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Summary

The analysis of message-passing programs remains an open challenge for Computer
Science. In particular, certifying a program’s conformance with respect to some in-
tended protocols is an active research problem. These programs can be specified by
considering an operational view, in which explicit sequences of actions describe the
program’s protocol interactions. These operational specifications have been much
investigated, but may miss important requirements. Consider, e.g., a client-server
interaction: the client may want to drop the connection if the server does not respond
within ¢ seconds, or the server may want to react to a failure by executing certain ac-
tions. This kind of requirements fit better in what we call the declarative view of the
program, which describes the conditions that govern the program’s behavior, rather
than the behavior itself.

This dissertation investigates the relation between the operational and declarative
views of message-passing programs, following a rigorous approach that lies at the
intersection of Concurrency Theory, Programming Languages, and Software Verifi-
cation. Concretely, our work rests upon process calculi, small programming languages
that rigorously specify interacting programs, and on behavioral type systems that can
statically verify the conformance of a program specification against a protocol (ab-
stracted as a behavioral type). We focus on session-based concurrency, an approach to
message-passing concurrency in which the messages exchanged by protocol partici-
pants are structured using session types. Our approach exploits techniques for assess-
ing the relative expressiveness of a process calculus with respect to another one; we also
propose new typed process calculi when necessary.

In our work, we relate operational and declarative languages using encodings (cor-
rect language translations). As operational languages, we consider a m-calculus with
binary session types, called 7, and several variants of it. As declarative languages, we
consider linear concurrent constraint programming (lcc), a specification language
in which behavior is governed by constraints shared in a centralized store, and Re-
activeML (RML), an extension of OCaml to the paradigm of synchronous reactive pro-
gramming (SRP).

Our contributions are divided in three parts. In the first part, the focus is on pro-
cess calculi: we develop two encodings of 7 into 1cc. The first encoding relates the
notions of linearity present in both calculi and allow us to analyze how the point-to-
point communication of 7 can be modeled in 1cc. The second encoding shows that
lcc can give a low-level declarative view of session establishment mechanisms by us-
ing private information and authentication protocols. In the second part, we connect
process calculi and actual programming languages: we develop two encodings of 7
into RML to examine the relation between session-based concurrency and timed be-
havior with event-handling constructs. The first encoding demonstrates that signals
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(the synchronization unit of SRP) can represent the communication structures in .
The second encoding considers variants of 7 into RML with asynchronous commu-
nication: it showcases how synchronous reactive structures can be used to add time
and event-handling constructs to session-based programs. In the final part, we con-
sider the interplay of m and SRP in a slightly different way: we define MRS, a new
process calculus with sessions, broadcast communication, event-handling constructs,
and timed behavior. We equip MRS with an expressive typing discipline, based on
multiparty session types, which allows us to statically check message-passing pro-
grams with session protocols, deadlines, and event-handling requirements.

All in all, this dissertation stresses the importance of adopting a unified view to
the analysis of message-passing programs in which the interplay of declarative fea-
tures (time, events, and partial information) influences and informs the operational
descriptions of behaviors (session protocols). Our approach is comprehensive and
rigorous, and allows us to give correct, declarative specifications of message-passing
programs. In our view, our technical contributions shed light on the foundations
required to ensure the harmonious integration of operational and declarative views
that guarantees program correctness and reliability.



Samenvatting

Het analyseren van message-passing programma’s blijft een belangrijk vraagstuk
binnen de informatica. Een relevant onderzoeksprobleem betreft met name de re-
latie tussen programma’s en communicatieprotocollen waarin zowel de uit te voeren
handelingen zijn omschreven alsook de volgorde waarin deze dienen te worden uit-
gevoerd. Deze programma’s kunnen nader worden gespecificeerd door gebruik te
maken van een operationeel perspectief, waarin duidelijk aangegeven reeksen van
uit te voeren handelingen de protocol-interacties van het programma beschrijven.
Deze operationele specificaties zijn reeds veelvuldig onderzocht, maar belangrijke
aspecten bleven hierbij onderbelicht. Te denken is bijvoorbeeld aan client-server in-
teractie: de client wil de verbinding mogelijk verbreken als de server niet binnen ¢
seconden reageert, of de server wil wellicht op een fout reageren door bepaalde acties
uit te voeren. Dit soort vereisten passen beter in wat we het declaratieve perspec-
tief van het programma noemen, waarin de voorwaarden voor het gedrag van het
programma worden beschreven in plaats van het gedrag zelf.

Dit proefschrift onderzoekt het verband tussen het operationele en het declara-
tieve perspectief op message-passing programma’s. Hierbij wordt gebruik gemaakt
van een rigoreuze aanpak die op het snijvlak ligt van Concurrency Theory, program-
meertalen en softwareverificatie. In concreto berust dit werk op procescalculi: kleine
programmeertalen die met elkaar communicerende programma’s op rigoreuze wi-
jze specificeren, en op gedragstypesystemen waarmee statisch geverifieerd kan wor-
den of een programmaspecificatie voldoet aan een protocol (als gedragstype geab-
straheerd). We richten ons hierbij op session-based concurrency: een benadering voor
message-passing concurrency waarbij de berichten die worden uitgewisseld door pro-
tocoldeelnemers gestructureerd worden met behulp van session types. Deze aanpak
maakt gebruik van technieken voor het beoordelen van de relatieve expressiviteit van
een procescalculus ten opzichte van een andere. Ook nieuwe gedragstypesystemen
voor procescalculi worden voorgesteld.

In dit werk worden operationele en declaratieve talen met elkaar in verband ge-
bracht met behulp van coderingen (correct bewezen vertalingen). Als operationele
talen beschouwen we een 7-calculus met binaire session types, genaamd 7, en ver-
schillende varianten hiervan. Als declaratieve talen beschouwen we linear concurrent
constraint programming (lcc), een specificatietaal waarin gedrag wordt beschreven
door constraints die worden gedeeld in een centraal bestand, en ReactiveML (RML),
een uitbreiding van OCaml met het paradigma van synchronous reactive program-
ming (SRP).

Onze bijdragen zijn verdeeld in drie delen. In het eerste deel ligt de nadruk
op procescalculi: hierin worden twee coderingen ontwikkeld van 7 naar lcc. De
eerste codering heeft betrekking op de verschillende vormen van lineariteit dat aan-
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wezig is in beide calculi en stelt ons in staat om te analyseren hoe de communi-
catie van 7 kan worden gemodelleerd in lcc. De tweede codering toont aan dat
lcc een eenvoudig declaratief perspectief kan bieden op session establishment mech-
anisms door privé-informatie en authenticatieprotocollen te gebruiken. In het tweede
deel verbinden we procescalculi en programmeertalen: twee coderingen worden on-
twikkeld van 7 naar RML om de relatie tussen session-based concurrency en gedrag
in de tijd te onderzoeken met event-handling constructs. De eerste codering toont
aan dat signalen (de synchronisatie-eenheid van SRP) de communicatiestructuren
in w kunnen representeren. De tweede codering houdt rekening met varianten van
in RML met asynchrone communicatie: het toont aan hoe synchrone reactieve struc-
turen kunnen worden gebruikt om constructies voor tijds- en gebeurtenisafthandeling
toe te voegen aan session-based programma’s. In het laatste deel beschouwen we het
samenspel van 7 en SRP op een iets andere manier: hierin definiéren we MRS, een
nieuwe procescalculus met sessies, uitzendcommunicatie, constructies voor gebeur—
tenisathandeling en gedrag in de tijd. We rusten MRS uit met een expressief typesys-
teem, gebaseerd op multiparty sessions, waarmee we message-passing programma'’s
statisch kunnen verifiéren met sessieprotocollen, deadlines en vereisten voor gebeur-
tenisathandeling.

Al met al wordt in dit proefschrift het belang benadrukt van een overkoepelend
perspectief op de analyse van message-passing programma’s waarin het samenspel
van declaratieve kenmerken (tijd, gebeurtenissen en partiéle informatie) de oper-
ationele gedragsbeschrijvingen (sessieprotocollen) beinvloedt. Onze inclusieve en
rigoreuze aanpak maakt het mogelijk om correcte, verklarende specificaties te geven
voor message-passing programma’s. Naar ons inzicht werpen onze technische bij-
dragen nieuw licht op de fundamenten die essentieel zijn om een harmonieuze ver-
eniging van operationele en declaratieve inzichten te verzekeren die de correctheid
en betrouwbaarheid van programma'’s garandeert.
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INTRODUCTION AND
PRELIMINARIES



Introduction

1.1 Context and Motivation

Concurrency is the phenomenon exhibited by software systems in which multiple en-
tities, typically called processes, interact with each other. These interacting processes
can be seen as independent components that execute in parallel to better exploit com-
putational resources and form larger software systems. The study of concurrency and
concurrent systems is a long-standing research question in Computer Science, espe-
cially as concurrency increases its influence in modern computer systems. Indeed,
from banking software to government databases, it is almost impossible to conceive
a software system nowadays that does not rely on concurrency in some way.

Concurrency is a wide and multi-faceted phenomenon. It is useful to classify con-
current programs according to the way in which concurrency manifests itself in them.
A broad distinction accounts for shared-memory and message-passing concurrency. We
illustrate this distinction intuitively, by means of examples:

Shared-Memory Concurrency: Here we find processes that interact by reading and
writing data from a shared medium, such as a shared memory. Multi-threaded
programming is a good specific example: we have a set of threads (i.e., pro-
cesses) that execute in parallel within a single device, sharing access to a com-
mon pool of resources (e.g., RAM, processor time, bandwidth).

Message-Passing Concurrency: Here we find processes that interact by exchanging
messages with each other. Thus, concurrency can be assimilated to communi-
cation. Distributed applications, such as Web services, provide a good specific
example: processes may run and reside in different devices, and their over-
all behavior depends crucially on appropriate coordination patterns between
them.
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Concurrent programs suffer from specific issues (e.g., deadlocks) that are not present
in sequential programs. Hence, a common concern for concurrency, be it shared-
memory or message-passing, is that of program correctness. Broadly speaking, we
may say that a (concurrent) program is correct if it does what it is supposed to do.
In practice, correctness is associated to some (in)formal properties that specify a set
of intended behaviors. Examples of these properties include “every process is al-
lowed to access memory during execution” or “all the message exchanges should re-
spect the prescribed order”. Notice that these correctness properties will be different
for shared-memory and message-passing concurrency. In the shared-memory case,
program correctness largely depends on enabling as much parallelism as possible
while disallowing malicious interferences between concurrent threads (e.g., ensuring
that two threads never modify the same variable at the same time). In the message-
passing case, program correctness largely depends on enforcing that parallel com-
ponents follow some appropriate communication structure for exchanged messages
(e.g., ensuring that every sent message will be eventually received by the intended
receiver).

The focus of this thesis is on message-passing concurrency, and on correctness
techniques for message-passing programs. Formal methods represent an appealing
approach to ensure the correctness of message-passing programs: these are rigorous
techniques for specifying, developing, and verifying programs. In this approach, a
system is typically modeled using some formal language so as to obtain a precise
specification. Such specifications are meant to capture the essential features of the sys-
tem, abstracting away from aspects not directly related to the intended correctness
properties. Formal specifications can then be used to establish the correctness of the
program using techniques such as model checking and equivalence checking. Examples
of specification languages for concurrent systems include Petri nets [Pet62], the actor
model [HBS73], and process calculi [CRS18], the main object of study in this work.

Generally speaking, a process calculus is a small programming language with a
precise mathematical formulation, which can be used to precisely specify concurrent
systems [Fok09]. In this sense, process calculi are for concurrent programs what
the A-calculus is for sequential programs. There are three essential ingredients for
defining process calculi:

(1) A minimal set of constructs describe the behavior that can be expressed in the
calculus, and define the ways in which processes can be composed to describe
larger programs. Minimality is beneficial when developing theory, and helps
to ensure that specifications are as precise and compact as possible.

(2) An operational semantics formalizes a computational interpretation of the inter-
actions between processes.

(3) A process equivalence serves to rigorously compare the behavior of processes. A
fundamental question is whether two processes exhibit the same behavior—
whether they are observationally equivalent (see, e.g., [San09]).

Views of Concurrency In contrast to the canonicity of the A-calculus in the sequen-
tial realm, a myriad of process calculi have been developed, each focused specific
aspects of concurrent programs. Given this diversity, we will find it useful to classify
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process calculi in terms of the view they have on concurrent programs. For example,
while some calculi focus on describing explicitly the set of steps that the program
must execute, others may focus on describing the conditions that trigger such behav-
ior, leaving execution mechanisms implicit. In this dissertation we distinguish two
views for process calculi: operational and declarative. Although there is not a consen-
sus on the precise features that fall within the declarative view [RH04, FMR 09, Har],
for our work it is enough to use the following distinction:

Operational View: Here we find process calculi that explicitly describe the execu-
tion behavior of a concurrent program. Under an operational view, specifica-
tions typically consist of a set of states that can be modified by using control
structures, i.e., statements that indicate precise execution steps, such as con-
ditional, looping, and jumping statements. In this view, specifications often
exhibit an explicit control flow, i.e., the order in which each statement is exe-
cuted. Thus, an operational view of programs should allow to reconstruct the
program execution just by looking at its code.

We could say that the operational view embodies the idea behind Kowalski’s
equation: Algorithm = Logic + Control [Kow79]. Process calculi that can be
considered as inducing an operational view for message-passing concurrency
include the Calculus of Communicating Systems (CCS) [Mil80], the m-calculus
[MPW92a, MPW92b], and Communicating Sequential Processes (CSP) [Hoa85].
Indeed, these calculi explicitly model the interactions between processes using
prefixing, recursion, nondeterministic choice, among others.

Declarative View: Process calculi in the declarative view are more concerned with
the conditions that govern the program’s behavior, rather than with its execu-
tion flow. In general, these calculi try to abstract away from notions such as state
and control flow; hence, they are often called stateless [RH04]. In the declara-
tive view it is not uncommon to specify concurrent programs using statements
in some form of logic (e.g., linear temporal logic [MP95]). Because languages in
the declarative view are more concerned with the conditions that govern the
behavior of processes, the execution mechanisms of a program appear implicit.

In a way, we can say that the declarative view is only concerned with half of
Kowalski’s equation: logic, while control becomes a secondary concern. Ex-
amples of declarative languages include Prolog [Kow88], concurrent constraint
programming (ccp) [Sar93], linear temporal logic (LTL) [MP95], Reo [ Arb16], Dy-
namic Response Graphs [HM10], and Constraint Handling Rules [FH93]. They all
focus on representing the governing conditions of the system, rather than on
explicitly representing interactions between processes.

Note that the distinction between operational and declarative views is not limited to
process calculi; rather, it can be extended to other formal languages used for modeling
concurrent systems. In this sense, we may also consider a third view:

“Hybrid” View: Intuitively, these languages are hybrid in the sense that they com-
bine both operational and declarative aspects to allow more flexibility in the
descriptions of concurrent programs. We use this category to classify some for-
mal languages that are not process calculi, but have formal semantics that allow
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us to rigorously analyze their behavior. Examples of hybrid languages include
OCaml and ReactiveML [MPO05].

Using the distinction between operational, declarative, and hybrid views we can
recognize which features are more easily represented in each class of languages. In-
deed, it can be harder to use operational languages to represent certain features that
are more easily expressed in declarative languages and vice versa. For example, LTL
(a declarative language), can easily represent the evolution of a program across time,
whereas in CCS (an operational language) the notion of time is not explicit, and
therefore extensions are needed [MT90]. We will use the terms operational, declar-
ative, and hybrid language to denote languages with operational, declarative, and
hybrid views, respectively.

It is worth noticing that realistic message-passing programs are often the product
of an amalgamation of features that requires both operational and declarative views
to be fully specified and verified. Hence, in this heterogeneous world, a natural ques-
tion that arises is:

Can we reason about the correctness of message-passing programs from a
unified view that integrates the best from operational and declarative views?

1.2 Towards a Unifying Perspective of Concurrent Sys-
tems

Most realistic concurrent systems cannot be comprehensively described using exclu-
sively an operational or declarative view. Let us consider, for example, the informal
requirements of the Travel Agency scenario presented in [KCD109]:

(R1) The customer should pay the selected offer by providing his credit card data
within 30 minutes after the reservation step. Otherwise, the reserved offer will
be canceled.

(R2) In a5 minutes interval the customer can only do 3 failed payment trials.
(R3) The customer can cancel a travel reservation the latest 7 days before his travel.

(R4) The customer can change his travel reservation only 2 times. Changes are only
allowed between 1 day and 5 days after the reservation date.

(R5) If the booking is done in a special period, a discount is given.

The scenario above is composed of at least two interacting entities: a customer and
the travel agency. As these entities most likely run in different devices, we can see
this scenario as an instance of a distributed system based on message-passing. We
highlight two interesting aspects from this example:

e The requirements are not operational. Rather, since they describe the condi-
tions that affect the execution of the whole system, they fall within the declar-
ative view. For example, Requirement (R2) imposes a condition on the num-
ber of failed payment trials within a time interval. Similarly, Requirement (R5)
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indicates that the travel agency must change its behavior depending on infor-
mation provided by a context external to the system (i.e., special periods for
discounts). Since the description only includes the requirements for the travel
agency (not for its potential customers), we are left with an incomplete view
of the system. This is a common situation: components are often not aware of
the requirements and specifications of the other components that will interact
with them.

e This partial view of the scenario suggests that involved participants have an het-
erogeneous nature. Indeed, it is likely that both the agency and the customer are
implemented using different programming languages, each having different
features. For example, while the travel agency can be specified in a declarative
language that allows to describe timed behavior, the customer may be well spec-
ified in an operational language in which timed behavior is not needed. This
heterogeneity is not uncommon in message-passing systems, which are often
formed out of the interactions of dozens of heterogeneous components. In this
setting, communication is the essential glue between these distinct components.

Other examples in which we observe the interplay between the operational and
declarative views have appeared in the literature: in [BFM98], the authors specify a
multimedia stream with timing requirements. In [CPS09], the authors specify an in-
trusion detection system that must redirect messages whenever a certain threshold in
the number of received messages has been reached. Finally, the Simple Mail Transfer
Protocol (SMTP) [Kle08] is another example, in which specific retry strategies are
described for whenever the timing requirements of the protocol are not satisfied.

Scenarios such as the one above stress the need for adopting a unified view of
message-passing programs and systems. Viewing message-passing programs from a
unified perspective allows us to obtain comprehensive specifications, which are more
robust than the ones obtained by solely viewing them operationally or declaratively.
In this way, all the features of the components that form the system can be analyzed
independently of the different formal languages used for their specifications.

In our opinion, the first step towards a unified view that homogenizes the com-
ponents of message-passing programs is to identify a class of formal languages en-
dowed with an adequate abstraction level to capture all the individual features of
the program’s components. Then, one needs to develop mechanisms to systemat-
ically translate component specifications into the language identified before. These
mechanisms must be carefully defined: we want to guarantee that translated spec-
ifications respect the behavior of the source specifications. Once this unified repre-
sentation has been obtained, we can then proceed to uniformly study the behavior of
message-passing programs without many of the issues introduced by their hetero-
geneous nature. In this unified setting we can also study the interplay of operational
and declarative views, because the identified target language must be able to repre-
sent both the specific execution steps and the conditions that govern the behavior of
the system.

Fig. 1.1 illustrates the concept of a unified view for specification and analysis, us-
ing three interacting components (C1, Cs, and C3). We use different shapes to repre-
sent the different views adopted by the specification language in each case: rectangles
denote a declarative language, diamonds denote an operational language, and rect-
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Figure 1.1: A unified view for message-passing programs.

angles with diamonds denote a hybrid language. This way, component C}, specified
in a declarative language, needs to react to certain events, similarly to Requirement
(R1). Component C; has been specified in an operational language and does not
have any additional requirements. Component C', specified in a hybrid language,
involves timed constraints similar to Requirements (R2) and (R4) above. In the bot-
tom, there is a target language that unifies these different views; its incoming arrows
represent mechanisms to translate the views used to specify Cy, Cz and C3 into the
chosen target language. These translations compile specifications in a high-level of
abstraction into specifications expressed in the lower-level of abstraction of the target
language.

A key hypothesis of our work is that declarative languages are powerful enough
to provide a foundation for the unified view we advocate. Indeed, in several works
declarative languages have been used as target languages for operational languages.
Examples include the translations of the asynchronous m-calculus into first-order
logic [PSVV06], linear concurrent constraint programing [Hael1], and Flat Guarded
Horn Clauses [MM12]; also, the translation of a session w-calculus into universal
concurrent constraint programming [LOP09]. In contrast, expressing declarative
features in operational languages seems much harder; to cope with such require-
ments, several extensions of process calculi have been developed, see, e.g., [Ama07,
KYHHI16, CDV15, BYY14]. These extensions often specialize in specific application
areas and do not provide the flexibility of a proper declarative language.

Motivated by the previous context and the need for a unified view for analyz-
ing message-passing programs, our work focuses on (1) identifying declarative lan-
guages which can be used as foundations for such a view and on (2) investigating
the translation mechanisms between languages implementing different views.

1.3 Research Challenges

In this dissertation we shall focus on operational process calculi for message-passing
programs and their relations with declarative and hybrid process calculi. We shall
use these relations to develop the translation mechanisms required for a unified view
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of message-passing programs. We are particularly interested in analyzing the in-
terplay of specifications that fall within the operational view and two features that
are common in declarative languages: (1) behavior driven by partial information and
(2) timed and reactive behavior:

Partial Information: In message-passing systems, it is often the case that compo-
nents are influenced by partial and contextual information. For example, in the
Travel Agency presented in § 1.2 requirements (R2) and (R5) depend on infor-
mation external to the program like the number of failed payment trials and the
current date. While it may be easy to specify the behavior of the program for
failed payments or special dates in an operational language, it can sometimes be
difficult to express the conditions that trigger these behaviors. To address this
shortcoming, previous works have extended operational process calculi with
declarative features—see, e.g., [DRV98, BM07a, CD09, BJPV11, BM11]. On the
other hand, declarative models of concurrency naturally express partial and
contextual information because their logical foundations allow them to deduce
new information about the current state of the program—see, e.g., [dBGMOO0,
FRS01, NPV02, OV08b].

Time and Reactivity: As we have seen, the execution of message-passing programs
sometimes depends on timing constraints. For example, in the Travel Agency
presented in § 1.2 requirements (R1) and (R3) specify timing constraints for ex-
ecuting certain actions. If this timing constraint fails, the Travel Agency should
be able to react accordingly and, perhaps, cancel the order (in the case of (R1)).
Once again, while it may be easy to express the communication behavior of
the Travel Agency using an operational language, representing the timing con-
straints can sometimes be unnatural. Considering this shortcoming, previous
work have added timed and reactive capabilities to operational languages—
see e.g., [Ama07, KYHH16, CDV15, BYY14]. In contrast, some declarative lan-
guages are conceived to represent this kind of behavior—see e.g., [CPHP87,
BG92, S]JG94, NPV02, MP05].

Given this, we refine the challenge stated at the end of § 1.1 into three research ques-
tions, given below. We aim at understanding to what extent declarative languages
are powerful enough to support a unified view for the analysis of message-passing
programs:

(Q1) Can we use declarative languages tailored to describe behavior driven by partial
information to analyze message-passing programs specified in operational process
calculi?

(Q2) Can we use declarative languages tailored to describe timed and reactive behavior
to analyze message-passing concurrent programs specified in operational process
calculi?

(Q3) Can we use a hybrid process calculus, extended with features to describe timed
and reactive behavior, to analyze message-passing programs specified in operational
process calculi?
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1.4 Approach: Relative Expressiveness

To address questions (Q1) and (Q2), we shall use relative expressiveness techniques to
relate two formal languages that fall within different views. Then, to address question
(Q3), we shall develop a hybrid process calculus with timed and reactive behavior
that allows the analysis of these features within both the operational and declarative
views of message-passing programs.

We start by introducing the concept of relative expressiveness. When studying
formal languages, such as process calculi, it is natural to ask about their expressive
power. In general terms, the expressive power of a rigorous language refers to what
can be expressed in it [Par08]. There are two main approaches to study the expressive
power of formal languages: absolute expressiveness and relative expressiveness [ Par08]
(or translational expressiveness [Pet12]).

Absolute expressiveness focuses on proving whether a formal language can be
used to solve some kind of computational problem [Par08, Gor10]. Whenever there
is a proof that the studied language can solve some specific problem or define some
operator, we call it a positive result. Proofs of the contrary are considered negative
results. Hence, absolute results are obtained irrespectively of how the language at
hand relates to other languages. Two examples of absolute results in the area of pro-
cess calculi include: De Simone’s work on proving that synchronous process calculi
SCCS and MEIJE can express all recursively enumerable transition graphs up-to a
bisimulation equivalence [dS84] and the work by Baeten et al. which shows that an
extension of the algebra of communicating processes (ACP) [BK84] can represent every
computable transition graph using finite expressions [BBK87].

Relative expressiveness studies translations (or mappings) between formal lan-
guages to determine if a farget language is “as expressive” as some source language
[Par08, Gor10, Pet12]. At the heart of relative expressiveness lies the notion of en-
coding: a mapping that transforms terms of the source language into terms of the
target language and satisfies certain correctness properties. The set of correctness
properties that these mappings should satisfy is commonly called encodability crite-
ria. There is not a consensus on the specific criteria that should be used to assess
the correctness of an encoding. Nonetheless, several proposals have been laid out
regarding the desirable properties that should be satisfied by the mapping to ensure
it is a correct encoding [Par08, Gor10, Pet12, PvG15]. All these proposals agree on
the fact that correct encodings should ensure that translated terms preserve the struc-
ture and behavior of their source terms. In this way, together with the mapping itself,
encodability criteria relate the expressive power of the source and target languages.

In this dissertation we shall focus on three criteria to ensure encoding correctness:
(1) name invariance, which ensures that substitutions are preserved by the transla-
tion (2) compositionality, which guarantees that the translation of a compound pro-
cess is given in terms of the translations of its sub-processes, and (3) operational cor-
respondence which ensures that the translation correctly represents the behavior of
source processes. More in detail, operational correspondence is given by two proper-
ties: operational completeness, which guarantees that the semantics of translated terms
matches that of the source language and operational soundness, which ensures trans-
lated terms can only execute what the source language can—for details, see § 2.1. In
the literature, name invariance and compositionality are referred to as static criteria
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(i.e., criteria that concern the syntactic structure of the translation), whereas opera-
tional correspondence is a dynamic criterion, as it is concerned with the semantics of
translated processes.

The existence of an encoding that satisfies these encodability criteria is a good
indicator that the target language is as expressive as the source language. Hence,
we consider the existence of these encodings positive results. On the other hand,
negative results (also called separation results) are obtained when we can prove that
the target language cannot encode (all the constructs of) the source language up to
the selected criteria.

Importantly, correct encodings enable the transference of reasoning techniques. This
means that we would be able to analyze source specifications in the target language
[Pér10]. The idea is that the reasoning techniques native to the target language can be
used to analyze properties in encoded specifications. For example, an encoding from
an untimed process calculus into a timed process calculus can be used to analyze
untimed programs in a timed setting. It is because of this characteristic of encodings
that we consider them to be the most adequate foundations to our proposed unified
view (cf. § 1.2). In particular, encodings can help us cope with the heterogeneity
of message-passing programs and analyze the behavior of components in a unified
setting, where both operational and declarative views are considered.

1.4.1 Source Languages: Session-Based Concurrency

Most of our work focuses on encoding message-passing programs described using
operational process calculi into declarative languages. We concentrate on message-
passing programs whose interactions can be structured as sequences of communica-
tion actions. This kind of programs are part of what is known as session-based concur-
rency.

Session-based concurrency was first proposed by Honda in the 1990s [Hon93,
HVKO98] as an approach to specify message-passing programs with the goal of struc-
turing the exchange of messages between interacting components. Session-based
concurrency uses types as an abstraction of the communication protocols that govern
the interactions in a message-passing program; it views communication as structured
sequences of message exchanges called sessions. In each session, two or more parties
interact by executing sequences of communication actions as indicated by a session
type. Then, using a type system, session types can be verified against an implementa-
tion to guarantee that the program ascribes to the desired communication protocol.
The main premise of session-based concurrency is that type soundness entails commu-
nication correctness (i.e., the program correctly follows the intended protocol).

A key idea of session-based concurrency is the distinction between linear and un-
restricted behavior. Intuitively, linear behavior corresponds to well-behaved interac-
tions that are deterministic, in the sense that they must always be executed as pre-
scribed by the session type. On the other hand, unrestricted behavior corresponds
to component interactions that are nondeterministic, in the sense that they may occur
zero or more times. Session-based programs are considered to execute two phases:
(1) a session establishment phase where sessions are created and (2) a phase that deals
with the communication within a session. The differences between linear and unre-
stricted behavior become clearer in this context. In the session establishment phase
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Figure 1.2: Client-Store-Shipper.

there are several services which may be requested by several clients. The system’s
behavior in this phase is unrestricted since there is not a specified order in which
clients may interact with services and clients do not always request a service. This
introduces nondeterministic behavior in the interactions between components. Once
a session has been established, the system’s behavior becomes linear as we would like
all the communication within a session to be well-behaved and deterministic.

Session types are often investigated on top of the 7-calculus because it provides
the essential constructs for specifying message-passing programs. In the m-calculus,
messages are sent across channels between parallel processes. A particularly appeal-
ing feature of the m-calculus is known as mobility: the ability to send channel names
along channels themselves. This feature allows the m-calculus to describe concurrent
systems in which the network configuration may change during execution. In the
context of session-based concurrency session types are assigned to channels names
in the m-calculus. Then, the type system verifies that the channels in the process ex-
ecute the actions prescribed by the assigned session type. Notice that, given their
nature, types “evolve” with process reductions.

Another appealing feature of the m-calculus is that it supports both synchronous
[MPW92a, MPW92b] and asynchronous [Bou92] communication. In synchronous
communication, output actions are considered to be blocking: they can only be exe-
cuted when there is a corresponding input action. In asynchronous communication,
outputs are non-blocking: they can be executed at any point during the program run,
relying on buffers that store messages in transit. Remarkably, in both the synchronous
and asynchronous case the syntax of session types remain unchanged; the main dif-
ferences are introduced in the details of the type system.

We can use the message sequence chart in Fig. 1.2 to intuitively illustrate the kind
of communication protocols that can be described with session types. In the figure
two parties interact: a Client and a Store. The description of the communication pro-
tocol follows:

(1) Client sends the itemn it wants to buy.
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(2) Store responds by sending a price for the item.
(3) Client responds by stating it agrees to the price of the first item.

(4) Atthis point, Client can select whether to close the transaction or to keep buying
more items:

(i) If Client wants to keep buying more items then the protocol iterates back
to the beginning.

(ii) If Client wants to stop its purchase then the following checkout protocol
begins:
(a) Client sends his credit card details (cc) and its address (addr).

(b) Once Store has confirmed these details, it sends an estimated time for
delivery (eta), finishing the protocol.

A session type provides a compact way to describe this protocol, and can be used
to verify that implementations of the system correctly follow the desired behavior.
For example, we could represent Client’s behavior as the type:

pt.litem.?price.lok. & {more: t, done: cc.laddr.?eta.end}

where ’-" represents the sequencing operator, which ensures that actions are executed
in sequence. Construct ‘ut’ denotes the fixpoint operator for declaring recursive types,
used to represent infinite protocols. Construct ‘litern’ represents the output of an
element of type item while the construct 7price represents the input of an element
of type price. Also, type @{more: ... done: ...} represents a selection in which the
protocol chooses between two possibly different behaviors. Type end represents the
termination of the session. To ensure that communication is correct, we require the
type representing the protocol of Store to be complementary to that of Client:

wt.7item.lprice.7ok. & {more: t,done: 7cc.?addr leta.end}

In this complementary type all the sending actions are transformed into receive ac-
tions, and vice versa. Notice that in the case of the selection &{more: ... done: ...},
the complementary type offers the complementary actions for the alternative behav-
iors in the type. When two types are complementary, they are said to be dual. It is
important to notice that duality ensures the communication correctness by guaran-
teeing the absence of mismatches between the communications action of dual types.

While the original work by Honda et al. focused on binary communication (such
as in Fig. 1.2) [HVK98], the study of session-based concurrency has been extended
in numerous directions. One of the most salient extensions is multiparty asynchronous
session times [HYCO8]. Multiparty types enable the specification of communication
protocols with more than two participants from a global view, represented as a global
type. This type represents all the interactions between the components of a program.
Global types can be projected into local types to obtain the individual contributions
of each participant to the communication protocol. In a sense, local types are very
similar to the binary session types we presented above; the main difference appears
because the notion of duality changes. Specifically, multiparty types require local
types to be compatible with all the local types of the protocol participants.
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Other research directions in session types include timed session types [BYY14], and
eventful asynchronous session types [KYHH16]. Also, there have been extensions of ses-
sion types for link failures [APN17], self-adaptation [CDV15], robotics [MPYZ19],
and exceptions [FLMD19]. The interest in session types has sparked both theoretical
and practical advances. Arguably, one of the most important theoretical advance-
ments in session-based concurrency is the discovery of a Curry-Howard isomorphism
between session types and linear logic [CP10, Wad14]. Several implementations of
session types have appeared, both as programming language with native session
types and libraries to be used in mainstream languages. Examples of languages
with native session type support include SePi [FV13] and SILL [PG15]. Similarly,
session types have been implemented in mainstram languages such as C [NYH12],
Java [KDPG18], Erlang [Fow16], Haskell [PT08, OY16], and OCaml [Pad17].

1.4.2 Target Languages

As representatives of declarative and hybrid languages, we focus on concurrent con-
straint programming (ccp) and synchronous reactive programming (SRP). In ccp we find
it natural to describe partial and contextual information by using constraints, while
on SRP, we are able to naturally specify timed and reactive behavior. Notice that
synchrony in SRP refers to the fact that programs have periods in which all the com-
ponents compute until they cannot evolve anymore (see below for details). This dif-
fers with the notion of synchronous communication in the w-calculus, which refers
to communication where the output is a blocking construct.

(Linear) Concurrent Constraint Programming

Concurrent constraint programming is a specification language proposed by Saras-
wat in the 1990s [Sar93]. Itis inspired by logic and uses a shared-memory model. The
fundamental idea behind ccp is that concurrent systems can be specified in terms of
constraints. A constraintis a (first-order) logical formula that represents partial infor-
mation about the state of the shared variables used in the program. The calculus ccp
is parameterized with a constraint system that specifies the logical formulas relevant
to the program and an entailment relation that allows to deduce information from the
formulas used (e.g., assuming that « is an integer, « > 5 entails 2 > 6). In ccp there
are two forms of interaction: telling and asking. The telling action indicates that a pro-
cess adds constraints to a shared medium called a store. The store is a constraint itself
(ie., the conjunction of all added constraints) and therefore represents partial infor-
mation about the system. The asking action indicates that processes can deduce new
information from the constraints contained in the store. The information that can be
deduced by asking processes is solely given by the entailment relation defined by the
constraint system. Asking processes are suspended until there is enough information
in the store to answer their query up to logical entailment (assumed to be decidable).
Because ccp is rooted in (first order) logic, information cannot be removed from the
store, hence, the store is a monotonic object. To understand this property, let us con-
sider Fig. 1.3.

In it, two ccp processes are exchanging information with the store. The leftmost
process is asking if variable y is greater than 5 and the rightmost process is telling



Chapter 1. Introduction 14

Store

Figure 1.3: An intuitive view of lcc semantics.

that y is equal to 20. We can formally represent this scenario as:

r<10ANxz>4||ly=20||y>5—-a2<7
—_————

Store P Py

where ‘||” stands for parallel composition, "~ stands for the tell process that adds infor-
mation to the store, and y > 5 — « < 7 is the ask process. Intuitively, P, represents a
process that adds constraint # < 7 to the store once the constraint y > 5 is satisfied.
One of the highlights of 1cc is that the store is represented as a process (the leftmost
one in this case). After the query from P, is resolved, the process evolves to:

r<10ANx>4ANy=20|x<T7

Store

where the monotonicity of the store ensures that constraint y = 20 is not removed
after synchronization.

As a well-established model for concurrency, ccp has been extended to account
for different aspects of concurrent systems such as time [SJG94], nondeterminism
and asynchrony [NPV02], mobility [OV08a], and stochastic modeling [BP07]. The
most relevant extension of ccp for this work is linear concurrent constraint programming
(1cc) [SL92, BABP97, FRS01]. The lcc calculus was designed to have strong ties with
classical linear logic [Gir87]. As a consequence, the monotonicity of the store is relaxed
in lcc, allowing for constraints to be linear resources to be used exactly once.

We can intuitively understand the semantics of lcc by once again considering
Fig. 1.3. Using lcc, we can represent the scenario in the figure as:

r<10@x>4||ly=20|ly>5—-x<T7
—_—

Store P Py

The main difference with the ccp process shown before is that the logical conjunction
‘A’ has been replaced by the multiplicative conjunction from linear logic (i.e., ‘®’).
Due to the non-monotonic nature of the store, once the query from P is resolved, the
process evolves to:

r<10@x>4|z<7
—_————
Store

where constraint y = 20 has been consumed.
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Synchronous (Reactive) Programming

In synchronous languages [Hal98] programs continuously react to events (signals).
These events can come from the environment or can be generated by the programs
themselves. That is, a program reacts to a set of input events by emitting their own
output events. In synchronous programming, the program reaction to its input events
defines a time instant (or simply, instant). As their name implies, time instants rep-
resent discrete logical time units that start from the moment an input event has been
detected up to the moment all the output events have been emitted.

We recognize two flavors of synchronous languages: dataflow and imperative. In
dataflow languages, such as LUSTRE [CPHP87] and SIGNAL [GLGB87], a program
reaction consists on the evaluation of a set of equations that define the values of out-
put variables (which represent output events). These equations are evaluated using
input events and the values of variables in previous instants. On the other hand, in
imperative synchronous languages such as ESTEREL [BG92] a reaction starts from a
set of control points and finishes when the program reaches a new set of them. Be it
dataflow or imperative, all synchronous languages must be deterministic (i.e., every
sets of inputs must always yield the same results) and must adhere to the synchronous
hypothesis [Hal98]; i.e., programs are supposed to react rapidly enough to perceive all
events in a suitable order. This implies: (1) the implicit notion of time in synchronous
languages is given by the order in which events appear, and (2) program reactions
are considered to be instantaneous. Moreover, the deterministic nature of these lan-
guages allows a precise analysis of the event sequences generated by the reactions of
the program.

Synchronous reactive programming (SRP) is a programming paradigm for reac-
tive systems proposed by Boussinot and De Simone in 1995 as an answer to some of
the shortcomings of ESTEREL [BdS96]. The goal of SRP is to avoid so-called causal-
ity issues caused by the simultaneous presence and absence of events in ESTEREL
programs. This paradoxical situation occurs because of the presence and absence hy-
potheses, which allow programs to react instantaneously to both the presence and ab-
sence of events. Hence, an ESTEREL program can react to the absence of an event
e by emitting e during the same instant, thus making making the event both absent
and present at the same time. Boussinot’s and De Simone’s proposal is to circumvent
causality issues by forbidding the presence and absence hypotheses. Namely, syn-
chronous reactive programs events are only considered to be present once they have
been emitted and the reaction to event absence is postponed until the next instant.

There are some implementations of synchronous reactive programming: Reac-
tive-C [Bou91], SugarCubes [BS00], FairThreads [ Bou06], and ReactiveML [MP05]—
see § 2.4. Our work focuses on ReactiveML, as it has received attention in recent
years [MP14, MPP15b ], and has been found successful in applications such as sensor
networks, electrical grids, and interactive modeling, among others [ MB05, SMMMO06,
MMO07, BMP13, Aril5, MPP15a]. The main features of ReactiveML are: (1) dynamic
process creation, (2) a hybrid approach between functional and synchronous reactive
programming, and (3) an intrinsic notion of time, which can be exploited to study
time-related properties.

ReactiveML is a programming language built on top of OCaml so that every O-
Caml program (without objects, labels, and functors) is a valid program in Reactive-
ML. Furthermore, ReactiveML extends OCaml by adding processes, which are state
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Figure 1.4: Behavior of program edge.

machines that can be executed through several time instants. Notice that standard
OCaml functions are considered to be instantaneous [MPO05].

To intuitively understand the semantics of ReactiveML consider an adapted ver-
sion of the edge detector presented in [MP05], called edge. The program receives two
parameters: events e;, and e,,. The expected behavior of the program requires that
the presence of event e;, triggers event e, in the next time unit, provided e;,, was
not present in the previous one. This behavior repeats indefinitely, depending on
the presence of input event e;,,. A possible implementation in ReactiveML of edge is
given below:

let process edge e, €our =

loop
present e;,? pause :

await e;, in emit e,y

The input and output events of a ReactiveML program can be described using
timing diagrams such as the one in Fig. 1.4. In the diagram, events are modeled as
continuous lines which can can tick upwards or downwards. Whenever the line cor-
responding to an event ticks upwards, it means that the event is present; otherwise,
it is absent. In particular, Fig. 1.4 describes the behavior of program edge and we can
observe that whenever e;,, is present, event e,,; is emitted by the program exactly
once in the next time instant. This shows how the reaction to events can be delayed
in ReactiveML. Due to the nature of ReactiveML, we consider it to be a hybrid (pro-
gramming) language.

1.5 Contributions

Considering our research questions (i.e., (Q1), (Q2) and (Q3)) and the proposed
approach, we now describe the three main contributions of our work. They are sum-
marized in Fig. 1.5.

1.5.1 Sessions and Partial Information

Our first contribution addresses (Q1) and develops two encodings of session-based
concurrency in lcc. This work takes inspiration on [LOP09], where the authors
present an encoding of the session 7-calculus in [HVK98] into declarative processes
in universal ccp (utcc) [OV08Db], a declarative language based on ccp. Although the
encoding in [LOP09] already enables us to reason about communication-centric sys-
tems from a declarative standpoint, it has two limitations: (a) the role of linearity
in session-based concurrency is not explicit in the encoding, and (b) declarative en-
codings of mobility and scope extrusion in utcc, based on abstraction constructs, are
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Figure 1.5: Summary of results: blue arrows symbolize extensions and red arrows
symbolize encodings.

not robust enough to properly match their operational counterparts in the 7-calculus.
Our work addresses these shortcomings:

e To address (a), we develop an encoding of 7§, a variant of the session 7-cal-
culus in [Vas12], into 1lcc. Using lcc as a target language provides a direct
treatment of linearity, as essential in operational approaches to session-based
concurrency. Moreover, we prove that this encoding satisfies a subset of Gorla’s
criteria for valid encodings [Gorl0]. We also show that this encoding can be
used to express temporal session patterns as the ones presented in [NBY17] via
examples.

e To address (b) above, we introduce 1lcc?, an extension of 1cc with abstractions
with local information. Then, building upon the approach in [HL09], we endow
lcc? processes with a type system that precisely stipulates which variables can
be abstracted. Thus, we limit the generality of abstractions, allowing us to faith-
fully represent hiding and scope extrusion in 7.

e Finally, we present ¢, an extension of 7é; with constructs for session establish-
ment. We encode 7 into 1cc®: by exploiting declarative specifications, we im-
plement the session establishment phase by embedding the well-known Need-
ham-Schroeder-Lowe authentication protocol [Low96]. This second encoding
is shown to satisfy the same correctness properties as the first one, and high-
lights the benefits of the type system for lccP.
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1.5.2 Sessions and Timed, Reactive Behavior

Our second contribution addresses (Q2) by developing two encodings of session-
based concurrency into ReactiveML [MP05]. These encodings enable us to reason
about both timed and reactive behavior. Although previous works on session types
have developed session 7-calculi for events [KYHH16] and time [BYY14, BMVY19],
to the best of our knowledge, there are not session-based calculi that allows the spec-
ification of both features at the same time. Moreover, our encodings yield executable
programs which can be used as inputs for the ReactiveML compiler.

e We first present an encoding of 7, a variant of the session-based calculus in
[Vas12], into ReactiveML (RML). Using RML as a target language provides di-
rect mechanisms to deal with events and timed behavior, as they are intrinsic to
the model [MPO05]. Moreover, using the continuation-passing style in [DGS12]
allows us to account for the preservation of linearity, similarly to what is done in
[Pad17]. We prove our encoding correct, and show that we can use it to model
temporal session patterns as the ones introduced in [NBY17].

e Next, we develop an encoding of an asynchronous session-based w-calculus
based in [KYHH16], called a7, into a conservative extension of RML with gueues
and explicit states, called RMLq. States and queues aim to explicitly represent
the memory that a RML program would have to its disposal. In RML and RMLq,
signals can be emitted asynchronously; therefore, the second encoding aims at
investigating the relation between the asynchronous behavior of signals and
messages. This encoding also enjoys strong correctness properties [Gorl0].

1.5.3 Synchronous Reactive Multiparty Sessions

Our third contribution addresses (Q3) and is a synchronous reactive extension of a
multiparty session m-calculus (MPST), called MRS. This calculus is equipped with
a multiparty session type system [HYC08, CDPY15]. Being a synchronous reactive
extension, MRS naturally accounts for timed and reactive behavior. Its type system
ensures session fidelity and communication safety, as well as two interesting temporal
properties:

P1. Output persistence: Every communicating participant sends a message (exactly)
once during every instant.

P2. Input timeliness: Every input is matched by an output during the current instant
or the next one.

The synchronous reactive type system relies on the usual features of multiparty
session types: global types that describe a multiparty protocol; local types which de-
scribe protocol associated to each participant, and a projection function relates global
and local types.

1.6 Timed Patterns in Communication Protocols

We summarize a number of interesting timed patterns for communication protocols
that were collected in [NBY17]. The authors identified these patterns in realistic sce-
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narios and verified them using Scribble [YHNN13], a language to describe applica-
tion-level communication protocols based on multiparty session types. Throughout
this thesis we will use these examples as a reference for our developments. Specif-
ically, we shall show that our results can be used to analyze timed protocols in a
uniform setting that accounts for the interplay of operational and declarative views.

In recent years there has been an interest in studying the timed patterns that ap-
pear on communication protocols for message-passing programs [NBY14, NBY17,
BMVY19]. This is particularly important when analyzing application-level commu-
nication protocols. Timed patterns are necessary to correctly structure the commu-
nication between the components of distributed systems. In realistic scenarios, time
requirements can appear in many different ways. For example, as deadlines request-
ing the interaction to occur in a given time-frame or timed loops in which actions must
be repeated during a certain amount of time. The timed patterns that were identified
in [NBY14] follow:

1. Request-response timeout pattern: This pattern is used to enforce requirements on
the timing of a response, ensuring quality of service. The pattern can be required
both at server or client side, as illustrated in Fig. 1.6. In [NBY17], the authors

A B
REQ

ta tp
ACK

Figure 1.6: Request-response timeout.

identified three use cases for this protocol:

(1) In [CPS09], a service is requested to respond timely: “an acknowledgment
message ACK should be sent (by the server) no later than one second after receiving
the request message REQ”.

(2) Similarly, in the same article, a Travel Agency web service specifies the
pattern at the client side: “A user should be given a response RES within one
minute of a given request REQ”.

(3) Finally, extracted from the Simple Mail Transport Protocol specification
[K1e08], we have a requirement that exhibits a composition of request-
response timeout patterns: “a user should have a five minutes timeout for the
MAIL command and a three minutes timeout for the DATABLOCK command” .

