.q[BJ; [Cc],
l.qB] € [.q[B]

[C]=cq | I [c,

r € fp(C)\{p}

| IT | I [[C]]s>
rg i \s€ [Cly
we can apply rules [lparl, |leq], [€lpstar] such that
ie{l,....,n}  D#K' ¥ {IB}=W{LB}: {F}=U{F}
§ = start k" : p[A] <> [1.r}[Bi], ..., ln.r,[By] D,5» D"
: [Clpar

D,[C] = D", C"

where

[Cel, (/K]
| I1 [Celq (K" /K]la/r']

(@) € {@rh)lanr) }

{
| I [Ce],
e

| I acc k: L.q[BJ; [Cc],

T I1 HQL)

L U gl\s€lCely
Observe that we can a-rename k" to k' and ¥ to t as k”, k', ¥, and ¥ are all fresh wrt
D’Fcr’(.)m the application of rule Plstatl we can find I' such that
[ bwin (D7, C7)[K/E"][F/F]
and
I win (D', C") K /K"][F/¥]

and by a-renaming we have that
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D,[C] = D',C"[K' /K" |[F/¥]
Finally [C'] < C"[k'/E"][f/¥] by Lemma 12.
: Case [‘lpstar

Similar to (in particular the second part of) the proof of case [Clstarl.
: Case [“|cond]

we know that C' =¢ if p.e {C}} else {C2} and we can write the derivation
i =1if eval(e, D(p)) = true, i = 2 otherwise

D, if pe {C1} else (G} 2% 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

LC | Cond}

[C] =c if p.e {[C1],} else {[C2],} | II [l I [T L
q € fp(C")\{p} Lo\re o],

and

[€T=clc], | [T [l VI L Il
l

q € fp(C")\{p} re (G

We can apply rules [€lpal, [Clea], and lcondl such that D, [C] AN D, C"” where

¢’ =[c1], | | | e ey P N O A e
q € fp(C")\{p} I \rel[C]
and [C'] < C” by Lemma 12.
: Case [‘lcd and Case [ lparl

!

proved by the definition of EPP and the induction hypothesis.
: Case |“led]

We can write the derivation

Re{=c,~} CiRC, D,C LD .c, CLRC,

p.c, 2 Do

For R = =, proved by the definition of EPP, Lemma 10, and the induction hypothesis.
For R = ~¢, proved by the definition of EPP, Lemma 9, and the induction hypothesis.

0

LC | Eq}

Proof (Soundness).  Proof by induction on the structure of C.
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: Case C' = k:p[A]l.e —> q[B.o(z); C,
From the definition of EPP we have

r € fp(C) s € C];

[C] =c k:pla].e —> B.o; [Cel, | kA —> qBlo(@)[C], | [] [[cc]mH( | | [[cus)

we proceed by subcases on the last applied rule in the derivation of D, [C] S ,C".
: Case [“lsend

Divided into subcases whether 8 = k: p[A] —> B.o holds or not.
: Case = k:p[A] — B.o

D, [C] reduces to D', C" with rules [lpal, |“les|, ending with rule [Clsendl such that

C"=[Cc, | k:A—> q[Bl.o(x); [Cc], | 11 (e 1 O A e
r € fp(C)\{p,a} L \selC]

D, C mimics D, [C] with rules [Cles] and Clsend for which D,C 2 D", ¢, D' = D"
by rule [Plsend,

[C] =c[Ccl, | k:a —> q[Bl.o(x); [Cel, | 11 el I L] el
r € fp(C)\{p,a} I \selC]
and [C'] < C".
: Case 8 # k:p[A] —> B.o

In this case D, C can mimic D, [C] with the application of rules |Cleq], [Clparl, and [Clsend]
and the thesis follows by the induction hypothesis.
. Case LCIRecv]7 LC|PStart-‘, or LC|Cond“

In this case D, [C] reduces with rules |“les], Clral, and respectively ends the derivation
with either [Clrecl, [lpstart], or [Clcondl, i.€., 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 [leq|, [€lpa] and terminates the derivation

with either rules [Clreal, [Clpswar] (o1 [Clstarl, depending on the form of C') or [Clcondl. The
thesis follows by the induction hypothesis.
: Case C = k:p[A]l.e —> B.o; C.

Similar to case C' = k:p[A].e —> q[B].o(z); C..
: Case C = k:A —> q[B|.{0i(z;); Ci }ier

From the definition of EPP we have

[C] =c k:A —> q[B].{oi(z;); [[Ci}]q}ig | H |_| [[Ci]]p | H |_| [CT,

i€l \p e fp(C;) k re C],
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we proceed by subcases on the last applied rule in the derivation of D, [C] Ny ,C".
: Case [C|Rrecl

Divided into subcases whether § = k: A)q[B].o;, j € I or not.
: Case f=k: A)q[Bl.oj, jel

D, [C] reduces to D', C"” with rules [Clpal, |lea|, and terminates with rule [‘lres] such
that

i€l \pe fp(Ci)\{a}

—el, T U e ) T U e,
k re [C],

D, C mimics D, [C] with rule [Clre«] for which D,C LN D",C" where D" = D' by
rule [Plreel and

[CT =[G, | IT e, (I L leil,
p € fp(C5)\{a} ko \re |0,
and [C'] < C” by Lemma 12.

: Case 8 # k: A)q[B].o;

For any $ of this case D,C can mimic D, [C] with the application of rules [‘les] and

[lparl, terminating with rule [Clrew] and the thesis follows by the induction hypothesis
. Case LCISend], LC‘PStart], or L(:‘Cond]

is similar to subcase Case [‘lrec], [“lpstart], OT [lcond] Of
Case C = k:p[A].e —> q[B].o(z); C..
: Case C = start k : p[A] <> [.q[B]; C.