Requirement (1) above (i.e., the pattern at the server side) specifies that a re-
ply should be sent within a fixed amount of time after the request have been
received. In requirement (2), which represents the client side, the server must
be ready to receive the client’s response within a fixed amount of time. In gen-
eral, these patterns can be written as:

(a) Serverside: After receiving a message REQ from A, B must send the acknowl-
edgment ACK within ¢, time units.
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(b) Client side: After sending a message REQ to B, A must be able to receive the
acknowledgment ACK from B within tg time units.

2. Messages in a time-frame pattern: This pattern is used to enforce a limit on the
number of messages within a given time-frame (see Fig. 1.7). Regarding this
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MSG; !
MSG L
MSGh 1

Figure 1.7: Messages in a time-frame.

pattern, the authors of [NBY17] identified two use cases as they appeared in
[CPS09]:

(1) Controlling denial of service (DOS) attacks: “a user is allowed to send only
three redirect messages to a server with an interval between the messages of no
less than two time units”.

(2) Used in the Travel Agency web service: “a customer can change the date of
his travel only two times and this must happen between one and five days of the
initial reservation”.

Observe that this pattern specifies the repetition of a given number of messages.
We can then identify two ways in which this repetition is specified: (a) we can
require the repetition to occur at a specified pace; i.e., requiring that messages
can only be sent in intervals of time, or (b) specifying an overall time-frame for
the messages to be sent.

We generalize these patterns next. Trying to be consistent with Fig. 1.7, we will
use ¢ for the interval pattern and t/, for the overall time-frame pattern. Letters
r and 7’ denote the upper bound of the time-frames—i.e., t < i < r (resp.
t' <i <7"), where i corresponds to the “safe time” for messages to be sent.

(a) Interval: Ais allowed to send B at most k£ messages, and at time intervals of
at least t and at most r time units.

(b) Overall time-frame: A is allowed to send B at most k messages in the overall
time-frame of at least ¢’ and at most »’ time units.

3. Action duration pattern: This pattern sets a constraint on the delay between ac-
tions of the same participant (see Fig. 1.8).
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Figure 1.8: Action duration.

In the figure, double-headed arrows are used because, contrary to the request-
response timeout, the action duration pattern expresses the requirement only
in terms of A. For example, the requirement “a user should not be inactive more
than 30 minutes” can be specified by this pattern. Neykova et al. [NBY17] state
that this pattern can express progress properties verified by the UPPAAL model-
checker [Uni]: “a user is allowed to stay in the state for no more than three time units”.
We generalize the pattern below:

(a) The time elapsed between two actions of the same participant A must not
exceed ¢ time units.

4. Repeated constraint pattern: As its name implies, this pattern deals with repeated
constraints that appear as loops in the protocol (see Fig. 1.9).
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Figure 1.9: Repeated constraint.

According to Neykova et al. [NBY17], this pattern captures the requirements in
pull notification systems, where the intervals at which a certain interaction should
be repeated is fixed. For example: “the email client should request the emails from
the web service every 5 seconds”. A generalized version of the pattern is:

(a) Amustsend (and unbounded number of) messages to B every ¢ time units.

The main differences of this pattern with respect to the request-response time-
out are: (1) the number of messages is unbounded, and (2) the time required
to elapse between messages is exactly t.

We shall revisit these patterns in § 4.4, § 7.4, and § 10.6 to investigate how they
can be represented in the context of our proposed unified view.
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1.7 This Dissertation

We present the overall structure of the dissertation and list some publications and
technical reports derived from the work herein presented.

1.7.1 Structure

This dissertation has been divided in four parts, described next. Some of the proofs
are presented in the Appendix, which has been organized following the chapter struc-
ture in the main text.

e Part I contains chapters that lay down the foundations of our work.

— Ch. 1 is the current chapter.

— Ch. 2 introduces our encodability criteria, based on [Gorl0]; a session
m-calculus, called 7 [Vas12]; linear concurrent constraint programming
(1cc) [Haell]; ReactiveML [MPO05]; and a multiparty session calculus,
called MPST [CDPY15].

— Ch. 3 introduces the variants and extensions of the languages in Part I that
will serve as source and target languages for the translations presented
further in the dissertation. These languages have been developed specifi-
cally to address the challenges in further chapters.

e Part II answers (Q1) and presents two translations from session calculi into

linear concurrent constraint languages and their respective correctness proofs
(cf. §1.5.1).

- Ch. 4 presents an encoding from a variant of = without output races (mgy)
into 1cc. We also provide examples of timed communication patterns rep-
resented in our translation.

— Ch. 5 presents an encoding from an extension of 74, with explicit session
establishments and locations, called ¢, into an 1cc extension, called lccP,
that allows abstractions to have private information.

— Ch. 6 gives some final remarks and mention some additional related work.

e Part IIl answers (Q2) and introduces two translations from session-based cal-
culi into ReactiveML (cf. § 1.5.2).

— Ch. 7 presents a translation from a variant of = without output and in-
put races (3 ) into ReactiveML. We show the translation correctness and
present some examples of timed communication patterns in our transla-
tion.

— Ch. 8 presents a translation from an asynchronous session-based 7-cal-
culus called a7, a fragment of the calculus presented in [KYHH16], into
a queue-based variant of RML, called RMLq. We present the correctness
properties and give some small examples.

— Ch. 9 gives final remarks and mention some additional related work.
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o Part IV answers (Q3) and presents a multiparty session-based calculus with
constructs for synchronous reactive programming, called MRS, and its type
system (see Ch. 10). In Ch. 11 we give some final remarks and related work
(cf. §1.5.3).

e Part V concludes this dissertation by giving some closing remarks and future
work in Ch. 12.

1.7.2 Origin of the Results

The results in this dissertation supersede peer-reviewed publications and technical
reports co-authored by the author.

e Part II supersedes:

- Mauricio Cano, Camilo Rueda, Hugo A. Lépez, and Jorge A. Pérez. Declar-
ative interpretations of session-based concurrency. In Proc. of the Int. Sym-
posium on Principles and Practice of Declarative Programming (PPDP), pages
67-78. ACM, 2015.

e Part III supersedes:

— Mauricio Cano, Jaime Arias, and Jorge A. Pérez. Session-based concur-
rency, reactively. In Proc. of the Int. Conference on Formal Techniques for Dis-
tributed Objects, Components, and Systems (FORTE), pages 74-91, 2017.

— Mauricio Cano, Jaime Arias, and Jorge A. Pérez. A reactive interpreta-
tion session-based concurrency. Workshop on Reactive and Event-based
Languages & Systems (REBLS), co-located with the ACM SIGPLAN Con-
ference on Systems, Programming, Languages and Applications: Software
for Humanity (SPLASH), 2016.

— Jaime Arias, Mauricio Cano, and Jorge A. Pérez. Towards A practical
model of reactive communication-centric software. In Proc. of the Italian
Conference on Theoretical Computer Science (ICTCS)., volume 1720 of CEUR
Workshop Proceedings, pages 227-233. CEUR-WS.org, 2016.

e Part IV supersedes:

— Mauricio Cano, Ilaria Castellani, Cinzia Di Giusto, and Jorge A. Pérez.
Multiparty Reactive Sessions. Research Report 9270, INRIA, April 2019.



Preliminaries

In this chapter we present the technical background needed in our work. First, we
formally define the correctness properties that we shall require in our encodings (cf.
§ 2.1). Next, we introduce a session w-calculus, called = [Vas12], used as a repre-
sentative language for session-based concurrency (cf. § 2.2). This process calculus
is the foundation for wy; (cf. §3.1.1) and 75 (cf. § 3.1.2); i.e., the source languages
for two of our translations (presented in Ch. 4 and Ch. 7, respectively). Similarly, we
introduce two of our target languages: 1cc [Haell] in § 2.3 and ReactiveML [ MP05]
in § 2.4. These languages are used for the encodings in Ch. 4 and Ch. 7, respectively.
Finally, we introduce multiparty sessions (MPST) [CDPY15] in § 2.5. This calculus
is used as the basis for the results presented in Ch. 10.

2.1 Relative Expressiveness

In this section we define the correctness properties we desire for our translations. A
key reference for this section comes from Gorla’s criteria for valid encodings [Gor10].

In § 2.1.1 we formally introduce languages and translations. In § 2.1.2, we intro-
duce the correctness criteria used for our correct translations. Finally, in § 2.1.3, we
introduce a refined formulation of operational correspondence, needed to bridge the
differences between declarative and operational languages.

2.1.1 Languages and Translations
We first formally define languages and translations.

Definition 2.1 (Languages and Translations). We define:

o A language L is a triplet (P, —, <), where P is a set of terms (i.e., expressions,
processes), — is a relation on P that denotes an operational semantics, and g
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is a pre-order on P. We use => to denote the reflexive-transitive closure of —.

o A translation from L, = (Ps, —5, Is) into £, = (Py, —, <¢) (each with count-
ably infinite sets of variables V and V;, respectively) is a pair ([-], 11.j), where
[] : Ps — P; is defined as a mapping from source to target terms, and v :
Vs — V, is a renaming policy for [-], which maps source variables to target vari-
ables.

Some informal intuitions follow. In language triplets, P represents a set containing
all the terms of the language, and finitely represented as a formal grammar, which
gives the formation rules for terms. Next, the operational semantics are given as
relations between terms, finitely denoted by sets of rules. In an operational semantics,
P — P’ represents a pair (P, P’) that is included in the relation; we call each one of
these pairs a step. Each step represents the fact that term P reduces to term P’. For
the rest of this section, we will refer to P — P’ as a reduction step. Moreover, we use
P => P'to say that P reduces to P’ in 0 or more steps (i.e., a “multi-step” reduction).
Finally, and differing from [Gor10], we have 5, which denotes a pre-order between
terms used to compare processes inside the language. We use a pre-order, rather than
the equivalence relation used in [Gor10], to account for the more general setting in
this dissertation. Indeed, in our work we will instantiate $ as a symmetric pre-order
denoting a structural congruence (cf. Def. 2.11), as a bisimilarity (cf. Def. 2.33), and
as a non-symmetric pre-order (cf. Def. 2.42).

Regarding the pairs that represent translations, we have that the mapping [-] as-
signs each source term a corresponding target term. Notice that this mapping is usu-
ally defined inductively over the structure of source terms. The renaming policy [
is in charge of translating variables. Notice that we do not use the more general ver-
sion of a renaming policy, given in [Gor10], since it is not necessary—in all our trans-
lations, variables are translated to themselves.

When referring to translations, we often use [-] (i.e., the mapping), instead of the
pair notation. We now introduce some terminology regarding translations.

Notation 2.2. Let ([-],+r.]) be a translation from L, = (Py, —, Ss) into Ly = (Py, —
 St)-
o We will refer to £, and £, as source and target languages of the translation, re-

spectively. Whenever it does not creates any confusion, we will only refer to
source and target languages as source and target.

e We say that any process S’ € P is a source term.

e Similarly, given a source term S, we say that any process 1" € P, thatis reachable
from [S] using —, is a farget term.

2.1.2 Correctness Criteria

Since we are interested in meaningful translations, we define a set of properties which
determine whether said translation is valid or not. Following [Gorl0], we shall be
interested in four properties: name invariance, compositionality, operational completeness,
and operational soundness. We refer to these properties as correctness criteria.
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Definition 2.3 (Valid Encoding). Let £, = (P;, —,, <s) and £y = (Py, —¢, <¢) be
languages. Also, let ([-],4p.]) be a translation between them (cf. Def. 2.1). We say
that such a translation is a valid encoding if it satisfies the following criteria:

1. Name invariance: For all S € P, and substitution o, there exists ¢’ such that
[So] = [S]o’, with ¢py(o(z)) = o' (¢py(z)), for any = € V.

2. Compositionality: Let ress(-,-) and par,(-,-) (resp. res.(-,-) and par,(-,-)) de-
note restriction and parallel composition operators in Py (resp. P;). Then, we
define: [res;(z, P)] = res(¢11(2), [P]) and [par, (P, Q)] = par, ([P, [Q])-

3. Operational Completeness: For every S, S’ € P, such that S = ', it holds
that [S] = Tand T' 5, [97], for some T € P,.

4. Operational Soundness: For every S € P, and T € P, such that [S] =, T,
there exists S’, 7" such that S =, S’ and T' =, T" and 17" 5, [5'].

Above, name invariance and compositionality correspond to the so-called static
criterin. Name invariance ensures that substitutions are well-behaved in translated
terms. The condition ¢ j(c(x)) = o'(¢[j(x)) ensures that for every variable sub-
stituted in the source term (i.e., o(z)), there exists a substitution ¢’ such that the
translation of x (i.e., ¢[.J(7)) is substituted by the translation of o (x).

Compositionality ensures that the translation of compound terms depends on
their sub-terms. These sub-terms should then be combined in a target language con-
text that ensures their interactions are preserved. In this work, rather than the more
general version presented in [Gorl0], we focus on compositionality at the level of
parallel composition and restriction. While the focus on parallel composition is ex-
pected (we are dealing with languages that describe concurrent programs), our focus
on restriction comes from the fact that, as we shall see later, the hiding operator in
the m-calculus does not entirely correspond to the restriction operator in our target
languages.

Together, operational completeness and soundness form the operational correspon-
dence criterion, which can be considered a dynamic correctness criterion, as it deals with
preservation and reflection of behavior. Intuitively, operational completeness en-
sures that the behavior of the source semantics is preserved by the target semantics.
Operational soundness, on the other hand, ensures that the target semantics does not
introduce extraneous steps that do not correspond to anything the source can do.
More in details, operational completeness requires that for every multi-step reduc-
tion in the source language there exists a multi-step reduction in the target language
that simulates the source. The pre-order <, then ensures that the target term ob-
tained by the multi-step reduction in the target terms preserves the same behavior as
the translation of the reduced source term. Similarly, operational soundness requires
that every reduction in the target language corresponds to a reduction in the source,
where <, ensures that the reduced target term has the same behavior as the reduced
source term.

Remark 2.4 (Gorla’s Criteria). Besides name invariance, compositionality, and opera-
tional correspondence, Gorla [Gor10] advocates for two additional correctness cri-
teria (divergence reflection and success sensitiveness), which we do not consider in this
work.
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Success Sensitiveness assumes a “success” predicate on source processes (denoted
S }) that is also definable on target processes (denoted 7'l}). In the name-
passing calculi considered in [Gor10], this predicate can be naturally assimi-
lated to the notion of observable (or barb). The corresponding encodability cri-
terion is then defined as

“A translation [-] : Ls — Ly is success sensitive if, for every S, it holds that S\ if and
only if [S]V.”

We do not consider success sensitiveness because the session m-calculi we will
present in this work do not have a natural notion of observable behavior: as we
will see, the semantics of these languages are closed under restriction—there
are no free names we can observe (let alone preserve by a translation).

Divergence Reflection ensures that every infinite sequence of reductions in a tar-
get term corresponds to some infinite sequence of reductions in its associated
source term. Let us write S —% (resp. T —} ) whenever the source term S
(resp. target term T') has such an infinite sequence of reductions. The corre-
sponding encodability criterion is then defined as:

“A translation -] : L, — L, reflects divergence if, for every S such that [S] —} then
S =4

In our setting, this criterion is not very meaningful because the semantics of
target languages can be very different to the ones of source languages—see
below. Hence, there may not be a clear correspondence between infinite be-
havior between the source and target languages. Moreover, in most of the ses-
sion m-calculi we use as source languages, infinite behavior will only come from
(input-guarded) replicated processes (“servers”), which are triggered by a cor-
responding output prefix (“client requests”). As we will see later, the type
systems introduced for these source languages will ensure that well-typed pro-
cesses contain a finite number of server requests, which rules out the possibility
of having infinite reduction sequences in source processes.

2.1.3 A Refined Notion of Operational Correspondence

Arguably, the most interesting correctness criterion of the ones mentioned above
is operational correspondence: it attests that a translation preserves the intended
behavior of a source term, without adding or removing any meaningful behaviors
found in the source language. While this intuition is clear, formalizing operational
correspondence may be delicate: depending on the semantics of both source and
target languages, we may be interested in variants of the operational criteria stated
above.

To illustrate this point, we consider an extended example based on pccs: this is
the (tiny) fragment of CCS [Mil80] without prefixes, restriction, or relabeling, given
by the grammar below. We assume sets A and A, ranged over a,d,...and @,@,...,
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respectively. These sets contain the actions that can synchronize.

su=V | a | a
Pu=s|P | P
Above, s denotes actions a, @, or the terminated action v'. Then, P denotes the parallel

composition of actions (i.e., processes). Let us now consider the following semantics
for pccs:

S1=a S2=a P1—>P1/ P1:P11—)P2/:P2
|Syne] ————  |Pag] ;
P P— P P P — P

S1||52—>\/

where Rule |Sync| synchronizes complementary actions a and @; this is acknowl-
edged by evolving into v'. Rule |Par| allows reduction of parallel components. Fi-
nally, Rule (Str) allows to use =, a syntactic equivalence extended with commuta-
tivity and associativity of the parallel composition operator, as the structural congru-
ence in pccs. The formal language is then given by £,, = (uccs, —, =).

To compare semantics with different speeds, we define an alternative synchro-
nous (in the sense of synchronous programming) semantics for pccs. The goal of
this synchronous semantics is to execute all possible synchronizations in a process
instantaneously—i.e., in a single step. To define such semantics, we take into account
two important observations:

e In pccs, aredex is the parallel composition of two complementary actions: a || @.
We use Ri, Rs, . .. to range over redexes.

e In piccs, a process can be represented as the finite parallel composition of re-
dexes and actions which, up to the structural congruence =, can be written as:
Rill -~ | Rl sill- |l $m, withn,m > 1.

Using the previous observations, we now present a synchronous semantics for piccs,
given by the following reduction rule:
Vi,je{l,...,m}.(¢ # j As; | s; not a redex)

|SSync]|
Rl -l Bl sl lsm Va1 all sl sm

In the semantics above, we assume that all the processes have already been pre-
organized by applying =. This is done for simplicity, as we would require to add
a rule similar to (Str), otherwise. Intuitively, Rule |SSync| synchronizes all the re-
dexes R; contained in a process, while leaving the actions that cannot form redexes
(ie., s;) intact. The semantics above induces a formal language: E’Z = (uccs, ||, =).
Notice that even in this simple setting, establishing operational completeness for a
concrete translation is not obvious.

Example 2.5. Let us consider the identity translation of £,, into £’Z, ie, [P] = P.
Then, consider process P = a || @ || ¢’ | @. With the semantics for £,, it can be
shown that a possible reductionis P — (v || @’ || @’) = P’. In contrast, using the
semantics for Ei, the only possible reduction for the translation is [P] | (v || v').
Therefore, it can be observed that criterion (3) in Def. 2.3 does not hold: using the
semantics of £, there does not exist a T such that [P] |} T, where T' = [P']. A
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The example above shows that, in a single step, the semantics of £# allows more
synchronizations than the semantics for £,,. Still, it can be shown that the translation
is semantically correct: although L, cannot match exactly the reductions in £,,, it can
be shown that for every — step there is a corresponding J}. This correspondence,
however, is not so obvious: it can be shown that for every step P — P’, there exists a
reduction P || P’ such that P’ — P”. In other words, it can be shown that for every
source reduction, there exists a target reduction which corresponds to a sequence of
source reductions starting from the reduced source term. For example, in Ex. 2.5, we
have that P — v || &’ || @ = P/, that [P] | v || v/, butalso, P" — v || V.

To formalize the previous idea, let us consider in detail the formulation of com-
pleteness in Gorla’s framework (cf. Def. 2.3(3)):

“For every S, S’ € Py such that S =, S’, it holds that [S]| = T
and T <y [S'], for some T € P.”

In cases such as the translation of £, into £¥, this property does not appropriately
capture the connection between source terms and their translated target terms. We
should then relax this formulation in such a way that it allows target terms to be
“ahead” with respect to the behavior in their corresponding source terms. A refined
formulation for completeness is the following:

“For every S, S’ € Py such that S =>4 S’, it holds that [S] = T,
S' =3 8" and T 5 [S"], for some T' € P, and some S € Ps.”

The difference is in the second line: since the target language “moves faster” than the
source language, the process 7' that is obtained from [S] is not related to S’, which
has been obtained using the (slower) source semantics; to compensate for this, ad-
ditional steps from S’ are required, until reaching some S”. Then, we consider the
correspondence between [S”]] and T, rather than between [S'] and T'.

In our results, this difference becomes apparent in Ch. 7, as ReactiveML has a
synchronous semantics. Therefore, the semantics of ReactiveML indeed “goes faster”
than that of 7: in the semantics of ReactiveML each step represents a complete instant
and therefore, several actions will be executed in a single execution step. These dif-
ferent speeds create a mismatch with respect to the (standard) reduction semantics
of m. For these reasons, we establish the correctness of our translations with respect
to the following definition of refined encoding, which adopts our revised formulation
of completeness:

Definition 2.6 (Refined Encoding). Let £, = (P,, —4, 5s) and £, = (Py, —4, Sy) be
languages; also let ([-], /.]) be a translation between them (cf. Def. 2.1). We say that
such a translation is a refined encoding if it satisfies name invariance (cf. Def. 2.3(1)),
compositionality (cf. Def. 2.3(2)), operational soundness (cf. Def. 2.3(4)), and the
following criterion for operational completeness:

(3’) Operational Completeness: For every S,S’ € P such that S =, ', it holds
that [S] = T, 5" =, §" and T' 5, [S”], for some T’ € P; and some S” € P;.

Throughout the rest of this work we shall focus on both valid and refined encod-
ings as needed. In this sense, we will find it illustrative to consider the connection
between them. To this end, we establish results of semantic correspondence that connect
two different semantics for the same process language.
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Semantic Correspondence

Notice that the differences between valid encodings and refined encodings are in-
duced by, what we have dubbed, the “semantic speed” of both the source and target
languages. In our message-passing setting, semantic speed refers to the number of
parallel synchronizations that a term can execute in a single step. For example, con-
sider the following m-calculus process:

P = (vay)(vwz)(z(v1).0 | w{ve).0 | y(z1).0 | 2(22).0)

As we shall see later (cf. §2.2), the semantics of 7 (cf. Fig. 2.1) will only let P execute
a single synchronization in each reduction. This means that P will reduce to either
(vwz)(w(vz).0| 2(22).0) or (vay)(x(v1).0 | y(21).0). This behavior will contrast with
the synchronizations in ReactiveML as we will see later (cf. § 2.4), since the following
ReactiveML program:

eqs = signal z,2" in (emit x 42 || await z(y) in y || emit 2’ 56 || await 2'(z) in 2)

will reduce in a single step into 42 || 56. This means that the semantics of Reactive-
ML allows e4 to make more than one parallel synchronization in a single step. Thus,
according to our intuitive definition of semantic speed, ReactiveML is faster than 7.

Remark 2.7. Notice that the operational completeness from valid encodings (Def. 2.3)
implies the refined operational completeness presented in Def. 2.6. This means that
our operational correspondence relaxes Gorla’s operational correspondence by al-
lowing the source language to be “behind” the target language during a sequence of
reductions.

Considering the previous remark, it is natural to question whether given a refined
encoding (cf. Def. 2.6), there exists an alternative semantics for the source language
which makes the encoding valid (cf. Def. 2.3). In our setting, as we shall show in
this dissertation, this query can be answered positively. Nonetheless, the alternative
semantics should have a strong connection with the initial semantics, as we do not
want to add or remove behavior in the source language. We call this relation a se-
mantic correspondence between the two semantics. Notice that the idea of semantic
speed is orthogonal to semantic correspondence, as the correspondence just ensures
that the semantics allows the same behavior in a term. Intuitively, two semantics are
semantically corresponding if whenever one of them goes ahead of the other, it is possi-
ble to the semantics that is behind to “catch up” and reach the same term. Below we
give both the definition of semantic correspondence in a single-step and a multi-step
version.

Definition 2.8 (Semantic Correspondence (Single-Step)). Given a language £, =
(Ps, —s, <s) and an alternative semantics for £,, denoted —,/. We say that — and
— ¢ are semantically correspondent if for every Sy, 5> € P, the following holds:

1. If Sy —5 S then there exists S}, € P such that S; —, S} and S =, S5.

2. If Sl g SQ then Sl s SQ.
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[Com| (vay)(z(v).P|y(2).Q | R) — (vay)(P | Q{Yz} | R)
[Ser| (vay)(z <l P |y {liQitier | R)— (vay)(P | Q; | R) (j € 1)
[Rep] (vay)(z(v). P |xy(2).Q | R) — ay)(P | Q{Y/2} [xy(2).Q | R)

|[IeT| tt?(P):(Q) — P |[IeF| ff7(P):(Q) — @

|Str] [ Par] | Res|
P=P P —Q Q=0 PP PP
P—Q PlQ— P |Q (vz)P— (va)P'

Figure 2.1: Reduction relation for = processes.

Definition 2.9 (Semantic Correspondence (Multi-Step)). Given a language £, =
(Ps, —s, ~s) and an alternative semantics for £, denoted — . We say that —, and
— ¢ are semantically correspondent if for every S, 5> € P, the following holds:

1. If S; =, Ss then there exists S € P, such that S = S5 and S = S).

2. If 5y =4 S then S; =, S9.

2.2 The Session m-Calculus (7)

In this section we present a session 7-calculus, simply called 7. As a variant of the 7-
calculus, 7 is message-passing process calculus, used to model communicating sys-
tems. In 7, communication is synchronous: every output action is blocked until a
complementary input action can receive the sent message. In =, binary sessions are es-
tablished over communication channels. Each communication channel in 7 is character-
ized by a pair of channel endpoints. Then, a communicating party can send messages
over its corresponding channel endpoint and receive messages by reading its comple-
mentary endpoint. Channel endpoints can also be called session endpoints. Whenever
the context allows it, we use “endpoints” to refer to both session and channel end-
points.

We closely follow the presentation of Vasconcelos [Vas12]. In § 2.2.1, we summa-
rize the syntax and semantics of 7. Next, in § 2.2.2, we summarize the type system
for . Finally, we summarize the guarantees ensured by typing and present some
examples of typing derivations in § 2.2.3.

2.2.1 Syntax and Semantics

We assume a basic set of variables, represented as a countably infinite set V;, ranged
over by z,y,.... Channels are represented as pairs of variables, called co-variables.
Messages are then represented by values, ranged over by v,v’,u, v/, ... and whose
base set is called U,. Values can be both variables and the boolean constants tt, ff.
We also use [, 1, ... to range over a countably infinite set of labels, denoted B,. We
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write Z to denote a finite sequence of variables x4, ..., 2, withn > 0 (and similarly
for sequences of other elements).

Below, we present the construction rules for 7 processes as a formal grammar. We
will often refer to the set of all processes as .

Definition 2.10 (7). The grammar below defines the construction rules for 7 pro-
cesses:

(Processes) P,Q = xz{v).P (Output)
x(y).P (Input)
rx<al.P (Selection)

x> {l; : Pitier (Branching)
b? (P):(Q) (Conditional)

xx(y). P (Replicated input)
(vay)P (Restriction)

PlQ (Parallel composition)
0 (Inaction)

Process z(v).P sends value v over z and then continues as P; dually, process
z(y).Q expects a value v on « that will replace all free occurrences of y in ). Processes
z<l;.Pand x> {l; : Q;}icr define a labeled choice mechanism, with labels indexed
by the finite set I: given j € I, process x </;.P uses x to select [; from x> {l; : Q;}ier
and triggering process ;. We assume pairwise distinct labels. The conditional pro-
cess v7 (P):(Q) behaves as P if v evaluates to tt; otherwise it behaves as Q. Process
*2(y).P denotes a replicated input process, which allows us to express infinite server
behaviors. The restriction (vzy)P binds together x and y in P, thus indicating that
they are two endpoints of the same channel; i.e., the same session. Parallel com-
position and inaction are standard. We often write [}, P, to stand for P; | --- | P,.
Furthermore, we say that the parallel sub-processes of [[;-_, P; are threads. Moreover,
whenever ‘ | ” does not occurs at the top-level of a process, we say that process is a
sequential thread. In z(y).P and * z(y).P (resp. (vyz)P) occurrences of y (resp. y, z)
are bound with scope P. The set of free variables of P, denoted fv,(P), is defined as
expected.

The operational semantics for 7 is given as a reduction relation —, the smallest
relation generated by the rules in Fig. 2.1. Reduction expresses the computation steps
that a process performs on its own. It relies on a structural congruence on processes,
given below.

Definition 2.11. The structural congruence relation for m processes is the smallest
congruence relation =g that satisfies the following axioms and identifies processes up
to renaming of bound variables (i.e., a-conversion). The renaming of bound variables
is denoted =,.

(SC:1) (SC,:2) (SC,:3)

Plo0=P P|Q=Q|P (P|Q|R=sP|(Q|R)
(5Cx:4) (SCx:5)
(vzy)(vwz) P =s (vwz)(vay)P (vzy)0 =5 0

P=,Q 2,y & fvx(Q)
76) ————— SCxr:
=0 S P le= wan(P Q)
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We briefly comment on the rules in Fig. 2.1. Reduction requires an enclosing re-
striction (vay)(- - - ); this represents the fact that a session connecting endpoints x and
y has been already established. Hence, communication cannot occur on free vari-
ables, as there is no way to tell what is the pair of interacting co-variables. In Rules
|Com|, |SeL], and |Rer|, the restriction is persistent after each reduction, to allow fur-
ther synchronizations on co-variables 2 and y. Moreover, in the same rules, process
R collects all the threads that may share variables  and y.

Rule |Com]| represents the synchronous communication of value v through end-
point x to endpoint y. Furthermore, Rule |SEL| formalizes a labeled choice mecha-
nism, in which communication of a label /; is used to choose which of the @); will be
executed, Rule |Rep| is similar to Rule [Com|, and used to spawn a new copy of Q,
available as a replicated server. Rules |IFT| and |IFF| are self-explanatory. Rules for
reduction within parallel and restriction contexts, together with the reduction up to
=s are as expected.

To reason compositionally about the syntactic structure of = processes, we intro-
duce the idea of (evaluation) contexts for m. A 7 context represents a process with a
“hole”, which may be filled by another 7 process. Formally:

Definition 2.12 (Contexts for 7). The syntax of (evaluation) contexts in 7 is given
by the following grammar:

E:z=—|E|P|P|E|(vey)(E)

where P is a7 process and ‘—’ represents a hole. We write C'[—] to range over contexts
(vTy)(—). We also write E[P] (resp. C[P]) denote the process obtained by filling ‘—’
with P.

2.2.2 Type System

We now summarize the type system presented in [Vas12]. We use ¢,¢/, . .., to range
over qualifiers; p,p’, . . ., to range over pre-types; T, T',U,U’, ... to range over types, and
I',I7,... to range over fyping environments—i.e., sets that contains pairs x : 7', where
x is a variable and 7' is a type.

Definition 2.13 (Syntax). The syntax of types and typing contexts is given in Fig. 2.2.
Given two typing environments I'; and I's, we write I';,I's to denote their concate-
nation. We write dom(I") to denote the domain of I".

Intuitively, pre-types represent pure communication behavior (e.g., send, receive,
selection, and branching), which can then be assigned a qualifier to indicate whether
the behavior is unrestricted or linear (see below). Pre-type !T;.T5 represents a proto-
col that sends a value of type 77 and then continues according to type 75. Dually,
pre-type 7T).T5 represents a protocol that receives a value of type 77 and then pro-
ceeds according to type Ts. Pre-types ®{l; : T;}icr and &{l; : T;};c; denote labeled
selection (internal choice) and branching (external choice), respectively.

Qualifiers give additional information about the behavior represented by pre-
types. Briefly, linearly qualified pre-types can only be assigned to variables that do not
appear shared among threads (i.e., they only occur in exactly one sequential thread),
whereas unrestricted pre-types may be assigned to variables shared among differ-
ent threads. Types can be one of the following: (1) bool, used for constants and
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(Qualifiers) lin (Linear)
| un (Unrestricted)

(Pre-types) T (Receive)

T.T (Send)

©{li : Ti}ier  (Select)

&{l; : T; bier (Branch)
(Types) bool (Boolean)

end (Termination)

qp (Qualified Pre-type)

a (Type Variable)

pa.l (Recursive Type)

(Typing environments)

(Empty Environment)
(Assumption, with x ¢ dom(T"))

Figure 2.2: Session Types: Qualifiers, Pre-types, Types, and Typing Environments.

variables; (2) end, which indicates a terminated behavior; (3) qualified pre-types,
which are assigned to variables and represent communication patterns (see below);
or (4) recursive types for disciplining potentially infinite communication patterns.
In 7, recursive types are considered equi-recursive; i.e., types are equal to their un-
folding because are equated to the same regular infinite trees, and contractive; i.e.,
containing no subexpression of the form pt;. ... ut,.t; [Pie02]. Following [Vas12],
we omit end at the end of types whenever it is not needed; we also write recursive
types pa.un!T.a and pa.un?T.a as * !T" and 77, respectively.

Observe that bool and end are always assumed to be unrestricted. Similarly, the
qualifier of a recursive type 7' = pa.T"is obtained via unfolding, by assigning the
qualifier of the body 7" to type 7.

Following [Vas12], we define predicates over types to indicate which types can
be assigned to shared variables and which not:

Definition 2.14 (Predicates for Session Types). Let T be a session type (cf. Fig.2.2).
We define ¢(T') and ¢(T") for each qualifier ¢ € {un, lin}:

e 1in(7) if and only if true.
e un(7') if and only if T' = bool or T' = end or T' = un p.
e ¢(I')ifand only if x : T € I" implies ¢(T).

Predicate 1in(T’) is true for all types, whereas predicate un(-) only holds for the
terminated type, the ground type bool and pre-types qualified with un. Predicates
un(-) and lin(-) are extended to typing environments as expected.

Session type systems depend on type duality to relate two types with comple-
mentary (or opposite) behaviors: e.g., the dual of input is output (and vice versa);
branching is the dual of selection (and vice versa). Following [Vas12], we define du-
ality as an inductive function on the structure of types. We write T to denote the dual
of type T'.
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Definition 2.15 (Duality of Session Types). For every type T' except bool, we define
duality by:

endend aa TU €U TU C1TU &l T ier L&l T bier

&{ll : Ti}ie] d;f@{li :Ti}ie] ,ua.T dgc ,ua.T

We use a typing environment splitting operator on typing environments, denoted
‘o’, to maintain the linearity invariant for variables on typing derivations.

Definition 2.16 (Typing Environment Splitting [ Vas12]). LetI'; and I'; be two typ-
ing environments. The (typing) environment splitting of I'; and I'y, written I'; o I'y,
is defined as follows:

Fioly=T  un(T)

Dol =0 Ty,z:T)o(Ig,z:T)=T,2:T
[yoly=0  Llin(T) Lol =0  lin(7T)
(Ty,z:T)oly=T,2:T Fho(To,z:T)=T,2:T

We also define a ‘+’ operation to correctly update the typing environment during

derivations.
x:T¢r un(7T)

F'+z:T=T,2:T ([C,z:T)+z:T=T,2:T

Given a typing environment I' and a process P, typing judgments are of the
form I' = P. Fig. 2.3 gives the typing rules for 7 processes; some intuitions follow
(see [Vas12] for full details).

Rules (T:Boor) and (T:Var) are for variables; in both cases, we check that all
variables assigned to types satisfying lin(-) are consumed, by requiring un(I"). Rule
(T:IN) types an input process: it checks whether z has the right type and checks the
continuation; it also adds variable y with type T" and updates z in I' with type U.
To type-check a process x(v).P, Rule (T:Our) splits the typing environment in three
parts: the firstis used to check the type of the sent object v; the second is used to check
the type of subject x; the third is used to check the continuation P. Rules (T:Bra)
and (T:Ser) type-check label branching and label selection processes, and work simi-
larly to Rules (T:IN) and (T:Our), respectively. Rule (T:Rin) types a replicated input
« 2(y).P; it requires the environment I to be unrestricted (hence, no split is needed).
The rule also requires that the environment contains an input qualified with un, and
that the continuation P is typed with an environment that contains y : 7’ and = : U.

Rule (T:PaR) types parallel composition using the (environment) splitting oper-
ation to divide resources among the two threads. Rule (T:Res) types the restriction
operator by performing a duality check on the types of the co-variables. Rule (T:IF)
type-checks the conditional process. Finally, Rule (T:NIL) types the inactive process
0; it also checks that the typing environment only contains unrestricted variables.

2.2.3 Typing Properties

As a way to introduce the fundamental guarantees expected from the type system of
a session calculus, we summarize the most prominent properties in [Vas12].
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un(D) un(I'y, ')
————~——  (T:Var)
I' ff, tt: bool I'i,z:T.I'okFxz:T
Iibx:¢?TU (To4ax:U),y:THP
I'Mol'sFa(y).P
WWwra:¢qTU Tobto:T TI's+x:UFP
F]_ OFQ OF3 - .’L’<U>P

Flkxq@{lsz}zEI F2+ZL’T]FP ]EI

(T:Boovr)

(TInN)

(T:Ourt)

(T:SkL)
F10F2|_$4lj.P
NMbax:q&{l;:Ti}tier Yiel.To4+a:T,F P
(T:Bra)
Fyolybav{li: Plier
(TRIN) un(l) T'Fz:un?T.U (T+2z:U),y:THP
I'Fxx(y).P
LiEP Toh Pe:T,y:THP
(TZPAR)1—2Q (T:Res) x Y
IMolbsFP|Q T+ (vay)P
Ty bFvibool Tob P Tyk r
(TTr) ot : an (T:NrL) un@)
Ioly Fo?(P):(Q) TFo

Figure 2.3: Session types: typing rules for 7 processes.

Subject congruence proves that typing is preserved by structural congruence. In
other words, if P is typable with some environment I, then all of its structural con-
gruent processes () are also required to be typable with I'. This result is useful for
proving subject reduction.

Lemma 2.17 (Subject Congruence [Vas12]). IfT'+- Pand P =5 Q then ' - Q.

Subject reduction ensures that typing is preserved by the reduction relation given
in Fig. 2.1. Notice that due to Rule |Str|, subject congruence becomes necessary to
prove this statement.

Theorem 2.18 (Subject Reduction [Vas12]). IfT' - Pand P —* Q then T + Q.

Next, we collect results that concern process structure: often, we refer to these
statements collectively as type safety results; they aim to show that the type system
rules out communication errors. We summarize these statements as they were pre-
sented in [Vas12]. We require auxiliary notions for pre-redexes, redexes, and well-formed
processes, given next:

Definition 2.19 (Pre-redexes and Redexes). We shall use the following terminology:

o We say z(v).P, z(y).P, v <l.P, x> {l; : Pi}icr, and xz(y).P are pre-redexes (at
variable x).

e A redex is a process R such that (vzy)R — and:
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1. R =07 (P):(Q) withv € {tt, ff} (or)

2. R=uz{v).P|y(2).Q (or)

3. R=z(v).P | xy(2).Q (or)

4. R= IL'<11]'.P ‘ yl>{lz : Q7}16[,Wlth] el.

Moreover, a redex R is either conditional (if R = v? (P):(Q)) or communicating
(otherwise).

In a session calculus like 7, type safety results often depend on a well-formedness
property, such as the one presented below. The following well-formed property in
particular, showcases the flexibility that recursive unrestricted types introduce for the
type system presented in [Vas12].

Definition 2.20 (Well-Formed Process). A m process Py is well-formed if for each of
its structural congruent processes Py =s (vx1y1) ... wzoy,)(P | Q | R), withn > 0,
the following conditions hold:

1. If P =5 v?(P’):(P") thenv = tt orv = ff.

2. If P and () are prefixed on the same variable, then they are of the same nature
(input, output, selection, or branching).

3. If P is prefixed at z; and Q is prefixed at y;, 1 < i < n, then P | @ is a redex.

Before stating type safety, we introduce a useful notation to characterize programs:
an important class of 7 processes.

Notation 2.21 ((Typable) Programs). A process P such that fv,(P) = () is called a pro-
gram. Therefore, program P is typable if it is well-typed under the empty environ-
ment (- P).

Type safety, stated below, ensures that all typable programs are well-formed.
Therefore, type safety ensures that no communication mismatches occur (absence
of communication errors).

Theorem 2.22 (Type Safety [ Vas12]). If - P then P is well-formed.

The following corollary shows that well-formedness is preserved under reduction
for well-typed programs. It follows from Thm. 2.18 and Thm. 2.22.

Corollary 2.23. If- P and P —* Q) then Q) is well-formed.

We now introduce a useful notation that allows us to refer to both inputs and
replicated inputs at the same time, whenever we do not wish to distinguish between
them.

Notation 2.24. Let P be a m process. We will write P = ¢ y(z).P’, to represent when-
ever P =y(z).P' or P = xy(z).P'.

We close this section by presenting some well-typed processes, which exhibits
the flexibility of recursive types, and their corresponding typing derivations. These
examples serve as illustration of the type system.
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Example 2.25 (Well-Typed Processes). Let us consider the following well-typed =
processes:

R

(vry)(z(v).Qr [ 2(v2).Q2 | *y(2)-Q3)

Y(vw2)(x(FF).0 | *y(u).0 | xy(u').(w(tt).0 | 2(u").0))
wz)(vey)(z(z).w(u').0 | «y(u).u(tt).0)

vry)(z(tt).0 | z(tt).y(u).0 | y(u').xz(tt).0)

These processes are meant to give the reader an idea of the kind of processes that are
well-typed with unrestricted types in 7. In particular, all the processes above, except
for Ps5, exhibit some form on nondeterminism in terms of reductions. For example,
process P; has the following possible reductions:

Py — (vay)(Qu | 2(v2).Q2 | Qs{"/2} | xy(2).Qs)
Py — (vay)(z(v1).Q1 | Q2 | Qs{"/2} | *y(2).Qs)

Similarly, P also has two possible reductions:

P Ty
P, = (vay
Py=(
Py =

S

Py — (vay)(vwz)(xy(u).0 | y(u).(w(tt).0 | z(u").0))
Py — (vay)(vwz)(+y(u).0 | w(tt).0 | z(u”).0 | xy(u').(w(tt).0 | 2(u").0))

Notice that although both P, and P, are similar in the sense that both allow two
nondeterministic reductions, each of them represents a very different scenario. The
intuitive model behind P; corresponds to two clients attempting to interact with a
single replicated server, whereas in P», we observe two replicated servers ready to
receive a message from a single client. Throughout this work, these two scenarios
will be known as output and input races, respectively, and will be detailed in further
chapters.

Below we present the typing derivation trees of Ps and P4, as examples of how
recursive, unrestricted types are used. Notice that we only mention the application
of typing rules for processes, while omitting the sub-trees corresponding to variables
and constants. For P, we have:

un(I'y, u : end)
I'y,u:end-0
I'1,u :bool F wu(tt).0
(TRIN)
D, T Fxy(u).u(tt).0

(T:Nmw)

(T:Our)

(T:Par)

z(z).w(u’).0 |
x : x1(lbool), y : % ?(lbool), w :?hool, z :lbool
xy(u).u(tt).0

Fl 1—‘2

(T:Res) F (vwz)(vay) (z(z).ww’).0 | «y(u).u(tt).0)

where typing derivation sub-tree D; corresponds to:

un(T'y, v’ : bool, w : end)
I'i,v :bool,w:endk 0

'y, w :?bool - w(u').0
I, Ty - a(z).w(u').0

(T:Nm)

(TIn)
(T:Our)
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A highlight from the typing derivation above is the fact that the typing environment
(ie., I' = T'1,T'9) displays both linear and unrestricted types. It can be seen that
un(T'1) holds, hence we see I'; appear throughout the derivation, whereas 1in(T'z)
holds, and thus, I'; is only used in D;.

Finally, we show the typing derivation tree for P;. Itis also important to notice that
in this case, the typing environment only contains unrestricted types and therefore,
it is unchanged during the derivation.

un(I)
(TNL) ——
T:Ourt) 7FH) (T:Par) D> Ds
p (T ' z(tt).0 ’ ' a(tt).y(u).0 | y(u').z(tt).0
(T:Far) 7 : % lbool,y : * 7bool F x(tt).0 | z(tt).y(u).0 | y(u').z(tt).0
(T:Res) o

F (vay)(a(tt).0 | z(tt).y(u).0 | y(u').z(tt).0)

where the typing derivation sub-trees Dy and D3 are, respectively:

un(T, u : bool) un(T', v : bool)
(TNL) —— (TNL) —————
I'u:bool 0 I'u' :bool -0
(T:IN) (T:Our) ;
I'Fy(u).0 I',u' : bool F x(tt).0
(T:Our) (T:N)

I a(tt).y(u).0 It y(u').z(tt).0

2.3 Linear Concurrent Constraint Programming (lcc)

In this section we introduce the first target language: linear concurrent constraint
calculus (lcc). It is a variant of ccp tightly related to linear logic [Gir87]. As in
ccp, concurrent processes in lcc interact via a (global) constraint store that defines a
synchronization mechanism for fell and ask operations.

The relation with linear logic follows in lcc due to the fact that the store is non-
monotonic, contrary to ccp. A non-monotonic store ensures that constraints can be
consumed whenever information is asked from it. Therefore, 1cc is a formalism that
enables the specification and analysis of concurrent systems with partial information
and linear resources [FRS01, Haell]. In particular, reasoning techniques over pro-
cesses based on observational equivalences [Haell] and phase semantics [FRS01]
have been developed.

We follow the presentation of lcc given in [Haell]. First introduce the syntax
and semantics of 1cc (cf. § 2.3.1). Next, we introduce some important observational
equivalences that will be used throughout this work and we conclude with some
examples (cf. §2.3.2).

2.3.1 Syntax and Semantics

Variables are ranged over by «, y, . . . and belong to the countably infinite set };. Simi-
larly, we assume that 3. and 3 correspond to sets of predicate and function symbols,
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respectively. First-order terms, built from V; and X ¢, will be denoted by ¢,¢,.... An

arbitrary predicate in ¥, is denoted ¢ (t).

Definition 2.26 (Syntax). The syntax for lcc is given by the following grammar:

(Constraints) ¢, d n= ff (False)
| tt (True)
| (?) (Predicates)
| cwd (Linear Conjunction)
| 37.c (Existential))
| e (Bang)
(Guards) G,G" == VI(c— P) (Abstraction)
| G+ G’ (Nondeterministic Sum)
(Processes) PQ :==7¢ (Tell)
| ¢ (Guards)
| P|lQ (Parallel)
| 3z. P (Hiding)
| 1P (Replication)

Constraints represent the pieces of information that can be posted to the store,
as well as be asked from it. Constant tt, the multiplicative identity, denotes truth;
constant ff denotes falsehood. Logic connectives used as constructors include the
multiplicative conjunction (®), bang (!), and the existential quantifier (3z). Notation

r{g/i} denotes the constraint obtained by the (capture-avoiding) substitution of the
free occurrences of z; for ¢; in ¢, with |t| = |z| and pairwise distinct z;’s. Process

substitution P{?/E} is defined analogously.
The syntax for guards includes nondeterministic choices, denoted G| + G2, and

parametric asks, denoted Vz (¢ — P), which spawns process P{g/f} if the current con-

straint store entails constraint ¢{!/7}; the exact operational semantics for parametric
ask operators (and its interplay with linear constraints) is detailed below. When 7 is
empty (a parameterless ask), Vz(c — P) is written Ve(c — P).

Besides guards, the syntax of processes includes the tell operator ¢ that adds con-
straint c to the current store. Moreover, process constructs include parallel composi-
tion P || @, which has the expected reading, hiding 3z. P, which declares x as being
local to P, and replication ! P, that provides infinitely many copies of P. We use nota-
tion [[,;,, P» (withn > 1) to stand for process P, || - - - || P,. Universal quantifiers
in ask operators and existential quantifiers in hiding operators bind their respective
variables. Given this, the set of free variables in constraints and processes is defined
as expected, and denoted fv(-).

We follow closely the semantics for 1cc processes given in [Hael1l], which is para-
metric in a constraint system, as defined next.

Definition 2.27 (Constraint System). A constraintsystemisa triplet (C, X, ), where
¥ contains X. (i.e., the set of predicates) and X (i.e., the set of functions and con-
stants). Also, C is the set of constraints obtained by using the grammar in Def. 2.26
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A 1 c I'ebd AbFc - I'ke
R e A W T2 rere
Iei,eobc 'y AFc
(L) =———— ) B S —
INei®ce ke I'N'AFc ®cy
L Ickd ord (R 'k c{Y/z}
(L2) F,Elx.cl—dm€ vrhd) - (Ra) I'Fdz.c
o Toekd  ITkd  Tkd  Dlelekd
('I)F,!cl—d () 7y ('3)F,!cl—d () Tlekd

Figure 2.4: Intuitionistic linear sequents for lcc (cf. Def. 2.27).

and 3. Relation IF- is a subset of C x C that defines the non-logical axioms of the con-
straint system. Relation I- is the least subset of C* x C containing I- and closed by the
rules in Fig. 2.4. We write ¢ - d whenever both ¢ - d and d - ¢ hold.

The semantics of 1cc processes is defined as a Labeled Transition System (LTS),
that relies on a structural congruence on processes, given next.

Definition 2.28 (Structural Congruence). The structural congruence relation for 1cc
processes is the smallest congruence relation = that satisfies a-renaming of bound
variables, commutativity and associativity for parallel composition and summation,
together with the following identities:

(SC1:1) (SC1:22) (SC1:3) (SC1:4)

Pltt=P Jz.tt=tt Jz. Jy. P = Jy. 3x. P IP=P|!P
(SCy:5) (SC1:6) (SC1:7) (SC1:8)
cod-e P=P z & fv(P) P=P

clld=e PllQ=P | Q Pl32.Q=32.(P| Q) Jr.P=3x. P

As customary, a (strong) transition P ~+; P’ denotes the evolution of process P
to P’ by performing the action denoted by the transition label a:

az=1|c| @)

Label T denotes a silent (internal) action. Label ¢ € C denotes a constraint “received”
as an input action (but see below) and (Z)¢ denotes an output (tell) action in which
are extruded variables and ¢ € C. We write ev(«) to refer to these extruded variables.

Before discussing the transition rules (cf. Fig. 2.5), we introduce a key notion: the
most general choice predicate:

Definition 2.29 (Most General Choice (mgc) [Haell]). Let c,d, e be constraints,
T,y be vectors of variables and ¢ be a vector of terms. We write

mge(c, 3.(d{Y7} @ e))

whenever for any constraint ¢/, all terms ¢’ and all variables ¢/, if ¢ - Jy/. (d{?’/ Tt®e)
and 3y'.¢' F 3j.¢ hold, then 37.(d{#/z}) - Jy/.(d{t'/7}) and Tj.e - Fy'.c’.
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|C:Our|
ck3Iz(d®e) Tz.db3az'.d mge(c,IT.(d®e)) (FU)Nfv(c)=0
|C:Sync|

ckId{Yzy®e)  gnfv(e,d,P)=10 ngc(c, 3y.(d{Y/7} @ €))
¢ vi(d — P) D5 Jy. (P{Yz} | )

|CIN| |C:Comp | |C:Sum|
P51 P ev(a)nfv(Q) =10 P|G; 2 P ie{1,2}
tt ¢ PQ 1P Q P||Gi+Gy =5 P
| C:Ext] |C:Res| | C:Cong]|
P50 PP ydfa) P=P P Q Q=0
3y. P 0% 0 Jy. P =5, 3y. P’ P51 Q

Figure 2.5: Labeled Transition System (LTS) for 1cc processes.

Intuitively, the mgc predicate allows us to refer formally to decompositions of a
constraint ¢ (seen as “linear resources”) that do not “lose” or “forget” information
in c. This is essential in the presence of linear constraints. For example, assuming
that ¢ - d ® e holds, we can see that mgc(c, d ® e) holds too, because c is the precise
amount of information necessary to obtain d ® e. However, mgc(c® f, d® e) does not
hold, assuming f # tt, since ¢ ® f produces more information than the necessary to
obtain d ® e.

We briefly discuss the rules of Fig. 2.5. Rule [C:Out| formalizes asynchronous
tells: using the mgc predicate, the emitted constraint is decomposed in two parts:
the first one is actually sent (as recorded in the label); the second part is kept as a
continuation. (In the rule, these two parts are denoted as d’ and e, respectively.)
Rule |C:Sync| formalizes the synchronization between a tell (i.e., an output) and
an ask. The constraint mentioned in the tell is decomposed using the mgc predi-
cate: in this case, here the first part is used (consumed) to “trigger” the processes
guarded by the ask, while the second part is the remaining continuation. Rule |C:IN]|
asynchronously receives a constraint; it represents the separation between observ-
ing an output and its (asynchronous) reception, which is not directly observable.
Rule [C:Comr| enables the parallel composition of two processes P and @, provided
that the variables extruded in an action by P are disjoint from the free variables of Q.
Rule |C:Sum| enables non-deterministic choices at the level of guards. Rules | C:Ext|
and |C:Res| formalize hiding: the former rule makes local variables explicit in the
transition label; the latter rule avoids the hiding of free variables in the label. Finally,
Rule |C:Cong] closes transitions under structural congruence (cf. Def. 2.28).

We shall write Lflk to denote the reflexive-transitive closure of lcc 7-transitions,
i.e., a sequence of zero or more 7-labeled transitions. Whenever the number k£ > 1 of

k
T-transitions is fixed, we write —, . Moreover, when explicit 7-labels are unnecessary
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* k
we shall write —3;, —}, and —¥ to refer to I, ;1, and ;1 , respectively. Weak
transitions are standardly defined: we write P == Q if and only if (P ;: Q@) and

o T *

P == Q if and only if (P ;I P’ —; P” —,; Q). We use the terms 7-transition
and reduction interchangeably to refer to 7-labeled transitions.

2.3.2 Observational Equivalences

We now present some useful observational equivalences for 1cc processes. We require
the following auxiliary definition from [Haell]:

Definition 2.30 (D-Accessible Constraints). Let D C C, where C is the set of all con-
straints. The observables of an 1cc process P are the set of all D-accessible constraints
defined as follows:

OP(P) = {(37.c) € D|there exists P'. P == 37.(P' || ¢)}

We now present a notion of equivalence for lcc processes in the form of a weak
barbed congruence, as in [Haell]. We first introduce a notation to parameterize pro-
cesses in terms of the constraints they can tell and ask. Then, we introduce (evalua-
tion) contexts for lcc.

Notation 2.31 (DE-Processes). Let D, E be subsets of the constraint set C. Also, let P
be an lcc process (cf. Def. 2.26).

o P is D-ask restricted if for every sub-processs Yz (c — P’) in P, we have 3z.c € D.
e P is E-tell restricted if for every sub-process ¢ in P, we have Jz.c € £.
e If P is both D-ask restricted and £-tell restricted then we call P a DE-process.

Definition 2.32 (Contexts in 1cc). Let E be the evaluation contexts for lcc as given
by the following grammar, where P is an lcc process and ‘—’ represents a hole in
said process:

E:=—|P|E|E|P|3ZE

Given an evaluation context E[—|, we write E[P] to denote the 1cc process that results
from filling in the occurrences of the hole with process P. In lcc, we will say that a
context is a DE-context, ranged over C, C’, .. ., if it is formed only by DE-processes.

Using the previous auxiliary definitions we now present a notion of weak barbed
bisimulation and a weak barbed congruence:

Definition 2.33 (Weak DE-Barbed Bisimulation). Let D C C and £ C C. A symmet-
ric relation R is a DE-barbed bisimulation if, for DE-processes P and Q, (P, Q) € R
implies:

(1) OP(P) = OP(Q) (and),
(2) whenever P 3, P’ there exists Q' such that Q ==1 @’ and P'RQ".

The largest weak barbed DE-bisimulation is called DE-bisimilarity and is denoted by
~peg-
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Definition 2.34 (Weak DE-Barbed Congruence). We will say that two lcc processes
P, () are weakly barbed DE-congruent, denoted by P =p¢ Q, if for every DE-context
E[—] we have that E[P] ~pg E[Q]. We define the weak barbed DE-congruence ~p¢
as the largest DE-congruence that is a weak barbed DE-bisimilarity.

We conclude this section by showing some examples of 1cc processes and their
transitions. We also show some equivalences to help the reader to grasp the notions
presented above.

Example 2.35. We use 1cc to model a simple vending machine that requires a number
of coins to return either tea or coffee. First, we assume the nullary functions (i.e.,
constants) ¥ = {coin/0, coffee/0, tea/0} and an empty set of predicates (i.e., X, =
(). We let the constraint system then be the triple (C, X, ), where ¥ = X, UX, = Xy;
C is obtained from X and the formation rules in Def. 2.26; and I- is given solely by the
deduction rules in Fig. 2.27. We also consider sets D = £ = C (cf. Not. 2.31). With
the previous assumptions, we can then define our vending machine as:

Q1 = !Ve(coin @ coin — coffee) || |Ve(coin — tea)

In @, above, we have two replicated abstractions: the leftmost one requires two coins
to return a coffee, whereas the rightmost one requires a single coin to return tea. The
process above is suspended, as no process is providing information to the store. Hence,
we require a context that adds the necessary coins to buy a coffee or tea.

Assume a context E[—] = coin || —. Then, we have that our complete system
can be modeled as E[Q]. Since we only have available one coin, by applying Rule
|C:Sync|, we have that:

E[Q] —>1 tea || IVe(coin @ coin — coffee) || | Ve(coin — tea)

Note that this synchronization is enabled between the coin and the sub-process in
charge of returning tea. More interestingly, the process above allows us to show-
case our behavioral equivalences. Consider )2 = !Ve(coin — @). Then, it can be
shown that E[Q1] ~pes E[Q2]. However, notice that E[Q1] ¥#ps E[Q2]: a possible
DE-context to be tested could add an additional coin in parallel, which would enable
the abstraction that returns a coffee in (1. This means that E[Q:] and E[Q-] are not
bisimilar in that particular context, which also means that these two processes do not
satisfy Def. 2.34. A

2.4 ReactiveML (RML)

In this section we introduce ReactiveML [MP05], a synchronous reactive extension
of OCaml, based on the model for SRP given in [BdS96]. ReactiveML allows the
dynamic creation of processes and unbounded time response for processes. Since it
is based on the SRP introduced by Boussinot and De Simone, ReactiveML avoids all
the causality issues present in other SRP approaches, such as ESTEREL [BG92].
ReactiveML extends OCaml with processes: state machines whose behavior can be
executed through several time instants (or simply, instants). Processes are the reactive
counterpart of OCaml functions, which ReactiveML executes instantaneously. In Re-
activeML, synchronization is based on signals: events that occur in a single instant.
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Signals can trigger reactions in processes, which can be run instantaneously or in the
next instant, depending on the process definition. Also, signals carry values and can
be emitted by different processes in the same instant.

Below we present the syntax and the semantics of ReactiveML, as they are given
in [MP14] (cf. §2.4.1). We use this work as our source, as it presents the most up-
to-date formal specification for the ReactiveML compiler. Next, in § 2.4.2 we present
some examples and considerations necessary to use ReactiveML as a target language
in our work.

2.4.1 Syntax and Semantics

We assume countable infinite sets of variables V, and signal names S, (ranged over
by 21, x2 and nq, na, respectively). To simplify some of our expressiveness results,
we assume that S, C V,. The free variables of a ReactiveML expression, written
fv(e), are defined as expected (i.e., signal declarations, recursive declarations, A- and
let-expressions are binders).

Definition 2.36 (Syntax). The set RML of ReactiveML expressions is defined by the
grammar below:

alues v, u= c|(v,v) | n|Av.e|processe
Val ! ! A
(Expressions) e,e/ = x|c|(e€) | Ave|ee
‘ rec x = vmatch e with {¢; — €;}ier
| letz=eandz=¢ ine” |rune | loop e
| signal, z:e ine” | emit ¢ ¢” | pause | process e
| present e?¢’ :e” | do e when ¢’ | do e until €/(z) — e

The set of values U, ranged over v,v’, .. ., includes constants ¢ (booleans and the
unit value ()), pairs, names, abstractions, and also includes the process declaration
operator process e.

The syntax of expressions ranged over by e, ¢, ... extends a standard functional
substrate with matching expressions and parallel let definitions (i.e., let/and con-
structs) with process- and signal-related constructs. Expressions run e and loop e
follow the expected intuitions. Expression signal, z : d in e declares a signal = with
default value d, bound in e; here g denotes a gathering function that collects the dis-
tinct values emitted alongside signal = in one instant. When d and g are unimportant
(e.g., when the signal will only be emitted once in a single instant), we write simply
signal x in P. We also write signal z1,...,z, in e when declaring n > 1 distinct
signals in e. Moreover, expression emit e; ep emits a signal carrying the value from
the instantaneous execution of e;, only whenever e; evaluates to a signal name n. Re-
activeML also has an explicit pausing construct, pause, which postpones execution
until the next instant. The conditional expression present e;? es : e3 checks the pres-
ence of a signal: if e; evaluates to some signal name n, which has been emitted in that
instant, then, e; is run in the same instant; otherwise, if » is not present, es runs in
the next instant. Expression do e when e; executes e only when e; evaluates a signal
name n, with n present in the current instant, and suspends its execution otherwise.
Expression do e; until e(z) — ey executes e; until e evaluates into a signal name n,
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e1 ] ea def let _=e; and _=es in ()
erien ™ let _ = () and _=e; in es

: . f .
await eq(x) in eg © 4o loop pause until e1(x) — ey

let rec process def .
) = let f = (rec f = Axy...\x,.process e1) in ez
fx1...x, =€ in ey

if e thenesyelsees ©f match e1 with {tt—pause;es, ff—pause;es}
Figure 2.6: Derived ReactiveML expressions. Assume n > 1.

with n present, and (possibly) carrying a value which will substitute . If this occurs,
the execution of e; stops at the end of the instant and e5 is executed in the next one,
applying the substitution of « for the values contained in n.

Finally, notice that the constructor for recursive expressions rec z = v only allows
for values to be used in the right hand side. This restriction is done to allow only A-
terms or process declarations to be used as the definition of a recursive expression.
We sometimes say processes when referring to expressions, in particular, when said
expression contains timed subexpressions.

Using these basic constructs, we may obtain the useful derived expressions re-
ported in Fig. 2.6. The first three are the most useful ones: the parallel composition
e1 || ez, the sequential composition e;; ez, and the awaiting operator await s(z) in e,
which waits until signal s is present to execute e in the next instant. In the awaiting
construct, x is a bound variable which is used to extract the values contained in sig-
nal s. The last two derived constructs are shortcuts for declaring recursive processes
and conditional operators. We say that an expression with no parallel composition
operator at top level is a thread.

Following [MP14], we define a big-step operational semantics for ReactiveML.
Each step in this semantics intuitively corresponds to a single instant in the Reac-
tiveML computation model. Notice that in ReactiveML, every pure OCaml expres-
sion is considered to be instantaneous. Therefore, the authors introduce a set of well-
formation rules in [MP14] to separate instantaneous expressions from reactive expres-
sions. These well-formations rules are summarized in Fig. 2.7.

In the figure, a well-formation judgment is of the form w - e, where w is either 0 or
1: if w = 1 then the expression is reactive, otherwise (i.e., w = 0) then the expression
is instantaneous. The most important takeaways from this figure are: (1) the body of
OCaml functions has to be instantaneous, whereas the body of ReactiveML processes
may be reactive and (2) the matching operator requires e to be instantaneous. For
further details see [MP05, MP14].

We now proceed to define the semantics of ReactiveML. We first require some aux-
iliary definitions for signal environments and events. Below, ¥ and T denote the usual
multiset union and inclusion, respectively. Intuitively, signal environments refer to
functions that assign signal names to triplets of default values, gathering functions,
and a multiset that contains all the other emitted values in that signal.
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whkx whke 1F pause

OFe; OFeq OkFe OFe; OFeq OFwv
whk (e1,e2) whk Az.e wlk ey e whkrecz=v
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OkFe 1ke OFe OFe; whkes
IFruneltloop () wkh signal, x:eine;p
OFer Ok ey 1ke OFe 1Fke; 1Fes ke OF e

whemite; eo whkprocesse 1k presente?e;:es 1H doep when ey
1be OFep 1k eg

1+ doeuntil eg(z) — ey

Figure 2.7: Well-formation rules for ReactiveML expressions.

Definition 2.37 (Signal Environment). Let D, G, M be sets of default values, gather-
ing functions, and multisets, respectively. A signal environment is a function S : S, —

(D X g X M), denoted S déf [(dl,gl,ml)/nl, ey (dk,gk,mk)/nk], with & > 1.

We use the following notations: S%(n;) = d;, S9(n;) = g;, and S™(n;) = m;.
Also, S¥(n;) = fold g; m; d; where fold recursively gathers multiple emissions of
different values in the same signal; see [MP05, MP14] for details. An event, similarly
to a signal environment, is a function £ that associates a signal name n; to a multiset
m; that represents the values emitted during the current instant.

Definition 2.38 (Events). An event is defined as a function £ : S, — M, ie, E def

[ma/na,...,mi/ng], with & > 1. Given events F; and E», we say that F; is included
in Ey (written By Cg E») if and only if Vi € Dom(E1) U Dom(Es) = E1(n) C Es(n).
The union E, and E, (written Ey L E») is defined for all n € Dom(E;) U Dom(Es)
as (El g EQ)(H) = E1 (n) (] Eg(?’l)

The big-step semantics for ReactiveML is given in Fig. 2.8 and Fig. 2.9. Intuitively,
a big-step reduction captures reactions within a single instant, and is of the form
e % ¢/, where S stands for the smallest signal environment (with respect to C¢

and S™) containing input, output, and local signals; F is the event made of signals
emitted during the reaction; b € {tt, ff}isaboolean value thatindicates termination:
b is false if e is stuck during that instant and true otherwise. At each instant 7, the
program reads an input /; and produces an output O;. The reaction of an expression
obeys three conditions:

(C1) (I; Ug E;) Cg SI™ (i-e., S must contain the inputs and emitted signals);
(C2) O, C E; (ie., the output signals are included in the emitted signals);

(C3) 54 C S, and SY C 57, (ie., default values and gathering functions are pre-
served throughout instants).
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Figure 2.8: Big-step semantics for ReactiveML expressions (Part 1).

Intuitions on the big-step reduction rules follow. Rules |L-Par] and |L-DoNE|
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Figure 2.9: Big-step semantics for ReactiveML expressions (Part 2).

handle let expressions, distinguishing when (a) at least one of the parallel branches
has not yet terminated, and (b) both branches have terminated and their resulting
values can be used. Rule | Run| ensures that declared processes can only be executed
while they are preceded by a run construct. Rules |Lp-Stu| and | Lr-Un| handle loop
expressions: the former decrees that a loop will stop executing when the termina-
tion boolean of its body becomes ff; the latter executes a loop until Rule |Lp-Stu|
is applied. Rule |Sic-Dec| declares a signal by instantiating it with a fresh name in
the continuation; its default value and gathering function must be instantaneous ex-
pressions. Rule |Emir| governs signal emission. Rule |Pause| suspends the process
for an instant. Rules [Sic-P| and [S1c-NP| check for presence of a signal n: when
n is currently present, the body es is run in the same instant; otherwise, e3 is exe-
cuted in the next instant. Rules | DU-Enp|, | DU-P|, and | DU-NP| handle expressions
do ey until ex(z) — es. Rule |DU-EnD]| says that if e; terminates instantaneously,
then the whole expression terminates. Rule |DU-P| says that if e reduces to the
name of a currently present signal n, then e3 is executed in the next instant, substi-
tuting = with the values gathered in n. Rule | DU-NP | executes e; as long as ez does
not reduce to a currently present signal. Rule | VAL] allows values to execute instan-
taneously. Finally, Rules |PaIr |, |REcur|, |AppL] and |Cask| are the usual functional
programming rules for pairs, recursion, application and case operators.

o . Epb
To simplify notation, we use e — ¢’ to represent e -~ ¢’ whenever E, S, and

b are unimportant, or can be clearly derived from the context. Similarly, we write

e —* ¢/, whenever there exists F1,...,E,, Si,...,S,, and by,...,b,, withn > 0
E1b Es.b: Eybn
such that e =2 ¢ 222 e.
Sl S2 Sn

2.4.2 Equivalences for ReactiveML Expressions

Before providing some examples of ReactiveML expressions and their execution, we
point out that the original formulation in [MP14] does not provide a method to com-
pare processes, either syntactically nor behaviorally. Such tools are required for our
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results. Therefore, we introduce a structural congruence for ReactiveML expressions:
we write =g to denote the smallest equivalence on expressions that satisfies the fol-
lowing axioms: (i) e || () =r ¢; (ii) €1 || e2 =g €2 || e1; (iii) (e1 || e2) || e3 =r e1 || (e2 ||
63).

Using the previous structural congruence as a base, we propose an useful exten-
sion of =g that allows us to consume matching constructs whenever the compared
value is already a constants. For example, we would like to equate the following
expression:

match co with {¢1 = Az.x,co = Az y.(z+y)}

with Az.\y.(x +y). Therefore, we shall extend < to denote the following pre-order:

Definition 2.39 (Equality with Case Normalization). Let < denote the extension
of =g with the axiom match ¢; with {¢; = P;}icr —r Pj, where ¢; is a constant and
jel.

Another glaring difference between ReactiveML and the calculi introduced so far
(min§2.2 and lccin § 2.3) is the fact that ReactiveML does not have a construct simi-
lar to the restriction construct. Indeed, in ReactiveML, signal, variable, and recursive
declarations disappear during execution.

Thus, considering the fact that the objective of this work is to encode session 7-cal-
culus in ReactiveML, it is clear that we must find a way to ensure that the translation
of restriction operators is preserved. We achieve the previous goal by extending the
pre-order in Def. 2.39 (i.e., <) to include all the missing signal declarations in a
ReactiveML expression. As an example, consider the following expression:

e; = signal = in (emit x || pause;emit z) (2.1)

Observe that e; Esii () || emit z, with E = [tt/z], and § = [(tt, \z.z, tt)/z], and
that () || emit « % O Il (- Moreover, notice that it also holds that signal « in (() ||

emit x) % O II (). It becomes then clear that, intuitively, the two ReactiveML

expressions above are equivalent up to certain missing declarations.

Considering this, we shall compare expressions up-to their signal declarations.
To this end, we define a special context which will contain the missing signal decla-
rations: a so-called signal declaration context.

Definition 2.40. Let x be a set of variables and D3 be a ReactiveML process with a
hole ‘—’, given by the following grammar:

Dz :i= — | signal 7 in —

We call D; a signal declaration context and we write D;[e] to denote the replacement
of the hole by expression e. Furthermore, we will say that D5 is empty whenever 7 is
the empty sequence. Finally, whenever D; is empty, we will say that Dz[e] = e.

Remark 2.41. Notice that for the syntax of expressions (cf. Def. 2.36) we assumed that
the set of signal names is a subset of the set of variables: S, C V.. Therefore, a signal
declaration signal n in e canbind all the signal names 7 in e. This is simply done out
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of convenience to reduce the number of substitutions we need to apply to Reactive-
ML expressions and does not affect the expressiveness results. To understand what
would happen if we relax this condition, observe that Rule |Sic-Dec| (cf. Fig. 2.8),
applied to expression e = signal z in e, substitutes x by a fresh signal name n in @)
(i-e., e{"/z}). Thus, to obtain the correct signal declaration signal = in e it would be
necessary to substitute back some variable x in e (i.e., (e{"/xz}){%/n}).

To compare ReactiveML expressions that include signal declaration contexts, we
extend — into the following pre-order:

Definition 2.42 (Equality with Case Normalization and Signal Declaration). We
will say that two ReactiveML expressions e; and e, are equivalent up-to signal dec-
larations, written e; < ey, whenever ey =€) || --- || e}, with n > 1 and there exist,

possibly empty, signal declaration contexts Dz, Dz, ..., Dz such that:
Da[Dg[er] || -+ || D [eh]] = e2

When presenting our translations we will delve deeper on how to apply the pre-
orders presented above in our results.

We conclude this section by giving some examples of interesting ReactiveML ex-
pressions and their big-step reductions.

Example 2.43. Consider the following expressions:

eqp = signal x in (emit = 42 | await x(y) in y)
do loop (emit x 42;pause) until w — e

€2

es = signal z,w in (e || pause;do emit w when z;await z(y) in y)

In expression e;, we showcase a synchronization between two expressions: the left-
most sub-expression inside the signal declaration (i.e., emit x 42) is emitting signal
x, whereas the rightmost sub-expression is awaiting for signal = to be emitted and
retrieve its value, assigning it to variable y. The big-step reduction of this expression

is eq Esif» 42, where E = [42/z], and S = [(1, Az.z,1)/z] (assuming a default value

of 1). An important thing to notice is that the termination boolean is ff—the expres-
sion does not terminate in the current instant. Indeed, the await construct executes
the continuation at the next time instant, whenever the signal is present.

Expression e; showcases the fact that signal emissions are asynchronous (i.e.,
non-blocking). Notice that for this expression we assume that signals z, and w have
already been declared. In e; we have a loop that is emitting signal = with value 42
exactly once in each instant until signal w is emitted. However, there is no process
emitting said signal, hence, this expression will loop indefinitely:

E,ff E,ff E,ff
€2 S €9 S €9 P ce
where E = [42/z],and S = [(1, \x.z, 1) /2, (tt, Az.x, tt) /w].
In expression e3, we find two sub-expressions in parallel inside a signal decla-
ration. The leftmost sub-expression (i.e., e3) behaves as previously shown. Analo-
gously, the rightmost sub-expression is awaiting for signal xz, before emitting signal



Chapter 2. Preliminaries 52

w. The big-step reductions for e3 is given below:

es % es || do emit w when x;await z(y) iny %) el 42

where By = [42/x], S1 = [(1, \e.z, 1) [z, (tt, Az.x, tt) /w], and FEy = [42/z, tt/w].
A

2.5 Multiparty Session Types (MPSTs)

We summarize the theory of multiparty asynchronous session types [HYC08, CDPY15].
Briefly, multiparty session types is a generalization of the binary type discipline pre-
sented in § 2.2, used to certify asynchronous communicating systems that allow mul-
tiple parties to interact. We closely follow the presentation given in [CDPY15]. In
§ 2.5.1 we introduce the syntax and semantics of MPST. Next, in § 2.5.2, we introduce
the type systems. Finally, in § 2.5.6 we present the main guarantees ensured by typed
MPST processes.

2.5.1 Syntax and Semantics

In MPST, processes are ranged over by P, (@, ... and expressions are ranged over by
e, e, . ... Besides processes and expressions, we also introduce message queues and run-
time channels. These new elements will only appear during process execution and are
therefore referred to as runtime syntax. Some additional naming conventions follow:
(1) we use a,b,... to range over service names, (2) and s, s, ... to range over session
names; (3) similarly, we use x, z’, . . . to range over value variables, (4) y, z, t, . .. to range
over channel variables, (5) and X, Y, ... to range over process variables; (6) finally, we
use [,l’, ... to range over a countably infinite set of labels.

Definition 2.44 (Syntax). The syntax of MPST processes is given by the grammar in
Fig. 2.10. Runtime processes appear shaded in the figure.

In the figure, processes up](y).P and u[p](y).P enable the initiation (or establish-
ment) of a multiparty session through some service u. Session participants are ranged
overbyp,q,r,...and are identified by successive numbers. As a design choice, we let
the participant with the highest number correspond to p in @[p](y).P. Coincidentally,
participant p gives the total number of participants needed to establish a session. In
both session initiation constructs, variable y appears bound and is used as a place-
holder for the channel that will be used in the communication. Once the session has
been established each channel place holder will be replaced by a channel with a role,
denoted s[p]. This construct represents the channel of participant p in session s at
runtime. Inside a established session processes can communicate in three ways:

(1) Value exchanging, governed by primitives c!(p, e).P and c?(p, z).P, which cor-
respond to the sending of a value and the receiving of a value, respectively.
Therefore, c!(p, e). P represents the sending of a value on channel ¢ to partici-
pant p; similarly ¢?(p, z).P represents the reception of some value on channel
¢; variable x is bound and is used as a placeholder for the value to be received.
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P,Q == ulp](y).P (Multicast Request) & = [~]| P| (va) (Context)
ulp](y).P (Accept) |(vs)E | Def D in &
cl{p,e).P (Value Sending) l£|&
c?(p,x).P (Value Reception)
cl{p, c)).P (Channel Delegation) u = z | a (Identifier)
c?(p,y)).P (Channel Reception) v == tt|ff|a (Value)
@c(p,l).P (Selection)
&c(p, {li : Pi}ier) (Branching) e n=v|x (Expression)
e?(P):(Q). (Conditional) |eande | note
PlQ (Parallel)
0 (Inaction) c ==yl slp] (Channel)
(va)P (Service Hiding)
Def D in P (Recursion) m:= (q,p,v) (Message in
X{e,c) (Process Call) | (a,p,s[p']) Transit)
(vs)P (Session Hiding) | (a,p, 1)
s:h (Message Queue)

D = X(xz,y) (Declarations) h = h-m|0 (Queue)

Figure 2.10: Syntax for MPST processes, declarations, (evaluation) contexts, identi-
fiers, values, expressions, channels, and messages. Shaded constructs only appear at
runtime.

(2) Session delegation, governed by constructs c!((p, ¢)).P and ¢?((p, y)). P. Delegation
represents the exchange of a channel and the constructs behave similarly to the
output and receive.

(3) Selection, governed by constructs &e(p,).P and &c(p, {l : P;}ier) and which
represents an interaction which allows the selection construct to pick one of
the choices offered by &c(p, {l; : P;}icr). The labels I; € I are assumed to be
pairwise distinct.

In the sequel, we will consider output actions to correspond to value sending, chan-
nel delegation or label selection; moreover, we will say that an output process is a pro-
cess whose first action is an output action. Dually, we let input actions correspond to
value reception, session reception or label branching; then, an input process is a pro-
cess whose first action is an input action. We also use the term communication action
to refer to either an output and input actions.

Evaluation contexts, denoted by &£, correspond to processes with holes (written
[—]), which can be filled in by replacing them with a process. We write £[P] to denote
the substitution of [—] by process P.

Message queues are used to model asynchronous communications in which the
message order is preserved and sending is non-blocking. Messages contained inside
queues are characterized by the object they send; hence, a value message (q, p,v) rep-
resents a message from q intended for p which contains value v. Label messages are
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interpreted in the in a similar way. Finally, a channel message (q, p, s[p’]) indicates that
q delegates to p the role if p’ on session s (i.e., s[p’]). Empty queues are represented
by (0. The construct s : h denotes the queue h of session s.

Remark 2.45 (Runtime Syntax). The constructs that appear shaded in Fig. 2.10 are ex-
clusively generated by the operational semantics of the calculus (cf. Fig. 2.11). More-
over, whenever a process does not contain message queues, we will call it pure.

We find many binders in Fig. 2.10: as mentioned above, constructs for request and
accept bind channel variables; moreover, value receptions bind value variables, chan-
nel receptions bind channel variables, declarations bind value and channel variables,
recursions bind process variables, and hidings bind service and session names. Also
notice that the session hiding (vs) P also binds all free occurrences of s[p] and queue
sin P. Finally, a process P is closed if its free names (written fn(P)) only contains
service names.

The operational semantics of MPST is given as a reduction relation —; over pro-
cesses. As usual, the semantics is given up to structural congruence, which we define
below. In the sequel, we write fpv(P) to denote the free process variables in P, and
dpv(D) to denote the set of process variable declared in D. Moreover, we assume that
free names are extended to declarations as expected. Throughout the section we also
assume thatr :=a | sand ¢ == v | s[p] | I.

Definition 2.46 (Structural Congruence). The structural congruence relation on M-
PST processes, written =, is given by the smallest relation generated by a-conversion
and the following rules:

(SrRel) P|0=P (Sr2)P|Q=Q|P (Sw3)(P|Q)|R=P|(Q|R)
(Stri4) Def D' in0=0 (St5) (vr)(vr')P = (vr')(vr)(P | Q)
(Str:6) (ra)0 =0 (Str:7) (ra)0 = (vs)(s: 0 =0)

. r & (Q) . r & fn(D)
G P To=wn@Q) ™ Def D in )P = (wr)Def D in P
10 dpv(D) Nfpv(Q) =0
(Sre:10) Def D in (vr)P | Q = (vr)Def D in P | Q
Sl (dpv(D) Ufpv(D)) Ndpv(D’) = dpv(D) N (dpv(D’ U fpv(D’)))
S Def D in Def D' in P = Def D in Def D in P
(S:12) p#p Va#d

S:h'(qapvc).(q/7p/7cl)'hlES:h"(qup/acl)'(q7pvc)'h/

Above, the first eleven rules are standard for the m-calculus [Mil99]. In contrast,
the last rule (Rule (Str:12)) is unique to MPST: it allows to rearrange messages in
a queue whenever the senders or receivers are not the same. The rules that gener-
ate the reduction relation on MPST processes are given in Fig. 2.11. We also use the
shorthands —* and —"* to denote the reflexive-transitive closure of — and a re-
duction sequence of k£ > 0 steps, respectively. Intuitively, Rule |IniT| describes the
session establishment phase: n participants synchronize over name a, where the last
participant, distinguished by the bar over its service name, specifies n. During the
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(I a[](y)- P {sW/y} | .. [aln —1)(y)-Pa-1 | @ln](y).Pn
— Pl | A | Pnfl{s[n /y} | P {S /y} | s (Z)
| SEND | elv

s[p]{a,e).P|s:h— P|s:h-(p,q,v)
(Rev) s[pl?(@,).P | 5 (a,p,0) -h — P{a} | 5+ h
|DeLeG| s[p]!'{(q, s'[p']).P|s:h — P|s:h-(p,q,s[p'])

[SRev) s[p]?((a,y)-P | s < (a.p,s'[p]) - b — P{S Py} |52
[Ser| @s[p](a,!).P | s:h— P|s:h-(p,q,l)
| Bra | jel
&slp)(a, {li : Pi}ier) | s:(a.p,0;)-h— Pj|s:h
| ProcCaLL |
elw
Def X(x,y) = P in X{e,s[p]) | Q — Def X(x,y) = P in P{v:slPl/z,y} | Q
| IFF | |IeF| | Crxr] |StR|
el tt el ff P— P P=P —Q =Q
e?(P):(Q) — P e?(P):(Q) — Q &[P] — E[P] P—Q

Figure 2.11: Reduction rules for MPST.

establishment, private session name s and the queue associated with s (which is ini-
tially empty), are shared among participants. Then, the variable y is replaced in each
participant with the corresponding channel with role s[p]. Once a session has been
established, Rules |Senp |, |DeLEG|, and |SEL] are used to enqueue values, channels,
and labels, respectively, into the queue associated with session s. In Rule |Senp],
e | v denotes the evaluation of expression e to value v. Dually, Rules [Rcv], [SRev],
and |Branc| are used to dequeue these values and use them in their continuations.
All the other rules are as expected.

2.5.2 Global Types and Session Types

We now introduce the type system of MPST. With it, we can check the communication
safety of processes.

In MPST, global types describe the overall communication protocol by providing
a global view of the interactions between participants. On the other hand, local or
session types describe the individual contributions of each participant to the protocol.
They are obtained by projecting the global types and therefore, they correspond to the
types of pure processes. The syntax of types is given in Fig. 2.12.

The basic types are sorts, ranged over by S,.5’,...; they are associated to values
or closed global types G (i.e., global types without free type variables). Similarly,
exchange types, ranged over by U, U’, consist of sorts and closed session types T (i.e.,
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(Sorts) S == bool|...|G

(Exchange Types) U == S|T

(Global types) G == p—q:(9).G (Value Exchange)
p—aq:(T).G (Channel Exchange)
p—q: {li:Gitlier) (Branching)
t (Recursive Variable)
ut.G | end (Recursion/End)

(Local Types) T == UYp,S).T (Send Value)
Kp, T).T (Send Channel)
?2(p,U).T (Receive)
®(p, {l; : Ti Yier) (Selection)
&(p, {l; : Ti }icr) (Branching)
t (Recursive Variable)
pt.T | end (Recursion/End)

Figure 2.12: Syntax of MPST types.

local types without variables).

Intuitively, the global type p — q : (S).G says that participant p is sending a value
of sort S to participant g, provided that p # q; then, the interactions in G follow.
Similarly, global type p — q : (T).G denotes the delegation of a channel of type T to
participant g, then continuing as GG. Whenever it is not important, we write p — q :
(U).G to refer tobothp — q: (S).Gand p — q: (T).G.

The global type p — q : ({l; : Gi}icr) represents an interaction where participant
p sends one of the labels I; to participant q. If [; is sent, then the interactions in G;
are executed next. Type ut.G represents a recursive types, where recursive variables
are ranged over by t,t', ... and where these variables are assumed to always appear
under some prefix. Once again, we take an equi-recursive view of types and let ut.G;
be equal to its unfolding yt.G{#t-G/t} because they represent the same regular infinite
trees [Pie02]. Finally, type end represents the terminated session.

As hinted before, session types represent the input and output actions performed
by each individual participant. Thus, the send types !(p, S).T and !(p, T).T represent
the sending of a value of sort S to participant p and the delegation of a channel of
type T to participant p, respectively. In both cases, the communication then follows
as T. The selection type &(p, {l; : T;}ics) represents the transmission of a label [;
by participant p, chosen from the set indexing /. The type will continue with the
communication described in T;. The receive and branching types are complementary
of send and selection types, respectively. Finally, recursive types and the type end are
handled as in global types.

The relation between global types and local types is given by a projection function
on global types. Intuitively, the projection function extracts the individual contribu-
tions of a participant to the overall protocol to construct the local type. The definition
of projection is given below.
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Definition 2.47 (Projection). The projection of a global type G onto the local type of
participant g, written G [ q, is defined inductively on G:

Np', UY.(G' | q) ifga=p
(p—=p :(U).G")a=q{?p,U).(G"[q) ifqg=p
G'|q otherwise
&P’ {li : Ti}icr).(G' [ q) ifq=p
&(p,{li : Gi [ a}ier).(G' T q) ifq=p

(p—p': {li: Gikier)@) [a= whereip € I
G lq ifq# p,q# p’ and
‘o Gila=G;q
Vi,j el
(ut.G) [ q= mGla 1fG[q'7ét tfg=t end|[q=end
end otherwise

In the sequel, we assume that all global types are well-formed, meaning that G | q
is defined for all participants q that occur in G.

2.5.3 Typing Pure Processes

The typing rules are split in three categories: typing rules for pure processes, typing
rules for message queues, and typing rules for processes (runtime and pure). We first
present the rules for typing pure processes. The typing judgments for expressions
and pure processes are:

I'ke:S '-PrA

where I' and A are defined as mappings given by the grammar below:
Fu=0|T2:5|T,a:G|T,X:ST Ac=0|Ac:T

Intuitively, I' corresponds to the so-called standard environment which associates vari-
ables to sorts, service names to closed global types, and process variables to pairs
of sort types and session types. On the other hand, A is called the session environ-
ment which associates channels to session types. As usual, we assume dom(I") (resp.
dom(A)) represents the domain of I' (resp, A). Notice that the notation I', z : S is
only well-defined whenever = ¢ dom(T"). This convention extends to a : G, X : ST,
and c : T. The latter implies that A, A’ is only well-defined if A N A" = (). Then,
the typing rules are given in Fig. 2.13. In the figure, mp(G) corresponds to the par-
ticipant with the highest number assigned, also called the maximum participant in G.
Some intuitions on the typing rules follow:

e Rules (NamMmE), (BooL), and (AND) are as expected.

e Rules (MCast) and (MAcc) deal with request and accept constructs, respec-
tively. In the former rule, I' must contain u : G and p must be the maximum
participant of G. Then, the projection of G onto p is added to the session envi-
ronment, assigned to y, to type continuation P. The latter rule is similar, except
for the fact that the number assigned to p is required to be less than mp(G).
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(AND)

I'Fe;:bool e {1,2}

I'F ey and es : bool

'tu:G I'EPrAy:Glp p=mp(G)
I'Falpl(y).P>A

'tu:G T'FPrAy:Glp p<mp(G)

(NaMmE) (Boot)
Hu:SFwu:S TFtt ff:bool

(MCasr)

(Méce) T+ ulp)(y).Po A
(SenD) (Rev)
'ke:S THEPrAc:T Le:SEFP>Ac: T
'k clp,e).P>Ac:ip,SY.T T+ c?(p,z).P>Ac:?(p,S)T
(DELEG) (SRev)
'EP>Ac:T 'EPoAy:T,c: T

CEcp,d).PoAc:pT)V.T,d : T TFc?(p,z).PoAc:?p,T).T
T-PoAc:T; jel
I'F&clp,lj).PrAc:®(p,{li: Ti}tier)
TP sAc: T, Viel

(Ser)

BN - &elp, {1+ Pyie) b A &(py (s Tihaer)
(Par) (Ir)
I'P>-A T'HFP>rA'" Thke:bool T'FPrA THQ>A
FEP|Q>AA Fke?(P):(Q)>A
(EnD) (NRes)

Aendonly TI'a:GFP>A
oA Tk (va)PrA

(Var) (DEF)
I'-e:S Aendonly z:Ste:SEFPoy:T I)X:SutTHQ>A
0X:STHX(e,e)>A,e: T [t Def X(z,y) =P in Q> A

Figure 2.13: Typing rules for pure MPST processes.

e Rules (Senp) and (DEeLEG) are reminiscing of Rules (T:Out) and (T:In) in Fig. 2.3
for 7. The only difference is that, in MPST, there are no qualifiers, and we split
the rules: Rule (Senp) deals exclusively with the sending of values and Rule
(DELEG) with the sending of channels.

e Rules (Rcv), (SRev) are complementary to rules (Senp) and (DELEG).

e Rules (SeL) and (Branch) deal with selection and branching, and are analogous
to rules (T:SeL) and (T:Bra) in Fig. 2.3.

e Rules (Par), (Ir), (EnD) are defined as expected. In Rule (Par), the session
environments A and A’ must be disjoint. Also, in Rule (EnD), we require ses-
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Message Types M == p,U) (Message Send)
®(p,l)  (Message Selection)
M;M  (Message Sequence)

Generalized Types 1 == T (Session)
M (Message)
M;T (Continuation)

Figure 2.14: Syntax of message and generalized MPST types.

sion environments in which every channel is associated with type end (i.e., the
condition “A end only”).

e In Rule (NREes), the service name a must be added to the standard environment
I assigned to a closed global type G.

e Rules (Var) and (Der) deal with recursion. Notice that the recursion rule pre-
sented in here forces process variables to be associated with p-types—for de-
tails, see [CDPY15].

2.54 Typing Queues

We now present the second set of typing rules for MPST mentioned in § 2.5.3: rules
for typing message queues. We start by defining the syntax of message and generalized
types. The former correspond to the types assigned to message queues, while the
latter is defined as the “composition” of message types and local types (see below).
The syntax of message and generalized types is given in Fig. 2.14.

Intuitively, the message send type !{p,U) indicates that a queue contains an ele-
ment of type U that is to be communicated to participant p. The message selection
type, on the other hand, signals the communication of a label [ to participant p. Fi-
nally, type M; M’ denotes the sequencing of message types. Notice that we assume
;" to be associative. For example, a message (q, p, tt) has type !(p, bool).

Generalized types, as mentioned above, represent a composition of session types
and message types. Intuitively, a generalized type can be either a session type, a
message type, or a message type followed by a session type. In a sense, it can be
said that generalized types are used to reconstruct the overall type that governs the
behavior of one participant. Thus, type M;T represents that the continuation of the
type M associated to some queue is 7', which must be associated to a pure process.

Example 2.48 (Generalized Types). To explain the subtle difference between *." and
‘" let us consider the following two types:

{p, bool).?(p,bool).end {p, bool); ?(p, bool).end

where the leftmost type is a session type and the rightmost is a generalized type.
Intuitively, the first type indicates that participant p is ready to send a message of type
bool to participant g. In contrast, the second one represents a type where participant p
has already send a message with type bool, but this message has not yet been received
by participant g, and thus, the message is still in the queue. A
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(QIntr) (QSenD)
Mgy s:h>A ThHov: S

F'kps: 00 T b s h(p,a,v) > A; {s[a] :!(p, S)}
(QDkr)
[y s:h>A
T I—{s} S h(p7q,81[q/]) > (A; {s[q] :!<p,T>}),s’[p’] :T
(QSkL)
Iy s:h>A

heeys:h(p,a,0)> A {s[a] : ®(p, 1)}
Figure 2.15: Typing rules for single queues in MPST.

We can now explain the rules for typing single queues in Fig. 2.15. Typing judg-
ments for single queues are similar to judgments for pure processes. The main dif-
ferences are that ‘-’ is decorated with the singleton {s}, where s is the session name
of the current queue, and that session environments now map channels to message
types.

Intuitively, Rule (QInir) assigns the empty session environment to the empty
queue. Then, Rules (QSenD), (QDELEG), and (QStL) check that the queue of session
s contains the corresponding output types, before checking the rest of the queue. The
sequencing operator ‘;’ is extended to environments by letting:

Alslg): M M if A=A s[q): M’
A, slql: M otherwise

A;{s[p]:M}:{

2.5.,5 Typing Runtime Processes

We now present the full type system of MPST. Hence, we consider pure processes in
parallel with queues; therefore, we should use generalized types in session environ-
ments, and to add new rules.

We start by defining an equivalence, denoted =, between message types that will
allow us to take into account the structural congruence between queues (cf. Def. 2.46,
Rule (Str:11)). The equivalence is induced by the rule below:

M:t(p, Z):0(p", Z); M" =~ M";5(p', Z): 4(p, Z); M

where g € {!,®} and Z € {U, [}. In the rest of this section we consider message types
modulo ~. We then extend the equivalence to generalized types:

M~M = M:r~M';t

We then say that two session environments A and A’ are equivalent (written A ~ A”)
whenever:
c:TeEAANT#end = c: T e ANAT=T
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Above, type end is ignored because the type system allows weakening for this kind
of types [CDPY15].

We must now define the composition of two session environments which may
contain the same channel with role s[p]. Moreover, in one of these environments, s[p]
may be assigned a message type, and in the other a session type. Hence, we define
a partial composition between generalized types, which allows to “sequentialize” the

types:
p 7;7"  if 7 is a message type
THT =
7's7 if 7' is a message type
The composition above is partial because is only defined whenever 7 or 7’ is a message
type. We then extend this composition to environments:

Ax A=A\ dom(AYUA \dom(A)U{c:T+7 |c:T€ANc:T € A}

The definition of * induces a commutativity property: A « A’ = A"« A.