Ll [cl.

s € [C];

[C] =c req k : p[A] <> 1.B;C, | H ICl, | H
l

r € fp(Ce)\{p}

we proceed by subcases on the last applied rule in the derivation of D, [C] i D,C".
: Case [“lpstard

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 |“leq], Clpal, terminating with either rule Clpstarl or [Clstarl.
: Case |_C|Send.|, |_C‘Recv-|, and |_C|Cond.|

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 {[C:],} | H [Cil, uC:], | | H ( |_| [[C]]r)
q € fp(C1) U fp(C2)\{p}

l re |C],

we proceed by subcases on the derivation of D, [C] LN D', C".
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: Case [%[cond

D, [C] can reduce to D', C" with:

: Case 0 =71@p
that reduces to a branch. D, C can mimic D, [C] applying rules [leq], [€lpal, and
terminating the derivation with rule [Clcondl. The case is proved by Lemma 12.

: Case f=7Qr, 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 [Clrec, [Clsend], [lpstart]

are similar to the corresponding proof for the previous cases.
: Case C' =req k : p[A] <> [.B; C.

Case not allowed by the hypothesis that D, [C] LN D,C".

: Case C' = acc k: W;C

Case not allowed by the hypothesis that D, [C] 2, D,C".

: Case C' =def X =C" in ('’

proved by Lemma 10 and the induction hypothesis.

: Case C =X

Case not allowed by the hypothesis that C' is well-sorted.

: Case C=0C4 | Oy

[C] =c [C1] | [C2] by Lemma 11.
we proceed by subcases for n equal to the length of the derivation of D, [C] 2 pr ,C"
: Case n=1

In this case the only applicable rule is [lpswri] where, Since both [C4] and [C3] reduce,
we can infer, let

1.q[B] = l1.91[B1], . .-, 1i-qi[Bi], liv1-dir1[Biv1] - - -, In-An[Br]
that

C1 =creq k : p[A] <> 1B;CT | Hacc k : lj.qj[Bj];C{ | C!
j=1
Co =¢ H acc k: lj.qj[Bj];Cg | C?

Jj=i+1
and by the definition of EPP that

[C1] =c req k : p[A] <> 1.B; [[Cﬂ]p | Hacc k:lj.q; [[C’J]]q | [[Cl]]
i=1

n
[Cal =c T acck:tasleli[cd] 1 [€7]
L qj
Jj=1+1
Observe that we can proceed without loss of generality as the symmetric case (with
p € fp(Cy)) follows the same structure.
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ie{l,...ony  D#KF {IB} =W LB} {7} =U,{7}

d = start k' : p[A] <> [y.r1[B1], ..., lh.rn[By] D,5w» D"

- [€pstart]
D,[C4] | [C2] — D", C”
where
[CiT, (K /K] | ° [+’ /K][F/a]
| o mu I,
C =C .
[[j=1acc k: 1j.q;B; [[C’]] ‘
| . o | [ed] | [e?]
| Tiaace & : Liagleyl: 03]
J
Then D, C can mimic D, [C] applying rule [ lpswarl with reduction
§ = start k" : p[A] <> [1.r[B1],.. ., ln.r,[By] D,6» D" o
PStart

D,Ci|C, = D'

where

) , IT,-. ¢ | o [T, acc k: 1;.;[B;]; Cf )
C" =c C1[k" /K] | | ET/KIF/al | | [c:] | [e]
H?:i+1 C3 | HJ ip1acc k:lj.q; B;]; C

Following the structure of the second part of the proof of Case [Clswrl for the proof of
Completeness of Theorem 5, by a-renaming we have D” = D" and [C'] < C".
: Casen > 1

For n > 1 we have a derivation similar to

R
n — 1 times, each either
\_C|Par-| or {C|Eq—‘

F‘Par-l

p.ci] | [c:] & Dot [C]
where R is the last applied rule, R € {[ lsend], [€|Recv], [Clpstart, [Clcondl }. The thesis follows
from the induction hypothesis.

The proof for the mirror case D, [C1] | [C2] LN D' [C1] | CY 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.

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 !(z); 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[z/x].

Definition 20 (DCC Variable Renaming Operator). Let B -t be a DCC process, then
(B-t)[x'/x] = Bla'/x] -t < (2',2(t) ) < (x,2 ) where B[z’ /x] substitutes every occurrence of
x with /.

Lemma 13 (DCC Process Variable Renaming). Let (8, P | P., M), be a DCC service
where P = B-t. Let P’ = P[z'/x] where 2’ is fresh in B. Then (B,P | P.,,M), —
(B, P" | P, M), <= (B,P'| P., M), — (B, P"[z'/z] | Ps, M),

Proof . The proof is by induction on the form of P. We report the most interesting
cases. Below we consider ' =t < (a/,z(t) )< (x, D).

Case P = o(y) frome; B’ -t
The only applicable rule is [P¢“|re, 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 i) expression e contains x. Below we consider the comprehensive case for y = z
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¢|ree] we take t. = eval(e, t) and M(t.) = (o, ) :: .
From Definition 20 we have that t. = eval(e[z'/x], ).

Meaningful reductions on P and P’ are of the form P — B'-t<(x,t,, ) and P’ —
B2’ /z] -t < (2',t,, ) and the thesis follow by induction hypothesis.
Case P =), ;loi(x;) frome] {B;} -t
The only applicable rule on both P and P’ is [P|rea]. The most comprehensive case is for
M that contains a message for operation o, 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;} else {By} -t
Trivial by Definition 20 for which eval(e,t) = eval(e[z'/z],t').
Case P=y=¢;B-t
The only applicable rule on both P and P’ is |P““|asign]. The most comprehensive case
is for y = x and expression e that contains x. The case is proved considering that, by
Definition 20, it holds that eval(e,t) = eval(e[z’/z],t').
Case P=def X =B in B -t
The thesis follows from the application of rule [P“|cw! and the induction hypothesis.
Case P=v)z; B’ -t
Let t. & M. We have the reduction on rule |P<€|newque]

S — (B,B -ta(z,tc) | PC,M[tcl—m])l



84 S. GIALLORENZO, F. MONTESI, AND M. GABBRIELLI

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[/ fx] - t' < (2, t;,) | Pe, M[t;, — €]),

The same holds if we let S’ reduce and prove that S can mimic it.
Case P = 0@e;(ey) toeg; B' -t
We consider the comprehensive case in which expressions eq, es and e3 contain x. From
Definition 20 we know that eval(ey,t) = eval(e;[2'/x],¢'). Similarly the couples e; and
ea2’ /] and e3 and es[x’/x] enjoy the same property when evaluated respectively on ¢ and
t.