To type processes with queues we introduce the notion of session environment con-
sistency. Intuitively, this property ensures that each individual participant in a mul-
tiparty session performs its communication actions in a consistent way—in a sense,
this property generalizes the guarantees given by duality in 7 (cf. Def. 2.15).

To define consistency we need two ingredients: the projection of generalized types
and duality, which are given below:

Definition 2.49 (Partial Projections of Generalized Types). The partial projections
of generalized types, ranged over by G, G, . .. is given below:

T 1q ifg=p
T|p otherwise

WT |q ifg=p
TIlp otherwise

({p,U).T) [ a = { (?(p,U).T) [ q= {

L7 lq ifq=
(@(pJ);T’)[q:{@/’T lq ifg=p

T Ip otherwise

WW;r" |q ifg=0p
Hp,U); 7’ = ’
(e, Usm) Ta {T’[p otherwise
©{li : Ti}ier ifa=p
T where ig € I if p # qand
! Tilq=T;1qVi,jel
&{l; : Ti}ier ifa=p
where ig € I if p # g and

(®(p, {li : Ti}ier)) a=

(&(p, {li : Ti}ier)) Ta =

T Ty a=T; [ q¥ijel
(T | q= pt(T)q ifT[q#t tlg=t end|qg=end
' end otherwise

Definition 2.50 (Duality). The duality relation on partial projections of generalized
types is given below:
end<xiend txit GG = pt.Gapt.g’
GG = WWGgxM.G GG = WU;G UG
Vie I G <G, = {l;: Glier = &{l; : G'}ier
di € Il:ll/\gzmgl’ = EBZ,QIXI&{ll : g/}iej



Chapter 2. Preliminaries 62

(GInirr) (Equiv)

TFPrA TrFyPoA AxA

kg P>A I'kFy P> A
(GPar)

FFEPDA FFEPDA ZOZ/:(D
Fhsus P1Q>AxA
(GSRes) (GNRes)
I'ky PrA Co(A,s) T,a:GFkyx PrA
Ik (ws)P>A\s  Thkx (va)PrA
(GDek)
Tyz:Stx: Sty Pe{y:T} T,X:SutThry QrA
't Def X(z,y) =Pin Q> A

Figure 2.16: Typing rules for processes with queues in MPST.

Definition 2.51 (Consistency). A session environment A is consistent for the session
s (written Co(A,s)) if s[p] : 7 € Aand s[g] : 7 € Aimply 7 | g1 7' [ p. A session
environment is consistent if it is consistent for all sessions which occur in it.

The following proposition guarantees that all the projection of the same global
type are dual, and therefore the session environment obtained by projection global
types are always consistent.

Proposition 2.52 (Duality of Global Type Projections [CDPY15]). Let G be a global
type and p # q. Then (G [ p) [ qpa (G [ q) [ p.

We are now ready to present the rest of the typing rule for MPST. For processes
with queues, the typing judgments are of the form:

F"X;PDA

where ¥ is now the set of all queues whose session name is in A. The rules are then
given on Fig. 2.16.

Rule (GInirr) states that a pure process types with ¥ = (), provided thatitis typable
with the rules Fig. 2.13. Rule | Equiv | introduces ~ to the type system. Whenever two
processes are composed in parallel, we require that each session name is associated
with, at most, one queue. Hence, we require XN’ = (). Rules (GSRes) and (GNRes)
deal with the restriction of session names and service names. Notice that session
names can only be restricted whenever the environment is consistent for the session
that is restricted. Rule | GDgr| remains as (DEF).

2.5.6 Typing Properties

We now present the main typing property for the type system of MPST: subject re-
duction. Notice that since session types also represent ensuing communications, the
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session environments after a reduction may change and therefore, we need to de-
fine a reduction relation for session environments (given below). This contrasts with
the type system with the subject reduction property in § 2.2.3 (cf. Thm. 2.18). The
reason for this difference is due to the fact that the 7 semantics require communicat-
ing endpoints to be closed under restriction (cf. Fig. 2.1), whereas the semantics of
MPST does allow communication between processes containing free channels with
roles (cf. Fig. 2.11).

Definition 2.53 (Environment Reduction). The reduction relation for session envi-
ronments, written A = A’, is given by the following rules:

o {s[p] : M;Wq,U).T} = {s[p] : M;q,U); T}
o {sp] :Na,U);7,s[a) : M;?(p,U).T} = {s[p] : 7, s[a] : M;T}.
o {s[p] : ®(p,{l; : Ts}icr)} = {slp] : M;®(p,1;);T;} forj € I.

o {s[p] : ®(a,1);7,sla] : M;&(p, {l; : Ti}tier)} = {slpl;7.s[a] : M;T;}ifl = 1; and
jel

o AN = AATIEA = A
where M can be missing and message types are considered modulo ~.

Intuitively, the first rule corresponds to putting a message with sender p, receiver
g and with content of type U in the queue for session s (hence the session type is
“transformed” into a message type). The second rule reads the message in the queue
and therefore consumes it. The next two rules are similar, applied to labels; the last
rule extends the reduction to larger session environments.

The authors in [CDPY15] observe that not all processes that can reduce are typed
with consistent environments. For example, they present the judgment:

{s[1] :1{2,bool).1(2, nat).end,
" (2] (1, bool)}

A

[y os[1]?7(2,2).5[1]7(2,2").0 | s: (2,1, tt)

P

where P — s[1]7(2,27).0 | s : 0 and A is not consistent. Given that the proof of
subject congruence goes by induction on the length of the process reduction, we must
prove that whenever a process is typed with a non-consistent session environment,
which is consistent by composing it with another, then its reduction satisfies the same
property. We then conclude this section by stating this statement followed by the
subject reduction property.

Lemma 2.54 (Main Lemma [CDPY15]). Let ' s, P> A and P — () be obtained
by any reduction rule different from |Crxt|, |STR], and A x A be consistent, for some A.
Then there is A’ such that T by Q> A" and A = A’ and A’ x A is consistent.

Theorem 2.55 (Subject Reduction [CDPY15]). IfI" by, P> A and P —* Q, then
I' Fs Q> A’ for some consistent A" such that A = A’



Source and Target Languages

In this chapter we introduce the source languages for our translations, as well as
additional target languages. First, we introduce our source languages:

e In § 3.1 we develop three variants of 7 (cf. § 2.2):

1. In § 3.1.2 we introduce 7, a variant of 7 that disallows output races (see
Ex. 2.25) by redefining the predicates un(-) and lin(-) for the 7 type system
(cf. §2.2.2).

2. Next, in § 3.1.1 we present w3, a variant of 7 that disallows both output
and input races, while allowing infinite behavior given by replication.

3. Finally, in § 3.1.3 we present an extension of 7m4;, named 7, that allows
session establishment with localities.

e In §3.2 we introduce ar, an asynchronous variant of the language presented in
[KYHH16].

After presenting the source languages, we present our remaining target languages:

e In§3.3 weintroduce an extension of 1cc (cf. §2.3) which allows for abstractions
to have private, local information when resolving a query to the store.

e In § 3.4 we then present RMLq, an extension of ReactiveML that uses queues to
keep track of the value of variables during execution (cf. ).

In § 3.5 we close this chapter by summarizing all source and target languages and our
encodability results.
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3.1 Variants of the Session Calculus 7

3.1.1 A Session m Calculus without Output Races (wéR)

In this section we present g, a variant of = (cf. § 2.2), induced by a variant of the
type system in § 2.2.2. The goal of the new type system is to disallow output races.
Intuitively, we say that 7 process has an output race whenever said process has two
or more output-like (i.e., sending and branching constructs) prefixes on the same vari-
able in parallel. We first motivate 7j; by using some examples. Next, we introduce
our specialized type system and present further examples to intuitively explain the
details behind the taken design decisions. Finally, we present all the guarantees that
the type system for 7{; ensures.

Motivation

When devising translations for formal languages with different natures such as the
ones present in this work, it is often necessary to narrow down the classes of pro-
cesses considered in the source language, enabling the translation to satisfy stronger
correctness criteria. Type systems, such as the one in § 2.2.2, can be used exactly
for this purpose. Our first translation, as hinted in § 3.5, is an lcc embedding of a
session-based m-calculus (cf. Ch. 4). Hence, to obtain a translation that enjoys strong
correctness properties it is necessary to reconcile the differences between 7 and lcc.
In particular, a prominent feature of = and its type system (cf. § 2.2.2) is its rather
flexible support for m processes with infinite behavior, in the form of recursive ses-
sion types that can be shared among multiple threads [Vas12]. This expressiveness
contrasts with the more modest replication present in lcc (cf. §2.3.1).

To smoothen these differences, we shall devise a specialization of the type system
in § 2.2.2; this way we can identify a class of m processes that exhibits a tight corre-
spondence with lcc processes—a correspondence made precise by the correctness
properties of the translation in Ch. 4. At its core, this specialization rules out output
races, which can be typed using the system in § 2.2.2 using recursive types. To illus-
trate the kind of processes we would like the new type system to rule out, let us recall
process P in Ex. 2.25:

Py = (vay)(x(tt).0 | z(tt).y(u).0 | y(u').z(tt).0)

It can be shown that Py is typable by assigning the recursive type * lbool to x and
its dual to y (cf. Ex. 2.25). Since our objective is ruling our processes such as P, it
becomes clear that it is necessary to control the sharing of recursive types among the
threads in a process.

Disallowing output races is not an stringent restriction on the session calculus. In
fact, we can show that 7j; can express an important class of processes with infinite
behavior by using unrestricted input types and replication. As we show later, our
type system allows processes such as P, (cf. Ex. 2.25) below:

Py = (vay)(vwz) (2 (ff).0 | xy(u).0 | *y(u).(w(tt).0 | z(u").0))

which represents multiple replicated servers offering services to a single client. More-
over, it can be argued that it is still possible to execute a similar behavior to the one
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induced by output races, where all the requests (outputs) have been sequentialized.
This means that we could represent a process with output races such as:

Ps = (veyyr) (@1 (v1).Q1 | 21(v2).Q2 | *y1(2).Q3) (3.1)

as a process without output races by establishing a specific execution order (i.e, by
saying which output interacts first), and creating new private channels to continue
the interactions with Qs:

Py = (vaiyn) (veays) (vrsys)
(@1(y2)-1(ys)-(z2(v1).Qu{¥¥ 21} | w3(v2).Q2{T3/x1}) | xy1(2).2(2).Q3)
(3.2)
In the rest of this section we introduce our specialized type system. Note that it is
necessary to prove again all the typing properties as a way to ensure that w3 still
satisfies the guarantees given in § 2.2.2 for =.

Remark 3.1 (Syntax and Semantics of wé ). The syntax and semantics of 7é; will remain
the same as the ones presented in § 2.2.1. Similarly, the syntax of types is as in Fig. 2.2.
The only changes will appear in the type system—specifically, in the predicates un(-)
and lin(-), used to define the environment splitting operation (cf. Def. 2.16).

Type System

To disallow output races we focus on the splitting operation for the type system in
§2.2.2. Recalling Def. 2.16, we focus on the types that satisfy un(-), whose splitting is
given by:

Tyol,=0  un(T)
(T1,z:T)o(Lyyx:T)=T,2:T

In a nutshell, we would like for 7" to be a type that cannot be assigned to an output-like
channel. Hence, we would like to completely exclude unrestricted output and selec-
tion types (i.e., ¢!T.T" and q® {l; : T} }icr) from being shared among environments—
even when they do not occur immediately; e.g., ?7".!T".end. We accomplish this by
redefining the predicate un(-) (cf. Def. 2.14). First, we present an auxiliary predicate,
which characterizes these output-like types:

Definition 3.2 (Output-Like Unrestricted Types). We define the predicate out(7")
for types T inductively. We start by defining out(p) for pre-types:

def def

out(IT.U) = tt out(?T.U) = out(U)
out(@{l; : Titier) € tt out(&{l; : Titier) & Ve out(T3)
then out(7) is given below:

out(bool) & £f out(end) & ff out(a) E ff

out(gp) =f out(p) out(pa.T) def out(T)

Having defined output-like unrestricted types, we proceed to show the new pred-
icates for the type system of 7{; by replacing Def. 2.14 with the following definition:
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T'F0 uno(T)
(TWKNIL) ————
Tz:TFO

Figure 3.1: Additional weakening rule for the 7f; type system.

Definition 3.3 (Refined Predicates for 7y;). Let T be a session type (cf. Fig.2.2). We
define ¢(T') and ¢(T") for each qualifier ¢ € {un,lin}:

e 1lin(T) if and only if true.
e un(7') if and only if (T" = bool) V (T' = end) V (T' = unp A —out(p)).
e ¢(I")ifand only if x : T' € I implies ¢(T').

Above, predicate 1in(7) remains as presented in § 2.2.2. The main change can
be found in predicate un(7T’), that is modified to avoid sharing output-like types by
requiring that pre-types qualified with un do not satisfy out(-). Furthermore, we will
find it also useful to collect all pre-types qualified with un that satisfy out(-), hence
we add an additional predicate:

e uno(T) if and only if T' = unp and out(p).

The type system of 7y is then obtained by using all the rules in Fig. 2.3 extended
with the rules in Fig. 3.1. In the figure, Rule (T:WkNiL) is used to allow the weak-
ening of unrestricted output-like types whenever the inactive process is being typed.
To understand why the new rule is necessary, we use a simple example. Below, we
unfold the notation for recursive types: *!T" = pa.!T.a.

Example 3.4. Consider the recursive type 7' = pa. unl!bool.a, and the processes P; =
z(tt).z(ff).0, and P, = x(tt).0 | z(ff).0. With the new type system, we would like
to use environment z : 7" to type P;. Moreover, we would like the same environment
to rule out P, (notice that P, would be typable in 7 with the same environment). Let
us then analyze the typing derivation trees. For P, we have:

(T:BooL Lw)) (T:Var) un(®) D
0k tt x:TkFax:qgbool.U (+a:UFbF z{(ff).0

()ox : pa.unlbool.ao ) z(tt).z(ff).0

(T:Our)

The first important observation for the typing derivation above is that un(7) is false
and out(7) is true. This means that when splitting the environment (i.e.,, I'y = 0,
I'y = pa.unlbool.a, and I's = (), as required by Rule (T:Out), only one of the branches
will contain = : T—in this case, the middle branch. Next, we must obtain U; since we
use equi-recursive types, we have that pa. unlbool.a =!bool.pa. unlbool.a. Therefore,
U = T, which means that the rightmost branch becomes z : T' I z(ff).0. Below we
give the derivation sub-tree D:

un(®)

(T: NIL)

un(f) (T:VaRr) un(9) (T:-WkNIL)
0F ff z:THFx:qbool.T

fox: pa.unlbool.ao @k z(ff).0

T:B o
( : OOL) W

(T:Ourt)
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The sub-tree above is obtained by applying Rule (T:Out). Notice that before con-
cluding the rightmost branch, we are left with judgment « : 7'+ 0. Then, since un(7")
is false, it is necessary to apply Rule (T:WxNiL), followed by (T:NiL) to finish the
derivation.

Intuitively, the need for Rule (T:WxN) follows from the fact that some typing
judgments may require the weakening of output-like unrestricted types before con-
cluding the derivation.

We now show the typing derivation for P, and precisely detail how the redefined
un(-) predicate makes rules out the undesired output races:

Ty b a(tt).0 Tyt 2(fF).0

T:P.
(TFaz) x : pa.unlbool.a F a(tt).0 | z(ff).0

Notice that since un(T') is not true, the splitting operation cannot have a copy of z : T
in both I';, i € {1,2}. Therefore, one of the I'; = (J, which implies that one of the
branches will not be able to type. A

We further exhibit the intuitions behind the 7{; type system. First, we recall P,
from Ex. 2.25 and show that it is not well-typed in the new type system as it contains
output races. Second, we recall Ps; from Ex. 2.25 and show its derivation tree. In the
examples below we omit the application of the rules for boolean values and variables,
focusing only on processes:

Example 3.5. Consider process P, below (cf. Ex. 2.25):
Py = (vay)(x(tt).0 | z(tt).y(u).0 | y(u').z(tt).0)

Py is well-typed (cf. Ex. 2.25), but only if we are able to share the type of z among two
different environments for typing two different threads. This type is 7" = * lbool =
un pa.lbool.a. By following the predicates defined above, it can be seen that un(T)
does not hold, as out(T') is true. Hence, the splitting rule does not allow to share T
among environments, and thus, some of the branches of the typing derivation will
not finish:

Some of the branches in here fail as x : T' cannot be shared.
x : x!bool,y : * ?bool.t F x(tt).0 | z(tt).y(u).0 | y(u').z(tt).0
F (vay)(x(tt).0 | x(tt).y(u).0 | y(u').z(tt).0)

(T:Par)

(T:Res)

A

Example 3.6. Let us consider process Ps = (vwz)(vey)(z(z).w(u').0 | *y(u).u(tt).0)
(cf. Ex. 2.25), whose typing derivation tree is given below:

un(y : % ?(!bool), u : end)
y:*x7(lbool),u :end 0

: % 7(lbool), u :!bool F u(tt).0
y:x?(!bool) F xy(u).u(tt).0

+*(lbool), y : + ?(lbool), = a(z).w(u’).0 | *y(u).u(tt).0

(T:Nm)
(T:Our)
Y

(TRIN)

(T:PaR)
T

w :7bool, z :!bool
F (vwz)(vey)(z(z).w(u’).0 | *y(u).u(tt).0)

(T:Res) x2
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where the derivation sub-tree D corresponds to:

un(y : x ?('bool),u’ : bool,w : end)
y : x?('bool),u’ : bool,w : end -0
:x!(!bool), y : * ?(!bool),u : bool,w : end I~ 0

(T:Nmw)

(T:-WkNIL)
T

TI
TO (T y % 7(1bool), w :?bool + z : x!(!bool) F w(u').0
(TOur) z : x!(Ibool),y : *?(Ibool), w :?T, z :lbool - z:(z).w(u’).0
A
Properties of Typing

Due to the above modifications, it becomes necessary to prove modified statements
that ensure typing correctness. We start by proving some auxiliary results. First, we
show some basic properties of the typing predicates defined above. The most salient
one is that un(7") does not necessarily implies un(T). This occurs because although
input-like types can satisfy un(-), their dual types necessarily satisfy out(-), and there-
fore, un(T) does not hold. Below, the requirement “T is defined” allows us to rule

out unnecessary types such as bool or pza.bool, whose duality is undefined.

Lemma 3.7 (Basic Properties for Types). Let T be a wiy type such that T is defined.
Then, all of the following holds:
1. Ifun(T) then one of the following holds:
(a) IfT = end or T = a then —out(T) holds.

(b) If T = pa.T or T = gp then out(T') holds.
2. If1in(T) then 1in(T) holds.
Proof. By induction on the structure of T'. For details see App. A.1. O

Next, we show some properties regarding typing environments. Let ¢/(I") denote
the typing environment containing exactly the entries « : T' € I' such that un(T’).
Note that Lem. 3.8(2) below has been modified with respect to the lemma presented
in [Vas12] to account for output-like unrestricted types.

Lemma 3.8 (Properties of Typing Environments). Let I' = I'y o I's. Then all of the
following hold:

1. UT) =UT,) = UT>).

2. Suppose that x : qp € T' A (¢ = lin V (¢ = un Aout(p) = tt)). Then, either
x:qpeTyand x & dom(Ts) or x : qp € Ty and x & dom(Ty).

3. I'=I50IY.
4. IfTy =A10Agthen A= AgoTqand' = Ay o A.

Proof. Every item is proven by induction on the structure of I' and by using the defi-
nition of splitting and predicates un(-) and 1in(-). For details see App. A.1 O
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The unrestricted weakening lemma proven below allows us to introduce new vari-
ables paired with unrestricted types in a typing environment. This result is useful
whenever variables that do not appear free in the process being typed must be added
in the environment.

Lemma 3.9 (Unrestricted Weakening). IfI' - P and un(T) then T,z : T - P.

Proof. By induction on the derivation I' = P. There are ten cases. The base case is
given by Rule (T:NirL), which follows from inversion on the rule, the definition of
un(-), and by applying Lem. 3.8(5). For the inductive step it is first necessary to prove
a similar result for the two rules dealing with variables (Rules (T:Boor) and (T:Var)).
This follows by a simple case analysis and inversion on the corresponding rule (while
applying Lem. 3.8(5)). Using the result for variables, the inductive step for the state-
ment above follows by inversion, applying the IH to the hypotheses obtained, and by
reapplying the necessary rule. O

Strengthening allows us to remove linear variables that do not appear free in P
from I'. The statement below also ensures that variables with types that satisfy 1in(-)
are consumed. Similarly to Lem. 3.8, Lem. 3.10(2) below has been adapted from
[Vas12] to account for output-like unrestricted types.

Lemma 3.10 (Strengthening). Let I' - P and © & fv.(P). Then the following holds:
1. Ifx:gpA(g=1in V (¢ =un Aout(p) = tt)) thenz : qp ¢ T.
2. IfT =T,z : T and un(T) then T' - P.

Proof. Each item proceeds by induction on the typing derivation I' - P and there are
ten cases. First, we must establish a similar result for values, which follows by a case
analysis on the applied rule. For Item (1) notice that the Rule (T:N1) follows imme-
diately, because predicate un(-) rules out the possibility of = : gp € I'; the inductive
cases proceed by applying the IH. In Item 2; the base case proceeds by considering
that ¢ fv,(0), and un(I") still holds. All the inductive cases proceed by applying
the TH. O

We now state our subject congruence property. Notice that although this state-
ment remains unchanged regarding to the one in Lem. 2.17, the required proof will
differ noticeably. In particular, we find differences in the cases where Rule (T:Par) is
applied, as it is necessary to split the environment.

Lemma 3.11 (Subject Congruence). IfI't- Pand P =5 Q then T' - Q.

Proof. By a case analysis on the typing derivation for each member of each axiom for
=s. For details see App. A.1.
O

The substitution lemma below ensures that typing is preserved by substitutions.
This lemma will be important for proving subject reduction (cf. Thm. 3.13).

Lemma 3.12 (Substitution). IfT'y - v : Tand T'y,x : T = P then T + P{Y/x}, with
I'=T40T%.
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Proof. By induction on the structure of P. For details see App. A.1. O

Using the substitution lemma above we can prove subject reduction to ensure that
typing is preserved by the reduction relation given in Fig. 2.1.

Theorem 3.13 (Subject Reduction). IfT'+- Pand P —* Q then T F Q.

Proof. By induction on the reduction P —* () with a case analysis on the last applied
rule. See App. A.1 for details.
O

Finally, we prove type safety. Notice that disallowing output races entails a re-
vised class of well-formed processes, different from the one in Def. 2.20:

Definition 3.14 (Well-Formed Process). A w3, process Py is well-formed if for each of
its structural congruent processes Py =s (vz1y1) ... Wza,yn)(P | Q | R), with n > 0,
the following conditions hold:

1. If P =5 v? (P’):(P”) thenv = tt or v = ff.

2. If P and () are prefixed at the same variable, then they are of the same input-like
nature (inputs, replicated inputs, or branchings).

3. If P is prefixed at z; and @ is prefixed at y;, 1 < i <n, then P | ) is a redex.

Two important remarks about the above definition follow. First, since the syntax of
74y is the same as the one of 7, it is not necessary to redefine redexes and pre-redexes,
as they remain as in Def. 2.19. Second, the main difference of this definition with
respect to Def. 2.20 is in the second item: while Def. 2.20 allows processes prefixed on
the same variable to be of the “same nature” (input-like or output-like), our definition
only allows these variables to be of input-like nature. Below we state type safety; we
lift the notation for programs (cf. Not. 2.21) to 7 as it is.

Theorem 3.15 (Type Safety). If - P then P is well-formed.

Proof. By contradiction. For details see App. A.1.
O

The following corollary shows that well-formedness is preserved under reduc-
tion. It follows from Thm. 3.13 and Thm. 3.15.

Corollary 3.16. If - P and P —* Q) then Q is well-formed with respect to Def. 3.14.

3.1.2 A Session w-Calculus without Races (Wé )

We introduce a variant of 7 (cf. § 2.2) that disallows races (i.e., whenever a variable
x is shared among two or more threads). This calculus, called 73, can be understood
as a further specialization of g, (cf. § 3.1.1). We first motivate the type system re-
quired for 7y . Next, we present the type system for 73 . Then, we show the properties
ensured by typing in w3 . Finally, we introduce a big-step semantics for 73, which will
be useful for proving the encoding in Ch. 7 valid (cf. Def. 2.3) and proof its semantic
correspondence (cf. Def. 2.9).
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Motivation

There are some differences between the expressive power of well-typed = programs
and our target languages which need to be reconciled to ensure encoding correctness.
The calculus 7§ is the source language for the encoding presented in Ch. 7 and Re-
activeML, the target. The main difference between these two languages arise from
their semantics: in ReactiveML signals are emitted and detected by processes that
react to them; this behavior makes signals ideal to simulate channel endpoints in
m. However, signals and channels behave in very different ways: while Reactive-
ML signals are asynchronous and they are broadcast to every process, messages sent
across channels in 7 are synchronous and point-to-point. Indeed, signals can: (1) be
emitted even if there is no process to detect them and (2) be simultaneously detected
by multiple processes in the same time instant. In contrast, channels in 7: (1) cannot
send messages to multiple receptors at the same time and (2) can only send a message
whenever a receptor is ready to receive it.

Therefore, it is convenient to focus on a sub-class of well-typed 7 processes with a
particular type of infinite behavior. This sub-class corresponds to processes without
shared variables among parallel subprocesses. As we mentioned before, well-typed
processes bring a flexibility that goes beyond our purposes, as we want ReactiveML
to capture the essence of session types: linear behavior. Nonetheless, it is important
to mention that our translation allows for forms of infinite behavior. In particular,
we want to allow unrestricted behavior that is akin to servers establishing a linear
session with its corresponding client, as the example below:

Py = (vay)((vwz)(x(w).2(y1).Q1) | *y(y2)-y2(v).Q2) (3.3)

Process Ps represents a client that interacts with a replicated server: during the first
synchronization a new session is established. It is then expected that the new session
proceeds linearly. Notice that the replicated server remains available to further clients
after reduction. This behavior is reminiscent of the replicated servers in [CP10]. As
it will be shown later, we can also model processes like P} in (3.2), provided that
y & fv.(Q). We now present two processes we would like to rule out, as an example:

Pr = (vay)(z(v).Q1 | +y(2).Q2 | 2(v').Qs)
Py = (vay)(z(v).Q1 | +y(2).Q2 | +y(2').Qs)

Above, processes P; and Ps present two forms of unrestricted behavior allowed in
typed 7 [Vas12]. In P, a pair of clients are able to interact with a replicated server.
In P, a client can interact with one of the two replicated servers.

Below we explain the difficulties that arise by using ReactiveML to encode the
behavior of P; and P, due to the semantics of ReactiveML:

(3.4)

Scenario for P;: The translations of two clients run in parallel. Given the asynchro-
nous nature of the ReactiveML semantics, the signal representing x, say s, is
emitted twice in the same instant. Two issues arise: (1) unless the order of the
received values is fixed, the determinism required in SRP languages breaks and
(2) one of the messages would be lost, as s, can only be detected once in a time
instant.
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r~o un(l) z:TrFz:un?T".U T,y:THP
(TWKkNiL) ——— (TRIn)
Lyz:unphk0 Dox:TExxz(y).P

Figure 3.2: Additional weakening rule and new replication rule for ;.

Scenario for Ps: The translations of two servers interact with the translation of a
client. Thus, due to the broadcast nature of signals in ReactiveML, the emis-
sion of s, is detected by the translation of both servers at the same time, thus
activating the translations of () and ()3 at the same time: a clearly incorrect
behavior.

Remark 3.17. As with 7§, the syntax and semantics of 3 remain unchanged. Thus,

the syntax for 73 is given by Def. 2.10, and its semantics by Fig. 2.1.

Type System

We modify the un(-) predicate (cf. Def. 2.14) to disallow every pre-type qualified with
un, and add a rule for dealing with these types when finishing the typing derivation.
By modifying un(-) (cf. Def. 2.14) we disallow the sharing of variables by changing
the splitting operation in Def. 2.16. Below, we present the refined predicates for 74 :

Definition 3.18 (Refined Predicates for ;). Let T be a session type (cf. Fig. 2.2).
We define ¢(T") and ¢(I") for each qualifier ¢ € {un, lin}:

e un(7') if and only if T' = bool or T = end.
e 1in(7) if and only if true.
e ¢(I')if and only if x : T € I" implies ¢(T).

The only difference with respect to Def. 2.14 is the fact that now pre-types qual-
ified with un do not satisfy un(-). This redefinition has an effect on the splitting op-
eration. In particular, the splitting operation now forbids to copy variables assigned
pre-types qualified with un between split environments.

In tandem with the previous changes, we modify the rules in Fig. 2.3 by adding
Rule (T:WxNiL) and replacing Rule (T:RIn) with the rule in Fig. 3.2. Intuitively,
the former allows us to remove unnecessary recursive types that are product of the
changes in predicate un(-). Then, the latter is changed to disallow any form of unre-
stricted behavior in the continuation P—observe that the only types that satisfy un(-)
are end and bool.

To understand the changes in the typing rules, we use a series of examples that
show how typing derivations work in 7 :

Example 3.19. In 7 we would likes to typecheck process Pi = * y(z1).21(22).0, while
discarding both P = %y(z1).0 | xy(21).0 and P; = *y(21).y(22).0 with recursive
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types. We first show how we can type P;. Assume that T' = pa. un?(?bool.end).a:

un(®) D
y:THFy:un.?(?bool.end). T  z; :?hool.end b 21(22).0
y : pa.un?(?bool.end).a b x y(z1).21(22).0

(T:VaRr)

n(0)

u
(T-RIN)

The derivation above can be broken down as follows. First notice that Rule (T:RIn)
(cf. Fig. 3.2) requires the environment (without A(y)) to satisfy un(-). Next, the rule
requires that y is of an appropriate type; in this derivation sub-tree we can apply Rule
(T:VaRr), due to our equi-recursive view of types. Finally, the rule requires that using
z1, we can type the continuation z;(z2).0. We do not expand sub-tree D, which can
be finished by applying Rule (T:In) and (T:Nir).

Notice that process P does not typecheck because variable y cannot be shared
among environments when applying Rule |T:Par|; therefore, one of the branches
will not type-check.

Finally, we analyze process P3. This process should not be typable because it
generates races after reduction:

(vay)(x(tt).0 | xy(21).y(22).0) — (vay)(0 ] y(22).0 | *y(21).y(22)) = Ps

where P; has a race on y. The typing derivation fails because for a reason similar to
Py: it is not possible to share y and thus, the continuation cannot be typed. A

We conclude this section by showing how to type a process that delegates a linear
channel, using replication and recursive types.

Example 3.20. Consider process Ps below (cf. Ex. 2.25):
Ps = (vwz)(vay)(x(z).w(u).0 | xy(u).u(tt).0)

whose typing derivation tree is given below. We only show the rule applications for
processes, omitting the ones for variables and constants:

un(u : end)

(TNL) —

(TOur) w:end k0

(TRI) Y bool F u(tt).0
N % ?(1bool) F xy(u).u(tt).0

(T:PaRr)

¢ xi0ol)y xR0 )0 #ylw)u(tt) 0
r(z)w(u ).0 | *xy(u).u(tt).
w :7bool, z :bool '

F (vwz)(vey)(z(z).w(u').0 | *y(u).u(tt).0)

(T:Res) x2

where the derivation sub-tree D corresponds to:

un(v’ : bool,w : end)

u' :bool,w:end -0

: % !('bool),u’ : bool,w : end - 0
w :7bool + x : *!(!bool) F w(u’).0

x 1 *!(!bool), w :?bool, z :!bool F z(z).w(u).0

(T:Nm)

(T:-WkNiL)
(TIN) x

(T:Ourt)
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Typing Properties

We now prove some useful properties for the type system of 7. As with mf,, we first
show some properties regarding typing environments. We shall reuse ¢/(I") to denote
the typing environment containing exactly the entries = : 7' € I" such that un(7"). Note
that Lem. 3.21(2) below accounts for the changes of predicate un(-) in Def. 3.18.

Lemma 3.21 (Properties of Typing Environments). Let I' = I'y o I'y. Then all of the
following hold:

1. UT) = U(Ty) = U(Ts).

2. Suppose that x : qp € T. Then, either x : qp € T'y and x & dom(T'2) or x : qp € T'y
and x & dom(I'y).

3. F:Fgofl.
4, IfF1:A10A2thenA:AgoFQandF:AloA.

Proof. Every item is proven by induction on the structure of I' and by using the defi-
nition of splitting and predicates un(-) and lin(-). Details in App. A.2. O

We now prove unrestricted weakening and strengthening for 7. The proofs are
similar to the ones presented in the previous section. In the case of strengthening,
Item (2) has been modified to account for the modifications in Def. 3.18. Most details
are similar to the ones presented in § 3.1.1; thus, we only point out the most salient
changes.

Lemma 3.22 (Unrestricted Weakening). IfI"' - P and un(T) then ',z : T + P.
Proof. The proof is immediate by induction on the derivation I' - P. It is similar to
the one for Lem. 3.22. There are ten cases. O
Lemma 3.23 (Strengthening). Let I' - P and « & fv.(P). Then the following holds:

1. Ifx: linpthen x : linp € I.

2. IfT =T,z : Tand un(T) thenT' - P.

Proof. Immediate by induction on the derivation I' - P. It is similar to the one for
Lem. 3.10. There are ten cases. [

We now prove subject reduction. For this we must first prove subject congruence
and a substitution lemma. The main difference in the proof with respect to the one
shown in [Vas12] appear for the cases that involve Rule (T:PAr).

Lemma 3.24 (Subject Congruence). IfI't- Pand P =5 Q then T' - Q.

Proof (sketch). By a case analysis on each axiom for =s. In each case we prove both
directions of the structural congruence. Each direction proceeds by induction on the
typing derivation on P or ) (depending on the direction being proven). The proof
proceeds similarly as in Lem. 3.11. O
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Lemma 3.25 (Substitution). IfI'y - v : Tand I'y,z : T = P then I' = P{Y/z}, with
I'= 1—‘1 o FQ.

Proof. By induction on the structure of P. Details in App. A.2. The proof is similar to
that of Lem. 3.12. O

Theorem 3.26 (Subject Reduction). If '+ Pand P —* Q then I' F Q.

Proof. By induction on the reduction P —* () with a case analysis on the last applied
rule. Details in App. A.2. O

We finish this section by collecting results that concern the process structure and
are useful for proving the correctness of our translations. We first define well-formed
processes:

Definition 3.27 (Well-Formed Process). Anm; process Py is well-formed if for each of
its structural congruent processes Py =s (vz1y1) ... (zayn)(P | Q | R), with n > 0,
the following conditions hold:

1. If P =5 v? (P’):(P”) thenv = tt or v = ff.

2. There does not exist processes P and () such that they are prefixed on the same
variable.

3. If P is prefixed at z; and @ is prefixed at y;, 1 < i < n, then P | () is a redex.

By disallowing the sharing of qualified pre-types, the class of well-formed pro-
cesses changes in 73, as with mg; (cf. Def. 2.20). In this case, the second item of the
definition disallows any pair of threads to be prefixed on the same variable. This con-
trasts with the definition of well-formed processes for 7, (cf. Def. 3.14), which allows
to share variables with input-like types, and the definition of well-formed processes
for 7 (cf. Def. 2.20), which allows both variables with output- and input-like behav-
iors to be shared. We now prove the type safety of well-formed programs. Notice
that Not. 2.21 is lifted as it is for 7.

Theorem 3.28 (Type Safety). If - P then P is well-formed.

Proof. By contradiction, for details see App. A.2.
O

We finish by stating a corollary that shows that well-formedness is preserved un-
der reduction. It follows from Thm. 3.26 and Thm. 3.28.

Corollary 3.29. If- P and P —* Q) then @ is well-formed.

A Big-Step Semantics for

As hinted in the motivation for this section, there are some differences between the
semantics of 3 and the semantics of ReactiveML which we must reconcile. The races
introduced in 7 are addressed by the type system presented above. The second one
refers to the fact that in ReactiveML, a big-step reduction does not correspond to
a single synchronization in m;. Rather, as hinted in Ex. 2.43, several reactions can
occur in a single RML big-step reduction. To illustrate this point, we use the following
example:
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Example 3.30. Consider the following ReactiveML expression:
eqs = signal z,2’ in (emit z 42 || await z(y) iny || emit 2’ 12 || await 2'(z) in z)

Using the semantic rules in Fig. 2.8 and Fig. 2.9, e, reduces into 42 || 12. Hence, two
synchronizations have taken place in a single RML big-step reduction. A

The fact that several reactions occur in a single big-step reduction contrasts with
the semantics of 73, which only allows a single synchronization in an execution step.
The reason for this disparity is rooted in the fact that in ReactiveML a big-step re-
duction corresponds to all the reactions in a single time instant. Therefore, all the
outermost threads that can react will do so.

We tackle this discrepancy by introducing a big-step semantics for 73, and proving
that both the big-step semantics and the semantics given by Fig. 2.1 are semantically
corresponding (cf. §2.1.3).

The intuition behind the big-step semantics for 75 must be in the fact that all pos-
sible synchronizations between threads in parallel must synchronize in a single step.
We capture this idea with the following definition:

Definition 3.31 (Big-Step Semantics for 73 ). We define the reduction «» of 73 by
introducing the following rule, where — is defined as in Fig. 2.1:

| Big-StEP |
Vi,je{n+1,... . my.(Vag) P, /— AwEg)(Pi| P;) /=)
vie{l,...,n}.35€{1, ..., n}.((viy) P — (Vi) PV (vig) (P | P) — (Vi) (PL | P)))
W) (Py | .. | Pu| Pas1| - | Pn) = Wa)(P) | ... | P\ [ Pas1| ... | Pm)

Rule |Bic-Ster| executes all the outermost reductions of a my process. Hence, a sin-
gle step of <» corresponds to a sequence of reductions using the rules in Fig. 2.1 that
only reduces the outermost prefix or conditional operator of every thread.

Example 3.32. Consider the following 7 process:
Py = (way)(@(v).Py | o(0).Ps | y(2).Ps | £7 (Py): (P5)) (35)
A possible sequence of outermost reductions would be:
Py —? (vay)(Py | (v').Py | Po{?/=} | P2)
Using Rule | Bic-Step |, we would then have:
Py = (vay)(Py | 2(0).Py | P3{Y/2} | P)

Notice that the big-step reduction < captures the nondeterministic behavior of un-
typed m processes, induced by —. In particular, considering Py in (3.5) there are
two possible reductions:

Py < (vay)(Py | x(V').Py | P3{V/z} | Pu)

Py <= (vay)(a(v).Py| Py | Ps{v/z} | P)
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Another interesting case is replication, which introduces a new pre-redex in the pro-
cess. Consider process:

Py = (vay)(z(v).Py | 2(v).Py | xy(2).P3 | tt? (Py):(Ps)) (3.6)

Notice that Rule |Rer] in Fig. 2.1 would introduce a copy of *y(z).Ps after a single
synchronization. However, we do not want both z(v).P; and x(v"). P» to interact with
*y(2).P3 in a single < big-step reduction. Rather, we would like to impose an order
in the possible reductions: only one output can interact with a replicated input in each
step. Therefore, the other output must wait until the next step to interact with the
replicated copy of the input. We then have that P in (3.6) can execute the following
big-step reductions:

Pig < (vay)(Py | 2(v).Py | P3{Y/z} | xy(2).Ps | Py)
Pio «» (vay)(z(v).Py | Py | Ps{V/z} | #y(2).Ps | Py)

A

Remark 3.33. Notice that the big-step semantics for 73 allow the reduction P «» P
whenever all the parallel sub-processes of P are blocked.

Semantic Correspondence

We now prove the semantic correspondence (cf. Def. 2.9) between the big-step se-
mantics of 74 (i.e., <») and the reduction semantics of 7 (i.e., —). This result boils
down to proving the two following statements: (1) a <» big-step reduction can be
simulated by several 7 reduction steps, and (2) for every single reduction step —,
there exists some big-step reduction that contains it.

Before proving the semantic correspondence between <% and —, we characterize
the syntactic structure of well-typed 7 programs with the following corollary that
follows from Thm. 3.26 and Thm. 3.28:

Corollary 3.34. For every well-typed m program P (cf. Not. 2.21), it holds that:
P=swzy)(P1 | P ... | Py)

withn > 1 and every P;, 1 < i < n is either a pre-redex (cf. Def. 2.19) or P, = v? (Q1):
(Q2).

Intuitively, well-typed programs can be written as the restriction of several threads
which can be pre-redexes that synchronize or conditional constructs to be evaluated.
The semantic correspondence statement follows:

Lemma 3.35 (Semantic Correspondence). For every well-typed m program P the fol-
lowing holds:

1. If P <% @ then P —* Q.
2. P —* Q then there exists Q' such that P <s* Q' and Q —* Q.
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Proof. Item 1 proceeds by induction on the number of parallel sub-processes in P.
Item 2 proceeds by induction on the reduction P —* . The IH guarantees that
whenever P —* @y — Q with P —* Qg in k < ko steps, there exists Qf such
that P <»* @, and QO —* Q- Then, to dlstmgulsh the reduction Qg — @, we
introduce a marked —* as notation. Hence, Q) — Q denotes reduction Qg — Q.
We also write P —* P’ to denote sequence P —* —25—* P'. We know, by IH, that
Qo —* Qf. Next, we shall apply a case analysis depending on whether reduction
P -%5 @ is included in the sequence Qy —* Q@ (i-e., Qo —*5* QL)) or not. The
former case is immediate from the IH.

The latter case follows by showing that if reduction Qg -5 Q is not contained
in sequence Qy —* @ then Q) %5 QU, for some Q. To do this, we apply a case
analysis on the nature of reduction @y — Q. There are two cases depending on
whether the reduction comes from either a conditional (i.e., Rules |IFT| or |IfF])
or a synchronization (i.e., Rules |Com|, |SeL] or |Rer]). Both cases proceed simi-
larly: using Def. 3.31 we analyze the shape of @, and show the existence of reduction
Q) — QU. Furthermore, the existence of Q) — Qi implies that — is an outer-
most reduction in Q, and therefore, there exists Q" such that Q, <» Q’. Then, by
Lem. 3.35(1), Q) —=* Q' and then by composing the reduction sequences above,
Qo —* Q) =" Q'. Since Qy — Q and Q}, — Q/, we can rearrange the reduc-
tions as Qp — Q —* Q. Finally, by the reasoning above and since P —* (), we
obtain that P —* Qp —* Q) —* Q" and thus, P —* @', finishing the proof. For
a more detailed proof see App. A.2 O

3.1.3 A Session w-Calculus with Session Establishment ()

In the section we introduce 7, a conservative extension of m; with explicit localities
and session establishment. We will use 7 as the source language for an lcc translation
which allows us to isolate and analyze the security protocols required to implement
session establishment. We first motivate m¢ with some examples. Next, we introduce
its syntax and semantics. Finally, we present the type system for 7¢ as a conservative
extension of the type system of 7é; (cf. § 3.1.1).

Motivation

The calculus 7 is concerned with two important characteristics of communicating
systems: session establishment and localities. Session establishment, as its name im-
plies, means creating a connection between two channel endpoints. This connection
will then be used for the session to proceed as intended. Notice that although an
encoding of session establishment is presented in [Vas12], = does not have a dedi-
cated construct for this purpose. Intuitively, 7z has two new constructs: request and
accept, whose semantics embody the idea of session creation. Moreover, these new
constructs are also enriched with the notion of locality, an idea reminiscent of the dis-
tributed 7-calculus [Hen07]. Intuitively, localities allow us to represent distributed
services that interact with each other while residing in different locations. This is a
common feature of web services, as both physical and logical localities are used to
delimit systems with different communication and security conditions. As an ex-
ample, consider the distinct regions and zones in platforms such as Amazon Web
Services (AWS) [Ama]. We have designed our request and accept construct in such
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a way that distributed services can be part of private localities whose services can only
be requested by clients residing in authorized locations.

The request and accept constructs in ¢ declare replicated services and clients,
respectively:

o [xa’(y).P] " is the declaration of a persistent service called a, with implemen-
tation given by process P, which resides in location m and only accepts requests
from the locations contained in the set p.

o [a™(x).Q]" is a request of service a, from some client located in n with imple-
mentation Q).

Our intention is that persistent services and requests interact in order to establish
sessions as long as they are authorized by their respective locations. This is formal-
ized by the following reduction rule:

[@(x).P]" | [+a”().Q]" —n (vay)(P | Q) | [+a”().Q]™

which is enabled only if n € p, i.e., if n is in p. Observe that once the session has been
established (i.e., the rightmost process), the new process becomes essentially a iy
process composed with one or more service declarations in parallel. For m¢ we shall
follow Barendregt’s convention, whereby all channel names in binding occurrences in
any mathematical context are pairwise distinct and also distinct from the free names.

Below, we put the previous intuitions in context by describing a simple example.
Suppose that there are three locations in our system: iy, i3, and 3. We have an online
store residing in i, that due to government regulations can only sell items to people
residing in locations i, and i;. We model the store below, with only two items for
simplicity.

Py =[x alivizh (y).y o {itemy: y(p1).y(2).yler), items: y<p2>.y(z).y<eg>}]il (3.7)

Above, the store is modeled by a persistent service that can establish a connection
with a client. Once the session has been established, the store waits for the client
to select an item from its menu. The store then sends the price of the item (i.e., p;,
i € {1,2}), waits for a confirmation from the client and, finally, sends the estimated
arrival time (ie., ¢;, i € {1,2}).

The clients that interact with P, can be written by using the dual constructs. In the
two processes below we leave the continuations undefined, as we are only interested
in the session establishment phase:

Pe= [6“<x>-Q1]fl
Pl =[a"(2).Q2]"

There are two clients above: P, resides in i1, whereas P, resides in i3. Then, the m¢
system will correspond to what we call a network:

N=P,|P|P

Notice that the network above only has one possible reduction, as client P, resides in
i3, and is therefore unauthorized to interact with P;. This corresponds to the desired
behavior as we only want client P, residing in 7;, to establish a session with service
P;.
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Syntax and Semantics

The syntax of 7 conservatively extends that of 7z by adding a new syntactic cate-
gory of networks, which range over IV, M, . . .. Networks represent concurrent services
which reside in distinguished locations and seek to establish sessions. Formally, we
reuse the set V;, as the set of variables for 7¢, which ranges over z,y,.... Also, let
Sr be a set of service names, ranged over by a,b, ..., which will be used to establish
sessions. We will use u, v, ... to denote elements in V, U S;. Also, let ). be a set of
locations that ranges over m,n, ..., i1,%2,.... We will use p, ¢/, ... to denote sets of
locations.

Recall that since ¢ is an extension of 7f;, the syntax of m processes builds upon
that of 7 (cf. Def. 2.10, § 3.1.1). We present it below:

Definition 3.36 (Syntax). An m network is defined by the following syntax:

N, M = [*a”(a:).P]m | [Em<x>.P}" | wzy)P |0 | M | N
P,Q :=x(v).P|2(y).P|z<l.P|xv{l;: Plics | xz(y).P |v?(P):(Q)| P|Q]0

Networks in 7¢ represent an additional layer of interaction atop w3 processes.
As hinted above, there are two additional constructs to represent session establish-
ment: [xa”(z).P]™ for service accept and [a™ (y).P]" for service request. Formally,
[xaf(z).P)] " defines a service identified by a € S, whose behavior P resides in lo-
cation m. Variable 2 denotes a variable, bound in P. This service may only establish
sessions with requests from locations included in p. The service on a will persist af-
ter successful interactions with requests. Dually, [a™(z).P]" denotes a request of a
service named a € S; and located at m. This service request itself resides at n, and
has continuation P. Variable z is bound in P.

For simplicity of presentation, we disallow nested sessions, i.e., the establishment
of new sessions inside a session process. The syntax of networks also includes parallel
composition and inaction, as well as the construct (vzy)P, which can be seen as a
run-time construct, not occurring in “source” processes. As we will see, a network
N will be starting if it does not contain occurrences of (vzy)P, and it will be runtime
otherwise. That is, a starting network will correspond to the composition of services
and their requests.

In e, the set of free variables of a network (fv,(-)) corresponds to the set of
free variables of the 7 processes that compose it. This occurs because we have that
fvr ([ a?(2).P]™) = fv.([a™(z).P]") = 0.

The operational semantics for ¢ is given by a reduction relation, denoted —y.
It is defined via the rules in Fig. 3.3, building upon the reduction relation for w3
processes given in Fig. 2.1. In particular, Rule | SRep |, appeals to the semantics of 7,
even if in ¢ (vay)P is a network rather than a process.

Asusual, the reflexive, transitive closure of —y is written —. Informally speak-
ing, our operational semantics enables a starting network to evolve into a runtime net-
work, composed of 7f; processes and persistent service definitions. In the following,
we shall refer to those 7, processes simply as processes.

In a slight abuse of notation, we will write N =s M when two 7 networks are
structurally congruent. The same goes for P =5 (), in the case of m¢ processes. The
rules of structural congruence for networks are presented below. We then briefly
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[SEstR] [a™(x).P]" | [+a’(y).Q]" —n (vay)(P | Q) | [xa”(y).Q]" (n € p)

| PAR| |SREeD | |NStr]
N —\ N’ (vay)P — (vay)P’ N =sN',N — M' .M =s M
N|M—yN'|M (vay)P — (vay)P’ N —y M

Figure 3.3: Reduction rules for networks in ¢ (extends Fig. 2.1).

discuss the changes in this definition with respect to Def. 2.11. In particular, the dif-
ferences that appear in the scope extrusion rule:

N|0=N N|M=sM|N N=MifM=,N
(NIM)|L=sN|(M|L) (vay)(vwz)P =s (vwz)(vey)P (rzy)0=s0
(vzy)P | (vwz)Q =s (voy)(vwz)(P | Q) ifx,y & fv.(Q) and w, z & fv,(P)

As hinted above, the scope extrusion rule is stated in accordance to the syntax of
me. Namely, since (vzy)P is a network, scope extrusion is only present at a network
level in . It is for this reason that the scope extrusion rule requires two processes
with restriction operators.

Type System

We consider a simple type system for m¢ networks, defined on top of the 7f; type
system (cf. § 3.1.1). Typing judgments are of the form ® Fy N, where @ is a typing
context containing assignments of the form a : (T') where T is a &, session type type
(cf. §3.1.1) and a is a service name. We extend Fig. 2.2 as follows:

Q=0 ®a:(T)

Typing rules for networks are in Fig. 3.4; some intuitions follow. Rules (T:NPar) and
(T:NNIL) are analogous to their counterparts for 7 processes (cf. Rules (T:Par) and
(T:NiL) in Fig. 2.3); the only difference is that ® behaves as an unrestricted environ-
ment in 7. Rule [T:Req| checks if the type for service a in ® is dual to the type of
its implementation. Rule |T:RAcc] is similar. Finally, Rule | T:Sess| closes endpoints
x,y, checks for duality, and requires P to be well-typed using type judgments for 7
processes.

We now prove the type preservation property for the type system for networks.
To this end, we rely on auxiliary results from the type system for 7{; presented in
§ 3.1.1. We start by proving our subject congruence result.

Lemma 3.37 (Subject Congruence for m¢). If & by N and N = M then @ -y M.
Proof. Using a case analysis on all the rules for =s. For details see App. A.3. O

We then proceed to prove subject reduction for the 7 type system. We do not
need more auxiliary results, as they follow from the results in § 3.1.1.
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[ TNNiL| @ Hy 0
Orya:(T) z2:TFHP Otya:(T) z:THP

T:R 7 T:RA 7
) e [ (). P A G Tear () P
PHyNy Py Ny a::T,y:Tl—P
(T:NPaR) (T:Sgss) ——2 "~ —

Oy Ny | Ny O by (vay)P

Figure 3.4: Typing rules for networks in 7.

Theorem 3.38 (Subject Reduction for 7g). If ,I' by N and N —); N’ then ®,T"
N'.

Proof. By induction on k, the length of the reduction, followed by a case analysis on
the last applied rule. For details see App. A.3. O

We also extend the notions of pre-redex and redex from wg; (cf. Def. 2.19). They
are built on top of Def. 2.19. We distinguish between process pre-redexes and network
pre-redexes, according to syntax in Def. 3.36.

Definition 3.39 (Pre-redexes and Redexes in 7¢). We say x(v).P, z(y).P, z < l.P,
x> {l; : Pi}icr, and % x(y). P are process pre-redexes (at variable x). A process redex is a
process R such that (vazy)R — and:

1. R =07 (P):(Q) withv € {tt, ff} (or)

2. R=xz(v).P|y(2).Q (or)

3. R=xz{v).P | xy(2).Q (or)

4 R=xzal;.P|yv{li:Q;}icr, withj € I.

—=m

Similarly, networks [@™ (z).P]" and [*a”(z).P]" are both network pre-redexes at ser-
vice name a and that R = [ (z).P1|" | [*a’(y).P]", with n € p, is a network redex.
We will say that any process redex or network redex R is communicating whenever

R # 07 (P):(Q).

Whenever the kind of pre-redex is unimportant we will call them simply pre-
redexes. We will re-use notation Not. 2.24 for pre-redexes y(z).Q and *y(z).Q). We
now define (typable) closed networks, as the analogues of well-typed programs in 7
(cf. Not. 2.21):

Notation 3.40 ((Typable) Closed Networks). A network N such that fv,(N) = (0 is called
a closed network. A closed network is typable if ® -y N holds for some environment
P.

We now prove type safety for runtime networks. This theorem relies on Thm. 3.15.
This property will allow us to preserve the well-formedness of the 7{; processes that
conform the network (cf. Def. 3.14).
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Lemma 3.41 (Type Safety for Runtime Networks). If N =5 (vay)P | M and & -y N
then (vay)P is well-formed (cf. Def. 3.14).

Proof. Straightforward from the previous results. For details see App. A.3. O

3.2 An Asynchronous Session 7-Calculus (a7)

In this section we introduce am, a session w-calculus with asynchronous (queue-
based) semantics. The design of this calculus follows the typed framework of Kouza-
pas et al. [KYHHI16].

In § 3.2.1 we motivate am by using some examples and providing informal intu-
itions about its design. Next, in § 3.2.2, we formally introduce the syntax and (asyn-
chronous) semantics of ar. The type system is introduced in § 3.2.3, § 3.2.4, § 3.2.5,
and § 3.2.6. Finally, as with 7, we present a big-step semantics for ar and prove it
semantically corresponds with the reduction semantics (cf. § 3.2.7 and § 3.2.8).

3.2.1 Motivation

As mentioned in § 2.4, one interesting aspect of ReactiveML is the fact that signals
can be emitted at any moment during execution, independently of whether they are
detected or not (they are nonblocking). Hence, synchronization in ReactiveML can
be seen as being asynchronous. The natural question is then whether an asynchronous
session 7-calculus would be a better fit to RML than a synchronous calculus like 73,
in terms of the properties satisfied by the translation. To answer this question we use
am. In this calculus, communication occurs in two phases: (1) processes interact with
local queues, which contain messages being received or sent, and (2) queues in charge
of dual endpoints synchronize remotely.

Intuitively, the buffered semantics of ar aims at modeling the low-level mecha-
nism of communication that can be found in network transport protocols such as
TCP (Transmission Control Protocol). Moreover, the semantics of ar provides a fine-
grained view of interactions by mediating synchronizations with FIFO (first in, first
out) buffers, which help to model the non-blocking property of asynchrony. In gen-
eral, implementations of TCP protocols should be able to correctly preserve the order
of the sent messages, as the program must be able to reconstruct the overall message
using the packets sent. In ar, this order-preserving property is ensured by a session
type system equipped with subtyping [GHO5].

In a7, every channel endpoint is assigned two local queues: an input queue, which
contains all the messages that have been received, and an output queue, containing all
the messages just before they are sent. Then, communication occur between queues,
rather than processes: a process writes messages to the output queue corresponding
to some channel endpoint x, which then transmits to the endpoint queue of its com-
plementary endpoint Z. The transmitted messages can be read from this input queue
by the receptor process.

Syntactically, ar is very similar to 7, ng, and 7. The main differences is that we
use a restriction operator that only binds a single variable (i.e., binding = also binds
its complementary endpoint 7), following [KYHH16]. To illustrate this, consider the



Chapter 3. Source and Target Languages 85

following a7 process:

Py = (va)(vy)(2(ff).0 | Z(2).(y(tt).0 [ 5(").0) | (38)

x[i:eo0:€|Tli:e0:€|yli:e,0:€|TYli:e0:¢€]) '
Process P;; can be seen as having two parts: the first one, in the first line, is similar to
m: we have a process that is sending ff over endpoint z, to be received by endpoint
T, which then will activate a similar communication on endpoints y and 3. The main
difference is in the second line: processes x[i : €,0 : €], T[i : €,0 : €], y[i : €,0 : €], and
yli : €,0 : €] denote the queues of endpoints = and y, as well as their dual endpoints =
and 7. In Pyq, the process implementing « writes ff in the queue z[i : ¢, 0 : €], which
then synchronizes with the queue Z[i : €,0 : €]. Then, the process using Z reads this
value. At this point, the interactions between the processes implementing endpoints
y and ¥y can be executed.

Remark 3.42. With respect to the constructs introduced in [KYHH16], we do not con-
sider session establishment, nor we allow shared variables and configurations. The
absence of session establishment is used to keep the symmetry with = (which does
not consider explicit session establishment), while the absence of shared variables is
needed for reasons similar to the ones presented in § 3.1.2.

3.2.2 Syntax and Semantics

The syntax of ar includes variables x, y, . . . and co-variables, denoted Z, 7. Intuitively,
x and T denote the two endpoints of a session, with T = 2. We write V, to denote
the set of variables and co-variables; k, k/, . .. will be used to range over V,. We use
m,m’,.. . to range over sequence of values. Asin r, the set of values includes booleans
and variables, and will be denoted U,. We also assume a countably infinite set of
labels B. The syntax of processes is as follows:

Definition 3.43 (am and an*). The set ar of asynchronous session processes is de-
fined as:

P,Q = k().P|k(y).P|k<lP|ko{li:Plics|v?(P):(Q)|P|Q]O
(vz)P | pX.P | X | ki : ;0 : m)

We write ar* to denote the sub-language of ar without queues.

Differences with respect to Def. 2.10 appear in the second line above. The usual
(single) restriction (vx)P is convenient in a queue-based setting; it binds both x and
T in P. We consider recursion p:.X. P rather than input-guarded replication. Commu-
nication in a7 is mediated by queues of messages m, which can be values v or labels /;
we use € to denote the empty queue. Given an endpoint k, the process k[i : m;o0 : m]
explicitly represents the output and input parts of the queue; it appears shaded, as
we consider this a runtime process, similarly to queues in MPST (§ 2.5).

Synchronization between processes proceeds similarly to MPST, with an added
step: the sending endpoint first enqueues the message m in its own output queue;
then, m is moved to the input queue of the receiving endpoint; finally, the receiving
endpoint retrieves m from its input queue.
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|SEND| @(v).P | z[i : m1,0: ma] —a P | x[i : my1,0: ma - v
|SEL| z<l.P | x[i:my,0:ma]—aP | x[i :my,0:my -]
|[Com| x[i : my,0:m-ma]|Z[i:my,0: ma]—ax[i: my,0: ma]|T[i: my-m,o: msy]
|Recv]| a(y).P | z[i:v-mqy,0: ma]—a P{Yy} | i : m1,0: ma2]
IBRA| x> {l; : Piticr | x[i : 1 - my,0: ma]—a Pj | zfi : my,0:ma] (j€1)
[IFT| tt? (P):(Q)—a P |IeF| 7 (P):(Q)—naQ
|Rec| puX.P —, P{#X.-P/x}

|Res| | PAR | |STR |
P—>AP/ P—>AP/ PEAPI,P/—M\Q/,Q/EAQ
(vz)P—s(vz)P" P|R—\P' | R P—,Q

Figure 3.5: Reduction relation for am processes.

We assume the expected notions of free/bound variables. In particular, we use
fpv(P) to denote the free process variables in P and fv (P) to denote the free variables
of process P. The operational semantics of ar can be then defined as a reduction
relation coupled with a structural congruence relation =, (given below). Reduction
is defined by the rules in Fig. 3.5, which are either exactly as those for 7 or follow the
above intuitions for queue-based message passing.

Definition 3.44. Structural congruence is defined as the smallest congruence on pro-
cesses that satisfies the following axioms:

(SCam:1) (SCam:2) (SCam:3)
(vx)(vy)P =4 (vy)(ve)P (vx)0=,0 (vz)(zli:e;0:€|Tli:e;0:€]) =20
(SC,m:4) (SC,7:5) (SC,7:6)
Plo=P P|Q=Q|P (P|Q)|R=AP[(Q|R)
o P=.Q ‘ x & fv (Q)
S =g S wapTe = wa(P1Q)

We now define (evaluation) contexts for aw. For this calculus we shall consider
two types of contexts: unary and binary. We do this distinction because ar pro-
cesses are considered to have two parts: non-queue processes (i.e., ar* processes)
and queue processes.

Definition 3.45 (Contexts for ar). The syntax of (unary) contexts in ar is given by
the following grammar:

Eu=[-]|E|P|P|E| (va)E

where P is an ar process and ‘[-]’ represents a ‘hole’. Moreover, we write C[—1, —2]
to denote binary contexts (vZ)([—1] | [—2]). We shall also write E[P] (resp. C[P,(Q)])
to denote the am process obtained by filling the hole in E[—] (resp. C[—1, —2]) with
P (resp. P and Q).

Due to the fact that both 7 and ar abstract from an explicit phase of session ini-
tiation (cf. Rem. 3.42), we find it useful to identify am processes which are properly
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initialized (PI): intuitively, these PI processes contain all the queues required to re-
duce.

Definition 3.46 (Properly Initialized Processes). Let P = C[Py, Po] with fv,(P) =0
be an ar process such that P; isin an* (i.e., it does not include queues) and fv,(P;) =
{k1,...,k,}. We say P is properly initialized (PI) if P, contains (empty) queues for
each session declared in Py, i.e.,if Po = kifi:€,0: €] | - | kpli i €,0: €.

3.2.3 Type System

The type system we develop for ar follows closely the one in [KYHH16]. As men-
tioned above, we do not consider explicit session initiation nor shared types. First, we
assume a single ground type, the boolean bool. We also consider session types, ranged
over T, 7", ..., which describe communication behavior along endpoints. We assume
that U, U’, . .. range over ground types and session types.

Definition 3.47 (Asynchronous Session Types). The syntax of types is given by the
grammar below:

U, U == bool|T
T,7" = WT|?WT| &{li:Ti}ier | ©{li:T;}ier | t]| pt.T | end

The types presented above correspond to the types in Fig. 2.2 without qualifiers.
Therefore, recall that type end represents a terminated session and bool represents
booleans. Similarly, recall that type !U.T is assigned to an endpoint that sends a value
of type U and then continues according to type 7. Dually, type ?U.T is assigned
to an endpoint that receives a value of type U and then proceeds according to type
T. Types &{l; : T;}icr and &{l; : T;};cs are assigned to endpoints that implement
selection (internal choice) and branching (external choice), respectively. Type ut.T
allows us to express recursive protocols. As in 7, we take an equi-recursive view of
types, which means that a recursive type is assumed to be equal to its unfolding as
they represent the same regular infinite trees. We also assume y:t. T is assumed to be
contractive (i.e., containing no subexpression of the form pt;.. .. ut,.t1).

3.2.4 Subtyping and Duality

Subtyping in session types provides flexibility when typing processes. It is charac-
terized by the notion of composability, which determines which behaviors are com-
posable and the ways in which they can be composed. We illustrate the convenience
of subtyping using a simplified version of a classical example, taken from [GHO5].

Example 3.48. Suppose a mathematical server that can compute the boolean con-
junction of two boolean values and the negation. The type of such server 7 can be
defined as follows:

Ts = &{con: ?bool.?bool.lbool.end

not: ?hool.!bool.end}

As mentioned above, type &{. .. } denotes an offer made from the server to the client
who must then select one of the above options. The client’s type would then be the
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Complementary of T, written TS:

T, = @{con: 'bool.!bool.?bool.end
not: bool.?bool.end}

Observe that the communication structure remains the same, but T, describes the
complementary operations to T (i.e., instead of a receive, the client must execute a
send and vice-versa). In other words, during an execution, the client can “select” a
label and execute behavior complementary to the one exhibited by the server.

Suppose then that the server is updated to allow now the disjunction of boolean
operators. The update type 77, would now be:

T! = &{con: 7bool.?bool.!bool.end
not: ?bool.!bool.end
dis: ?bool.?bool.!bool.end}

Itis possible to observe that a server implementing 77 should be able to safely interact
with a client implementing T, since the complementary interactions for labels con
and not are present in T,. This means, in a sense, that T is composable with more
peers than T, as T, implement the same or more behaviors than 7. This means that
T is a subtype of T.. A

Formally, due to the presence of recursive types, our subtyping relation must be
defined coinductively. To give such definition, we follow the approach in [Pie02]. In
our definitions we assume P(A) denotes the powerset of set A.

Definition 3.49 (Subtyping Relation for Session Types). Let 7 be the closed set of
contractive session types. We say that a type T is a subtype of 75, written T < T, if
the pair (77, T5) is in the largest fixed point of the monotone function F : P(7 xT) —
P(T x T) defined by:

F(R) e {(end, end), (bool, bool)} (1)
U{(U.To,\UL.Ty) | (U, UL), (Ts, Ty) € R} (2)
U{(?U1. T2, 201 Ty) | (U, UY), (T2, T3) € R} 3)
U{(@fli : Tihier, ®{l; : T }jes) | I C I AVi € L(T;, T]) € R} (4)
U {(&{li : Ti}ier, &{lj : Tj}jes) | J C I AVj € J(T},T)) € R} (5)

U{(ut T, 1) | (T{T/ey, T') e RYU{(T, pt T') | (T, T {1 T'/e}) R} (6)

We comment on the definition above. First, line (1) is standard, as we require end
and bool to be subtypes of themselves. Similarly, lines (2) and (3) are as expected:
output is contravariant on the message type and input is covariant on the message
type. Next, lines (4) and (5) deal with selection and branching: in line (4), a selection
is covariant in the number of labels whereas in line (5), branching is contravariant.
Finally, line (6) deals with recursion, and embodies the idea of equi-recursivity: we
require that the subtype of a recursive type must be a subtype of its unfolding.

Next, we introduce duality; due to our addition of subtyping, duality must also
be defined coinductively. The definition follows the coinductive definition presented
in [BDGK14] by Bernardi et al.



Chapter 3. Source and Target Languages 89

Definition 3.50 (Duality). Let 7 be the closed set of contractive session types. We
say that a type T} is a dual of T5, written T} L T, if the pair (77, T5) is in the largest
fixed point of the monotone function D : P(T x T) — P(T x T) defined by:
D(R) ' {(end, end)} U {(WU. Ty, 2U}.TS) | Uy ~ U} A (T1,T}) € R}
U{(?U,. T2, U TS) | Uy ~ Uy A (T, T3) € R}
U{(®{li : Ti}ier, &{li : T }ier) | Vi € 1.(T3, T}) € R}
U{(&{li : TiYier, ®{li - T{}ier) | Vi € L(T, T]) € R}
U{(pt. T, ") [ (T{tT/e), T") € RY U{(T, pt.T") | (1, T'{#tT'/t}) € R}
where ~ denotes equivalence up-to equality of trees (see [Pie02, Vas12]).

The duality relation pairs session types with complementary behaviors. Duality
shows which pairs of session types can safely interact. Hence, an input is the dual
of output (and vice versa), and branching is the dual of selection (and vice versa).
Using duality, we then can state the following property of subtyping:

Lemma 3.51. Let T1,T5, Ty, and Ty be session types such that Ty L T{ and To 1L T7. Then,
it holds that Ty < Ty if and only if Ty < TY.

Proof. We prove both directions by coinduction:

=) Byassumption, 71 < Ts, Ty L T] and T L T} for some T and some T3. Then, by
definition of <, there exists a relation S such that (71, 7%) € S, called a subtyping
relation. We need to prove that there exists a relation &’ such that (73, T7) € S'.
Let S’ = {(T5,T{) | Tt < T»}. It can be shown that S’ is a subtyping relation by
induction on the structure of 77, finishing the proof.

<) This follows a similar strategy as above. The subtyping relation we show in this
caseis ' = {(T1, T») | Ty < T}

O

Next, we define the set of composable behaviors of a type T, this is, the set of session
types that can be composed with a given type 7', up to subtyping:

Definition 3.52 (Composable Types). The set of composable types of a session type
T with a dual 77 (i.e., T' L T"), written comp(7'), is defined as:

def

comp(T) = {T" | T" < T'}

We now state some properties of subtyping, taken from [KYHH16]. Informally,
we need to ensure that the subtyping relation is a pre-order and that the set of com-
posable types of a session types is bigger or equal than its subtypes.

Lemma 3.53 (Properties of Subtyping [KYHH16]).
(1) The subtyping relation < is a pre-order.

(2) For every pair of session types Sy and Ss, it holds that S,
that comp(S2) C comp(Sy).

< S if and only if it holds

~
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To clarify the intuitions behind subtyping, we review Ex. 3.48, considering the
previously presented definitions. Below, we show how to prove that a type is a sub-
type of another and we analyze the relation between duality and subtyping.

Example 3.54. Let us consider the following types:

T, = &{con: ?hool.?bool.!bool.end
not: ?hool.!bool.end}
Ts = ®{con: 'bool.!bool.?hool.end
not: 'bool.?bool.end}
= &{con: ?bool.?bool.!bool.end
not: 7bool.!bool.end
dis: ?bool.?bool.!bool.end}

The first thing to notice is that using our notion of duality (cf. Def. 3.50), we can
establish that 7, 1 T, formalizing our notion of complementarity between session
types.

Next, we will show that T; < T7. To do this, we exhibit a subtyping relation R
that is a subset of 7(R) (cf. Def. 3.49). Consider:

R =

(T, T?), (?bool.?bool.!lbool.end, ?bool.?bool.!bool.end),

(?bool.!bool.end, ?bool.!lbool.end), (bool.end, Ibool.end)
(?bool.!bool.end, ?bool.!lbool.end), (Ibool.end, bool.end),
(end, end), (bool, bool)}

It can be shown that R is a subset of F(R) and therefore T, < 7.. Furthermore, by
Lem. 3.51, we have that for some type T/, if it holds that 7 L T7, then T/ < Ty, which
can also be proven by showing an appropriate relation.

Summarizing, this example shows that, assuming n > 1 and m > 1, a branching
offering n can be replaced by a branching type offering n + m options, whereas a

selection with n options can be replaced by a selection type containing n —m options.
A

3.2.5 Typing Processes and Queues

In defining typing for asynchronous calculi, it is common to distinguish between pure
processes (processes without queues) and runtime processes (processes with queues)
[HYC08, KYHH16]. In our case, this means distinguishing between an* and the full
syntax given by ar (cf. Def. 3.43). To define a type system for ar, we first extend the
syntax in Def. 3.47 by adding message types, which we use to type queues k[i : m;o0 :
m:

Definition 3.55 (Message Types). We extend the syntax of session types in Def. 3.47
with message types M as follows:

(General) G:=T|M (Input Messages) M, == 0| 2U.M; | &I.M;
(Messages) M == M; | M, (Output Messages) M, =0 |U.M, | @1.M,



Chapter 3. Source and Target Languages 91

Our type system uses two judgments, one for variables and constants and another
one for (runtime) processes:

I'Fv:U 'ty P A
where classical and linear environments I and A are defined as follows:
OIVe=0|Dz:U|[X:A AAN=0|AKk:G

A linear environment A collects information regarding session types and queues.
Notice that A,k : G is only well-defined if & ¢ dom(A). The classical environment
I' collects all the types of variables of ground types and process variables, which
are assigned linear environments A. In the judgment for (runtime) processes I' t-x;
P> A, we use ¥ to denote a set that contains all the free session names for the queues
implemented in P. Whenever P € ar*, we write I' = P> A instead of I" -y P> A.
Before introducing our typing rules we introduce some auxiliary definitions:

Definition 3.56 (Auxiliary Definitions for Typing Rules). Let A and A’ such that
dom(A) = dom(A’) be linear environments. Then:

1. Wesay that A < A’ whenever for every k € dom(A) itholds that A(k) < A'(k).

2. The predicate end(A) is true whenever for every k € A, A(k) = end and false
otherwise.

Fig. 3.6 presents the typing rules. Before commenting on them, we introduce an
auxiliary merging operator on types. Due to the asynchronous communication of ar,
it is possible that the full behavior of the endpoint is split between the process and its
corresponding queues. Therefore, it is necessary to define a way to reconstruct the
overall session type that captures the behavior of the session.

Definition 3.57 (Merging Session Types and Message Types). Let T be a session
type and M be a message type. The merging operation 7" < M is defined as follows:

def

T=0=T
T < WU.M, € WU.(T < M,) (1)
T =< @l M, S &{l; : Ty < Mybies (k€ 1) (2)
2W.T =< .M, T = M, (3)
&{l; + TiYier = &ljp.M; = 1), < M; (k € I) (4)

and undefined otherwise. Given linear environments A; and A,, the definition is
extended as follows:

(Ay = As)(k) def | T if3i e {1,2}.(k: T € A; ANk & dom(Aq) Ndom(Az))
PETYTNT <M ifk T e A NK: M e A withi £ §Adyj e {1,2}
In Def. 3.57, numerals (1)-(4) represent the inductive cases. The base case, which
is not numbered, corresponds to merging any session type 7' with the type of an
empty queue (i.e., 0).
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In (1), we merge a session type 1" with the type of an output queue that contains
amessage of type U to be sent. The merging appends an output type sending a value
of type U at the beginning of 7" before inductively calling itself on 7" and M.

In (2), the merging of a session type 7}, with the message type of an output queue
Bl M,, creates a type T such that &{l;, : Ty} < T'. For example, suppose the
merging !bool.end < @l.0. Notice that, up-to subtyping, this merging can yield either
®{l :'bool.end} or &{! :lbool.end,!’ : T}, depending on what is needed for typing.

In (3) and (4), merging a session type with an input message type M; assumes
that the message has arrived already to their final destination. Thus, merging “con-
sumes” the outermost action of the type and continue inductively, merging the con-
tinuations. Specifically, in (3), when merging an input type 7U.T" with a message
type 7U.M;, we consume prefix U and require the merge of T' and M;. Similarly,
in (4), the merging picks the corresponding label /;, and is called inductively on the
continuations.

The definition is extended to linear environments in a way that guarantees that
whenever the same session endpoint £ is found in both A; and A, one of them cor-
responds to a message type M and the other to a session type T'. Thus, ensuring that
it is not possible for A; and A, to share a session endpoint with the same session
type or message type.

The rules in Fig. 3.6 are grouped in three parts, depending on the shape of ¥. The
first group at the top of the figure contains the rules that deal with an* processes (i.e.,
¥ = (), hence omitted). The second group, in the middle, contains rules for typing
queues; finally, the third group, at the bottom, contains rules dealing with inaction,
weakening of ¥, restriction, parallel composition and subtyping. We briefly comment
on all the rules below:

e Rules (T:Boovr), (T:Var) and (T:RVar) are standard. They deal with booleans,
variables and recursive variables. Notice that the recursive variable is assigned
a A environment to allow for interleaved sessions inside a recursion.

e Rule (T:SeEnD) types an output process by verifying the message is of the correct
type and that the continuation types with T'.

e Analogously, Rule (T:Rcv) types an input process by adding variable « into the
classical environment I' and typing the continuation P with the corresponding
type T'.

e Rule (T:SEL) types a selection operator by ensuring that the selected label j be-
longs to the set I and that the continuation P types with the corresponding
T;.

J

e Rule (T:Bra) requires that all the possible continuations from a branching con-
struct are typable with their corresponding types.

e Rules (T:DeL) and (R:DRcv) are similar to Rules (T:Sexp) and (T:Rcv), dealing
with delegation.

e Rules (T:Ir) and (T:Rec) are standard. The former asks for both branches of
the conditional to be typable with the same environments. The latter adds the
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(TBoor) I' - tt, ff : bool (T:Var) Iz :UkF 2x:u (TRVaR) I X : A XA
I'tov:U TFHPrALE:T TR Fz:UFP>AK:T
TE ko) Po Ak I0T R T k@) Po A, 20T
'EPrAK:T; jel
FFlej.PDA,k’Z@{ZiSE}iGI
VieII'F P> Ak:T;
'+ kD{ll : Pi}iej.PDA,k : &{lz : Ti}iel
FFPDA,]CSTQ FFPDA,IEZTl,kITQ
; ; (T:DRcv)
F"k}(k >.PI>A,]€Z!T1.T2,]€ ZTl FI—k(x)PDA,x7T1T2
I'Fwv:bool T'HFPrA T'FQrA INX:AFPrA
(TIr) (T:Rec)
FEo?(P):(Q)>A 'k pX.P>A

(T:SenD)

(T:SeL)

(T:BrA)

(T:DgL)

(T:IQEnD) (T:OQEnND)
end(A) end(A)

Thgpkli:e,o:ma)bAk:0 Thgkli:my,o:elpAk: 0
(T:QOut)

F'Fo:U Thgkli:my,o:ma]>Ak: M,

Uhy kli:my,o0:v-ma]> Ak UM,
(T:QIN)

Phv:U Thgkli:my,o:ma]>Ak: M,
Thy kli:v-my,o:me]> Ak :2U.M;

(T:QSEL) (T:QBraA)
T kg ki :my,o:ma]> Ak : M, T kg kli:my,0:me]> Ak M;
Dhgkli:my,o:l-ma]> Ajk:®IM, Thgkli:l-my,0:ma]>Ak: &ILM,;
(T:NiL) (T:WkS) (T:Res)
end(A) kg€fv.(P) Tks PbA T1T Thry,zPrAx:T,z:T
'orA ks PrA Ity ()P A
(T:QConc) (T:Sus)
F"ElpbAl F"EQQDAQ 21022:(2) F"EPDA ASA/
Phksus, Pl QA <Ay [ty P>A

Figure 3.6: Typing rules for an.

recursive variable X assigned to environment A to I" and types the continuation
P.

e Rules (T:IQEnD) and (T:OQEND) type empty input and output queues, respec-
tively. In both cases, the rule requires that the session name of the queue £ is
the only element in ¥ and that the type is the empty message type ().
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e Rules (T:QOvur) and (T:QIN) type queues that contain messages in the output
and input queue, respectively. In both cases ¥ is required to contain the ap-
propriate session name for each queue. Also, the types of the values inside the
queue are tested with respect to the message types.

e Rules (T:SeLQ) and (T:BraQ) are similar to |T:QOur| and |T:QIn|, but deal
with labels in the queues.

e Rule (T:niL) types an inactive process with a terminated linear environment. The
condition end(A) means that A only contains end types.

e Rule (T:WkS) allows you to add a session name k to X provided that k ¢ fv,(P).

o Rule (T:Res) requires process P to be typed with the appropriate dual session
endpoints and with ¥, k, k, ensuring that both queues for k and & are present
in P.

e Rule (T:QConc) types two processes in parallel by using the merge operator =
on the linear environments A, As.

e Finally, Rule (T:Sus) deals with subtyping and is defined as expected.

3.2.6 Typing Properties

In this section we present all the guarantees ensured by the type system of ar. First,
we present some important preliminary notions; we start by defining well-configured
linear environments. Intuitively, these environments capture the idea of “correct”
environments. The assumption is that for every entry & : T'in A, there exists an entry
corresponding to k : 7", with T’ being the complementary of T—notice that this is
similar to the notion of consistent environments in MPST (cf. § 2.5).

Definition 3.58 (Well-Configured Linear Environment). A linear environment A is

well-configured if, for every k € dom(A), A(k) = T implies A(k) =T" and T L T".
Next, we introduce a notion of reduction for our linear environments. Informally,

this definition is used to precisely characterize the evolution of session types due to
process reductions.

Definition 3.59 (Linear Environment Reduction). Let A and A’ be linear environ-
ments. Then, we define the follow reduction rules:

|E:Com]| {k :!y.T,E 20T = {k: T,k : Z/}
|E:Ser| {k : @{li : Titicr, k- &{li : Tj Yier} = {k: T,k T;} (j€1)
Al — All
AIaAQ - AllvAQ

|E:Comp |

Remark 3.60. Itis perhaps useful to recall that m does not have an analogue to Def. 3.59
above (cf. §2.2). This difference arises because the semantics of 7 (cf. Fig.2.1) require
the synchronizing endpoints to be always bound by a restriction.

We now prove weakening, strengthening and substitution lemmas:
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Lemma 3.61 (Weakening Lemmas). LetI' 5, P> A:
1. If X ¢dom(T) then T, X : A" by P> A, for any A’
2. Ifk & dom(A) thenT' s P> Ak : end.

Proof. We prove each numeral:

1. By induction on the structure of the am process P. The base cases are when-

ever P = 0 and P = k[i : hq,0 : hy]. Both are immediate by inversion and
reapplying their corresponding typing rule. All the inductive cases, except for
P = pX'.P'" conclude by applying inversion, applying the IH and reapplying
the corresponding typing rule. For the case P = puX’.P’ we also consider the
fact that X ¢ dom(T") to apply the IH and conclude by reapplying Rule (T:Rec).

2. By induction on the structure of process P. The base cases are whenever P = 0

and P = kli : hy,0 : hy). As above, they are straightforward by using inversion
and applying the corresponding rule. Notice that adding & : end in A means
that the environment is still terminated and therefore, the condition end(A) still
holds. The inductive cases proceed by using inversion, the IH and reapplying
the corresponding typing rule.

O
Lemma 3.62 (Strengthening Lemmas). LetI' Fy, P> A:
1. If X & fpv(P) thenT', X : A’ by, P> A impliesT by, P> A.
2. Ifk & fve(P) thenT b, P> Ak : T implies T -y, P> A.

Proof. Both numerals are proven by induction on the structure of P. We only detail
1 as 2 is similar.

Base Cases: There are two base cases: (1) P = 0 and (2) P = k[i : hi,0 : ﬁ;]
Both cases follow immediately from inversion and reapplying the correspond-

ing typing rule.

Inductive Step: For the inductive step, we only detail the case P = pX'.P’ as all
the other cases are similar. By assumption, I', X : A’ by p X' . P'>Aand X ¢
fpv(uX.P’"). We can then deduce that ¥ = (). Furthermore, by inversion, I', X :
A’ F pX’.P'> A. Then, by applying inversion once more, I', X : A’ X' : A -
P'>Aand X & fpv(P’). Thus, by IH, I, X’ : A 5, P’ > A and by reapplying
Rule (T:Rec), we obtain I' s, pX.P' > A, concluding the case.

O
Lemma 3.63 (Substitution Lemmas).
1. fT,z:Ubly PoAandT v : U thenT v : U by, P{V/z} > A.
2. IfT ks, PoAk:TthenT by P{K/k}o Ak T

Proof. We prove both items by induction on the structure of P.
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1. By induction on the structure of P and a case analysis on the free variables of
the process.

Base Case: There are two base cases: (1) P =0and (2) P = k[i : hy,0: ing] We

detail (2) as the other cases are immediate. By assumption, P = kli : hl ,0
h2] Then, we dlstlngmsh four cases (1) hi =€ hy =€, (ii) hy # €, ha = €,
(iii) hy = e hy # (iv) hy # e, hy # €. Case (i) is immediate, as no
substitutions can be made. Notice that our type system does not allow for
delegation and hence, substitution of channels cannot occur. Below we
detail Case (iv).
By assumption, I',z : U Fx kfi : izvl, 0 : ;L;] > A. We can then deduce
that ¥ = kand A = A’k : M. We then distinguish cases depending on
whether M is M; or M,. We only detail whenever M = M,. Then, without
loss of generality, assume thatE; = U1 VXU, 1, m > 1, m < n. By
applying inversion m times we have that ',z : U -y, k[i : hi,0: @ ... v,]>
A’ WU.M/. Then, by inversion and assumption (I' - v : U), we can apply
Rule (T:QOurt) to conclude that T, v : U by k[i : by, 0 : v-. . -0, |>A/ UM,
We finish the proof by reapplying Rule (T:QOut) m times.

Inductive Steps: All the inductive cases proceed similarly as the base case de-
tailed above. The only difference is that the IH is used to deal with the
continuations of the processes.

2. The proof is similar to the one above. The main difference is that for this state-
ment whenever P = k(v).Q and P = k(z).Q, we assume that P is typed using
Rule (T:DeL) and (T:DRcv), respectively. Both cases finish by applying the IH.

O

We finally present the main results for our the type system: subject reduction and
type safety. The latter ensures that our processes do not reduce to errors as understood
in [KYHH16]. Before giving the formal definition of error processes, we introduce
the idea behind them with an example:

Example 3.64. Below, we assume that every process @Q);, ¢ € {1,2,3} contains the
necessary queues for making the process reduce.

Pry = (vr)(z(tt).0 | Z(tt).0 | Q1)
P15 = (va)(z(tt).z(y).0 | T(2).Z(ff).0 | Q2)
Py = (va)(z(tt).z(y).0 | 2(tt).0 | T(2).Z(ff).0 | Q3)
We consider processes P2 and P4 errors, and process P 3 as a non-error process. A

Formally, errors are defined in terms of k-processes and k-redexes. Intuitively, a
k-process is any process whose subject is £ and does not have a parallel composition
operator at top level; similarly, a k-redex is a redex formed only by k-processes.

Definition 3.65 (k-Redex). A k-redex is one of the following compositions of two
k-processes:



Chapter 3. Source and Target Languages 97

1. k(v).P | k[i: hy,0: hal.

2. k(x).P|kli:v-h1,0: hsl.

3. k<al.P|k[i:hy,o:hal

4 ko {li: Plics | Kli:1; - h1,0: hy), withj € I.
5. kli:hy,0:v-ho] | Eli: hi,o: ha).

Definition 3.66 (Errors). We say that an ar process P is an error whenever P =,
(vT)(Q1 ] Q2 | R) for any pair of processes )1 and ()2 which are both k-processes
but do not form a k-redex.

Before stating our subject reduction theorem, we prove subject congruence to en-
sure that typing is preserved by the structural congruence in Def. 3.44.

Theorem 3.67 (Subject Congruence for ar). If I' by, P> Aand P =, Q then I -5
Q> A.

Proof. By a case analysis on the rules of =, (cf. Def. 3.44). For details see App. A.4.
O

Next, we present an auxiliary result that clarifies the semantics of well-typed pro-
cesses. In [KYHH16], the authors demonstrated that for any given endpoint %, the
reduction of a well-typed process under a well-configured linear environment im-
plies that the queue of k, corresponds to a process Qj = ki : izvl, 0: E;] with EI =€
or hy = e. This statement is useful for proving subject reduction, because in the cases
involving queues, the result implies that only one set of rules (i.e., rules for input
queues or output queues) is applicable. Below we show the original statement as the
authors presented it. The proof can be found in the cited paper.

Lemma 3.68 ([KYHH16]). Let P = Py | k[i : €,0 : €| and T by, P> A with A well-
configured (cf. Def. 3.58). Then if P —, P{ | k[i : h1,0: ha] then hy = e or hy = €.

Theorem 3.69 (Subject Reduction for aw). If I' s, P> A with A well-configured (cf.
Def. 3.58) and P —; Q then T' Fx, Q> A" with A —* A" and A’ is well-configured.

Proof. By induction on the length of reduction P —} Q. The base case is immediate.
For details see App. A.4. O

We now state type safety for the ar type system. This result ensures that com-
munication executes correctly for well-typed am programs (cf. Def. 2.21). In other
words, type safety ensures that well-typed programs never reduce to an error.

Theorem 3.70 (Type Safety for ar). If P is a well-typed program, then I by P> () and
P never reduces to an error.
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Proof. The proof is a direct consequence of subject reduction (Thm. 3.69). The proof
goes by contradiction, by assuming that a typable program reduces to an error and
then proving that said error is not typable, thus leading to a contradiction.

More in detail, assume that P —3 P’ and thatT"' kg P> A. Then, assume that P’
is an error (i.e., P’ contains, up to structural congruence, a term () that is the parallel
composition of two k-processes that do not form a k-redex). Notice that the definition
of < and Rule (T:QConc) prevents are important for the proof, as they will prevent
the typing of errors. We proceed by a case analysis in (). We only detail the case
whenever (1) Q = 2(v).Q1 | (v').Q2. All the other cases are similar.

If Q = z(v).Q1 | z(v").Qq, then the linear environment A would need to contain
k :\U.T, which can be split by Rule (T:QConc), however, the merging operation =<
is only defined for a session type and a message type, not two session types, thus
reaching a contradiction. O

Next, we identify the set of ar programs induced by PI processes (cf. Def. 3.46)
and typing. First, we have that as a consequence from Thm. 3.70, the following corol-
lary holds:

Corollary 3.71. If a PI process P is well-typed then for every Q such that P —} Q, Q is
not an error.

The previous corollary then allow us to define what we call well-formed programs:

Definition 3.72 (Well-Formed am Programs). We say that a ar process P is well-
formed if there exists a PI process Py such that P is well-typed and Py —} P.

These well-formed am programs will be focus of the translation in Ch. 8. We re-
quire well-formed programs to originate from a PI process (cf. Def. 3.46), ensuring
that all the necessary queues are present. Furthermore, the well-typedness condition
on the PI processes ensures typing of P by Thm. 3.70. The last property we prove
in this section is a basic fact about well-typed programs. Intuitively, we say that it
is possible to use the structural congruence in Def. 3.44 to write the ar program as a
context C[P, Q], where P is in ar* and ) only contains queues.

Lemma 3.73. For every well-typed am program P, it holds that:
P =A C[P/7 Q]
with C[-, ] = (Wk)([11 | []2) (cf. Def. 3.45), P’ € arn*, and Q) containing only queues.

Proof. By Def. 3.72, there exists a PI process Py (cf. Def. 3.46) such that P is well-
typed and P, —; P. By Thm. 3.69, P is well-typed and by Thm. 3.70, it is not
an error (Def. 3.66). Thus, we can apply the structural congruence (=,) rules for
scope extrusion and commutativity of the parallel composition operator to show that
P =, C[P’,Q], with P' € ar* and @ only containing queues. O

Before introducing examples, we present an useful notation for compactly writing
PI processes. This notation will be used throughout the dissertation.

Notation 3.74. Let P =x (vZ)([L;eq1,. 0y Qi | ije; ;i : €,0 : €]) be PI process (cf.
Def. 3.46) with variables k = 7z. We write P as CllLicqa,...ny @is K (k)], where K (k) =

ijeE kjli:e,0: €.
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We conclude this section by presenting examples that provide more intuitions
about the type system and the semantics of aw. For this example, we omit trailing
inaction processes and types (i.e., 0, end), and only write them when necessary.

Example 3.75. Let us recall the process P; in (3.8), rewritten using Not. 3.74 and the
considerations above:

Pry = (va)(vy)(z(ff) | 2(2).(y(tt) [ 9(=) | K(@))

with w = 27yy. The typing derivation is given below. Notice that, as with the ex-
amples for 7é; and 7, we only show the derivation sub-trees for processes, and omit
the ones for variables:

D, D,
TOC 0 z(ff)>x:lbool O+ R>A
o (TQCoNe) = #6) | B> = Tbool, A Dy
(TQCoNC) G 7.0 | R | k(@) 5 2 -1bool,  7bool, y 1bool, 7 :7bool
(T:Res) x2 — — — =
O (va)(vy)(x(Ff) | Z(2).(y(tt) | 9(z)) | K(@)) >0
R
where D1, Dy, and Dj are given below (in that order):
end(z : end)
(TNm) ———
PF0>z:end
(T:Senp)
0+ z(ff) >z :Ibool
(T:Senp), (T:NiL) (T:Rev), (T:NiL)

2 :bool - y(tt).0> A" z:bool - (z") >7¥ :7bool
z :bool - y(tt) | y(z') > T : end,y :bool, 7 :?bool
T
0+ z(2).(y(tt) | y(z")) >z :lbool, A

(T:QConc)

(T:Rev)

(T:IQEnND) (T:IQEND) (T:IQEND) (T:IQEND)
end () end(0) end(0) end ()
D K@)pz:0 Oz K@) pz:0 0, Ky)>y:0 05 K@) >75:0
Dbg K(w)>z:0,2:0,y:0,7:0

(Q:Conc)

The first thing we notice is that the asynchronous nature of ar makes these derivation
trees longer than the ones presented in § 3.1.1 and § 3.1.2. Moreover, we can notice
that a general typing strategy consists in grouping queues and processes separately
to apply the corresponding rules. An interesting part of the derivation is the sub-
tree D3, which shows how queues are typed and how X (in this case w) is used to
ensure that queues appear only once. Intuitively, the hypothesis ¥; N X3 = () in Rule
(T:QConc) enable us to split the queue names in w evenly, assigning each element to
a single queue, which cannot appear repeated in the process. A
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3.2.7 A Big-Step Semantics for ar

We present a big-step semantics that will be useful for proving the correctness of the
translation in Ch. 8. Before presenting the big-step semantics for aw, we will provide
some informal intuitions behind the translation presented in Ch. 8. These intuitions
do not aim to provide the full picture of the translation; further explanations will be
given in its corresponding chapter.

Remark 3.76. Notice that the target language for the translation in Ch. 8 will be intro-
duced in § 3.4 and is called RMLq (a queue-based variant of ReactiveML).

Remarkably, in am queues are local to processes that write or read from them.
Therefore, the translation in Ch. 8, assumes that writing and reading operations are
instantaneous. Hence, in a single big-step reduction, the target RMLq expression
executes several reading and writing operations. Moreover, we follow the design
decision presented in § 3.1.2, and only allow for outermost synchronizations in the
big-step semantics for ar.

We start by defining some auxiliary terminology. In the sequel, we assume that a
value v can be marked to differentiate it from other values.

Notation 3.77. Let v be an ar value. We shall write ¥ to denote that v is marked. Also,
we write =0 when referring explicitly to unmarked values. Moreover, for any process
P which contain queues with marked values, we will say that P is a marked process.

Marked values denote a “break point” in the input queue of a given endpoint, to
denote the number of writing and reading operations that can be done in a single
step. This goes in accordance with our decision of considering writing and reading
operations on queues as instantaneous. In this regard, markings signal the end of an
“instant” in a7. Informally, we achieve this by marking the first value available in the
next instant. For example, in a queue z[i : m1 - U - ma, 0 : mg), values ¥ - my will only
be available for the process in the next big-step reduction, not in the current one.