We analyse the case in which P moves and P[z’/z] mimics it. The other case, for
P2’ /x] that reduces and P that mimics it, follows the same structure.

B = 0Qe(e3) to e3; B’ eval(ey,t) =1
eval(es, t) = t. eval(ez, t) =t tc € dom(M)
(B, B-t|P,M);, — (B, B-t|P Mt M(t.) :: (0,tm)]);

and

LDCC | InSend-‘

Bl2'/x] = 0Qeq [z’ /x](ea]2’ /x]) to es|z’ /x]; B[z ) x] eval(ei[z//x], ') =1
eval(es[z’/x],t') = t. eval(ex[2/x], ') = tp, t. € dom(M)

(B, Bl/a]-¢ | P,M), — (B, B/a]-¢ | P,Mlte > ML) = (0, bn)])
Case 7Qe;(eg); B - t
We consider the comprehensive case where expressions e; and e contain x. From Defini-
tion 20 we know that eval(eq,t) = eval(ei[2’/x],t’). Similarly ey and es[2’/x] enjoy the
same property when evaluated respectively on ¢ and t'.

Below we describe the case in which P moves and P[z’/x] mimics it. The other case,

for Pla’/x] that reduces and P that mimics it, follows the same structure. We assume the
start behaviour B =!(y); B'.

|.DCC | InSend1

B =?Qe;(e3); B” Q=B -2@<(y,eval(es,t))
((y);B', B-t | Pe, M), — ((ysB, Q|B"-t|F, M),

and

I_DCC | InStart]

\_DCC ‘ InStart]

B[z’ Jx] =?Qeq[x'/z](eoz’ /x]); B" [ Jx] Q= B'-@<(y,eval(es[z'/x],t'))
({y); B', Bla'/a]-t"| Pe, M), —  ((y); B, Q| B"[2'/a]-t" | Pe, M),
([l

Lemma 14 (DCC Network Variable Renaming). Let S and S’ be two DCC networks such
that S = (B,P | Q,M), | Sx and S = (B, P[z'/x] | Q, M), | Sy then

S—(B,P|Q M) |S, < 5= (B,P)e] | Q,M), | S.

Proof Sketch.  The proof is by induction on the derivation of S. The main observation
is that the most part of cases are already considered in Lemma 13. The cases not considered
in Lemma 13 regard derivations on rules:
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o [PClsendl whose proof follows the same steps of case P = 0Qeq(e3) to es; B’ -t in Lemma 13;

o [PClsen] proved following the same steps of case P =7@eq(eg); B” -t in Lemma 13;

e [°C|gq] and [PC|pal where the thesis follows from the application of the induction hypothesis.

O

We report below the statement of Theorem 6, enriched with annotation on the transitions

of D,C.

Theorem 6 (Applied Choreographies)

Let D, C be a Frontend choreography where C' is projectable and I' = D, C' for some I'. Then:

(1) (Completeness) D,C LN D', C" implies

T/
|1

(a) |<(D>>F, IIC]]|F_>+ |<<D/>>F/, "

(b) [C']<C”

(c) for some IV, TV D', C’

(2) (Soundness) [(D)', [CT[F—* S implies
(a) D,C —* D', C'

7 T
(b) S ¥ <<D/>>F ,C”
(c) [C]=C"
(d) for some IV, I+ D', C’

Proof (Completeness).  We proceed by induction on the derivation of D, C Ny 5 ,C'.
The general strategy is to:

e apply Theorem 4 from which, let D = (D)'', we have that D, C LN D, C’, Y = (D),

e since C' is projectable, we can always apply Theorem 5, from which, D, [C] S ,C" and
[C'] < C";

e we compile the Backend Endpoint choreography D, [C] into the DCC network F
and prove that we can reduce it in such a way that its reductum is =p-equivalent to the

7 T
compilation of the reductum [(D')!", C"| .

Case [“[send]

We know that

— [C] =c Cp | C. with Cp = k:p[A]l.e —> B.o; Cp;

- D,[C] N D', C" with [Clsendl being the last applied rule, where 8 = k: p[A].e —> B.o
and C" = Cy | Cy;

— 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, corresponds to D' = D[ I* : tc — D(I* : &) == (0,tm) | by Plsend
where [* is the location of the receiving process playing role B and t. is the correlation
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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 [Plsendl.

We have two cases, whether the receiving process q is in the same location of the sender
p or not. Formally, let p € D(I) we consider the exhaustive cases:

Case q € D(I)

From Definition 12 we have that D, [C]|"=p S | S where, let t, = D(p) and M = D,

s (I P1an)

« P:o@kBl( )tok;ABq’,F-tp

*

* F ]D)
q € D(I) \{P}-

e, Al <ﬁ [ [CLF-De) D‘”>
I e T\{l} r e DY) i

In this case [D, [C]|' can mimic D, C applying rules |P<leq], P“Ispal, and [P<linsendl where
S| S.— 8" | S with P<[spal and S — S” with

P = 0Qk.B.1(e) to k.A.B;|Ch'- L, eval(k.B.l,t,) =1
eval(k.A.B,tp) = t. eval(e,tp) =t tc € dom(M)
(B, P|Q,M), — (B, P|Q Mtc— M(t:) :: (0,tm)]),
where P/ = F- tp. Since by Definition 12 [, t., and t,, result from the evaluation of

the state of process p, D(p), we have that M|[t. — M(t.) :: (0,ty,)] = D'|,.
This corresponds to the compilation of the reduction D', C’, i.e,

LDCC | InSend—‘

’

<F',F’-D’(p)l I1 -F" Dll>}5'
!

a € D'(O\{p}

’ F/

<<D/>>1" ,C// = |

I < v
U e T/\{l}

]D/(l’

o 0., ) }sc
l/

Where the changes in D’ and I" affect only the compilation of the queue in D'|; identified
by tc, while for all other terms [I'=[I"and D'|, = D|,,.
Case q € D(1)

Similar to Case q € () except the last applied rule in the reduction of [D, [C]|' is
I_DCC|Send-‘.
Case [‘[rec
We know that
— HC]] =c Cq | C. with Cq =k:A—> q[B].{OZ‘({L'Z'); Ci}ie]
— D, [C] LN D', C" with rule [lre] where S = k: A)q[Bl.oj(z;), C" =¢ C; | C.. Let
D = (D) and D(k[A)B]) = (0;,v) :: 1, we have
D" = D[ q~ D(q)[z; — v] || k[A)B] — m |
By Theorem 4, let D(t. : I*) = (0, ) :: M* we have
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D' =D[ q+— D(q)[z; = tm)] [ 1" : te = m* |
by Plre] where [* is the location of the receiving process playing role B and ¢, 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 € I', ty = D(q), and M = DJ;, from Definition 12 we have FED S| S
where
- 5= (e | R.M),
- Q= Zzel [0i(x;) from k. A k.A.B] { F} “tq
SR LT

reD( l)\{q}

- S.= I < Celp| -Fts,]D)|l,>
seD(l

e T\{1}
In this case (D, [C]|' can mimic D, C applying rules [°Cleq|, [P<|spal, and [P<¢|rec].
Q= loi(a:) from k. A.B] { [CiV} - ¢4 jel t. = eval(e, tq) M(te) = (0j,tm) =M™

([CdNQ I rRM) = ([CAINCI™ taa (@5 tn) | By Mte 1]

S|Se — 8|S

LDCC ‘ Recv]

L |pccigp, ]

Where S’ = <F,F-tq (zj,tm) | R, M[te —m ]>l Let tq = tq < (xj,tm),

= F- tq, and M' = M[t. — m)].

Since by Definition 12 ¢, and t,, respectively result from the evaluation of the state of
process q, 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’

R
—<-F'-F’ 21T o0 1 T (@ 11 @)
l 14

r e D/()\{q} I’ e T\{I} s € D)

Se

Where the changes in D" and I' affect only the compilation of the queue in D'|; identified
by t. and the state of q; while for all other terms [I'=[I"and D'|, = D), .
Case [lpstart
We know that ~
— [C] =c C, | C, | C.. where, let I: G(A|B|B) € T
—~ C,. =req k : p[A] <> 1B;C"

— let l4.By,...,l,.B, =B, C, = Hacck 1;.qi[Bi]; Cy,
We can apply rules [Clral and LCIEJ and lastly rule [“lpswr] such that
ie{l,...,n} D#K ¥ {ﬁ} = &Jz{ﬁ}z {r} = U, {":}
§ = start k' : p[A] <> ll.l’l[Bl], e ,ln.l’n[Bn] D,5 » D
D,Cy | Co— D', CIK' /K] | TI; ( Cg,[K'/K][ri/ai] ) | Ca

I_C | PStart1
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and
D,C, | C,|C. = D, ClK /K] H oK /E[ri/ai] ) | Ca | Ce

thus C" = CL[K'/k] | TI; ( Ca,[K'/][ri/ai] ) | C | Ce
We can find I = T, init (%', (p[A], a[B]), G) and I + D', C".

Remark 1. We have two cases for, let p@l € I', whether [ € {I} or not. For a clearer
treatment of the case we proceed considering that [ ¢ {l~} (i.e., no service process is created
in the same location — service — of the requester p). The other case follows the same
structure of | & {l~} although the service located at [ has F as start behaviour and
Fatpplies rule [P¢“linstan] in place of the [P<Clswnl for starting the DCC process located
at [.

Henceforth we proceed analysing the case for | ¢ {l~}

From Definition 12 we have, let D* = (D) and M* = D*|, and M; = D*|,

7= ([l P | R | TL(QE Q1 | By, 1S,
=1

In the following, we use the abbreviation t{ = D*(s) for process s in D*.
S

B e o ) th,
- Q! = accept(k,Bi,G<A]B|B>);F'
- Qr =|Cq, k’/k rz/q, |7 ¢,

_ RL — F’ t*

s € ID)*
- Se= 1l <F', I [Cly]™ t;‘/,D*h/>
I e T\{L,I} s’ € D*(I") /

From Theorem 4 we can apply rule Plsad on D, [C] — D*, C” such that we know that

E(ty) =k(ty,) =... = K(t ) = tw
for some tj session descriptor of session k’.

We proceed by proving that we can reduce D, [C]|F =T S.
From Definition 12 we have, let t, = D(p), M = D|;, and M; = D|,

|D7 [[C]HFED <|Cc’l|FvP | R’M>l | H <Qi7Rl¢>Mi>li | Sc
i=1

aB)
- @ ( Ve A:; 70k.LI(K); sync(k) fromk[A) t,
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(k);  ©  vkIBi;

oty
— Qi = accept(k, B, GABIB)): [Ca|" = ) ak. Ad(k) to k.Bi.A ;

start(k) from k.A.B; ; F
ne -

P’ € D(O)\{p}

_Rl,L: H 1—"‘I(;S
SE]D)(LL')
~S= <€ 1 F-ts/’D”'>

I e T\{l,i} s’ € D) ”
D, [C]|' can mimic D,C with the following sequence of reductions. Note that we
make use of renaming on (accept) terms in @1, ..., Q, and variable renaming on P (as of

Definition 20) to align the evolution of FWith the evolution of D, C, in which k has

been renamed with the fresh name £’. Since the renamed DCC network and the original
one are bisimilar, as per Lemma 14, we can proceed to prove our results on the original
DCC network using the DCC renamed network as a proxy.

Therefore we take S§ ~ F
S5 = ((C) Pl /m) | Ry | [T(QilK/k) Bi, M), | S
i=1

LDCC ‘SEq-| LDCC|SPar] LDCC|PPa;| LDCC ‘Assign-| }

n + 1 times
I_DCC |SEq1 LDCC |SPar-‘ I_DCC INewque~|

[PClsea]  [PClsparl  [PCstan]

I_DCC|SEq—‘ \_DCC|SP3|'-‘ I_DCC‘Newqu;l }

®

*
n times =S 1
|PCClseq|  IPCClsparl [P sendl

[PClsea]  [PClsparl  [PClRea] 0 times

LDcclsEq~| LDCCISPar1 LDCC‘Sentﬂ

:
OO0 OO
®

LDCC |SEq'| IPCClsparl  [PCC|Recy] @

n times
We briefly comment the numbered transitions.