The big-step semantics of ar is given by two “sub-semantics”: (1) a semantics that
deals with synchronization between queues and (2) a semantics focused solely on the
interaction between queues and processes. Our goal is to build a reduction relation
that simulates in a single step all the executions that an RMLq big-step reduction can
execute.

Definition 3.78 (Big-Step Queue Reduction for ar). Let — denote the semantics
obtained by replacing Rule |Com] in Fig. 3.5 with Rule:

[ComM |
x[i:my,0:v-ma] | Tli : my,0: ma]—x[i:my,0:ma] | Z[i: my - 0,0 ma]
Then, let
Py=C[P,Q1] ... |Qn|Qni1] ... | Qm]
with 1 < n < m be a well-typed program in ar. The big-step queue reduction of
process Py, denoted ) > () is given by:
| QBStEP |
Vie{l,...n}3j € {1,...n}.(Q:i|Q; — Qi|Q)) Vi,je{n+1,...m}.(Qi|Q; )
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Above, Rule | ComM | marks the values after synchronization from queue used for
outputs and an input queue. In accordance to our translation, Rule |QBSter| only
allows for a single synchronization (with Rule [ComM|) between the queues corre-
sponding to complementary endpoints. Notice that whenever a synchronization is
not possible, queues are unchanged. Below, we tweak the ar semantics in Fig. 3.5 to
account for marks.

Definition 3.79 (Big-Step Process Semantics). Given a well-formed ar program P,
we write P — (), to denote the semantics generated by the rules in Fig. 3.5, without
Rule [Com]| and replacing Rules |Recv| and |Bra| with:

[RecvM] 2(y).P | ali : = - 71,0 : 7] = P{Yfay} | ali : 71,0 : 73]

LBRAMJ 37[>{ZZ‘ : Pl‘}ie] | x[z : ﬁlj -777/1,0 : T/—I’B] — Pj | LL’[’L : ’r/ﬁLO : ’I’I/’\L/Q] (] S I)
We write —* to denote the reflexive transitive closure of —.

The second layer of the big-step semantics for ar deals with the interaction be-
tween ar* processes and queues. Rule |Com] is excluded from the definition of >,
as no further queue synchronizations can occur. The big-step semantics for a7 is
then presented as the composition of > and —. First, we introduce a function for
removing the marks in queues.

Definition 3.80 (Removing Marks). Let P be a ar process. The function unm(Q) is
defined inductively as:

unm(k;[i < 1711 - 0 - 71z, 0 3)) = kili sy v - e, 0 ¢ )

unm(Py | P) wf unm(Py) | unm(Py)  unm((vz)P) *f (va)unm(P)
and the identity for every other case of P.

Definition 3.81 (Big-Step Semantics for an). Let P = C[Py]| ... |Pp, Q1] ... | Qml,
with n, m > 1 be a well-formed ar program. The big-step semantics for ar is gener-
ated by the following rule:

CIPL | oo | PasQul oo | Q) CIPL | o [Py e @G
preny O | Po@iL o 1QUI = CIPLI . | P @1 | @)
ClPi| ... | Po,@Q1| oo | Qu]l>—=C[P{| ... | PLounm(QY | ... | Qur)]

An important observation from Rule | BSter| is that the marks are removed at the
end of every big-step reduction. This effectively means that there is only one marked
value in each synchronizing queue at every big-step reduction. This fact accounts for
the correctness of the unm(-) function. To clarify the semantics we use the following
example.

Example 3.82. Consider the following am process

ClQ, K(zT)] = (v)(x(vr).2(v2) 2(y1)-2(v3).0 | T(y2)-T(ys)-T(ys) T(ya)-0 |

zli:e,0:€ |Tli:e0:¢€) (3.2)



Chapter 3. Source and Target Languages 102

We analyze the first big-step reduction below:
ClQ, K (2T)] = (va)(2(yr).x(v3).0 [ Z(y2) T(y3)-T(ys)-T(y4)-0 |
xi: e 0:v -] |Tli:e 0:€)
=@

Above, observe that C[P, K (2Z)] = C|[P, K(27)] since all the queues are empty and
no synchronization is possible. Moreover, observe that:

ClQ, K(zz)] = (va)(z(y1)-w(vs).0 | T(y2) T(ys)-T(ys) - T(ya)-0 |

x[i:€,0: v 2] |Ei: €0 ¢€])
A=)

The reduction above occurs by applying Rule |SEnD| twice to obtain 1 and ()1 4.
The complete sequence of big-step reductions is given below:

Q1 >— (va)(@(y1)-(vs).0 | T(y2) . T(y3)-Z(ys)-T(y4).0 | unm(z[i : €,0 : vo] |
T[i: 01,0 €])) = Q2

Q2 > (va)(z(y1)-2(vs).0 [ Z(y3)-Z(y3)-Z(ya).0 | unm(z[i : €,0 : €] |
Tli: 03,0 €])) = Q3

Q3 > (va)(@(y1)-z(vs).0 | T(ya).0 [ unm(zfi : €,0: €] [Z[i : €,0: v2])) = Q4
Q4 >— (vz)(x(y1).2(vs).0 | T(y4).0 | unm(x[i : 03,0 : €| | T[i: €,0:€])) = Qs

Qs >— (wz)(0 | T(ys).0 | unm(x[i : €,0: v3] | T[i 1 €,0: €])) = Qs

Qs >— (vz)(0 ]| T(ys).0 | unm(x[i : e,0: €] | T[i : €,0:03])) = Q7 >— 0

Above, we have left the marking of values explicit to better observe where new in-
stants begin and where — reductions cannot continue. In the big-step reduction from
Q@1 to QQ2, we apply Rule |ComM | once, to communicate vz from the output queue of
x to the input queue of T to obtain ()3, and the value gets marked. Hence, Q2 /4 and
no further reductions are possible.

The most interesting big-step reduction is perhaps the one from @ to Q3. In it,
we observe how the two types of reductions (>— and —) are composed. First notice
that:

Qs (v)(wyn) (us).0 | () Fys) Flys) F(ya) 0 | i< .0+ ] |
Zli: v - 03,0 €]) = QY

Above, we can observe that the new marked value is v5. This means that in the current
instant the only value available is v;. Hence,

Q5 —* (vx)(z(vs).0 | Z(y2).Z(y3).Z(ys).T(y4).0 | z[i : €,0: €] | T[i : 03,0 : €]) A~

All the other steps continues as expected. The most important thing to notice is that
the big-step reduction sequence presented above coincides with the following ar re-
duction sequence:

ClQ,K(2T)] —i ClQ1,xz[i : €,0 : vy - va] | T[i : €,0: €]
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—a ClQ2,x[i s €,0:vo] | T[i : v1,0: €]
—2C[Qs,z[i s €,0: €] | T[i s v2,0: €]
—2C[Qu,xli:€,0: €] | Z[i: e, 0: va]]
— ClQs, i :vg,0: €] | T[i: €,0: €]
—4 ClQs,xli: €,0: v3] | T[i: €,0: €]
—a ClQr,x[i i €,0: €] | Z[i : v3,0: €]]
—a Cl0,z[i s e,0:v3] | T[i: €,0: €]

where every process Q; (i € {1,2,3,4,5,6,7}) is given below:

Q1= Q2 = x(y1).2(v3).0 | T(y2) . Z(y3). T
Q3 = x(y1).2(v3).0 | T(y3).Z(ys) T(y4).0
Q1= Q5 = z(y1)-x(v3).0 [ T(y1).0

Qs =Q7r=0|Z(ys).0

(ys)T(ya).0

3.2.8 Semantic Correspondence

We now proceed to prove our semantic correspondence result. First, we prove that
for every well-typed am program, the big-step reductions always yield unmarked pro-
cesses. Then, we prove that there exists a semantic correspondence between the big-
step process semantics (cf. Def. 3.79) and the reduction semantics in Fig. 3.5. Then,
we prove a single-step semantic correspondence, which clarifies the relation between
»— and —,. This result is then generalized to multiple steps.

Lsmma 3.83. Let P be a well-typed am program. If P »—* Q then QQ = unm(Q") for some
Q.
Proof. This statement follows directly by the definition of the big-step semantics of
ar (cf. Def. 3.81). O
Lemma 3.84. For every am process P with marked values, the following holds:

1. If P —* @ then unm(P) — unm(Q).

2. If P —* Q then unm(P) — unm(Q).
Proof. We prove each item:

1. By induction on the reduction P —* () and a case analysis on the last applied
rule. Notice that — and —, only differ in the rule for communication between
queues: Rule |[ComM| for — (cf. Def. 3.78) and Rule [Com| for —,. Observe
that the only difference is the marking of the value being added in the input
queue. From the previous observation, it follows that whenever P — @ with
Rule [ComM | then P —, @ with Rule |[Com]|.
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2. The proof follows by induction on the length n of reduction P —* @) and case
analysis on the last applied Rule from Def. 3.79. The base case and inductive
step are immediate.

O

Lemma 3.85 (Single-Step Semantic Correspondence). Let P be a well-formed ar pro-
gram. Then, the following holds:

1. If P »>— Q then P —5 Q.
2. If P —4 @ then there exists R such that P »— Rand Q — R.

Proof. We prove both numerals. The first one can be derived from the previous def-
initions and the second one follows from Thm. 3.69 and Lem. 3.73. For details see
App. A4. O

We conclude this section by proving a multi-step semantic correspondence (cf.
Def. 2.9). The statement below is split int two parts: first, we ensure that the big-step
semantics of arr only includes behavior that is also exhibited by its reduction seman-
tics. The second part of the statement ensures that the all the reductions exhibited by
P are captured by some big-step reduction.

Lemma 3.86 (Semantic Correspondence). Let P be a well-formed am program. Then,
the following holds:

1. If P »—* Q then P —} Q.
2. If P —} Q then there exists R such that P »—* R and () —} R.

Proof. We prove both items by induction on the length of the reduction. The proofs
are similar to the ones presented in Lem. 3.85. O

3.3 Extending lcc with Private Information (lccP)

We introduce lcc®, an extension of lcc in which abstractions are generalized with
local information. The idea is to use lcc® to model systems where private informa-
tion is important (e.g., session establishment protocols with cryptography). These
developments are based on the work presented in [HL09] for utcc [OV08a].

In § 3.3.1 we motivate this extension via examples. Next, we present the syntax
and semantics in § 3.3.2 and the type system in § 3.3.3. We conclude by presenting
properties ensured by types in § 3.3.4.

3.3.1 Motivation

The encoding of 7, into 1cc that will be presented in Ch. 4 relies critically on 1cc ab-
stractions (i.e., universal quantifier) to represent intra-session communication in 7
(including scope extrusions) and their associated continuations. However, abstrac-
tions in lcc turn out to be overly powerful for modeling scope extrusion, in the sense
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that they can also represent combinations of name-passing and restriction not possi-
ble in a w-calculus such as 7.

In particular, this issue arises because the local construct in lcc (i.e., the existen-
tial quantifier) allows abstractions to obtain information that should be hidden. To
illustrate this, we consider the following example:

Example 3.87. Let Q2 be the lcc process defined below:

Q2 = 3x.((2) || Vy(e(y) — TE)) || Spy (3.3)

where Spy is defined as:
Spy = Vz(p(z) — ff)

Supposing that we would like the synchronization inside the local construct private
(something that can be done in 73 ), we can notice that Q above fails in this regard—
the semantics of 1cc in Fig. 2.5 allow Spy to access ¢(x) in the store:

Q2 — Jo.(Vy(p(y) — TE) || FF)

To intuitively understand how the privacy of the restriction construct behaves in 7,
compared to the one in lcc, we consider the following 7, process:

Prs = (vay)(@(v).Pr [ y(2).Qy) | R (3.4)

The first thing to notice is that the restriction operator (vzy) ensures that communi-
cation between endpoints = and y is private, i.e., they cannot be interfered by some
external process. In particular, we have that the semantics of 7g; (cf. Fig. 2.1) does
not allow R to get a hold of v in the reduction:

Pis — (vay)(Po | Py{Y/2}) | R
A

The situation illustrated by the example contrasts with a similar scenario for lcc,
given by process Q2 (cf. (3.3)), as the semantics of 1cc does allow an external ab-
straction to get information from inside the local construct. To address this issue we
would like to limit the power of abstractions in lcc so we can preserve the nature
and essential assumptions of the restriction operator in mg,. Hence, we would like
the privacy of session endpoints (inherited from the restriction operator) to be ex-
plicitly programmed at the declarative level of 1cc? processes, relying on some extra
mechanism to limit abstractions.

To this end, next we develop a simple typing discipline for lcc?, built upon the
approach in [HL09 |—where the focus is in utcc and session-based concurrency is
not addressed. Our type system admits only abstractions whose associated vari-
ables adhere to a precisely defined policy. Informally speaking, we shall classify/sort
variables as either unrestricted (i.e., public) or restricted (i.e., privacy-sensitive), and
decree that restricted variables are non-abstractable. This is a simple access control
mechanism for lcc® abstractions. A well-typed lcc? process will then only contain
abstractions of the form Vz(d; e — P) where e is a secure pattern, i.e., it respects the
classification policy by not involving non-abstractable variables.
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The type system is defined in general terms; one application is an encoding of ¢
into lccP—see § 3.1.3. In this case, the sorting policy applies to the predicates used
to represent synchronizations. This way, we assume a refined signature in which
©(7; y) is a predicate with 7 restricted and y unrestricted. This allows us to distinguish
process that try to access private variables, but are not allowed to do so (cf. Ex. 3.89).

3.3.2 Syntax and Semantics

Abstractions in lcc act on global information posted in the constraint store. This
may be an issue when specifying processes that use their local information to per-
form some public (observable) behavior. This is the case of session processes after a
session has been established, which rely on (private) endpoints to communicate. An-
other relevant example of local information are the (private) keys used in protocols
for secure communications.

To address this interplay between local information and public behavior, we con-
sider lccP, a variant of 1cc in which abstractions are generalized so as to account for
local information. The syntax of lcc results from Def. 2.26 by replacing the abstrac-
tion operator Vz(e — P) (in the grammar for guards) with the following one:

VZ(d; e— P)

The new element is constraint d, a piece of local information used jointly with e to
trigger P. That is, d is used as additional resource in inferring e from the (global)
constraint store; still, d is used locally, for it is not added to the store. This construct
is a generalization in the sense that V(e — P) in lcc corresponds to VZ(tt; e — P)
in lccP. The operational semantics of lcc” formalizes these intuitions. It is defined
by the LTS in Fig. 2.5, replacing Rule (C:Sync) with the following rule:

codt 3(e{yzy® f) Fnficde P)=10
mge(c®d, Iy.(e{Yz} ® f)) c®dbff = ck ff

| C:SyncLoc| — — = —
|| vi(d; e—P) — g (P{Yz} || f)

In this new rule, premise c ® d F ff == ¢ F ff ensures that only local assump-
tions d which do not conflict with the information in the (global) constraint store ¢
are allowed. All other notions and definitions for lcc processes will carry over to
lcc?. Next we define a simple type system for disciplining abstractions with local
information in lccP.

3.3.3 The Type System

The typing rules for secure patterns/processes are defined in Fig. 3.7. For simplic-
ity, we assume that patterns are conjunctions of predicates applied to terms over the
function signature. We consider two environments, A and ©, where A is the set of
variables used as restricted and © is the set of variables used as unrestricted. Empty
environments are denoted *-".

As hinted at above, the objective of the type system is to identify lcc? processes
whose abstractions contain secure patterns. We consider three kinds of judgments:
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(L:PreD) (L:True)  (L:FaLsE)

res(o(ty;ta)); unr(ty ) \ var(ty) Fo p(t1ity) - Fett w5 o fF
(L:Assoc-1) (L:Assoc-r) (L:Comm)
A;OF, (c®@d)®e A;OFec®(d®e) A;OF,c®d
A;Oh,c®(d®e) A;Oh, (c®d)®e A;OF,d®c
(L:Coms)
A1;61 }—. C AQ;G)Q |—. d (Al 062) = (AQ 091) = @

AT UAOUBF,c®d

(L:Exisr) (L:BaNG) (L:ABs)
A:OF, ¢ A;OFkec FoP A;OF,c TCON\fv(d)

A;OF,dT.c A;OF,lc Fa VZ(d; c— P)

FaGr FaG Fa G

(L:Sum) A AT (L:GuarD) A

Fa G+ G Fo G
(L:Terr)  (L:Par) (L:Rerr) (L:Locar)

cel FePL Fo P +H, P Fo P
Foc Fo P1 || P2 Fo 1P o, 37. P

Figure 3.7: Typing rules for lccP.

e Judgment A;© t, c concerns patterns: it says that pattern c is well-formed,
under restricted variables A and unrestricted variables O.

e The judgment for guards (abstractions, non-deterministic choice) is denoted
Fa G

e Finally, a well-typed process P is denoted by -, P.

Recall that we write ¢ to denote a vector of terms with its length given by |t]. We
will consider predlcates of the form <p(t1, t2) where, intuitively, ¢; denotes restricted
parameters and ¢, denotes unrestricted parameters. We introduce some useful func-
tions on terms:

Definition 3.88. Let « and ¢ denote a variable and an arbitrary term, respectively.
Functions unr(t), res(t), and var(t) yield, respectively, the set of variables appearing
unrestricted in ¢ according to the sorting; the set of variables appearing restricted in
t; and the set of all variables occurring in ¢. They are defined as:

unr(x) < {r} unr(p(f1582)) = unr(f2)
var(x) «f {z} var(p(ty;t)) & var(t;) Uvar(ty)
res(x) def {z} res(o(t;ta)) def var(t;) U (res(ta) \ unr(ta))

We assume that these functions extend to sequences of terms by letting

unr(t) = U unr(t;)

1<i<[f]
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and similarly for res(-) and var(-).

Notice that var(t) = res(t) U unr(t). Also, res(t) N unr(t) may be non-empty;
in <p(t~1; 12), terms in ¢» could contain restricted variables (e.g., in nested predicates,
which are not needed in our encodings).

We now comment on some of the rules in Fig. 3.7. Rule (L:Prep) decrees that all
variables in #; as well as the variables occurring restricted in t, are restricted. The re-
maining variables are unrestricted. Rules (L:Assoc-L), (L:Assoc-R), and (L:Comm)
define basic properties of constraint conjunctions. Rule (L:Coms) identifies the re-
stricted and unrestricted variables in the pattern ¢ ® d. The set of restricted variables
for ¢ must be disjoint from the set of unrestricted variables for d, and vice versa. This
avoids treating restricted variables in ¢ or d as unrestricted variables in ¢ ® d. Typ-
ing rules for guards and processes are simple. Rule (L:Ass) says that abstraction
Vz(d; c— P) is secure as long as variables = are unrestricted in the typing for ¢, and
no variables in d occur in .

Example 3.89 (An Ill-Typed Process). Asa simple illustration of our type discipline,
consider the following process:

Q3 =V, y,w(tt; p(w;y) ® ¢ (w, x;€) = " (€ 3,y)) (3.5)

Above, we assume that in constraint ¢ (w; y) variable w is restricted, while y is unre-
stricted. Similarly, suppose that both w and z are restricted in ¢'(w, x;€), and that
both z, y are unrestricted in ¢ (¢; x, y). The constant e is used to denote an empty se-
quence of variables; it is useful to remember which predicates do not have restricted
(or unrestricted) variables.

Using Rule (L:Coms), we obtain that pattern snd(w, y) ® {w:x} has an unrestricted
variable (y) and two restricted variables, w and x. We then infer that ()3 is not typable
because a typing derivation would need to perform an insecure abstraction on the
restricted variable w. The tree for the failed derivation is as follows:

(L:TELL)

o (ex,y) €C D The derivation fails here.

—_— 1
Fo ¢ (€ ,y) {z,w,y} C {y}

A Vz,y,w(tts o(w;y) © ¢ (w, x5 €) = ¢ (6 2,Y))

(L:ABs) -

with Dll
(L:Coms)

{w}; {y} e p(wiy) {w, 2} 0k @' (w, z56)
{w, x}; {y} o o(w;y) ® ¢'(w, 3 ¢)
Notice that the derivation fails since predicate {x,w,y} C {y} does not hold. A

3.3.4 Typing Properties

Before presenting the main results of the type system above, we must define the no-
tion of substitution for 1cc”. We do this below:

Definition 3.90 (Substitution). Given terms ¢ = ti,...,t, and process variables
T = %1,...,Ty, the application of a substitution to a Constramt guard and process,
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tt{yz} € te (o) {7y Eielz)) frlz < e
o(@;0) {17} < pafl/z); 57}
(cod) Y7} < Yy 0 dyzy 3.0z} € .Yz} if G
Vi(ds; e Pz} € vi(a{¥z} s c{t/z) - P{Y3)) if (10 & = 0)
(Gr + Go) (Y7} & G {7} + Ga {7}

0)

@7} < Uz} (Pl Q{7 Pz} | Q{U7)
3. P) € 35. Pz} it (jnE=0) (IP){Hz} = \(P{Hz)) (O){Y7) € a{Yz)

Figure 3.8: Substitution in lcc’.

denoted respectively 0{57%}, G {?/:?}, and P{?/i}, is inductively defined on the struc-
ture of constraints, guards and process as in Fig. 3.8.

Below, we present the main results regarding the type system: subject congru-
ence, substitution lemma, and subject reduction. As with all the other process calculi
we have presented, subject congruence shows that typing is preserved by the struc-
tural congruence in Def. 2.28. Similarly, subject reduction ensures that the semantics
preserve typing.

Lemma 3.91 (Subject Congruence). If P = Q and b, P, then -, Q.

Proof. By a case analysis on P = () (cf. Def. 2.28). Since congruences are symmetric,
we need to prove for both P = @ and @) = P. There are eight cases. For details see
App. A5. O

Proposition 3.92 (Substitution). Let P and t be a process and a term, respectively. If
Fo P then -, P{Yz}.

Proof. By induction on the structure of P. Interesting cases are when P = ¢ and
P =Vy(d; e—~P'), for some gy, d, e, and P’; other cases are straightforward.

e Case P = ¢: By the well-typedness assumption we infer that ¢ € C, which
immediately implies that ¢{!/z} € C and so we conclude using (L:TeLL).

e Case P = Vy(d; e— P’): By the well-typedness assumption we infer that P’ is
well-typed, that A; © I, e, and thaty C ©\fv(d). Since universal and existential
quantifiers are binders, occurrences of variables in y are not affected by {¢/z};
this in particular rules out the possibility of renaming an unrestricted variable
into a restricted one. The substitution thus only affects free variables (not in y)
and the thesis follows.

O
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Theorem 3.93 (Subject Reduction). If P 251 Qand -, P then 't Q.

Proof. By a case analysis on the transition rule applied (cf. Fig. 2.5). There are eight
cases. For details see App. A.5. O

3.4 Queue-Based ReactiveML (RMLq)

In this section we present RMLgq, a variant of ReactiveML that uses queues to store
and access values across time units. These queues store values that can be read by
expressions at any given time. This extension was considered to bring ReactiveML
closer to the idea of asynchrony presented in ar (§ 3.2).

In § 3.4.1 we motivate the extension with some examples. Then, in § 3.4.2 we for-
mally introduce the syntax and semantics for the calculus and provide some exam-
ples. Finally, we conclude by introducing some equivalences for RMLq configurations
in§3.4.3.

3.4.1 Motivation

Intuitively, RMLq was designed to be the target language for a translation of ar (cf.
§ 3.2). Considering this, we claim that the key challenge of encoding am in a syn-
chronous language such as ReactiveML lies on the fact that signals (and the values
they contain) are ephemeral, i.e., they are deleted at the end of an instant. This fact
contrasts with the queues in aw, which can be accessed at any time during execution,
without fear of losing messages. Thus, one must define a mechanism to make values
in queues persistent over time. Before presenting our solution, we discuss on the way
emitted values are stored during a ReactiveML big-step reduction.

Intuitively, ReactiveML uses event sets (Def. 2.38), to store the values emitted by
a signal x during a single big-step reduction. These events are reset every time a new
big-step reduction occurs. Hence, it is not possible to access values emitted during a
previous instant. Therefore, it is not possible to use these event sets to store persistent
values; a feature needed for modeling the asynchrony present in ar. It can be argued
that ReactiveML is not natively equipped with the necessary features to persistent
emissions.

Considering the previous caveats, we have decided to focus on the way values are
stored in memory from a more computational perspective. Since ReactiveML is built
on top of OCaml, we have decided to make use of the more operational features of
the programming language and consider a persistent memory that stores transmitted
values in queues. Thus, RMLqbecomes a variant of ReactiveML enriched with explicit
states. This means, that RMLq processes in parallel can also synchronize by putting
and popping values from queues. Formally, programs (i.e., executable expressions)
are represented in RMLq by configurations K = (e ¢ X). In K, e represents a Reac-
tiveML expression and ¥ is a set of queues that can be modified by the execution of
€.

Notice that having a explicit state and being able to synchronize values from
queues is coherent with the semantics of aw, where processes can interact with their
queues, which are then in charge of synchronization. Then, it can be argued that
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by using configurations we bring RMLq closer to am, which in turn allows for tighter
encodability results; this is a sought feature in our work.

To introduce RMLgq, consider the following configuration, in which a ReactiveML
expression stores a value in a queue to be emitted at a later instant:

Ky={put ¢ tt ||
pause; (3.6)
signal x in let y = pop ¢1 in emit x y;pause;emit x y © qq : €)

In K, we have a configuration with a ReactiveML expression which first puts value
tt in queue ¢;—which is empty at the start of execution. At the next instant, the
expression declares a signal = and obtains the value stored in ¢; to be then emitted
in the current instant, and also in the next one. Below, we formally introduce RMLq
and provide with more explanation on the semantics.

3.4.2 Syntax and Semantics

Besides configurations, states, and expressions, the syntax of RMLq shall consider
queues q : h, where the first element is called a queue identifier, ranged over by ¢, ¢/, . ..
and h represents a (possibly empty) sequence of values. Sequences of values shall be

ranged over by h, b/, ... and configurations are ranged over by K, K, .. .. The syntax
of RMLq is given below.

Definition 3.94 (RMLq). Let i denote constants, variables, signal names and pairs
(h, h). We obtain the syntax of RMLq by extending the grammar in Def. 2.36 as shown
below:

e = --~]popq|putqh’isEmptyq N, u= ]Z,q:h
~ )

0
h,/;’ = e‘%u KK == (eo

Above, h is used to denote first-order values, i.e., values that are not A\-expressions
or process declarations. Whenever it is clear from the context, we will only call them
values. Intuitively, in the syntax of RMLq the grammatical category of expressions
is extended with constructs for dealing with queues. Given a queue identifier ¢, ex-
pression pop ¢ pops the first value from ¢ and returns it. Analogously, put ¢ h puts
the first-order value h at the end of ¢. Expression isEmpty ¢ returns tt or ff, depend-
ing on whether ¢ is empty or not. As hinted before, a state is a set of queues, where
5, ¢ : h denotes the union of ¥ with the singleton {q : h}. Notice that the union is only
well-defined whenever ¢ ¢ dom(X). Sequences associated with queue identifiers, de-
noted £, are defined as concatenations of first-order values. Finally, configurations
are pairs of expressions and states, written (e ¢ X).

The semantics of RMLq is obtained by extending the big-step semantics of Re-
activeML, presented in § 2.4.1, with configurations and states. We denote big-step
reductions in RMLq by using a similar notation to the one used for ReactiveML:

Eb
-——>

(e o %) (e oY)
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Above, the dashed arrow decrees that configuration (e ¢ ¥) evaluates to configu-
ration (¢ ¢ ¥') in a single big-step reduction, where S is a signal environment, b is a
termination boolean, and E is an event set. The notions of signal environments, ter-
mination booleans, and event sets are as in the semantics of ReactiveML. The big-step
semantics is then generated by the rules in Fig. 3.9, Fig. 3.10, and Fig. 3.11.

We focus on presenting the most salient differences between the semantics of
RMLq and ReactiveML: (1) extending the semantics to consider configurations and
states, and (2) the rules for queue expressions in Fig. 3.11.

Configurations and states pose a challenge in RMLq. In particular, because ex-
pressions e; and es executing in parallel could potentially try to modify the same
queue at the same time (expressions dealt by Rules |L-Par], |L-DoNE|, and |PaIr]).
Ideally, one would like to avoid these interferences altogether, but such assumptions
are too restrictive. To address this issue we assume that expressions can “lock” the
queue to execute a certain action. Thus, we have reading locks and writing locks. The
most problematic cause of interference is whenever two expressions executed in par-
allel have the same lock on the same queue. Moreover, as we show at a later stage,
our translation never induces situations in which two expressions are taking the same
lock on the same queue.

To rule out the undesired interference, we define two functions w(e) and r(e) that
return the set of queue identifiers of the queues from which e has the writing lock and
reading lock, respectively. Then, with this information, it is possible to deduce that
the kind of expressions we would like to rule out are of the form let z; = e; and 3 =
es in e3, where the condition w(e;) Nw(es) = r(e;) N r(ez) = () does not hold.

Definition 3.95. Let e be an RMLq expression:
1. Function w(e) is defined below:

e If e = put g v thenw(e) = {q}.
e Ife=(),e=2,e=ce=mn,e=pause, e =pop g, ore = isEmpty ¢ then
w(e) = 0.

e Inductively defined for every other case.
2. Function r(e) is defined below:

e If e = pop g, then r(e) = {q}.
o Ife=(),e=m,e=ce=n,e=pause,e=put qu,ore=isEmpty ¢ then
r(e) = 0.

e Inductively defined for every other case.

We are now left to handle the kind of interferences that are not captured by the
assumption w(e;) Nw(ez) = r(e1) Nr(ez) = 0. They come in two types:

(1) The sets w(ey), w(ez), r(e1), and r(ez) are pairwise disjoint: This case means that
there are either no interferences or no queues are being modified in each ex-
pression.

(2) Eitherw(e;)Nr(e;) # 0, w(e;)Nr(e;) # 0 holds: This case means that there are two
expressions e; and e, executed in parallel and that one of them has a writing
lock and the other a reading lock.
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| PAuSE | | VAL |

(pause o %) 9”-;1 o) (o) ?gL (o)

Ett

(v{¥/recz =v} o X) i (v o Xq)

| RECUR | XY

(recz=v o %) P (v o Xq)

(e o %) ——;Et—e (process ¢’ o X1) (e/ o ¥1) —h:;—’lie (€ o Bg)

| L-PAR|
w(el) ﬂW(eg) = r‘(el) n r‘(ez) =0 Y= Y1y s

Eib Es.b
(1 0 X) ~===2 (ef 0 Th) (ea 0 X) ~-7=a (e © Do) by Aby = FF

. EqUgEs ff , I ’
(let x1=ejandzy=es in e3 oE)————S————+<let r1=cjandzas=e5ines ¢ X)

|L-Done|

|S16-NP | R
(present e17eq : eg © ) ——:g——» (e3 © 1)

Figure 3.9: Big-step semantics for RMLq expressions (Part 1).

Dealing with the previous cases requires a way for modified states to be merged.
In Fig. 3.9, the merging can be seen in Rules | L-Par|, | L-DonNE|, and |PaIr |, written as
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) Es,
(1 0) -2 (n o D7) ez 0 By) ——2oos (v o By)
| Emit | RIS i
(emit e1 €3 0 ) --1-”f-39;[-{-}-/--]ff () o %)
Eq, Es,
(e1 o %) -_lgfb (01 6 1) (es 0 3) S“ (v5 & n)
I‘PAIRJ FE U Eo,tt
((e1,€2) © %) T ((v1,v2) © Xy Wy Xg)
E,
(0 %) "5 (no¥) nesS
| DW-NS| —
(do €1 when ez © X) ——é——e (do €1 when n o )
eox) 2t o3y
|Lp-Stu| Ei
(loop e ¢ %) ——jg——» (€/;1oop e © 31)
: By ff
(e2 © %) S, no31) nelS (e1¢Xy) 7 (€] o Xg)
| DW-INT| TN )
(do e1 when ey ¢ X) R (do €] when n o 3)
Es, Eq,
(2 0) -5 (no D)) neS (e oB1) 2o (v o Dy)
| DW-Enp | BrLiBatt
(do e; when ey ¢ X) B (v o Xq)
eoX) s (w0 D) (Loop e o D) 22 (¢ o )
|Lp-Un| RIS
(loop e ¢ %) ——3%;—2——+ (€ o g)
Es, Eq,
(e2 © %) S, (noXy) (e1 o) ——;Et—e (v © 3g)
| DU-EnD | . Bl Eatt
(do e1 until ex(z) — e3 © X) R (v o X9)
Es, Eq,
(e20%) 25 tno%) nes (e1o31) 10 (¢ o Ty)
[DU-P] 5 E1Ug By ff :
(do ey until eg(x) = ez © %) ——1——;—31—9 (es{S"(n)/z} o %)
(ea © X) Eg’ft—e (noX1) ngS (e o) fgf; (€] o Xg)
|DU-NP|
do e; until es(z) — ez 0 & fabebett, do €} until eg(x) — e3 © Xy
s 1

Figure 3.10: Big-step semantics for RMLq expressions (Part 2).

Y1 Wy Xy, Intuitively, merging works on two states ¥; and >, that have been obtained
by modifying an initial state X. Then, the operation will fuse the modified queues of

Y1 and X, into a new state.
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Fi,tt 5
(e 0 %) S+ (v1 0 B1) {e2 0 By) --2-o» (v2 0 Ba)

(es{#/n} o $a) 200 (ch o Xg) mfresh  S(n) = (v1,v2,m)

| Sic-DEec|
(signal,, z:e; ine3 o X) Ell_lf?k—z:lfs—’ée (e o X3)
0, ) Eb
oo (e o X) —:;—te (cjoX1) jel (e o) = (e} o )
Casg
(match e with {¢; — e;}icr © ) —bj—;-) (€} o )
|Pur-Q| |Por-Q|
~ 0, ~ ~ 0, ~
(put v o X,q: h) —5» (()oX,g:h-v) (popgo X,q:v-h) —g» (vo X, q:h)
| NEmpry | | Por-Q. |

0,tt
-

i 7 = 0,Ff
(isEmpty ¢ © £,q: h) (o X,q:h) (popqo X,q:e€) R (pop g © X,q : €)

0,ff
[Empry] (isEmpty g © X,q: €) = (isEmpty ¢ © X,q : €)
Figure 3.11: Big-step semantics for RMLq (Part 3): Queue-related operations.

The merging operation is formalized below. We first introduce some auxiliary
definitions:

Definition 3.96 (Subtracting and Comparing Sequences). Let hy=wvi-... v, and
he =wvy - ... vy, with 0 < m < n be sequences of first-order values.

1. The subsequence relation }L\; - 77: holds if and only if |izv1| > |iz;| and H =
ViU ... Uy (Le., ho is a prefix of hy).

2. The subtraction operation 7;1 \ E; is defined as follows:

;L\I\E;déf Un—m * «-- " Un ifn>n.1
otherwise

Definition 3.97 (State Merging). Let ¥, ¥; and X, be states such that dom(X) =
dom(%1) = dom(X3), and ¢ be a queue such that X(q) = h, £1(¢) = h1, and X2(q) =
ha. Then, assuming i,j € {1,2} with i # j, and that |h;| < |hj], the state merging

operation is defined as:
def ~

X1 Ws Xa(q) = hi- (ki \ h)

Notice that although Rules |L-Par |, |L-DonNEe|, and | Pair| are the most prominent
sources of parallelism in the big-step semantics of RMLg, they are not the only one.
Take, for example, Rule | DU-P|: in principle, both e; and e, are evaluated simultane-
ously. To control this kind of parallelism, we give the evaluation of these expressions
a specific order. In particular, for expressions dealing with signals, we have forced a
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specific evaluation order, aiming to keep the states consistent throughout the deriva-
tion. Similarly, we have decided to give an evaluation order to applications: in Rule
|AprL|, we specify the order in which the expressions are executed. Once again,
the evaluation order arises from the fact that first it is necessary to recover the A-
expression before applying e; to e;.

We now briefly address the second main difference with respect to the Reac-
tiveML semantics: the queue-related rules in Fig. 3.11. Rule |Pur-Q| pushes an el-
ement into a queue at the end of the time instant and terminates instantaneously.
Rule |Por-Q] takes the first element from the queue (if not empty) and terminates
instantaneously. Rule [NEmrtY| enables isEmpty to terminate instantaneously if the
queue is not empty. Rule |Por-Q. ] keeps the thread execution stuck for at least one
instant if the queue is empty; Rule |[Empty] is similar.

We conclude this section by illustrating RMLq configurations and their big-step
reductions. We also use these examples to clarify the role of the state merging oper-
ation.

Example 3.98. Let K1, Ko, K3, and K, be defined as follows:

K, = (put ¢; tt;put ¢; tt;put g, ff |
signal s; in emit s tt;pause;put gz s1 © q1 1 €,q2 : €)
Ky = (signal s in put ¢; tt;pause;emit s (pop ¢1) ||
await s(z) in put go & © q1 : €,q2 : €)
K3 = (put g tt;put ¢ tt;() || let y1 = pop ¢ in
let yo = pop ¢ in let y3 = pop ¢ in () © ¢ : tt - ff)
Ky = (putgtt| putqgtt] lety; =popgq inlet yo =popgqin () ¢ g: tt)

In K, we can observe that adding elements to a queue is an instantaneous operation.
The execution of the program is as follows:

Kivr-==+(() lput gz s1 o q : tt-tt - ff gz : €)
- (() o qu s tt-tt-ff o 51)

We illustrate the merging of states by showing the derivation tree for the first big-step
reduction. Let X = ¢ 1 €,q2 1 €, X1 =q1 : tt-tt-ff,qu 6,30 =q1 : 6,q2 : €, K| =
(put q1 tt;put tt;put ff oX),and K = (signals; in emit sy tt; pause;put g2 s1 ©
)

| L-PAR|

|Put-Q]J x 3, | VaL| |Sic-DEc], | PAUSE|
(Kioq:6,qa:€)r—-{()o31) (K oq:6q:€)r--»(put gz 51 © Xa)
(Kyoqr:6,q:€) ==+ {(() || put g2 81 © X1 Wy Xo)

The merging then can be calculated by solving the following operation:
YW dog=qr:tt-tt-ff,ge:eWsq1:6,q:¢€

Then, we merge individual queue. For ¢;, by observing the queues and following
Def. 3.97, it is clear that h; = ¢, h; = tt - tt - ff and h = e. Similarly, for ¢, we have
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that all the queues are empty, thus:

(Z1Wg 3o)(q1) =€- (tt-tt-ff\e) =tt-tt-ff
(1 Ws X2)(g2) =€~ (e\€) =¢

Therefore, ¥ Wy X9 = ¢p : tt - tt- ff,¢o : ¢, which is what one would expect.

Configuration K5 shows how values can be moved from queue to another. This
is an important point in our translation as am queues are associated to endpoints
and communication between queues is done by moving messages from one queue
to another. The execution of Kj is given below:

Ky +~---» (emit s (pop ¢1) || await s(z) in put g2 & © ¢1 : tt,qo : €)
e (O llput g2 tt o gui€gaie) r--=>(() [ () o qr:6¢2: tt)

Finally, configuration K3 showcases an important feature of our semantics; let us an-
alyze its big-step reductions:

Kzr-—--(() || let y3 =popgin () o g: tt-tt)
(N NORCR'RR 49

Notice that the time instant ends when reaching configuration:
(Ol let ys =popgin () o g:tt-tt)

Therefore, values added to ¢ by the left-hand expression put ¢ tt;put ¢ tt;() are
only visible for the right-hand expression in the next time instant. This behavior was
hinted before, and is the result of our assumption regarding the evaluation of put
and pop operations. Indeed, from our semantics, it can be inferred that values are
put in a queue at the end of the instants, whereas the pop operation is evaluated at
the beginning.

Finally, configuration K4 shows a process that does not have semantics according
to the rules in Fig. 3.9, Fig. 3.10, and Fig. 3.11, as there is a sub-expression put ¢ tt ||
put ¢ tt that executes two put operations in parallel on the same queue. A

3.4.3 Equivalences for RMLq

To compare RMLq configurations, we reuse Def. 2.40 as it is. Recalling this defini-
tion, we write D[] to denote the context containing all the signal declarations for 7.
Furthermore, we extend this definition to configurations by writing (Dz[P] ¢ X). We
also define an analogous to Def. 2.42:

Definition 3.99 (Congruence Up-To Signal Declaration). We will say that two RMLq
expressions e; and e; are congruent up-to signal declarations, written e; < ey, when-
evere; = e} || -+ || e, n > 1 and there exist, possibly empty, signal declaration
contexts Dz, Dz, ..., Dz such that:

Dz[Dg[ef] || -+ || Dz len]] =w e2

Furthermore, we say that two configurations K = (e; ¢ £1) and K = (e2 ¢ ) are
congruent up-to signal declaration, written K < Ko, if e; S e and X1 = X,.



Chapter 3. Source and Target Languages 118

Operational Declarative/Hybrid

ar L > RMLgq

1

[
5 > RML

%

[]

TR > lcc

l []
g ! —> lccP

Figure 3.12: Summary of expressiveness results: blue arrows symbolize extensions,
red ones symbolize encodings.

3.5 Summary of Sources, Targets, and Translations

In this section we summarize all the formal languages used in our translations and
informally introduce the notations we will use for the translations that will be pre-
sented in further chapters. A graphical summary of expressiveness results is given
in Fig. 3.12.

We first instantiate Def. 2.1 to formally describe our source languages and target
languages. We then summarize the translations and anticipate the notations used for
each mapping.

Definition 3.100 (Source Languages). The following are the source languages used
in our translations:

L Lo LT (réa, —, =s), where: 7y is the set of well-typed programs induced by

the type system in § 3.1.1, — is the reduction semantics in Fig. 2.1, and =s
corresponds to the structural congruence in Def. 2.11.

2. Lo, def (e, — N, =s) where: 7 is the set of well-typed networks induced by

the type system in § 3.1.3, —, is the reduction semantics in Fig. 3.3, and =s is
defined in § 3.1.3.

3. L ¢ & (mg, —,=s), where: 7} is the set of well-typed programs induced by

the type system in § 3.1.2, — is the reduction semantics in Fig. 2.1, and =s
corresponds to the structural congruence in Def. 2.11.

4. Ll*é LT (xi, <%, =s), where: { is the set of well-typed programs induced by

the type system in § 3.1.2, <» is the big-step semantics in Def. 3.31, and =s
corresponds to the structural congruence in Def. 2.11.
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5. Lo & (am, —4, =a), where: ar corresponds to the set of well-typed programs

induced by the type system in § 3.2.3, —, is the reduction semantics in Fig. 3.5,
and =, is the structural congruence in Def. 3.44.

6. L. &ef (am, »>—, =), where: ar corresponds to the set of well-typed programs

induced by the type system in § 3.2.3, »— is the big-step semantics in Def. 3.81,
and =, is the structural congruence in Def. 3.44.

Remark 3.101 (Starred Languages). Notice that the starred languages £*, and L7, are

not used as sources of new translations. Rather, these languages are obtained by
defining a big-step semantics in terms of the reduction semantics of 74 and ar, re-
spectively. The big-step semantics and reduction semantics are proven to be seman-
tically corresponding. We shall use starred languages to prove that the translations
from 73 and am into RML and RMLg, respectively are not only refined encodings (cf.

Def. 2.6), but also valid (cf. Def. 2.3)

Definition 3.102 (Target Languages). The following are the source languages used
in our translations:

1. Elcc = <1cc —1,%pg), where: lcc is the set of lcc processes, —») corre-
sponds to the semantics induced by Fig. 2.5, and =p¢ corresponds to the barbed
congruence in Def. 2.34—sets D and £ are properly instantiated in Def. 4.3.

def ~ .
2. Licew = (lcc,—1,%pg), where: lcc is the set of lcc processes, —»; corre-

sponds to the semantics introduced in § 3.3.2, and =p¢ corresponds to the
barbed congruence in Def. 2.34—sets D and £ are instantiated in Def. 5.4.

3. Lamw & (RML, —, <), where: RML corresponds to ReactiveML expressions,
— corresponds to the semantics defined by Fig. 2.8 and Fig. 2.9, and < corre-
sponds to the pre-order define in Def. 2.42.

4. Lrmiq e (RMLq, ----», <), where: RMLq corresponds to RMLq configurations,
r---» corresponds to the semantics defined by Fig. 3.9, Fig. 3.10, and Fig. 3.11,
and < corresponds to the pre-order defined in Def. 3.99.

We now proceed to introduce the mappings between languages that will make
part of our translations (cf. Def. 2.1). We often use the set of processes to refer to
both source and target languages, rather than the notation above (e.g., RML refers
to Lrmi, g refers to £ ) The following mappings correspond to the translations

presented in this d1ssertat1on
1. The translation [] : 7§z — lcc is studied in Ch. 4.

2. The translation [-]; : m¢ — lcc®, where f is a function that carries information
about co-variables, is studied in Ch. 5.

3. The translation [[]]? : ms — RML, where functions f and g carry some necessary
renamings, is studied in Ch. 7.

4. The translation () : am — RMLq is studied in Ch. 8.
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Encoding mf; in lcc

In this chapter we introduce a translation from 7f; (cf. § 3.1.1) into lcc (cf. § 2.3).
We formally describe it in § 4.1. Next, we prove the static correctness properties (cf.
Def. 2.6) in § 4.2. Then, in § 4.3, we prove the operational correspondence property
and state that [-] is a valid encoding (cf. Def. 2.3). Finally, in § 4.4, we illustrate the
use of this encoding using the timed patterns presented in § 1.6.

4.1 The Translation

In this section we formalize the translation mentioned above. In §4.1.1 we introduce a
specialized constraint system for dealing with sessions and instantiate the behavioral
equivalences mentioned in Def. 3.102(1). Finally, in § 4.1.2 we present the mapping
we shall use to transform 7 processes into lcc processes.

4.1.1 A Session Constraint System and Observational Equivalences

Before formally introducing the translation, we present the constraint system which
defines the necessary predicates and deduction rules for modeling communication
: [

in més.

Definition 4.1 (Session Constraint System). The session constraint system is the tuple
(C,%,Fs), where

e X is the set of predicates given in Fig. 4.1;

e (is the set of constraints obtained by using linear logic operators !, ® and 3 over
the predicates of ¥;

e s is given by the rules in Fig. 2.4, extended with the syntactic equality ‘="
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Y = rev(z,y) | snd(z,y) | sel(x,1) | bra(z,1) | {z:y}
Figure 4.1: Session constraint system: Predicates (cf. Def. 4.1).

Some intuitions on the definition above follow. The first four predicates in Fig. 4.1
serve as acknowledgments of actions in the source 74z process: predicate rev(z,y)
signals an input action on z of a value denoted by y; conversely, predicate snd(x,y)
signals an output action on z of a value denoted by y. Predicates sel(x, ) and bra(z, )
signal selection and branching actions on « involving label [, respectively. Finally,
predicate {z:y} connects variables = and y as required in the translation of the re-
striction operator in mgp.

Having introduced the constraint system, we now define two sets of observables
which will be important for the translation. Below, we define the output and complete
observables of 1cc processes that use the constraint system in Def. 4.1.