— In () P[K'/k] proceeds to store (for n 41 times, I plus l;,i € {1,...,n}) the locations
of all roles under k’.
— In (2), for each location l;,i € {1,...,n} (for each service process):
x P creates its receiving queue for the service process @;
* in @ P synchronises with the service at location I; starting (I°““lswrl) a new service
process;
* in the service process creates its own queues for all other roles in the session
(hence n times);
* 1n the service process sends the correlation values to P;
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x finally P receives the message in .

— In @ 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

n
st =[G I P' | B’y | TT{QilK/K) QF | R M), | Se
i=1
where
— P =|C]'[K//k] - t,, and
- Q; =[Cq " [K'/E] - ti
From the transitions presented above we know that there exists ¢}, such that t;j =
to<( k', 1}, ), where t}, 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} = tg
obtained from the derivation D, C' — D*, C".
Similarly, M’ and My, ..., M, contain the necessary (empty) queues to support commu-
nication in session k’.

M = M[kl.Bl.A(tk/) — e’;‘] - [kl.Bn.A(tk/) — 8]

and (@ being a totally undefined function on Val — M)

M — [k‘/ABZ(tk) — 6] [k‘/BlBZ(tk) — 6] . [k‘/.Bl',l.Bi(tk) — 8] R
i =2 K Bis Bi(ty) > &) ... [K.Bu.Bi(ty) — €]

We proceed with the proof taking S ~ ST as S is simply the renaming of &’ to k on
start behaviours Q;,7 € {1,...,n} (trivially Q;[k'/Ek][k/K] = Q;)

S = <r| P | R,M’>l | TT(@i @i | By M), | S
=1

We now proceed to prove that D, [C]|F —+ D*,C”F, i.e. that F = S with
'+ D,
We prove that

(i S
([CJp 1 R ) ) TTC@E Q0| R ), | st= ([T PR | [](Qu @ | Ruy M), | Se
=1 i=1

— M* and M’ are equal and similarly M; and M; are pair-wise equal by construction and
I‘ule P‘Start";

— F: F/ as Tl = IV|1ocs DY construction;
— P” = P’ is proved by
CIRTR]" -ty = [C /1) - €
which holds as

i) [CLIK JK]|N = [CI]" [k /K] since
(a) T” does not contain any new process used in CJ;
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(b) by renaming, and Lemma 14.
i) t; = t, by construction and rule Plstwnl.

— QF = Q) proved by
[Ca W /M /ail]" 5, = [Cas]" (K /K] - tie
whose proof of equivalence follows that of P = P’, except that I contains the location
of the process (r;) used in Cq, [k /K][r;/qi].
— Q! = Q; proved by

accept(k,B;, G(A|B|B));[Cq,|"' = accept(k,B;, G(A|B|B));[Cq, |
which holds as [Cq,|"'= Fbecause I' and I contain the same service typings.
— R/ = R is proved by

M L= 11 s

p’ € D*(I)\{p} p’ € D()\{p}

for which

i) [Cely
i) ty = ty unchanged by the reductions of D, C and F.

— R = Ry, whose proof follows that of R’ = R.

— 8! = S, following the proof of F: F' and R’i =Ry,.

Case [Clstart

While the original FC program reduces applying rule [“lswrl, the endpoint projection D, [C]

will mimic it applying rule [Clpsta], as per Theorem 5. Hence, to prove this case, we can

follow the same proof of case [“lpstarl.

Case [ lcond]

We have [C] = Cp | C; where Cp = if p.e {C1} else {Cy}. Let pQl € I' and

— tp = D(p);

— P=ife{[Ci]'} else { [Co]'} - tp;

SR— 1[G

re DOVp}

—S= TI <cc|l,F, H(l)r.tr,ml,>

I e T\{i} re Dl [
From Definition 12 we have, let M = D),

/ . .
M= |C’C|p,|ras I'" does not contain any new process used in C..

DT = ([C P | B.M) | S

we reduce D, [C] applying rules Clral, [“lea] and lastly rule [lcodl. We analyse only the
case for eval(e,t,) = true as the other case for eval(e,t,) = false follows the same
structure.

D,[Cc] & D,
and C"” = Cy | C. and D' = D by the definition of [Clcondl. We can choose T' = T, for
which it holds that I' - D', C".

From Definition 12 we have
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D0~ B0 — (GGt | R M), | S,

D, [C]|F can mimic D, C applying rules [°Cleq|, P<[spal, [P<|ppal, and lastly [P<|condl for
which

B.ICT" ~ ([CdJNCr 1o | R.M), | S
Case [Clcwd

The thesis follows from the induction hypothesis as D, C applies rule [‘lcw] and F
can mimic it with rule [P¢¢|cwl.

Case [“lparl

The thesis follows from the induction hypothesis.

Case |le]

The thesis follows from the induction hypothesis. Starting from any configuration of D, C,
Fcan always mimic the evolution of D, C when it applies rule |le|: in both cases

that R = = or R = =~¢, |D, [C]|" can apply [PCleq], PCIsparl, and [P<Clpral to mimic D, C.
]
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t' = eval(z,t) Bt B .t
LDCC‘A ’ “
ssign N

r=e;B-t 5% B-ta(z,t) def X =B1inB-t - def X=B;inB' -t

PCend

A
i = 1if eval(e,t) = true,i = 2 otherwise oo P=P|Ph P =P P|P=PF
Cond A

if e {B}else {Bo} -t — B;-t (B, P, M), = (B, P, M),

LDCC ‘PEJ

B=v)z;B t.¢dom(M) M =Mt ¢
<%7 Bt|P7 M)l

I/>T LDcclNewque]

' (B, B-ta(z,tc) | P, M'),

B € {oj(x;) frome; B;, > .o [0s(x;) frome] {B;} }
jel t. = eval(e,t) M(t.) = (0j,tm) =

<%7 B~t|P, M>l o; frome

LDCC I ReCV“

(B, Bj-ta(zj,tm) | P, Mlte = m)),

B = 0@eq(e2) to es; B eval(ey, t) =1
eval(es, t) = t. eval(es, t) = tp, t. € dom(M)

(B, B-t| P,M), 2%, (B, B'-t|P,Mt.— ML) : (0,tm)]),

\_DccllnSend.l

B =?Qey(e2); B” Q=B -2<(x,eval(es,t))
(@) B, B-t| P, M), —5 (@)B, Q|B"-t|P, M),

[P€Cinstart]

B = 0@eq (e2) to es; B” eval(ey,t) =1’ eval(es, t) = t,
eval(es, t) =ty t. € dom(M') M" = M't. — M'(te) = (0,tm)]

(B,B-t| P, M), | (B,P, M), 2%, (B B'-t|P, M) | (B, P, M"),

PClsend

B =?Qe;(e2); B” B’ =l(z); B’ eval(e;,t) =1 Q=DB@<(x,eval(eyt))
(B, B-t| P.M), | (B, P/, M), 2L (8 B".t|P, M), | (B,Q|P, M),

[PClstart]

A
5 2 8" [PCCsparl =5 5 iS5 |P<C]seq]
A A
S|1S5 = SS s X g

Figure 28: Dynamic Correlation Calculus, annotated semantics.

Before proceeding with the proof of (Soundness) of Theorem 6, we extend the semantics
of DCC by annotating its transitions with the variable paths (of the kind x = z.y.z) on
which DCC operations execute. We range over DCC transition labels with A.

A=z |v)z|?x) | ofromz |otox | T

We report in Figure 28 the annotated semantics of DCC.
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We also introduce two operators on sequences of DCC transition labels. Let A, A be a
sequence of DCC labels, the filtering of A\, A on k , written (A, 5\) i is defined as

k),

k.x.y, vik.x.y, ?(

A, (X’k) if A€ < sync from k.z.y, syncQk.x.y,
start from k.x.y, startQk.x.y

A ’ i otherwise

Let A1, :\1~and Ag, 5\2 be two sequences of DCC labels, the complement of A1, A1 on Ag, A
, written (A1, A1) \ (A2, A2) is defined as

e A =X
A1 otherwise

(A,e) \ (A2, o) = {

N N 5\1 \ 5\2 if A1 = A\g
AL, A A2, A2) = - -
A A\ (s Ae) {)\1, (A1 \ (A2, A2)) otherwise
Below we state Lemma 15 that proves that, given a DCC system S and a sequence of

reductions A for which S 2 S’, if the first action is the initiation of a session k, then we can
reorder the execution of the subsequent actions in X such that we first execute all transitions
related to the start of & and then all the remaining actions, obtaining the same final system
S’

Lemma 15 (DCC Start Permutation). Let S be a composition of DCC services such that
S 2 8" where A = k.C., N, then let A\ = X . and \, = S\\S\k we have § =%, S1 and
Sy 25 9,

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 N either are related
to the initiation of k or do not affect it. Hence, we can reorder the execution of actions in A
such that first we execute all actions regarding the start of the session® contained in e and
then all the other actions in 5\* O

Next we state Lemma 16 that proves that, given
e a well-typed FC endpoint choreography D, C
e its DCC compilation S
e 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 16 (DCC Start Completion). Let I' - D, C, C' a endpoint choreography

C =req k: plA] <> I1.[B1], ..., 1n.[Bu); Cr | [[acc & : Liqu[Bi]; Cq,
=1

5Note, this does not imply nor require that A contains all actions needed to start session k.
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and (D), C|' = S such that S 2, 8’ where ;\’k = X then i) S’ N S" #) D,C — D' ',
and i) there exists some I" s.t. I+ D', C’ and [(D')", ¢ R

Proof . Proof by case analysis on the length of \.

Let p@Ql € T". To proceed, we have two subcases whether [ € {l,...,l,}, i.e., whether
one of the service processes is at the same location of p. Since the subcases follow the same
structure, we detail only the proof for [ & {l;,...,l,} which allows for a uniform treatment.
In the other case, i) we should account for transitions on the same service of p with rules
PClinstar] and [Plinsend] and i) 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 12 we can count the number of transitions needed to complete the start of a
session. Indeed, given a D, C with

C =reqk: p[A] <> 1.[B1],...,0n.[Bs]; Cr | Hacc k : 1;.q:[B;]; Cq,
i=1

and (D), C I'— S then we can write the sequence of transitions of the compiled DCC

system

Q) @ &

—N—
ll)k.A.I\ ?(k) y)k.I.I’\ syncQk.I". A  sync fromk.I’.A

o ©°

start@Qk.I'. A  start from k.]’.A\ g

®

and count the number of all the transitions to complete the start, let it be m, as the
sum of:

(D: n+1 times, for I € {A,B}, with last Rule |P|assign|;
(2): n times, for I € B:

: reduces with last applied rule [P Inewque|;
: reduces with last applied rule [P¢|starl;

: n times for I’ € {A,B} \ {I}, reduces with last applied rule [°°|newque|;
: reduces with last applied rule [PC|sendl;

: reduces with last applied rule [P¢¢|recl;

: n times, for I € B:

: reduces with last applied rule [P¢|sendl;

: reduces with last applied rule [P¢|recl;
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and m = n? 4+ 7n + 1. We proceed unfolding the proof on the length of .
Case [{\}| =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.I where
C e {A,B}.

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 [.B =1I,.By,...,l,.B, and [: G(A|B|B) € .

From Definition 12 and Theorem 4 we have, let D = (D), M = D(I), M; = D(l;), and
lp = D(p)

n

(DOl = ([CAJ- P | BM) | ] (@i R My, | S

i=1

(1.A,TB - by =
..l:

- _ ® (vkIL.A;Qk.1.1(k); sync(k) fromk.l.A); |. r.
Ie{g}(> (E); symelE) ) et
© startQk.1.l(k) to k.A.I,

Ic{B}
Wk); ©  vkIB;
lE{Avé}\{Bi}
— Qi = accept(k,B;, GABIB)): [Ca|" = ¢\ cak. Ad(k) to k.BiA :

start(k) from k.A.B; ; [Cq,]"
S (im0 -

p’ € D()\{p}

- Rli = H n ts
s € D(1;)
“si- 1 (@, 11, G enh)

Ue r\{z 0y
The first transition, A = k: C l consumed the first assignment of location and assigned
the location of role C to k.C.l in the state of the starter ¢,.