Definition 4.2 (Complete and Output Observables). Let C be the constraint system
in Def. 4.1. We define D_;, the set of output observables of 1cc processes as follows:

Didif{ﬂzsndxv |zeVsnzeZA(veEZVUEVs)}

U{FZsel(z,l) |z € VoAl EB, Ax €7}

We also define D; ., the set of complete observables of 1cc, which extends D_: as fol-

lows:

D*é difD ¢ U{tt} U {Fzrev(z, y) )|z, y€eVsAz £yna €Z}

U {3z.bra(z,1) |IGVS/\IGBW/\9:€E}

Notice that constraints such as {z:y} are not part of the observables. Consider-
ing that in the translation co-variable predicates are persistent, the information of
co-variables can be derived by using other constraints. In particular, as we will show
later, if 3z, y.snd(z,v) and 3z, y.rev(y,v) are in the set of complete observables of
some process P then constraint !{x:y} must be in the corresponding constraint store
too. This will become clear when we analyze the shape of translated processes (cf.
Def. 4.13).

Using the sets of observables defined above, we can then instantiate sets D and
€ for the barbed congruence for lcc mentioned in Def. 3.102(1) (cf. Def. 2.34). In
particular, we set D = Dﬂé.;’ and € = C (cf. Def. 4.1). The barbed congruence is then

defined below:
Definition 4.3 (Weak o-barbed bisimilarity and congruence). We define weak o-
barbed bisimilarity and weak o-barbed congruence as follows:

1. Weak o-barbed bisimilarity, denoted %10", arises from Def. 2.33 as the weak
D¢ C-barbed bisimilarity.

I
2. Weak o-barbed congruence, denoted %f‘“, arises from Def. 2.34 as the weak
D_; C-barbed congruence.
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[(v).P] & snd(z,v) || V2 (rev(z,v) @ {w:z} = [P]) (= & fu(P))
[o(y).P] = ¥y, w(snd(w,y) ® {wiz} —rev(z,y) | [P]) (w2 & f(P))
[z <1.P] = sel(x,1) || Vz(bra(z,1) @ {z:2} = [P]) (= & fv(P))
[x> {li:P;}icr] v, w(sel(w, 1) ® {w:x} — bra(z,1) ||
11\*(1 =1L —[R])  (w,z¢f(P))
[v? (P):(Q)] = Ve(v = tt—[P]) || Ve(v = F£ > [Q])
[(vay) Pl = 3o,y (g} | [P])
[+ (y).P] = [a(y).P]
[P1QI= [Pl Q]

[[OH déf T

Figure 4.2: Translation from 7§, into lcc (cf. Def. 4.4).

4.1.2 Mapping  Processes Into 1cc Processes

With the observational equivalences defined above, we are now ready to introduce
our translation. We first give the formal definition and then some intuitions follow.

Definition 4.4 (Translation of 7 into lcc). Let L = (méry —*,=s) and Licc =

(lcc, —n, %T"éU (cf. Def. 3.100(1) and Def. 3.102(1), respectively). The translation
from ﬁmfg into Ly is given as the pair ([-], ¢[.1), where:

(a) [-] is the process mapping defined in Fig. 4.2.
(b) ¢pj(z) = z, i.e., the identity function.

In Fig. 4.2, the mapping uses the predicates shown in Fig. 4.1 as acknowledgment
messages to ensure correct synchronizations. Below, we discuss some of the transla-
tion cases:

e The output process z(v).P is translated by using both tell and ask constructs:
snd(z,v) || Vz(rev(z,v) @ {z:z} — [P])

Intuitively, the translation of an output posts predicate snd(z, v) in the store, sig-
naling that an output has taken place, and can be received by an input process.
The sequential behavior of the 73, output is then modeled by only allowing the
continuation to be activated after the translation has received predicate rev(y, v),
which signals that the message has been correctly received by its co-variable
(e.g., predicate {x:y}). Therefore, input-output interactions are represented in
[-] as two-step synchronizations.
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o The translation of an input process z(y).(Q is complementary to the translation
of the output process:

Vy7w(snd(w,y) @ {w:x}—rev(x,y) || HPH)

The translation above does not post any information at the beginning of its ex-
ecution. In fact, whenever a predicate snd(z, v) is detected by the outermost
abstraction of the translation, snd(x, v) is consumed to obtain both the subject
x and the object y. Then, the co-variable restriction is checked: this restriction
is used to enforce synchronization between intended endpoints. Subsequently,
the translation emits a message rev(-, -) and spawns its continuation.

e The translation of branching-select synchronizations follows a similar strategy,
using bra(-,-) and sel(-,-) as acknowledgment messages. In this case, the ex-
changed value is one of the pairwise distinct labels, say /;; depending on the
received label, the translation of branching will spawn exactly one continua-
tion, as expected. The continuations corresponding to labels different from /;
get blocked, as their equality guard can never be satisfied. Similarly, the trans-
lation of conditionals makes both branches available for execution; we use a
parameterized ask as guard to ensure that only one of them will be executed.

e The translation of the restriction (vzy) P provides infinitely many copies of the
co-variable constraint {z:y}, using hiding to appropriately regulate the scope
of the involved endpoints. The translation of replicated processes simply cor-
responds to the replication of the translation of the given input-guarded pro-
cess. Finally, the translations of parallel composition and inaction are self-
explanatory.

We reaffirm the intuitions for our translation by presenting some interesting exam-
ples.

Example 4.5. We recall a non-replicated version of process P; in Ex. 2.25:
P} = (vwz)(vay)(x(z).w(u).0 | y(u).u(tt).0)
whose translation [Ps] is given below:

Jz,y,w, z.( oy} || H{w:z} || snd(z, 2) ||
Yy (rcv(wl, 2) @ {wy:x} —

Vws, v (snd (w2, u') ® {we:w} — rev(w, ) || Tt))

Vws, u(snd(ws, u) @ {ws:y} — rev(y, ) || snd(u, tt) |
Vg (rev(wy, tt) ® {wgu} — tTt)))
where, using the semantics in Fig. 2.5, it can be shown that:
[Pi] —1 3z, y,w, 2. (! {zmy} || H{w:z} ||
Vws, v/ (snd(wg, u') ® {wa:w} — rev(w, ) || Tt) ||
Teo(u’).0]
snd(z, tt) || Vws (rev(ws, tt) @ {wa:z} — Tt))
[u(tt).0]
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which can then reduce as expected.

The most important takeaway from this example is that it shows how the trans-
lation captures delegation, an important property of the m-calculus that allows the
reconfiguration of the communication structure (i.e., mobility). Above, we can see
how channel endpoint z is being sent over z, to be received by endpoint y, which
then enables the communication between w and z. A

In the next example, we show how certain forms of nondeterminism are captured
by our translation. In particular, we show that our translation captures processes
where nondeterministic behavior comes from a client trying to interact with two or
more replicated processes.

Example 4.6. Let us consider the mf; program Pj7 below, which is not encodable
in [LOP09]:
P = (vay)(x(v).Q1 | *y(21).Q2 | *y(22).Q3) (4.1)

where the following reduction is possible:
P — (vay)(Q1 | Qe{vz1} | *y(22).Qs | xy(21).Q2) = Piy
and whose translation follows:
[Pr7] = 3z,y.( H{z:y} [ snd(z,v1) || Vz(rev(z, 01) @ {z:2} — [Q1]) ||
V2, w(snd(w, 21) @ {wy} — rev(y, z1) || [Q2]) ||
Wz, w(snd(w, z2) @ {w:y} — rev(y, 22) || [[Qgﬂ))

Fig. 4.3 shows how this reduction proceeds in lcc. Similarly, the other possible re-
duction (the one that interacts with = y(22).Q3) is also captured by [-]. A

We conclude this section by introducing the notion of target terms. Intuitively, a
target term refers to any process obtained by the execution of a translated process.

Definition 4.7 (Target Terms). We define target terms as the set of 1cc processes that
are induced by the translation of well-typed 7{; programs and is closed under 7-
transitions: {S | [P] =1 Sand F P}. We shall use S,.5’, ... to range over target
terms.

4.2 Static Correctness

In this section we prove that [-] is both name invariant and compositional. These are
two of the required properties to state that our encoding is valid (cf. Def. 2.3). First,
we prove that the translation is name invariant with respect to the renaming policy
in Def. 4.4.

Theorem 4.8 (Name Invariance for [-]). Let P be a well-typed &, process. Also, let o
and x be a substitution satisfying the renaming policy for [-] (Def. 4.4(b)), and a variable in
Tar, Tespectively.

Then [Po] = [P]o’, with ppj(o(z)) = o' (ppy(z)) and o = o’

Proof. By structural induction on P. O
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[Pi7] = 3z, y.(H{awy} || {2y} @ snd(z, 01) |
Wz, w(snd(w, 21) @ {w:y} — rev(y, z1) || [Q2]) |
Vz(rev(z,v1) @ {x:z} — [Q1]) |l
Wz, w(snd(w, z2) ® {wiy} — rev(y, 22) || [Qs]))
—n 3o,y (Haw) || rev(y, v1) || [Q2l{v %z, w} || [xy(21).Q2] ||
Vz(rev(z,v1) @ {z:z} — [Q1]) ||
Wz, w(snd(w, z2) ® {w:y} — rev(y, 22) || [Qs]))
= Hac,y.( Hay} || {zy} @ rev(y,vr) || Va(rev(z,vr) @ {x:z} — [Q1]) |l
[+ y(21)-Q2] |l
[Q2]{v1:%/z1,w} || V2, w(snd(w, 22) @ {wiy} — rev(y, z2) || [Qs]))
—1 3z,y. (M) | [{#y} || [xy(21).Q:] |l
[Q2]{vr> ¥/ 21, w} ||
Wz, w(snd(w, z2) @ {wiy} — rev(y, 22) || [Qs])) = [Pi7]

Figure 4.3: One possible evolution of the 1cc translation of the mg; program (4.1) (cf.
Ex. 4.6).

Next, we prove that [-] is compositional with respect to the restriction and parallel
composition operator. Below, we assume the expected extension of [-] to evaluation
contexts by decreeing [—] = —.

Theorem 4.9 (Compositionality for [-]). Let P and E[—] be a well-typed msy process and
an w4 evaluation context as in Def. 2.12, respectively. Then we have: [E[P]] = [E][[P]].

Proof. By induction on the structure of P and a case analysis on E[—], using Def. 2.12.
O

4.3 Operational Correspondence

In this section we prove that our translation satisfy the operational correspondence
property required by valid encodings (cf. Def. 2.3). In § 4.3.1 we present further
discussions on the observational equivalences in Def. 4.3; also, we present an analysis
on the syntactic shape of translated programs. Finally, we introduce so-called junk
processes—processes which do not have any behavior in our translation.

In § 4.3.2 we present the proof of operational completeness for our translation. In
§ 4.3.3 we introduce all the necessary machinery for proving operational soundness:
first, we give invariants for translated pre-redexes, redexes, and well-typed programs.
Next, we present a diamond property for translated terms and present the proof of
operational soundness.
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4.3.1 Preliminaries
Observational Equivalences

Using the weak o-barbed equivalences in Def. 4.3 we can equate (i) lcc processes
obtained from the translation of an 75 process with (ii) so-called junk processes (cf.
Def. 4.14) and intermediate redexes (cf. Def. 4.25) that do not correspond to the trans-
lation of any source process, but that may be reached by executing a process in (i).
More precisely, given an 7f; process P that reduces to () via some communication

rule (ie., |Com|, |[Rep| or |SEL|), we will show that if [P] ==, T then T can re-

[
duce to an S’ that is =] *-equivalent to [Q]. The following example considers mé
processes that make a selection using Rule |SeL| and will intuitively show how junk

[
and intermediate redexes behave under

Example 4.10. For this example, let us consider the following process, which models
a simple transaction between a client an a store. We have decided to use a less ab-
stract process in this example, as we believe this helps with better understanding the
behavioral equivalences.

Pis=(vry)(z<buy. z(5406). z(inv).0| y>{buy: y(w).y(invoice).0, quit: y(w').0}) (4.2)

In P;s above, we have a client (i.e., leftmost process) that wants to buy some item
from a store (i.e., rightmost process). Intuitively, the client selects to buy, and sends
its credit card number, before receiving an invoice. Dually, the store is waiting for a
selection to be made. If the buy is picked, the store awaits for the credit card number,
before emitting an invoice. The translation of P,z is then given below:

[Prs] = 3z, y. (! {z:y} || sel(z, buy) || Yur (bra(us, buy) @ {a:ui} — snd(z, 5406) ||
Vg (rev(ug, 5406) @ {z:us} — [x(inv).0])) |
V1, w(sel(w,1) ® {w:y} — bra(y,1) ||
Ve(l = buy — Yw, w(snd(wy, w) @ {wy:y} — rev(y, w) ||
[y(invoice).0])) |
Ve(l = quit — Yws, u(snd(we, u)@{wa:y} — rev(y, u) || [y(w’). 0]))))

Combining Def. 2.30 and Def. 4.2, we have the following observables:

(ﬂPlgﬂ) ={(3z, y.sel(z, buy)), (3z,y.bra(y, buy)), (3=, y.snd(z, 5406)),
(3, y.rev(y, 5406)), (3z, y.snd(y, invoice) ), (3x, y.rev(z, invoice) ),
(3z,y.tt)}

OD’“gR ([Pis]) ={ (3, y.sel(x, buy)), (3z,y.snd(x, 5406)), (Ix, y.snd(y, invoice))}

Below, we analyze the single 7-transition for the translation of P5; we assume that
[[Plgﬂ —1 Sl, where:

Sy =3z, y. (! {z:y} || bra(y, buy) || Yuy (bra(uy, buy) @ {x:uy} — snd(x, 5406) ||
Vg (rev(ug, 5406) @ {z:us} — [x(inv).0])) |



Chapter 4. Encoding & in lec 128

Ve(buy = buy — Ywq, w(snd(wy, w) @ {wi:y} — rev(y, w) ||
[y(invoice).0])) ||
Ve(buy = quit — Yws, u(snd(we, u) @ {wa:y} — rcv(y, w) || [y(w’). 0]])))

Let us now consider the output observables of S:
OD"gR (S1) = {3z, y.snd(z, 5406), 3z, y.snd(y, invoice) }

For the sake of comparison, consider the reduction of Pig, using Rule |Ser]|, which
discards the second labeled branch:

Pig — (vay)(x(5406). z(inv).0 | y(w).y(invoice).0) = Pjq

The translation of Py is as follows (we also show its reduction):

[Pis] = 3z, y.(M{a:y} || snd(z,5406) || Yus(rev(uz, 5406) @ {z:us} — [z(inv).0]) ||
Yy, w(snd(wy, w) @ {wy:y} — rev(y, w) || [y(invoice).0]))
— dx, y.(!@ | Vg (rev(ug, 5406) @ {z:us} — [x(inv).0]) || rev(y, 5406) ||
[y(invoice).0]) =

and it is easy to see that:
D D
O (51)=0 "gR([[P{S]]) = {3z, y.snd(z, 5406), 3z, y.snd(y, invoice) }

D D
We now show that S; —?% Sy and O o (S1) =0 o (S2). This step illustrates the
fact that intermediate steps reduce to processes that are o-barbed congruent to their
respective translations:

Sy —1 3z, y.(H{a:y} || snd(z, 5406) || Yuz(rev(ugz, 5406) @ {z:ug} — [x(inv).0]) ||
Ve(buy = buy — Ywy,w(snd(wy, w) @ {wi:y} — rev(y, w) |
[y(invoice).0])) |
Ve(buy = quit — Yws, u(snd(wa, u) ® {waiy} — rev(y, u) || [y(w').0])))
—1 3z, y. (! {z:y} || snd(z,5406) || Vua(rev(uz, 5406) @ {z:uz} — [z(inv).0]) ||
Yy, w(snd(wy, w) @ {wi:y} — rev(y, w) || [y(invoice).0]) ||
Ve(buy = quit — Yws, u(snd(wa, u) @ {wa:y} — rev(y, u) ||
[y(w').0]))) = S>

where:
D ¢ D ¢ D ¢ / L
O "®(S1) =0 ™=(S2) =0 "=([Pg])) = {Iz,y.snd(x, 5406), 3z, y.snd(y, invoice) }
4
We now informally argue that S, ’:TOR [Pis]. First, we show that Sy ~™ [P/g]

¢
and then argue that for every DﬂgRC—context C[—], C[S2] =1 C[[P{s]]- To justify the
former claim, consider the relation

R = {(525 [[PIIS]])7 (53’ S/)’ (547 Si)’ (S5a 55)7 (Sﬁa Sé)}
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where:

Sy —1 Fo,y. (o} || Vuo(rev(ug, 5406) @ {z:us} — [z(inv).0]) || rev(y, 5406) ||
[y(invoice).0] ||
Ve(buy = quit = Ywz, u(snd(wz, u) @ {w2iy} — rev(y, ) || [y(w').0])))
— 3z, y. (Mo} || [z(inv).0] || [y(invoice).0] ||
Ve(buy = quit — Yws, u(snd(wa, u) ® {way} — rev(y, u) || [y(w').0])))
= 54
—1 S5
—n 3w,y (Mo} || T T |
Ve(buy = quit — Ywz, u(snd(wz, u) @ {wzry} = rev(y,u) || [y(w).0])))
= SG
S" —1 Jz,y.(H{a:y} || [x(inv).0] || [y(invoice).0]) = 5]
—1 S;
— Jz,y. (Mo} || T TE) = S5
Notice that we have left out the expansion of the term [z (inv).0] || [y(invoice).0] in
both S} and Ss. Moreover, for simplicity, we have omitted the shapes of S5 and 5.

We can see that R is a weak o-barbed bisimulation. Now, to prove S %fgf‘ [Pis]
we need to show that for each D_ + C-context there exists a weak o-barbed bisimula-
tion that makes the processes equivalent. Def. 2.32 ensures that contexts can only
be formed with DﬂgRC-processes. Hence, we need to only check processes that ad-
d/consume constraints that may in turn trigger new process reductions. To see this
point, consider process Ss: a context that adds the (inconsistent) constraint i; = Iy
would wrongly trigger a behavior excluded by the source reduction of @ into @'
One key point in our formal development concerns excluding this possibility (see
Def. 4.2).

The Shape of Translated Programs

We now introduce so-called process enablers for miy; intuitively, they represent all the
necessary endpoint connections for an mg; process to reduce.

Definition 4.11 (Enablers for 75, Processes). Let P be a 7, process. We say that the
vectors of variables ¥, § enable P if there is some P’ such that (vay)P — (vzy)P'.

The enablers of a process lead to an w§; evaluation context E[—] = (v@y)(—) (cf.
Def. 2.12). The translation of context E[—] is so common that we introduce the fol-
lowing notation for it:

Notation 4.12. Let E[—] = (vZy)(—) be an 7{; context, as in Def. 2.12. We will write
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Csy(—] to denote the lcc translation of E:

(B 32, 5.0 @ {wwid | -)
z €T,
Yyi€y
We restrict our attention to well-typed programs (Not. 2.21). Programs encom-
pass “complete” protocol implementations, i.e., processes that contain all the parties
and sessions required in the system. Considering programs is convenient because
their syntax facilitates reasoning about their behavior. The first invariant of our trans-
lation concerns the shape of translated 73 programs:

Lemma 4.13 (Translated Form of a Program). Let P be a well-typed miy program (cf.
Not. 2.21). Then

[Pl = Cagl[Ra] || - [ [Ra]
wheren > land xq,..., Ty, €T, Y1,...,Yn € Y. Note that each R;,1 < i < n is a pre-redex
(Def. 2.19) or a conditional process in P.
Proof. Follows directly from Def. 3.14 and Fig. 4.2. O

Junk Processes

It is common for translations to induce junk processes that do not add any meaningful
(source) behavior to translated processes. In our setting, junk processes behave like
— [

tt, modulo =[*. Junk can be characterized syntactically: they result as leftovers of
the translation of conditionals and branching constructs.

Definition 4.14 (Junk). Let P and J be lcc processes. Also, let b be a boolean and
l;,1; be two distinct labels. We say that J is junk, if it belongs to the following gram-
mar:
J,J w=Ve((b==b) = P) | Ve((l; =1;) = P) |t | J || T
The following statements will explain why junk processes cannot introduce any
observable behavior in translated processes. This entails showing that for any junk .J,

T
J =] tt. The proof is divided in three statements: (1) we show that no constraint in
the session constraint system (Def. 4.1) allows a junk process to reduce; (2) we show

that junk processes cannot reduce and that o (J) = o (tt); finally, (3) we
prove that .J and tt are behaviorally equivalent under any DE-context (cf. Def. 2.32).

Lemma 4.15. Let J be junk. Then: (1) J /=1 (and) (2) there is no ¢ € C (cf. Def. 4.1)
such that J || ¢ <.

Proof. We prove each item individually. All of them follow by induction on the struc-
ture of J. For details see App. B.1. O

Lemma 4.16 (Junk Observables). For every junk process J and every D, C-context
C[—], we have that:

1. 0" (J) = 0 (and)
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2. 07k (CL]) = 07 (C[ER)).

Proof. We prove each item separately. Each item follows by induction on the structure
of J. For details see App. B.1 O

Lemma 4.17 (Junk Behavior). For every junk J, every D, C-context Cl—], and every
[
process P, we have C[P || J] =™ C[P).

Proof. By coinduction, i.e., by exhibiting a weak o-barbed bisimulation containing
(C[P || J],C[P]). For details see App. B.1. O
Corollary 4.18. For every junk process J (cf. Def. 4.14) and every lcc process P, we have
[4
P| J=*P.
Cor. 4.18 follows directly from Lem. 4.17 and Def. 2.34. Also, notice that non-
trivial junk processes only appear as a byproduct of the translation of branching/s-

election processes and conditionals; other forms of synchronization do not generate
junk. This is shown in the following lemma:

Lemma 4.19 (Occurrences of Junk). Lef R be a redex (Def. 2.19).

1. IfR=x<l;.P|y>{l;: Qi}icr, with j € I then: [(vay)R] Lff Jz,y. (Mo} ||
[P 1 [Q;1 || J), where J = TI Ve(l; = l; — [Qi]), with I' = I\ {j}, and

iel’
S,y (1 ) 1P IQD 11 J) 25 3o,y (Vo || 1PD 1 QD).
2. IfR = 07(Py) : (Po), b € {tt,ff}, then [R] <51 [P] || J, i € {1,2} with
J =Ye(b=—b— [P]),j #i,and [P] || J 2> [P].

3. If R = 2(v).P | y(=).Q then [(vey)R] 2% Zu,y.(IP] || [Q{Y/=)] || J) with

J = tt.
4. If R=2(v).P|*y(2).Q then [(vzy) R] Lﬁgﬂ& Az, y. ([PIINQLY 2} || [+ y(2).P1 |
J) with J = tt.

Proof. Each item follows from the translation definition (cf. Def. 4.4 and Fig. 4.2).
Items (1) and (2) refer to reductions that induce junk (no junk is generated in Items
(3) and (4)); those cases rely on the definition of weak o-barbed congruence (cf.
Def. 4.3) and Cor. 4.18. For details see App. B.1. O

4.3.2 Operational Completeness

Below, we present the operational completeness result for [-]. Notice that no further
machinery is required for the proof.

Theorem 4.20 (Completeness for [-]). Let [-] be the translation in Def. 4.4. Also, let P
T 7\'\4
be a well-typed i program. Then, if P —* Q then [P] =12 [Q].
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Proof. By induction on the length of the reduction —*, with a case analysis on the
last applied rule. The base case is whenever P —0 P, and it is trivially true since

[P] == [P]. For the inductive step, assume by IH, that P —* Py — @ and that

T TI'é T ﬂ'é
[P] =1=,™ [Fo]. We then have to prove that [Py] =1=,* [Q]. There are nine
cases since cases for Rules (Res), (Par) and (Str) are immediate by IH. We only detail

the case for Rule |RepL| as all the other cases are similar. For additional details see
App. B.2.

Rule |RepL|:

1. Assume Py = (vay)(z(v).P' | xy(z).P"” | S), with S collecting all the pro-
cesses that may contain x and y. Notice that by typing, S can only contain
(replicated) input processes on y.

2. By (1) Py — (vay)(P' | P"{V/z} | xy(z).P" | S) = Q using Rule |Rep].
3. By definition of [-]:
[Po] = 3o,y (g} | nd@, o) || Vo (rev(zr, 0) © Lz }) — [P']) |
Wz, wlsnd(w, 22) ® {wiy}) — (ev(3,22) | [P"D) || [S])
= Ja,y.(Ha:y} || (snd(z,v) || Va1 ((rev(zi,v) @ {z:z1}) — [P']) ||
Vg, w(snd(w, 22) @ {w:y}) = (rev(y, 22) | [P"])) ||
V22, w(snd(w, 22) @ {wiy}) — (rev(y, z2) || [P"]) I [S])
4. Let R =Wz, w(snd(w, z2) ® {w:y}) — (rev(y, z2) || [P”])). By using the

rules of structural congruence and reduction of 1cc the following transi-
tions can be shown:

[Po] = Eix,y.(!{a::y} @ snd(z,v) || Va1 ((rev(z1,v) @ {z:21}) — [P']) |
Vg, w(snd(w, 22) @ {wiy}) — (rev(y, 22) | [P7])) || B || [S])
—1 3z, y. (o) || Var((rev(zi, 0) @ {:z21}) = [P']) || rev(y, v) ||

[P"{vs%/z2,w}]) || R || [S])

Elz,y.(!{x:y} @ rev(y,v) || Va1 ((rev(zg, v) @ {x:21}) — [P']) ||
[P"{v:%/z,w}] || R | [S])

=1 Jz,y. (Hay} || [P{Y 23] || [P"{ %z, w}] || R | [S])
5. By Fig. 4.2:

.y (o} || P {20 || [P{0 % 22, w}] || R | [ST)
= 3o,y ({ay} | [PT [P"{Y=30 || R | 1ST)
since w ¢ fv(P") and z; & fv(P")
6. Finally, observe that:
[Q = [(way)(P" | P{¥/2} | xy(2).P" | 9)]
=3z, y.({z:y} [ IPTITP" {23 R | [S])
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4.3.3 Operational Soundness

In this section we prove that [-] is operationally sound. Since this proof is rather
involved, we first present the statement and sketch the proof informally. Then, we
develop all the details.

Theorem 4.21 (Soundness for [-]). Let [-] be the translation in Def. 4.4. Also, let P
be a well-typed s program. For every S such that [P] == S there are Q, S’ such that

P Qand S ==, &' =T [Q].

We shall refer to the class of 1cc processes that is induced by [-] as target terms (cf.
Def. 4.7). Thus, Thm. 4.21 will ensure that target terms never exhibit behavior that
can not be attributed to some 7{; process.

The proof of operational soundness requires additional technical machinery. The
main challenge is to precisely identify which 7§, process is being mimicked at a given
point, and then to prove that this representation does not add undesired behaviors.
To tackle this issue, we draw inspiration from [PN12], which characterizes transla-
tions semantically by defining pre-processing and post-processing steps, according
to the effect they have over translated source terms and the simulation of the behavior
of the source language.

We will characterize 1cc processes semantically, via complete and output observables
(cf. Def.4.2). Then, to analyze translated processes we will define sets of immediate ob-
servables, which will enable us to characterize both translated processes and so-called
intermediate redexes resulting from them (cf. Def. 4.25). These new observables will
only contain barbs up to structural congruence, rather than to 7-transitions. Given a
redex R, its set of intermediate redexes is denoted {[R]}, with elements denoted (]RD%;

Since the proof of operational soundness requires several auxiliary results, we
first give a high-level description of the proof argument before presenting the proof
in full detail.

Proof Sketch for Thn. 4.21

We rely crucially on two lemmas (Lem. 4.33 and Lem. 4.34), which show how the
shape of 7{; processes can be inferred from their corresponding lcc translated pro-
cess, via immediate observables (cf. Def. 4.22).

We also use several properties of target terms (cf. Def. 4.7). This is achieved by
comparing the constraint stores of target terms after a 7-transition (cf. Not. 4.29). We
use the fact that target terms have a specific shape (cf. Def. 4.30). Using Lem. 4.31, by
recognizing the shape of the constraint store we identify an originating lcc process.
Notice that junk will be removed via Cor. 4.35.

More in details, the proof of Thm. 4.21 is by induction on n, the length of the
reduction [P] =, S;. The base case (n = 0) is immediate; for the inductive step
(n > 0) we proceed as follows:

(1) Since n > 1, there exists a target term Sy such that [P] =, Sop —1 1.

T Tl'é

(2) By IH, there exist @y and S{, such that P —* Q and Sy =1 S{, with Sj = *

[Qo]. Then, by Lem. 4.48, the sequence of transitions Sy =, S}, is executing
actions that correspond to closing labels in the labeled semantics in Fig. 4.7.
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(3) By Lem. 4.30, we have that So = C3[S1 || --- || S, || J], where S] = [R;] or
S = (Ri)%; for some R;, k € {1,2,3}.

(4) We analyze the transition Sy —1 57 in Item (1). By Item (3), Sy has a specific
shape and so will Sy. There are then two possible shapes for the transition, de-
pending on whether one or two components evolve (we ignore junk processes
involved, thanks to Lem. 4.19):

(@) CaglSyll--- 1S, -~ [ Sh] == CaglSi -~ [ Sy 1l -+ [ 53]
(b) CaglST Il -+ (I Spy Il 1Sk, -+ I Sh] —1 CaglST -+ 1Sy, -l
Siiy -+ [ Sl

(5) In both cases, Lem. 4.33 and Lem. 4.34 will allow us to identify which source
reduction (in @) is being partially simulated by Sy —1 5. (It is “partial’
because an 7, reduction is mimicked by at least two transitions in 1cc.) Hence,
we can characterize the 75y process @) for which Qo — Q.

(6) We are left to show the existence of 57, given that Sy —1 S7 and Sp = SH
(Items (1) and (2), resp.). This follows from Lem. 4.47, which is a diamond
property for lcc processes induced by so-called closing and opening labeled the
transitions (cf. Def. 4.41) and the shape of Sy identified in Item (3), which is
preserved in S; by Item (4). These facts combined ensure that the same tran-
sition from Sy to S7 can take place from S{. Therefore, there is an 5] such that
Sy —1 S7 and that the same transitions from Sy to S can be made by S;.

Therefore, S; = S1.

[
(7) Finally, since S} = [Qo] (IH, Item (2)) and by the reduction and transition
1
identified in Items (5) and (6), resp., we can infer that S; =™ [Q].

Using this proof sketch as a guide, we now introduce all the ingredients of the proof.

Invariants for Translated Pre-Redexes and Redexes

In this section we introduce invariants for translated pre-redexes and redexes. First,
we introduce the set of immediate observables of an lcc process. Intuitively, this
denotes the current store of a process (i.e., all the constraints that can be consumed
in a single transition).

Definition 4.22 (Immediate Observables of an 1cc Process). Let P bean lcc process
and C be a set of constraints. The set of immediate observables of P up to C, denoted
Z€(P), is defined in Fig. 4.4.

Note that the immediate observables are defined over a subset of 1cc processes.
We leave out processes that are not induced by the translation, such as (P || P) or

(P + P). The definition is parametric in C, which we will instantiate with the set D,

of complete observables (cf. Def. 4.2).
We will analyze the translation using so-called invariants, i.e., properties that hold
for every target term. Based on source 7{; processes, we will define these invariants
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T¢(c) e {c},ifceC
I (Vi(c —» P)) £ ¢
I8P+ Q) ¥ I°(P) UTE(Q)
IC(P H Q) 1P UTE(Q)
P) % (3 zc!cezc ()
if P=Vz(c — P)

{c} ifP=c¢
undefined otherwise

Figure 4.4: Immediate observables in [-] (cf. Def. 4.22).

bottom-up, starting from translations of pre-redexes (i.e., a prefixed process that does
not contain parallel composition at the top-level, cf. Def. 2.19), redexes, and translated
programs. The first invariant will clarify how the immediate observables of the trans-
lation of some pre-redex P gives information about the nature of P itself. Notice that
in the results below we use Not. 2.24.

Lemma 4.23 (Invariants of [-] for Pre-Redexes and the Inaction). Let P be a pre-redex
or the inactive process in wés. Then the following properties hold:

1. If 77w ([P]) = {snd(z,v)} then P = x(v).Px, for some P.
2. [fID;éR([[P}]) = {sel(x,)} then P = = <1.Py, for some P;.
3. IF T~ ([P]) = {tt} then P = 0.

»D*
4. If T é (IP]) = Othen P = o y(z).Py or P = x>{ly : P;}ieq, for some P;. Moreover,

[P] 7.

Proof. By assumption P = 0 or P is a pre-redex (Def.2.19): P = z(v).P;, P = z<l.Py,
P =y(z).P1, P =xy(z).Pyor P=xp>{l; : P;};cr. Given these six possible forms for
P, we then check the immediate observables (cf. Def. 4.22) of their 1cc translations
(cf. Fig. 4.2):

IDEoéR([[x(v).Pﬂ]) — {snd(z, v)} & ([a(y)-P1]) = 0
ID"gR([[xfl.Pl]]) = {sel(x,1)} IDWOR([[*ﬂf( )-Pi]) =0
74 ([0]) = {tt) “([ow (I : Phied]) = 0

This way, the thesis holds. ]
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When immediate observables do not provide enough information on the shape of
a pre-redex (cf. Lem. 4.23(4)), we can characterize the minimal parallel context that
induces immediate observables:
Lemma 4.24 (Invariants of [-] for Input-Like Pre-Redexes). Let P be a pre-redex such

that ID”gR (IP]) = 0. Then one of the following holds:

1. If[P] || sel(z,1;) ® {y:x} —1 Sthenbra(y,l;) € I "6 (S)and P = y{l; : P, }ier,
with j € 1.

..
2. If[P] || snd(z,v) @ {y:z} <1 S then rev(y,v) € T =& (S) and P = o y(z).Py.
Proof. Using the previous definitions. See App. B.3 for details. O

We now define the set of intermediate 1cc redexes of a communicating redex (cf.
Def. 2.19). Intuitively, these are lcc processes obtained through the transitions of a
target term:

Definition 4.25 (Intermediate Redexes). Let R be a communicating redex in mj; en-
abled by z,y. The set of intermediate 1cc redexes of R, denoted {{R]}, is defined as
follows:

{z(v).Ply(2).Q} = {rev(y, v) || Yz(rev(z,v) @ {z:a} — [P]) || [Q{Y/=}]}

{z(v).P| * y(2).Q} = {rev(y, v) || Vz(rev(z,0) ® {z:a} — [P]) | [Q{Y/=}] |

[y (w).Q1}
{z<l.Ply>{li : Qi}ic}= {braly, [j) | Vz(bra(z,1;) ® {z:} — [P]) |

Ve(l; =1 — [QD) ||/,
[P || Ve(l; = 1; = [Q;D) II J,
bra(y,1;) || Vz(bra(z, ;) ® {z:a} — [P]) || [Q] || /|
J as in Def. 4.14}

Observe that the set of intermediate redexes is a singleton, except for the transla-
tion of selection and branching. We now introduce a convenient notation for these
redexes:

Notation 4.26. We denote the elements of {{R]} as (]R[)%, withk € {1, 2,3} asin Fig. 4.5.

This notation aims to clarify the behavior of intermediate redexes, particularly in
the case of the selection and branching. This will become much more apparent in the
following invariant, which describes how translated redexes interact.

Lemma 4.27 (Invariants for Redexes and Intermediate Redexes). Let R be a redex
enabled by z, Yy, such that (vZy)R — (vTy)R'. Then one of the following holds:

1 IfR =5 v? (Py): (P5) and v € {tt, Ff}, then [(WEG)R] 2% (vag)[Ps], with
ie{1,2}.
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@({%H Vz(rev(z,v) @ {z:z} — [P]) || iR = 2 (0).P | y(2).Q
1 def Jrev(y,v) || Va(rev(z,v) @ {ziz} = [P]) | o p _ ol (s
55 =1 [t)] | Tovtw) ] R =2(0) P| *y(2)Q
ba ) | elbale @ ) 2 D it — et o (15 Qe

(R)2. def [Pl Vel; =1; = [Q;D) | J if R=a<l.P|y>{li: Qi}ier
b undefined otherwise
bra(y. ;) | if R=2<al.P|yv{l: Qi
(RS, & Vatbra(z, ) @ {zso} — [P]) | [Qu1 |7 R =kl Tyt Qiier
undefined otherwise

Figure 4.5: Elements in the set of intermediate redexes for [-] (cf. Not. 4.26)

[(wig) R] = Csl(R)L, S =T (i) ']

Figure 4.6: Lem. 4.27(3).

2. IfR=s 2(v).P | o y(w).Q, then [(vZy)R] —n= Cxz[(R)s;] —n= i [(vzy)R'].
3. IfR=sx<l;.P|y>{l; : Qi}icr, with j € I, then we have the reductions in Fig. 4.6.
Proof. This proof proceeds by using the translation (cf. Fig. 4.2) the lcc semantics
(cf. Fig. 2.5). For details see App. B.3. O

The following corollary states that every intermediate redex reduces to some tar-
get term; it follows directly from Lem. 4.27 and Def. 4.25.

Corollary 4.28. For every intermediate redex S € {{R]} (cf. Def. 4.25), there exist some iy
process R’ and k € {1,2} such that S —*¥ [R'] and (viy)R — (vZy)R'.

We now introduce some useful notation to be used in later proofs. In particular,
we introduce shorthands for the set of immediate observables of a target term.

Notation 4.29. We define the following conventions:

D
e T will be a short-hand notation for the set Z =& (S) (cf. Def. 4.22).

e By a slight abuse of notation, we will write ¢z € Zg instead of 3z.c € Zs.
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Notice that this notation conveniently captures the constraints that are consumed
as a result of a 7-transition. In turn, such consumed constraints will allow us to rec-
ognize which 7{; process is simulated by the translation. In particular, observe that
every T-transition of a target term modifies the constraint store (and the immediate
observables) in a specific way: it will either (i) generate new constraints (if the tran-
sition is induced by the translation of conditionals and labeled choices) or (ii) con-
sume some existing constraints (if the transition is induced by other kinds of source
synchronizations). While case (i) will be formalized by Lem. 4.33, case (ii) will be
covered by Lem. 4.34.

Invariants for Translated Well-Typed Programs

The following lemma will allow us to determine the syntactic structure of a given
target term. It states that any target term corresponds to the parallel composition
of the translation of processes, intermediate redexes and junk, all enclosed within a
context that provides the required co-variable constraints. Given a program P, we
say that Ry, is a (pre)redex reachable from P if P —* (vzy)(Ry | R), for some R.

Lemma 4.30. Let P be a well-typed program. If [P] ==1 S then
S=CzmlUr | --- | Un || J]
wheren > 1, J is some junk, and forall i € {1,...,n} we have U; = tt or one the following:
1. U; = [Ry], where Ry, is a conditional redex (cf. Def. 2.19) reachable from P;
2. U; = [Ry], where Ry, is a pre-redex reachable from P;
3. U; € {Ry | R;]} (cf. Def. 4.25), where redex Ry, | R; is reachable from P.
Proof. By induction on the length  of the reduction == ;. For details see App.B.4 [J

The next lemma provides two insights: first, it gives a precise characterization
of a target term whenever constraints are being added to the store and there is no
constraint consumption. Second, it captures the fact that 7-transitions consume one
constraint at a time.

Lemma 4.31. Let P be a well-typed néy, program. Then, for every S, S’ such that [P] ==
S Ts1 S one of the following holds:

(a) Zs C Is: (cf. Not. 4.29) and one of the following holds:
1. S = Cy[[b? (Pr):(P2)] || Ul and S" = Cy[[ ] || Ul, withi € {1,2} ;
2. S=Cuyllyaly. P a>{l;: QZ}E[D}@ | Uland 8" = Cyyl(y <l;.P' | 2> {l; :
Qi}iell)%g | U);
3. 5= Callyal; P’ | > {li: Qitier)Zy || Uland S" = C5([P'T 1 [Q;] || U]
(b) Zs € Zs and |Zs \ Is'| = 1.

Proof. We first use Lem. 4.30 to characterize every parallel sub-process U; of S; then,

by a case analysis on the shape of the U; that originated the transition S 1 S it is
shown how each case will fall under either (a) or (b). For details see App. B4. O
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Notice that the uniqueness of the consumed constraints is ensured by the typing
of the & program P. In particular, for every constraint snd(z,v), rev(z,v), sel(x, 1),
and bra(x, 1) thatis being added to the store in parallel, subject « can only appear once.
This follows from the fact that typing ensures that target terms do not contain output
races. For the translation, the absence of output races in source terms implies that
at any given point during execution there can only be a single constraint snd(z, v) or
sel(z, 1) to be consumed by an abstraction. This abstraction in turn, will only generate
a single constraint rcv(y, v) or bra(y, [), respectively.

Proposition 4.32. Let v € {rcv,snd, sel, bra} be a predicate as in Fig. 4.1 and m be a value
or label. If S is a target term (cf. Def. 4.7) then S = Cyyler || -+ || & || Q] withn > 1,
where Q) only contains abstractions. Furthermore, for everyi,j € {1,...,n} such thati # j,
¢ = y(x1,m1), and c; = ~y(x2, ma), it holds that x1 # x2.

Proof. The first part of the statement follows immediately by applying the structural
congruence of lcc in S. The second part of the proof is by contradiction. We assume
that S = Csgler || - || @ || @], where @ only contain abstractions and that there
existi,j € {1,...,n}suchthati # j, ¢; = y(x1,m1), ¢; = y(x2,m2), and x; = x2. We
proceed by a case analysis on v; there are four cases, we only show the cases v = snd
and v = rev.

Suppose that v = snd. By assumption, S = Cyylci || - || snd(z,v1) || -+ |
snd(z,v2) || - || € || QJ; moreover, by Def. 4.7, S must come from the translation of
a well-typed term. By Fig. 4.2, it must be the case that:

S=Cgler || - [z(on) Al - I o) Po] |-+ [l e || @]

for some Q' that does not contain the abstractions used to build the translations
[z(vk).Py], k € {1,2}. This implies, by Fig. 4.2, that S comes from an mj; process
that contains two outputs on the same channel z in parallel. This contradicts the
well-formedness assumption that follows from Thm. 3.15 is violated, finishing the
proof.

Suppose that v = rcv. The proof has the same structure as the one above. The only
difference is that rather than the translation of output processes, we must consider
intermediate redexes (cf. Fig. 4.5). Similarly as above, we then will find that the
well-formedness assumption induced by typing is violated, thus reaching a contra-
diction. O

As already discussed, in mimicking the behavior of an 73, process, the constraint
store of its corresponding target process in lcc may either add or consume con-
straints:

e Lem. 4.33, given below, covers the case where an lcc transition adds informa-
tion to the store: by Lem. 4.31(a) the target term must then correspond to either
the translation of a conditional redex or to an intermediate redex of a branch-
ing/selection interaction.

e Lem. 4.34 covers the case where the 1cc transition consumes information in the
constraint store (cf. by Lem. 4.31(b)).

As such, Lem. 4.33 and Lem. 4.34 cover the complete spectrum of possible transitions
for target terms.
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Lemma 4.33 (Invariants of Target Terms (I): Adding Information). Let P be a well-
typed &y program. Forany S, S’ such that [P] ==, S 1 S"and Is C Zs (cf. Not. 4.29)
one of the following holds, for some U':

1. S = C:[b? (P): (P)] || U || Ji) and §" = C5[[P}] || Ye(b = b — P;) || U || Ji]
withi,j € {1,2},i # j;

2. [P] =1 So = Cxgl{z:y} || [ al;.P' || y>{li QiYicr] | U || J1] and either:
(a) All of the following hold:
(1) So =1 Caglly <l;-P" [ &> {li : QitietDiy | U | 1] =1 S,
(ii) S =Cglly<l;-P" | x> {li : Qi}tie)3y | U || /1] (and)
(i) §" = Co[[P'] I Q1 IU I Ju |l o]
(b) All of the following hold:
(1) So =18 =Cxlly<l;-P' | x> {li : Qi}ier)iy | U || J1],
(i) §" = Cxyllyal;.P' | ze{li: Qiticr)3g | U || 1] (and)
(i) S" = Crgl[P'TI QD 1T || Ju | Ja).
where Jy =[] ey Vell; = le = [Pi]).

Proof. By induction on the length of the transition ==, "+;. For detail see App. B.4.
O

We state our next invariant. Notice that Lem. 4.31(b) clarifies the behavior of the
immediate observables (cf. Def. 4.22) in a single transition whenever a constraint has
been consumed.

Lemma 4.34 (Invariants of Target Terms (II): Consuming Information). Let P be
a well-typed iy program. For any S, S’ such that [P] =1 S 1 S’ and Is < Ts: the
following holds, for some U':

1. If s \ Zs: = {snd(x1,v)%;} then all the following hold:

(@) § = Coyl{oron] Il [o(o).Pr | o31(2). 5] || U]
(b) §' = Caglls (0)-Py | o91(2). P || U
(c) S" o1 Cz[[P1 | Po{¥/2}] || S" || U], where S" = x[y(z).P] or S” = tt.
2. IfIs\ZIg = {rcv(zl,v)%} then there exists Sy such that [P] ==, Sy — S and
all of the following hold:
(@) So = Cegl{zr:yn}™ [ [y (v)-Pr | o 21(2).P2] || U];
(B) S = Crgllys (0)-Py | ©21(2)- Py || U
(c) ' = CsyllPy | Pa{/=1 || St || U], where S} = + [y(=).Ps] or S} = TE.
3. If Is \ Ig: = {sel(w1,1;)%_} then all of the following hold:

Ty

(a) 5= Cogl{min} || [or <lPy [yro{li - Pitier]U];
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(b) S/ = C’,j’y'[(].’ﬂl <]l.P1 | Y1 D> {lz : PZ}lGID’}gy H U],

r 2 .
() S1 = =" CyllP1 | ] | U], with U = U || [1,ep Vel = 1; = [Qn])-

4. IfIs\Ig = {bra(x,lj)%}, then there exists Sy = Cyy[{zy} || [z <;.Q |y
{li Qi}ier] || U] such that [P] ==1 S and either:
(a) All of the following hold:
(1) So = Caglly <1;.Q | x> {li : Qitier)ky | U] =1 S,
(i) S =Czlly<1;-Q | x> {li : Qi}ties)3y | U] (and)
(iii) §" = Cag[{z:y} | [Q | Q51 [ U”].
(b) All of the following hold:
(l) So ;1 ng[(]yﬂljp ‘ x> {ll : Qi}iejl)%g H U] =5,
(i) 8" = Caglly<l;.P | ze{li: Qitiel)Zy | U] (and)
(i) §" = Cagl{zy} | [P | Qi1 || U').
withU' =U || Hhe[ Ve(lh = lj — [[Qh]])

Proof. By induction on the transition == 1. For details see App. B.4. O

By combining previous results we obtain the following corollary, which allows us
to remove junk processes from any target term.

Corollary 4.35. Let P be a well-typed néy program. If [P] === S then there exist S and
J such that S = C5[S || J] 27 O, [S] .

Proof. Since P is well-typed, by Lem. 4.13, [P] = C3[[P']]. By applying Lem. 4.33
and Lem. 4.34, we know that for every S, such that [P] ==, S it holds that S =

CzlS" || J], where 8" = Uy || --- || Uy, n > 1, with U; = [R;] for some mg; pre-redex
R;orU; = (]RiD%, for some 74, pre-:‘edex R; and k € {1,2,3}. Finally, by Cor. 4.18,
we can conclude that Cz;[S" || J] 2 Cz,[5"]. O

A Diamond Property for Target Terms

Proving soundness for our translation involves proving a sort of diamond property over
target terms. First, we present how our translation captures the nondeterminism al-
lowed by typing in 7.