Let us suppose, without loss of generality, that C = A, then we have

@ kll=I;
Ie{8}

P = © (vk1.A;7Qk.LI(k); sync(k) from k.I.A); | .[C . N
Le{é}< ) 7 tp < (k.ALL)
() start@k.I.I(k) to k.A.T;
Ie{B}

and -F EAL o where
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 @;, to k’, which is fresh. We take
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O K.Ll=1;
Le{8}
P’ = Pl[k/’//k}] _ Q (l/>k3/.I.A; 7@k’[l(k’7/), 7@/4[[(&,),), 71“[&’/&] . tg
Ie{B}
) sync(k') fromk'.1.A
Ie{B}
where, let t, = t, < (kAL 1), tg =t , < (K, k(t,)) < (k,@).

We take

Sy = <F, pP" | R, M>l | H<Qz[li//ﬂlez7Ml>l, | Se

i=1
and by Lemma 14 we have S5 ~ S’
Now we can proceed with the rest of the transitions of the start procedure as defined at
the beginning of the proof, so that S§ —* S7. Finally we have

~ 8" = ([N P R | TT(Qulk /K. Q) Bu M), | S
i=1
where P = [C,]" [k /K] - t}, and Q} = [Cq|" [K' /K] - tu

From the transitions presented above we know that there exists ¢}, such that t; =
to<( k', t}, ), 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 L

We can apply rules [“lpa] and [“leq| and lastly rule [lpswr] such that

ie{l,...,n} D#kK ¥ {TB} = Lﬂz{ﬁ;}z {r} = Udri}

d = start k' : p[A] <> [1.r1[B1], ..., ln.rn[By] D,5» D'
D,req k : p[]<)—{>l~BC|H(acck mC’Z) —
CIK'/k] | TL; ( Cilk'/K][7i/ai) ) | TTi (ace k= Li.qiBi]; Cy)

LC IPStart“

and

D,C|C. — DGk /R | ] ( Coilk/RIri/ai] |Hacck 1;.9i[Bi]; Cy, | C.

thus €' = Cy[k'/k] | TIiZy ( Cou[K'/K]lvi/ai] ) | TTizy ace k- 1i.qifBi]; Cg, | Ce.

From the hypothesis we know that I' = D, C and therefore that T' = T'y,[: G(A|B|B). Wi
can find I'' =T, init (K, (p[A], q[B]), G) and F’ FD'C.

Finally, we need to prove that S7 = (D), C” F/.

From Definition 12 we have

<< C/F <-F/ P* | R M*> | H< ;/’Q: | Rli’Mi*>lz‘ | Sé
i=1

Let D* = (D’) we use the abbreviations £ = D*(s), for s process in D*, and M* = D,

and M} = DJ;, in F/WG have
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— P =|C, K /K]t

- R = H CC|
R NONG

- Q= accept(k:,Bi,G<A]B\B>);F’

— Qf =[Cq, [k /K][ri/ail]"" £,

7R;1: H )Cc‘sr't:

!
p/ r t:;/

s € D*(ll
-Se= I ([Cel]™ I [Celg]™ t5: Dy
I e T\{L,i} s’ € D*(I") v

From Rule [Plstatl we know that

E(ty) =K (tg,) = ... = K(tg,) = tw

for some t/ session descriptor of session &'

We prove the case by taking ¢ = #,,, t,, obtained from the derivation of (D), C Fand
M* =M and M =M/, ie{l,...,n}.
Case 1 < |{M\}|<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 |[{\}| =m
Since |{\}| = 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 14, for all the involved

processes, proving S’ = ((D’))F/, o
]

We now proceed to prove the (Soundness) of Theorem 6, restated here below to consider
annotated transitions:

e (Soundness) F NS implies ) D,C —* D', C" and i1) S —* F/ for some D',C’,
and I such that i) IV = D', C’
In the following we use the shortcut

Cstart = req k : p[A] <> 13.[B1],...,ln.[Bp]; Cr | Hacc k : 1;.q;[B;]; Cy,
=1

Proof (Soundness). )
We proceed by induction on the cardinality of A. Then we consider sub-cases on the
shape of C' and the shape of .

Case [{\}| =0

Trivial, [D,CF= S =[D’,C'|", D,C = D',C’, and I' - D', C".
Case |[{\}| =1
Since the cardinality of ) is one, we can directly consider the single annotated transition
A = ). In the sub-cases of this case we omit to consider impossible cases for A = v)z
and A = ?(x) since these transitions (corresponding respectively to rules [°|newaue|, and
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[PCinstard] Or [PCIstan]) 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].-{oi(2:); Citicr; Cq | Ce

Case A =z follows (C = Cytart | Ce).

Case A =otoz follows (C = k:p[Al.e —> B.o; Cp | C¢).

Case A =7 follows (C = if p.e {C1} else {Ca} | C.).

Case A = o from z

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 o; & {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@! € T, from Definition 12 and Theorem 4 we have

D.CJ'=y ([CJNQ | B.M) | S
where, let D = (D), M = DJ, and tq = D(q),

- Q=3¢ loi(x;) from k.A.B] {[Ci|'} -tq
S

r € D()\{a}
P <1: I >
rer\{1} s ¢ D(I') i

and we can apply rules [P|g|, P€CIsparl and [PC|rec] such that, let ¢, = eval(k.A.B, tq),
tm = eval(e, tq), and M(t.) = (0j,tm) =M

o; fromk.A.B
_—

D,C|F S

where

S=5"185,
and S = (|C.|,|5[Cj|F-tq < (zj,tm) | R, M[t. — m)
D, C can Sn F\:dth rfﬂes |leq], lpard, and LC|>Rlecv1 for which
D,C — D.C,|C.
where, let D(k[A)B]) = (05, vm) = M/, we have
D' = D[q — tq < (xj,vm )] [k[A)B] — m/]

Since from the premises I' = D, C' then

' =T, k[A]: &A{0;(U;); Ti}ier, k[A)B]: &A.0;(U;); T" and we can find

IV =T1,k[A]: Tj, k[A)B]: T' such that I" + D', C".

At the lex,fel of choreographies, since the changes in D’ and I and the related
D = F affect only the queue related to ID'|; and the state of q, for all other
terms [T =" and D[, = D|,,.
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Hence we can write [D’,C|"'= 5" | S, where S” = S" by Theorem 4.
Case C = k:p[Al.e —> B.o;C,, | C.

Case A =z follows (C' = Cysart | Ce).

Case A = o fromz follows (C = k:A —> q[B].{0;(2;); Ci}icr; Cq | Ce).
Case A =7 follows (C = if p.e {C1} else {Ca} | C.).

Case A\=o0tox

As for Case C = k: A —> q[B].{0i(2;); Ci}icr; Cq | Ce, 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(x;); Ci}icr; Cq | Ce.
From Theorem 4, let D = (D)', ¢, = D(p), and M = D|,. Now we consider two
cases for which, let p@l € T', whether the location of the receiving process (stored
under path k.B.l in the state of p) equals [, we either reduce the compiled DCC
system by means of rule [P|insend] or rule [P¢lsendl. For brevity we just consider the
case for [P“linsendl as the other case follows similarly.

Since [Plinsendl applies, we can infer that

D.Cr= ([CIJ P 1 Q| M), | S.
where

— P =0Qk.B.[ to k.A.B;F- tp

R- TGl
r € D(O)\{p.a}

~S= TI <CC\I,F, 1;[)(1 )r. te, D\l,>
s € 4 14

by

er\{1}
Let t, = eval(k.A.B, ty), t,, = eval(e, t,), and M(t.) =m

F 0@k.A.B g
where
S=9 | S.

and S’ = <T;F- to | F- tq | R, Mlte — 7 :: (o,tm)]>l
D, C can mimic [D, C' with rules [leq|, [lpal, and [Clsend for which
D,C —= D.C,|C.
where, let v,, = eval(e,D(p)) and m’ = D(k[A)B]), D' = DI[k[A)B] — m/ ::
(0, vm)]-
Since from the premises I' - D, C then I' = I'1, k[A]: @ B.o(U); T, k[A)B]: T" and
we can find IV =Ty, k[A]: T, k[A)B]: T'; &A.o(U) such that IV - D', C".
At the level of choreographies, since the changes in D’ and I and the related

D = F affect only the queue related to D'|;, for all other terms [I'= [I" and
D'y = Dl
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Hence we can write [D’,C|"'= 5" | S, where S” = S" by Theorem 4.
Case C = Cyqrt | Ce

Case A = o fromz follows (C = k:A —> q[B].{0;(2:); Ci}icr; Cq | Ce).
Case A =otoz follows (C = k:p[A].e —> B.o;Cp | C¢)
Case A =7 follows (C = if p.e {C1} else {Cy} | Cp).
Case A==z
From Definition 12 we know that assignments in DCC systems that are compiled
from FC programs appear only within the starting of a session. In this case,
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 &’ in C.
Let C € {A,B}, we have two subcases whether A = A = k.C.l or A = A\ = kK".C.I,
i.e., whether we are starting session k or we are starting another session k”.
Case A =k.C.l
In this case Fis starting a new session on k. The case is proved applying
Lemma 16.
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' = Cyyqpt|Ce where C, contains the endpoint choreographies for
the starter process and the service processes for session k”. The thesis follows
by applying the induction hypothesis.
Case C = if p.e {C1} else {Cy} | C.

Case A\ =z follows (C' = Cyiapt | Ce).

Case A = o fromz follows (C = k:A —> q[B].{0;(z;); Ci}icr; Cq | Ce).
Case A\ =otoz follows (C = k:p[A].e —> B.o; Cp | C¢).

Case A\=1

In this case, the label does not allow us to establish a correspondence between
the considered shape of C and the actual reduction annotated by the label.
However, since 7 labels only correspond to the reduction of conditionals, without
loss of generality, we can consider here only the case where the reduction acts
on the considered term. The other case follows the unfolding of this case for the
term reduced by the action and the induction hypothesis.

Let p@l € I'. From Definition 12 we have

I'= T

D.CJ'=y ([CJ" P | B.M) | S
where, let D = (D), t, = D(p), and M = D),

— P =if pe{[C1]'} else {[Co]'} - 1,

-R= I [CJFt
reD()\{p} '

Cs= <1: I D|>
ren\{i} seD(l") /

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.
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We proceed considering that eval(e,D(p)) = true. [D,C]! reduces with rules

IPCCleq], [PClsparl, [P<|parl, and [PClcondl such that

D = (GGt | RM) | 5.
where S = <F,F to | R,M>l | Se. D,C can mimic FWith rules

|[eq], [Clparl, and [Clcondl such that

D,C — D,C|C.

We choose I" =T for which it holds that I' = D, C | C..

Finally, F: S by Definition 12.
Finally, Cases C =C; | C3,C =def X =C"inC, | C;,,C =X | C.and C =0 | C.
unfold applying the induction hypothesis on the respective sub-cases Case A = x fol-
lows (C' = Cyiart | C¢), Case X = o from z follows (C' = k:A —> q[B].{0i(x;); Ci}icr; Cq | Ce),
Case A=otox follows (C = k:p[Al.e —> B.o;C, | C;), Case A=1 follows
(C =if p.e {C1} else {Cy} | Co).

Case |[{\}| > 1

The case unfolds considering A as the first action in A = ), N. For any shape of C' and
label A\ # = we can i) apply the same steps followed in the related case for the same C'
with [{A\}| =1, A = X and i) inductively unfold the case on the remaining part .

For A = x and C of shape Cgiqrt | Ce (the case for other shapes of C' can be re-conducted
to this case), let & = k.A.l (other cases for x = k’.B.[ are similar) and the thesis follows by
applying Lemma 15, Lemma 16 and the induction hypothesis on the remaining transitions

in A\ Al .
1n\k

O
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