Example 4.36. Let us recall process P;7 from Ex. 4.6, which is well-typed:
Pz = (vay)(z(v).Qr | #y(21).Q2 | *y(22)-Qs)

this process is not confluent if ()2 # @3, since there are two possible reductions:

Pz — (vay)(Q1 | Qo{V/ 21} | xy(22).Qs | *y(21).Q2)
Pz — (vay)(Q1 | *y(21).Qz2 | Q3{VV/ 22} | *y(22).Q3)
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Its translation is as follows:

[P7] = Cyylsnd(z,v1) | Vz'(rcv(z’,vl) ® {x:2'} — [[Qlﬂ) I
!Vzl,w(snd(w,zl) ® {y:w} — rev(y, z1) || [[Qg]]) I
!sz,w’(snd(w', 29) @ {y:w'} — rev(y, zo) || [[Qg]])}

and the following transitions are possible:

[Pi7] —1 Coy[V2' (rev(2',v1) @ {a:2"} — [Q1]) ||
rev(y, vi) || [Q2] {1/ =1} || ! V22, w' (snd(w', 22) @ {y:w'} — [Qs]) ||
!Vzl,w(snd(w,zl) ® {yw} — [[QQ]])}

[Pi7] —1 Coy[V2 (rev(2’, v1) @ {:2"} = [Q1]) ||
V1, w(snd(w, 21) @ {y:w} — [Q2]) [ rev(y, v1) || [Q3]{v%/ 2} ||
Wzg,w' (snd(w', 22) ® {y:w'} = [Qs])]

Notice that they unequivocally correspond to the following intermediate processes,
respectively:

Fo,y. (o} || (2(01).Q1 | *y(21)-Q2)sy | [xy(22).Qs]) = S
Fz,y. (Hzy) || (2(01)-Q1 | *y(22)-Qshy || [+ y(21).Q2]) = 51

In this case, the intermediate process corresponds to a ‘committed” state in which
there is only one process that can consume constraint snd(y, v1), which forces the
translation to finish the synchronization in the translation of the correct source pro-
cess. A

Our diamond property concerns 7-transitions originating from intermediate pro-
cesses from the same target term (cf. Def. 4.7). Informally speaking, this property,
given by Lem. 4.48, confirms that 7-transitions originated from intermediate pro-
cesses that reach the translation of some g, process do not preclude the execution of
translated terms. First, we define a notation for distinguishing 7-transitions:

Definition 4.37 (Labeled 7-Transitions for [-] Target Terms). Let S be a target term
(cf. Def. 4.7). Also, let {I0, SL,RP,CD, I01,RPq,SL1, SL2, SL3} be a set of labels ranged
over by o, a1, ava, ¢, . . .. We define labeled transition 25 by the rules in Fig. 4.7. We
assume that U = Uy || --- | U, withn > 0.

Notation 4.38. We will write, e.g., a(x,y) to denote a named transition as in the pre-
vious definition. Moreover, for transitions due to a conditional expressions (without
endpoints), we will write CD(—).

This notation serves to distinguish transitions depending on the action that orig-
inates it. For example, a transition simulates the first part of a synchronization be-

tween endpoints z, y will be denoted Mﬁ ; the completion of such synchroniza-

tion is represented by transition Mn. An example follows:
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[10] x5l (v).Pi] | [y(=)-Pal || U] =21 Crgl(a(o).Pr | y(2).Pab, || U]
[RP| Cgl[xfv). Pr || [+ y(2)Pal || U] =521 Cogll(v) Py | +y(2). Pab, || U}

[SL) Caplle 2ty ] || Ty {1 = Piier] U] 22251 Caglle <8Py | yo {li = Pikieds, | U]
[CDT] Gy ([t (P1): (P)] 1| U] 21 Cxgl[P1] || Ve(tt = £ — [Pa]) || U]
|CDFE| Cag[££7 (P1): (P2)] || U] =Ly Cigl[P2] | Ve(FF = tt — [P1]) || U]

101 Gz {((v)-Pr | y(2).Pab, || U] 2221 Cogl[P] | 2204V} || U]
[RP1) Crl((v) Py | #y(2)-Pabby, || U 252 Cop(IP || [PI{Y2} || [+ w(2) Pal || U]
[SL1] Cryl(e aly.Plyw {1 : Picr)h, U] 222 Coglle <1 Pr |y > {Li : Pi}ier)?, ||U]
[SL2] Caglle al;.Ply > {li : Pitier)sy ||U] s, Caglle al;.Py|yw{li : PiYicr)y, | U]
J =]l ienyVell; =l = bra(y,1;) || [P.])

Crglle <8P |y {1 : Pilierd?y 1| U] 2% Cogl [P 1| [P1 1] T || U]
J =[] ienuvell; = L — bra(y, ;) || [P])

Crglleal; P | yv (L : Pieadd, || U] 22 CollP] | (B ) 7 ) U]

|SL3]|

SL4|

Figure 4.7: Labeled Transitions for [-] (cf. Def. 4.37).

Example 4.39. Recall process P;g from Ex. 4.10:
Pis = (vay)(z <buy. z(5406). z(inv).0 | y > {buy : y(w).y(invoice).0, quit : y(w').0})

Using the notation in Def. 4.37, it is possible to express the transitions of [Pig] as
follows:

[Pis] =20 S,y (g} | bra(y. buy) |
Vuy (bra(uy, buy) ® {x:u; } — snd(z, 5406) ||
Vug (rev(ug, 5406) @ {z:uz} — [x(inv).0])) |
Ve(buy = buy — Ywy, w(snd(wy, w) @ {w:y} — rev(y, w) |
[y{invoice).0])) |
Ve(buy = quit — Yws, w' (snd(wsq, w') @ {w:y} — rev(y, w’) ||

[y(w)-0])))

Vug (rev(ug, 5406) @ {z:us} — [x(inv).0]) ||
Ve(buy = buy — Ywy, w(snd(wy, w) @ {w1:y} — rev(y, w) ||

[y(invoice).0])) ||
Ve(buy = quit — Yws, w'(snd(w2, w') ® {wiy} —
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rev(y, w’) || [y(w)-0])))
1 3z, y. (H{ay} || snd(z, 5406) || Vuo(rev(ug, 5406) @ {z:us} —
[e(ine).0]) |
Yy, w(snd(wy, w) @ {wi:y} — rev(y, w) || [y(invoice).0]) ||
Ve(buy = quit — Ywa, w' (snd(wa, w') @ {w:y} — rev(y, w’) ||
[y(w)-0])))
1 3z, y. (H{amy} || Vua(rev(us, 5406) @ {z:us} — [2(inv).0]) || rev(y, w) |
[y(invoice).0] ||
Ve(buy = quit — ng, w’(snd(wg7 w') @ {w:y} — rev(y, w’) ||

)

1 3z,y.(Hazy} | [2(inv).0] || [y{invoice).0] |
Ve(buy = quzt — ng, w'(snd(wa, w') ® {wiy} — rev(y, w’) ||

1)

SLa(z,y
2(z,y)

I0(z,y
(z,y)

101 (z,y)

A

The following lemma asserts that the labeled lcc transitions correspond with
lcc 7-transitions. Thus, this result allows us to state that labeled transitions and 7-
transitions are interchangeable.

Lemma 4.40. Let S be a target term (cf. Def. 4.7) and x,y be endpoints. Then, S —+1 S’ if

and only if S —y)> S’ where o € {10, SL,RP,CD, I0y,RP1,SLy,SLa, SL3}.

Proof. We prove both sides:

=) By Cor. 435, S = C3(U; || --- || Uynl, with U; = [R;] for some pre-redex R;
(cf. Def. 2.19). We take then an arbitrary U;, i € {1,...,n}. We apply a case
analysis on U;. There are 11 cases corresponding to each possible shape of Us;.
We only show three cases; the rest are similar:

Case U; = [z(v).P;]: We distinguish two sub-cases that depend on whether
there exists U; such that U; = [y(z).P:] and « € z,y € y or not. The
latter case is vacuously true, as there would not be any transition to check.
We show the former case:

Sub-case 3U;.(U; = [y(z).P] Az € T,y € y):
(1) S = Cygllx(w).Pi] || [y(2).Pa] || Ui || --- || Upn] by Assumption.
(2) § T3 Caglle(v)-Py | y(2).PAL, | U || - || U] = S by applying
Rule (C:Sync) from Fig. 2.5, (1), and Assumption.
(3) § 22"V, 6/ by Def. 437, (1), and (2).
Case U; = [z(y).P1]: Symmetric to the previous case, as U; = [y(v).P»].
Case U; = (z(v).P; | y(z).PgDég:
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(1) S = Cigl(z(v).Pr | y(z).PgD}Eg | UL || - || Un] by Assumption.

(2) 8 —n CggllPA] || [P20{¥/=} || U || -+ || Un] = S" by applying Rule
(C:Sync) from Fig. 2.5, (1), and Assumption.

(3) § Y, 6r by Def. 437, (1), and (2).

<) This direction proceeds by applying a case analysis on label a(z,y). Each case
then will proceed by applying Rule (C:Sync) in Fig. 2.5 and showing that the
transition yields the correct process.

O
We further categorize labels in opening and closing labels. Formally:

Definition 4.41 (Opening and Closing Labels). Consider the set of labels defined
in Def. 4.37. We will say that O = {I0, SL,RP, SL, } is the set of opening labels and write
w to refer to its elements. Similarly, we will call C' = {I0,RP1,CD, SLo, SL3} the set of
closing labels and write & to refer to its elements.

Intuitively, a transition with an opening label always goes to an intermediate pro-
cess, whereas a closing label leads to the translation of a 7{; process. Notice that label
CD does not have intermediate processes, but rather goes directly into the translation
of the continuation; this is why it is considered a closing label itself. Similarly, label
SL; is opening because it reaches an intermediate process, rather than a translation.
Now we introduce some notation for dealing with sequences of labels:

Notation 4.42.
e We will write v(Zy) to denote finite sequences o (z1, Y1), - - -, &m (Tn, Yn), With
n,m > 1.
o We will write S &1 S’ only if there exist target terms S, ..., S, such
that § 2ewv), g 22w, g amlEnun) g6 and y(37) =
041(11'}1, y2)7 e aam<xna yn)

e Given v(Zy), we will write a(z,y) € v(Zy) to denote that a(x,y) is in the se-
quence v (Zy).

o Given 7(zy), we will write v(zy) \ «;(z;,y;) to denote the sequence obtained
from ~(zy) by removing a;(z;, y;)-

e Given 7(zy), we will say that v(zy) is an opening (resp. closing) sequence if
every « € y(zy) is an opening (resp. closing) label (cf. Def. 4.41).

In general, we need to recognize when a synchronization starts and when it ends
in the translation. The intuition is that an opening label starts a synchronization and
a closing label ends it by reaching the translation of some 75 program. We capture
these complete synchronizations in the following definition:

Definition 4.43 (Complete Synchronizations). Let Sy be a target term such that

So &n S1. Then we have:
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1. If there exist 1 (7y) and ~2(zy) such that either:
o v(zy) = 11 (2y)10(z, y)y2(7y) 101 (z,y) or
o Y(zy) = 1 (Ty)I10(z,y) V2 (TY)RP1 (7, 1)
then we say that v(Zy) is a complete synchronization with respect to 10(x, y).
2. If there exist 71 (Zy) and v2(Zy) such that either:
* 7(TY) = 1 (TY)RP (2, y)72(TY)RP: (2, y)
o 7(@Y) = n(FY)RP(, y)72(7y) 101 (z, y)
then we say that v(Z¥y) is a complete synchronization with respect to RP(x,y).
3. If there exist 71 (7)), v2(Zy) and 73(Zy) such that either:
* 7(@y) = 1 (TY)SL(z, y)72(Ty)Ska(z, y)y3(Y)SLa(2,y)
* 7(TY) = 1 (TY)SL(z, y)r2(Ty)SLi (z, y)v3(ZY)Sks (2, y)
then we say that v(Zy) is a complete synchronization with respect to SL(x,y).

4. If there exist v, (Zy) and 72 (Zy) such that either:

o ¥(7y) = 11 (TY)SL1(x, y)y2(Ty)SLa(z,y) or
e v(7y) = 1 (TY)SL1(z, y)y2(7y)SLs(z,y)

then we say that v(Z¥y) is a complete synchronization with respect to SL1 (z, y).

5. If there exists v, (Zy) such that y(zy) = 71 (Zy)CD(—) then we say that y(zy) is a
complete synchronization with respect to CD(—).

The case of the conditional redexes is “unique’ in our setting: it is the only one
whose translation needs a single lcc step to reach the translation of its continua-
tion. Therefore, we consider every conditional transition a complete synchronization.
Some examples of complete synchronizations follow:

Example 4.44. Consider the following target terms:
wyllzea (o) Pl | [y1(2)-y2 > Al Qidier] || [x2 <1.Q]]
= ng[[[r ()P | Tyr(2)-P2] || [y2 (=) Bs]]
= Cyyllz<al;. Py y>{li : Plici)y,]
54 = x|z (o). 1] || [+ y1.(2)- P2

The following transitions are complete synchronizations with respect to the first label
in the sequence for processes 51, Sz, and Ss:

S Loy, 1 Cagller (v).Pr | y1(2).2 > {li : Qitier)ay || [x2<1.Q]
22D, CopllP] | T2 (L = Qadier {2} || [22 < LQ])
Sp 1 Cagller(v).Py | y1(2)-Pably |l [ (=) Psl]
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104 (zy

2D CallP] | [P 2} | [ ()P
Mﬁ Coyllx<l;. Py |y>{l;: Pi}ie[l)iy]
Sl e, 1A | [Q5])

Process S, allows us to explain an interesting observation about the labeled semantics
introduced for our translation. In particular, consider that:

Sa = Cgglla (o). Aol || [ya (2)-Poll || [ 91 (2)- P2

which means that there are two possible labeled transitions for S,:

S3

RP(z,y

BED, Cogller (0).Py | #91(2). o)L, ) = 84

10(z,y

e, Caylz1(v). Py | y1(2).-Palyy || [¥ 11 (2).Pa]] = S

Sy
Sy

Then it is possible to show that S} = Sy and that each process can complete the
synchronization by taking either an 10, (z,y) label or an RP;(z, y) label, reaching the
same process:

101 (z,y)

S 1 Cgl[Pu] [T TPR0EY 23 1 T 9 (). P

, RPi(zy

(2)
84 S0, Ol | [P} 1| T 9 (2)-P])
s 20, CxlIPT || [P} | [ (2)-P])
5§ T CoglIPAT | IPHY2} I Ty (2)- ]
A

Using complete synchronizations, we can then describe the open labels of a se-
quence of transitions:

Definition 4.45 (Open Labels of a Sequence of Transitions). Let P be a well-typed
Tor program such that [P] = Sp %1 Sy, with n = |v(zy)|. We define the open
labels of ~(Zy), written open(y(Zy)), as the longest sequence 3; ... 3,, (with m < n)
that preserves the order in v(zy) and such that for every 5; (with 1 <i < m):

(1) Bi = aj, for some opening label a; € v(Zy);

(2) thereisnotasubsequence v(zy) thatis a complete synchronization with respect
to B; (cf. Def. 4.43).

Then, we define the complementary execution sequence of an opening label, which
intuitively provides the missing transition labels such that the transition produces a
complete synchronization.

Definition 4.46 (Complementary Execution Sequence). Letw be any opening label.
We say that the complementary execution sequence of w, written w, is defined as follows:

I0(zy)) = 10y (zy) RP(zy)l = RP1(zy)



Chapter 4. Encoding & in lec 148

70(§g) An41
[Pl 150 1S
Assump. Assump. :
2 3
S | <
¢ :
* [H] NTOR e Qn+41 - n+1d
R [Qo] === -=5m === S Sy S

Figure 4.8: Diagram of the proof of Lem. 4.48. The dotted arrows represent the re-
ductions and equivalences that must be proven.

SL(zy)d = SLy(zy)SLa(zy) SLy(zy)) = SLa(zy)

Furthermore, let S; &h S2 be transition sequence such that open(v(zy)) =
W1 ...wy, withn > 1. We define v(zy)| as w1 . .. wyl-

The following lemma provides a diamond property for opening and closing tran-
sitions. It states that closing actions do not interfere with opening transitions.

Lemma 4.47. Let S be a target term such that S =51 8y and S J(—E—mn Sa, where v(Ty)
is a closing sequence (cf. Not. 4.42). Then, there exists S5 such that Sy &n Ss and
SQ i>1 53.

Proof. By induction on the length n of |y(zy)|. For details see App. B.5. O

The next lemma will show that every target term obtained from a translated pro-
gram can reach the translation of a 7{; program just by closing the remaining open
communications in the target term.

Lemma4.48. For every well-typed my program P and for every sequence of labels v(Zy) such

that [P] &h S, there exist Q, S’, and ' (Zy) such that P —* Q and S %1 S/,
[

with v (7y) = v(TY)} (cf. Def. 4.46). Moreover, [Q] =7 S'.

Proof. By induction on |y(Zy)| and a case analysis on the last label of the sequence.

The base case is immediate since [P] Lilh [P] and P —* P. The proof for the
inductive hypothesis can be seen in Fig. 4.8. The dotted arrows are the reductions
that must be proven to exist. For details see App. B.5. O
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Proof of Operational Soundness

Having detailed all the ingredients required in the proof of operational soundness,
we repeat the statement of Thm. 4.21 (given in Page 133) and detail its proof, which
formalizes the sketch discussed in § 4.3.3:

Theorem 4.21 (Soundness for [-]). Let [-] be the translation in Def. 4.4. Also, let P
be a well-typed gy program. For every S such that [P] == S there are Q, S’ such that

I
P —*Qand S = S' =* [Q].

Proof. By induction on k, the length of the reduction [P] == S, followed by a case
analysis on the constraints that may have been consumed in the very last reduction.

T ﬂ'é
Base Case: Then [P] = [P]. The thesis follows from the reflexivity of =%, since
”gR
[P]=* [P].

Inductive Step: Assume [P] == Sy —1 S (with k — 1 steps between [P] and Sp).
By IH, there exist Qo and S}, such that P —* Qg and Sy == S}, Ef‘f‘* [Qo]-
Observe that by combining the IH and Lem. 4.48, we have that the sequence
So ==1 S}) contains only closing labels. We must prove that there exist Q and
S’ such that P —* Q and S =1 S’ %f"é’* [Q]. We analyze Zg, and Zg (cf.

Def. 4.22) according to two cases: Zg, C Zg and Zg, Z Zg, which use Lem. 4.33
and Lem. 4.34, respectively:

Case Zg, C Zg: By Lem. 4.33 there are two sub-cases depending on the shape
of SQZ
Sub-case 1: Sy = C3[[b? (Q1) : (Q2)] || U], b € {tt,ff}, for some U.
By Lem. 4.33 and inspection on the translation definition (Fig. 4.2), it
must be the case that Qo =s (vZy)(b? (Q1):(Q2) | R), for some R. We
distinguish two sub-subcases, depending on b:

Sub-subcase b = tt: We proceed as follows:
(1) So =1 S) = Cl[tt? (Q1):(Q2)] || U'], for some U’ By IH.
-
(2) Sp =" [Qo] = Cagl[tt? (@1):(@2)] || [R]] by IH.
(3) So —1 Ca[[@1] || Ve(tt = ff = [Q2]) || U] = S by Lem. 4.33.
(4) So —n S =1 CogllQu] || Ve(tt = £f — [Q2]) | U'] = S' by

(3), (1).
[ [
(5) Sy —n=* Cx[[Q1] || U'] = S’ by Fig. 2.5, Cor. 4.35, and
(4).
7l'é .
(6) [Qo] —=" Cagl[@u] || [R]] = W by (2), Fig. 2.5, and apply-
ing Cor. 4.35.

(7) 8 =% W = Cxs([Qi] || [R]] by (2),(5), and Lem. 4.47 with
S = 50,5 =5,85 =[Qo]-

(8) Qo — (vZy)(Q1 | R) = Q by applying Rule |IFT| from Fig. 2.1

9) [Q] = Cz[l@1] || [R]) = W by Fig. 4.2, (8), and (6).
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-
(10) S" = [Q] by (7), and (9).
Sub-subcase b = ff: This case is analogous to the one above.

Sub-case 2: By Lem. 4.33, there is a W such that W —} S, with h €
{1,2}, where:

W = Callz <lk-Q" [ x> {ln : Qn}ner] | U]

for some U. We distinguish cases according to h:
Sub-subcase h = 2:
(1) So = Cayllr <lp.Q | x> {1y : Qh}helD~~ || U] by Lem. 4.33.
(2) Qo= (vzy)(Q"| Qx| R) by (1) and IH.
T Tré 1
(3) So =n1=" CillQ" | Qk] || U] = S, by IH, Fig. 4.2, and
Cor. 4. 35
(4) Sh 2% [Qo] = Cr7(IQ1 || [Qi] || [R) by H, (3) and (2).
(5) So H1 CagllQ | Qx| T\I{ Ve(le = I — [@n]) | U] = Sby
hel\{k}
Fig.2.5and (1).
(6) So —1 S =>1'_V7T°R Sy = S’ by (5), (3), and Lem. 4.47 with
S =5p,51=25,85 =[Qo]
-
(8) S =" [Q] by (6), (7), and (4).
Sub-subcase h = 1:
(1) S() = ng[(]x <llk Q/ ‘ T D {lh Qh}heID || U] by Lem. 4.33.
(2) Qo= (vzy)(Q' | Qx| R) by (1) and Assumptlon
T Fad / .
(3) So == Cil[Q" | Qk] || U'] = Sy by IH, Fig. 4.2, and
Cor. 4. 35
(4) 527 [Qo] = ClIQ') || [Qx] || [R]) by IH, (3), and (2).
(5) SQ —1 ng[q.%‘ﬂlk Q/ | x> {lh Qh}he]l) || U] Sby Flg. 2.5.
(6) S —n" ColQ | Q] || U] == CollQ' | Qul || U') = §' by
Fig. 2.5, Cor. 4.35, and (3).
(7) So —31 8 ==,27% &) = §' by (5), (6), and Lem. 447, (3)
with S = So, Sl = S, 52 = [[Qo]]
(8) Qo —* Qo = Q by Fig. 2.1.
i
(9) 5" =" [Q] by (7), (8), and (4).
Case Tg, ¢ Zs: By Lem. 4.34 we distinguish sub-cases depending on the con-
straints in Zg, \ Zs. By Prop. 4.32, constraints are unique and therefore,

Zs, \ Zs correctly accounts for the specific consumed constraint. There are
four cases, as indicated by Lem. 4.34:

Sub-case snd(z,v) € Zg, \ Zs: By Lem. 4.34 we have, for some U:
(a) So = Cagl{z:y} || [2(v).Qu | o y(2).Q2] || U].
(b) S = Cagl(a(v).Qu | © y(2)-Qalig | Ul
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We distinguish cases depending on ¢ y(z).Q2 (cf. Not. 2.24):
Sub-subcase ¢ y(z).Q2 = y(z).Q2: We proceed as follows:
(1) So =1 Cxgl{ay} || [(v).Qu | y(2).Q2] | U] = S; by IH.
(2) Sp2* (i) (@(v).Q1 | ¥(2)-Q2 | R)] = [Qol by IH.
(3) So —1 S —n1 Cl[Q1 | Q2{Y/=}] || U] by (a), (b), and Fig. 2.5.
(4) S =1 Cy5l[Q1 | Q2{Y/=}] || U'] = $" by (3) and (1).
(5) S{ —% CrllQ1 | Q2{v/2}] || U] = S" by (1), Fig. 2.5, and (4).
(6) [Qo] —1 [(wZy)(Q1 | Q2{Y/2} | R)] = W by (2) and Fig. 2.5.
(7) ' =% W by (2), (5), and Lem. 447 with § = Sy, S1 = S, Sz =
[Qo].-
(8) Qo — (vzy)(Q1 | Q2{Y/2} | R) = Q by applying Rule [Com|
from Fig. 2.1.
(9) W =[Q] by (8) and (6).
[
(10) " =" [Q] by (7) and (9).
Sub-subcase ¢ y(z).Q2 = *y(2).Q2: Similar to the case above, using
Rule |RepL| instead of Rule [Com]|.
Sub-case rcv(z,v) € Ig, \ Zs: By Lem. 4.34, there exists:

W = Cayllz(v).Q1 | © y(2).Q2] | U]

such that W — Sy. We distinguish cases depending on ¢ y(2).Q2
(cf. Not. 2.24):
Sub-subcase ¢ y(z).Q2 = y(z).Q2: We proceed as follows:

(1) So = Capllz(v).Q1 | © y(2).Qa)k; || U] by Lem. 4.34.

(2) Qo = (vzy)(Q1 | Q2{Y/2} | R) by (1).

() 0 = CogllQ | Qa{2} | RV U') = S5 by (1), ig. 25, and

(4) S5 =1 [Qo] by TH.

(5) So — Cayll@1 | Q2{Y/=} | R] || U] = S by Fig. 2.5.

(6) Sy —1 S =1 S, = 5" by (5), (3), and Lem. 4.47 with S = S,

S1=15,82 = [Qo]-
(7) Qo —* Qo = Q by Fig. 2.1.

[
(8) 5 =% [Q] (6), (7), and (4).
Sub-subcase ¢ y(z).Q2 = *y(2).Q2: Similar as above.
Sub-case sel(z,1) € Zg, \ Zs: As above.
Sub-case bra(z,l) € Zs, \ Zs: As above.

O

We have proven that the translation is name invariant (c¢f. Thm. 4.8), compo-
sitional (cf. Thm. 4.9), operationally complete (cf. Thm. 4.20), and operationally
sound (Thm. 4.21). Considering this, we may now state that [-] is a valid encoding,
according to Def. 2.3.
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Corollary 4.49. The translation ([-], @) (cf. Def. 4.4) is a valid encoding (cf. Def. 2.3).
Proof. Direct consequence of Thm. 4.8, Thm. 4.9, Thm. 4.20 and Thm. 4.21. O

4.4 Timed Patterns Revisited: [-]

In this section we recall the timed patterns introduced in § 1.6 and show that we can
represent the request-response timeout pattern, the messages in a time-frame pattern, and
the action duration pattern by using the encoding [[-] (cf. Fig.4.2). In §4.4.1 we give an
overview of the ingredients needed to represent these patterns using the encoding.
In §4.4.2,§4.4.3, and § 4.4.4 we present the request-response timeout pattern, the
messages in a time-frame pattern, and the action duration pattern. Finally, in § 4.4.5,
we conjecture that the repeated constraint pattern (cf. § 1.6) is not representable
using the encoding.

4.4.1 Owverview: Exploiting Compositionality via Decompositions

Our goal is to use the encoding [-] to show that lcc can be used as a foundation for
the unified view we advocate. As shown before, the encoding satisfies correctness
properties that ensure that source specifications in 7§, can be represented in lcc and
that their behavior is preserved (cf. Cor. 4.49). In this section we are interested in us-
ing the encoding [-] to represent requirements that may appear in message-passing
components but are not explicitly representable in g. An example of such require-
ments is: “an acknowledgment message ACK should be sent (by the server) no later than
three time units after receiving the request message REQ”. As mentioned above, this kind
of behavior is not straightforwardly representable in ;. In fact, using 7é; we could
only represent the interaction in the previous requirement as a request-acknowledgment
handshake:

Py, = (vay)(z(REQ).z(2).0 | y(2').y(ACK).0) (4.3)

In the process, = represents the channel endpoint used by the client, while y repre-
sents the channel endpoint of the server. The client sends REQ and then awaits for
ACK, which is sent by the server.

To represent requirements such as the one mentioned above using [-], the key idea
is to consider encoded terms as “code snippets” which can be used inside a larger
lcc specification. Then, because of the correctness properties of the encoding, these
snippets represent processes that will execute correct communication behavior. For
example, we could write the following lcc process using [P} ]:

Q = Ve(month(m) = january — [P,])

Process () checks that the current month (stored in some variable m) is january and
only when this constraint is true it executes the behavior in [P}, ]. The operational cor-
respondence property of the encoding ensures that the behavior of Q) corresponds to
that of the source process P, provided that the constraint is satisfied (cf. Thm. 4.20
and Thm. 4.21). This idea is useful to represent communication behavior that de-
pends on contextual information, i.e., information external to the program.
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Notice that @) uses the encoding of the complete process P,. Still, in some cases it
is desirable to represent constraints over the prefixes of P, rather than the complete
Tor process itself. For example, to represent a timed requirement we could think of a
més extension that allows to write:

P} = (vay)(z(REQ).23(2).0 | y(2').y(ACK).0) (4.4)

where 23(2).0 intuitively says that the input action should take place within three
time units of the output action. This establishes a timed requirement connecting two
different communication actions.

To enable the specification of processes such as P; using our encoding, it is con-
venient to consider 7j; processes that have been decomposed in such a way that every
action (i.e., prefix) appears in an independent parallel process. Such a decomposi-
tion should preserve the order in which actions are executed (as dictated by session
types). In this way, the compositionality property of the encoding gives us control
over specific parts of the translated mj; process, allowing us to insert constraints on
the translated prefixes (cf. Thm. 4.9).

Such decompositions have been studied as trios processes and minimal session types
[Par00, APV19]. The idea is to transform a m-calculus process P into a different (but
equivalent) process formed only by trios, i.e., sequential processes with at most three
prefixes (i.e., a..7.0). Each trio is in charge of emulating a specific prefix of P; these
trios must interact in such a way that every sub-term is executed at the right time, i.e.,
the causal order of interactions in P is preserved. Building upon this idea, the work
on minimal session types considers processes that are typable with session types that
describe a single action followed by end.

We do not intend to study in depth decompositions for mg,; rather, we shall use
these ideas to generate processes in which each prefix is represented by a parallel sub-
process, and where the causal order of the initial process is preserved. Then, using
the compositionality guarantees of Thm. 4.9, we obtain an appropriate granularity
for the analysis of code snippets (obtained from trios) in lcc specifications.

For the sake of illustration, let us consider the decomposition of well-typed pro-
grams from the finite fragment of 7{; without selection and branching (i.e., output,
input, restriction, parallel composition, and inaction). This decomposition is based
on the work presented in [Par00, APV19]. Since the idea of trios processes requires
polyadic communication, we shall assume the following shorthands:

2(0).P = x{vy)..... x{vp).P ([ol=nAn>1)
x(9).P=z(y1)..... 2(yn)- P (g =nAn>1)

We also use functions size(-) and size(-) that return the size of process P and type T,
respectively (cf. Fig. 4.9).

Remark 4.50. We decompose only well-typed programs (cf. Not. 2.21). Thm. 3.15
ensures that for every program P to be decomposed, P = (vziy1) ... (¥Toyn)Q,
with n > 0. Moreover, typability ensures there exists a context I' = {x; : T1,y1 :
Ti,...,2n : Ty, yn : T} such that I' - Q. Finally, for simplicity we shall also assume
no restriction (vx'y’) occurs in Q.

Using the auxiliary functions in Fig. 4.9, we define the following decomposition
function:
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1 + size(Q) if P=2x(v).Qor P=ux(y).Q
size(P) 1.+ size(Q1) + size(Q2) %f P=0Q]|Q-

size(Q) if P = (vay)Q

1 ifP=0

1+size(T") T =¢ T T orT = ¢?T.T'
size(T) =<1 if T = bool

0 if T'=end

Figure 4.9: Size of a process (resp. type) in the finite fragment of 7.

P BE(P) Side Conditions

ek (U124,13) 1,3 (0) i1 (171).0 | = e

Tig (v).Q phtl (Q{Tii+1/mw, ;}) te {1 n}
ulug\v ] VRS {]— }

(Ui juz) . j (yZ).dpgr (Uruayz) .0 | u= “13714“2

£aWQ ] it (Qrrfa)) D
u1u2yz ] jE{l,...,m}

cr(uruz).di 1 (ur).dip1(uz).0 | : :/ k(gls)izee({%)

BE(Q) | B Q) v (Qo) € up
0 Ck(ﬂ)o

PlQ

Figure 4.10: Breakdown function for the processes in the finite fragment of 7.

Definition 4.51 (Decomposition). Let P = (vz1y1)... (vz,y,)Q be a well-typed
program in the finite fragment of wjg and I’ = {1 : T1,y1 : T, ... @yt Ty yn : T}
be a context such that I' - ). The decomposition of P, denoted ©(P), is defined as

D(P) = (vad)(vi) (e (i) 0 | BHQW/)))
where:
(1) W=21Y1 . Tnln, W= T1Y1 - . - TnYn, and w = T1AY11 -« - TniYn1-
(2) Ti=wi1.. . ximand y; = y;1 ...y m withm = size(T;) foreveryi € {1,...,m}.
(3) ¢=c¢y...¢and d= dy ...d, with r = size(P).
(4) BE(P) is defined inductively over the finite fragment of 7j; as in Fig. 4.10.

Let us now analyze the decomposition of P, obtained from Def. 4.51. We shall
use this decomposition to represent the timed behavior required by P;. Let u =
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T1,121,2Y1,1Y1,2, Uz = T1,171,2, and Uy = Y1,1Y1,2-

D(Py) = (verdy)(veads) (vesds) (veads) (vesds)
(veeds)(verdy) (v ayia) (Vo 2y 2)
(dy (@)-0 | ea(i03) 1.1 (REQ)dy (1.5).0 |
c3(z1,2)-21,2(2).da(2).0 | ca(w).0 | (4.5)
es(y)-y1,1(2").de(2'y1,2).0 |
c6(2'y1.2).y1.2(ACK).d7(2").0 | c7(w).0 |
e (@).da (i35 (135).0)

It can be shown that ©(P,) is typable by using the appropriate environments. The
intuitive argument for this is that there are no shared variables and each pairs of
co-variables implement complementary behaviors by the definition of the decom-
position (cf. Def. 4.51). It is also important to notice the way in which the parallel
sub-processes in ©(P;,) implement the individual prefixes of P,. For instance:

e 2(REQ) is represented by co(uy).21,1 (REQ).d3(x1 2).0.
e z(z) is represented by c3(x1.2).21,2(2).d4(2).0.
e 0 is represented by ¢4 (w).0.

The subprocesses of the decomposition D (P}, ) that do not correspond to a prefix in P,
are used as auxiliary processes that trigger the prefix representations. It can be shown
that ©(P},) preserves the causal order of the source specifications [Par00]. Using the
semantics in Fig. 2.1:

D(Pn) — (verdy) (veads)(vesds)(veads) (vesds)
(veeds)(verdy) (Ve ayi1) (Ve oy1,2)
(co(uy).w1,1(REQ).d3(x1,2).0 | c3(x1.2).w1,2(2).ds(2).0 | ca(w).0 |
5 (y).y1,1(2").de(z"y1,2).0 | c6(2"y1.2).y1,2(ACK).d7 (2").0 |
c7(w).0 | do(uy).ds(uy).0)
—2 (verdy) (veads) (vesds) (veady) (vesds)
(veeds)(verdy) (Vo ayi1) (Vo 2y1,2)
(1,1 (REQ).d3(z1,2).0 | c3(x1,2).71,2(%).da(2).0 | ca(w).0 |
y1,1(2").de(z'y1,2).0 | c6(2'y1,2).y1,2(ACK).d7(2").0 | c7(w).0)
—3 (verdy) (veads) (vesds ) (veady) (vesds)
(veeds)(verdy) (v 1ynn) (V21 2y1,2)
(21,2(2).da(2).0 | ca(w).0 | y1,2(ACK).d7(2").0 | c7(w).0) —° 0

An interesting aspect of using a decomposition such as the one in Def. 4.51 is that

¢
* ~vTToR

we can prove that [D(F)] —3=,* [0]. This follows from the operational corre-
spondence property of the encoding (cf. Thm. 4.20 and Thm. 4.21). Taking this into
account, we can use the parallel sub-processes in P;’ and place them inside lcc pro-
cesses allowing them to specify features that are not available for 75, processes. Let us
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now define some shorthands for each one of the parallel sub-processes representing
prefixes in P}’

@1 = C9 (17;).1‘171 <REQ>.d3 <.%‘172>.0

@2 = 03(x1,2).x1’2(z).d4<z>.0

@3 = Cs (UNy) .y171 (Z/) .d6 <Z,y172> 0

@4 = Cg (Z/y172).y172 <ACK>.d7<Z/>.0
Also, let R represent all the remaining parallel sub-processes that appear in ©(Py,).

Applying the encoding [-] (cf. Fig. 4.2) to P/’ and thanks to its compositionality prop-
erty (cf. Thm. 4.9) we have that:

[D(Pu)] = Cagl[D1] [ [D2] | [Ds] || [Da] || [RI] (4.6)

with C35[-] and where Zy corresponds to a sequence containing all the variables ini-
tialized in P}’ (cf. (4.5)).

With the additional control earned by using the decomposition, we can circum-
vent the issues introduced by the lack of constructs for sequentiality in 1cc. We can
also use the code snippets generated by [ (Py)] to build an 1cc process that specifies
communication behavior that depends on timing constraints. For example, to repre-
sent the behavior required in P}, (cf. (4.4));i.e., “an acknowledgment message ACK should
be sent (by the server) no later than three seconds after receiving the request message REQ”
we could use the following process. Assume the existence of a clock u that controls
the execution of D, as shown below:

Q1 = Cagl[Da] || Ve(clock(u) <3 = [D2]) || [Ds] || [Da] I [R]]

Process ()1 represents a variant of [D(F,)] where process ©, appears guarded by the
constraint clock(u) < 3. The function clock(u) obtains the timed elapsed in u. The
process above enforces the deadline of three seconds by suspending [©,] in case the
timing constraint is not met.

Using the ideas presented above we shall now develop lcc representations of the
timed patterns in § 1.6.

4.4.2 Request-Response Timeout

The request-response timeout pattern in § 1.6 is a generalization of the protocol im-
plemented by process P, in (4.3). In this section we shall use the encoding in Fig. 4.2
to represent the generalized version of this pattern, as it was presented in § 1.6. We
first recall the pattern descriptions from both the client and server side:

(a) Server side: After receiving a message REQ from A, B must send the acknowledg-
ment ACK within ¢ time units.

(b) Client side: After sending a message REQ to B, A must be able to receive the ac-
knowledgment ACK from B within ¢ time units.

We now present a process that represents this pattern. For this, we use a more
general version of P, in (4.3), annotated to informally describe the timing require-
ments of the pattern:

Py = (vay)(@(REQ).2(2) Q1 | y(2)-y(ACK) Q2) )

t
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where the time elapsed between the reception of the request and the acknowledgment
must not exceed ¢ time units.

We now present a decomposition for P,, following Def. 4.51. Assume that R con-
tains the breakdown of processes ()1 and (Qo—they are not needed in this example.

D(Py) = (vu)(D1 [ D2 | D3| Ds | R) (4.8)

where u can be obtained from Def. 4.51 and each of the parallel sub-processes ©;
(i € {1,2,3,4}) represents a prefix in P,, as given below:

@1 = CQ(UI).I171<REQ>.d3<U~m \ $1,1>.0
Dy = c3(ug \ 1,1).21,2(221).da(Upzz1 \ £1121,2).0
D3 = c5(uy).y1,1(2'22).de(uyz' 22 \ y1,1).0

(

By applying the encoding [-] and thanks to Thm. 4.9 (i.e., compositionality), we
can use the translations of every ©; (i € {1,2,3,4}) inside an lcc process that repre-
sents the request-response timeout pattern:

Q1 = Cy[[D1] || Ve(clock(z) <t = [Da]) [| [Ds] || [Da] I [E]]

where @ can be obtained by following Def. 4.51.

It is also possible to add additional behavior to process ;. For example, we can
use the nondeterministic construct from lcc to signal that the process reduces to a
failure whenever clock(u) > t:

Q2 = 37y.([D1] || (Ve(clock(u) <t — [D2]) + Ve(clock(u) >t — Qy)) |
[©s] I [24] II [R])

In this case, whenever clock(u) > t, the process reduces to a process () ; which rep-
resents the actions that must be taken in case the timing constraint is not met (i.e., a
failure protocol). For example, if Q) ; represents an error process, the behavior would
be reminiscing of the input operators with deadlines presented in [BMVY19], which
also reduce to a failure whenever the deadline is not met.

Observe that thanks to the operational correspondence property of the encoding
(cf. Thm. 4.20 and Thm. 4.21), process ) satisfies the behavior of its source term,
provided that the timing constraint is met.

4.4.3 Messages in a Time-Frame

We first recall the messages in a time-frame pattern, as it was presented in § 1.6:

(a) Interval: Ais allowed to send B at most k£ messages, and at time intervals of at
least t and at most r time units.

(b) Overall time-frame: A is allowed to send B at most k£ messages in the overall time-
frame of at least ¢ and at most r time units.
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To represent these two variants of the pattern using [-], we first present two w3y
processes, annotated to indicate the timing constraints:

P, = (vzy)(x(M1).x(Mg).x(M3).z(My). Py | Py) (4.9)
Py = (vaoy)(xMi).x(M2). (M) xMa) . Py | Py) (4.10)

Process Py; and P,, differ on their timing constraints (i.e., the annotations below each
process). They both send four messages that must be received by some P, (which
we leave unspecified, as it is not central in this example). Process P;; is meant to
represent the interval pattern, in which we require there to be at least t; time units
between each message. On the other hand, process P, represents the overall time-
frame pattern in which all the four messages must be sent in an overall time of ¢, time
units. In this example we use clock(uy ) and clock(usz) to represent the time elapsed in
clocks u; and ug, respectively.

Before presenting a possible lcc specification, we consider the decompositions of
D(P;) and D(P,,) (cf. Def. 4.51). Assume that R, contains all the processes related
to the breakdown of P, and that R, contains all the processes from the decomposition
related to the breakdown of P,. The sequence u can be derived by following Def. 4.51.

D(Py) =D(Py) = wu)(D1 | D2 | D3 | D4 | Ry | Ry) (4.11)

where processes ©; (i € {1,2,3,4}) correspond to:

D1 = c2(uz).w1,1(M1).d3(uz \ 21,1).0

Do = c3(ug \ 21,1).01,2(M2).dy(uz \ £1,171,2).0

333 = C4(U \$1 171 2) Ty 3<M3> d5<ur \ T1,1%1,2%1 3> 0
05( \371 121,221 3) Z1 4<M4> d6<ux \ L1,121,221,3%1 4) 0

By applying the encoding [-] and thanks to its compositionality (cf. Thm. 4.9):

[P(F)] = [D(Fro)] = Cagl[®1] | [D2] | [Ds] || [Da] | [R] Il [By]]

We now represent the variants of the timed pattern above (i.e., (a) and (b)) using
the encoding [-]:

(1) Interval: This variant of the pattern requires that for every sent message, the
next message is sent with a delay of at least ¢; time units. This means that we
want to guard the snippets obtained with the decomposition in such a way that
the processes are suspended until the interval ¢; has passed:

Q1 = Cap[[D1] || Ve(clock(ur) >ty — [D2] || rst(uq) ||
Ve (clock(ur) >ty — [Ds] || rst(uq) ||

Ve(clock(ur) > t1 — [Da] || rst(ur) |
Ve(clock(m) >t — [Rw]])))) | [R]]
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where constraint rst(u;) tells the store that clock u; must be reset. Process (1
consists of nested abstractions. Each abstraction is used to make the next syn-
chronization wait until the delay is satisfied. To achieve this, we guard each ab-
straction with constraint clock(uy) > t1. In this way, we ensure that the process
representing each prefix is delayed accordingly. We also ensure that whenever
the timing constraint is met, the clock is reset to allow for the time to count from
the start once again.

(2) Overall Time-Frame: This variant of the pattern can be represented by changing
the timing constraint in Q; to clock(us) < t2 and by not resetting the clock inside
every ask process:

Q2 = CaylVe(clock(ug) < to — [D1] || Ve(clock(uz) < ta — [Do] |
Ve (clock(ug) < ta — [D3] || Ve(clock(uz) < ta — [Da] || W)) |
Vé(CZOCk(uz) <ty — [[Rz]]))) I [Ry]]

The overall time of the communications can be checked because we only reset
the clock at the end of the complete interaction.

Remark 4.52. Similarly to the lcc representation of the request-response timeout, it
is possible to use non-determinism in lcc to extend the behavior of these 1cc imple-
mentations. Moreover, both ; and Q> preserve the behavior of their source process,
assuming that all the timing constraints are satisfied. This is because of the opera-
tional correspondence property of the encoding (cf. Thm. 4.20 and Thm. 4.21).

4.4.4 Action Duration
We recall the action duration timed pattern as described in § 1.6.

(a) The time elapsed between two actions of the same participant A must not exceed
t time units.

Using 74z, we can use the following process to represent the action duration pattern
by annotating with the appropriate timing constraints:

P, = (vay)(xM1).2M2) . Py | Py) (4.12)

where we require that there are no more than ¢ time units between the first output
and the second one. We also require that the time-frame is 0 < clock(u) < t. The
decomposition is obtained by applying Def. 4.51 to P,. As with the previous pattern,
assume that R, and R, gather all the processes obtained from the decomposition
of P, and P,. The most important prefixes obtained from the decomposition are
described below:

D1 = co(uz).x11(M1).ds{ug \ 21,1).0
Do =c3(up \ 1,1).21,2M2).da(uy \ x1,121,2).0

We can then apply the encoding [-] and its compositionality property (cf. Thm. 4.9)
to obtain:

[P(Pa)] = Cagll®a] | [D2] [ [Re] |l [Ry]]
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Similarly to the previous two patterns, we use linear abstractions to ensure that [D5]
is only executed within 0 and ¢ time units:

Q1 = Ca[[D1] || Ve(clock(u) <t = [D2]) I [Ry] || [Ry]]

Above, constraint clock(u) < ¢ guards the execution of [©;]. This means that this
process can only execute if the time constraint is satisfied. Notice that it is also pos-
sible to consider time-frame different from 0 < clock(u) < t by using constraint
t' < clock(u) < t in the linear abstraction, where ¢’ represents the lower bound of
of the time-frame. As with the previous patterns, the operational correspondence
property of the encoding ensures that the behavior is preserved, assuming that the
timing constraints are met.

4.4.5 Repeated Constraint: Discussion
We first recall the pattern description as given in § 1.6:

(a) Amustsend (and unbounded number of) messages to B every ¢ time units.

This pattern induces infinite behavior as it requires an unbounded number of mes-
sages to be received within some time-frame. Unfortunately, this implies that the
repeated constraint pattern cannot be expressed as a well-typed 7{; program (cf.
§ 3.1.1). To understand why, let us consider the following untyped m&, process:

P, = (vloopiloops)(vay)(loop: (loop1).0 | * loopa(z).(x(M1).loopi(2).0) | P,) (4.13)

This process corresponds to the encoding of recursion that uses name passing and
replication [ AGPV06]. Intuitively, endpoints loop; and loop, are used to iterate when-
ever M is received. The most important thing to notice about P, is that it has output
races. Therefore, this process will be ruled out by the type system in § 3.1.1. Since
P, is untyped, its encoding does not satisfy the correctness criteria. Therefore, we
cannot guarantee that [P.] will preserve the desired behavior. Because of this, we
conjecture that it is not possible to represented the repeated constraint pattern using
the encoding.
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In this chapter we present a translation from 7¢ into lec®. In § 5.1 we formalize a
secure constraint system, used by lcc®, as well as formally defining the translation.
We then prove that the translation is name invariant and compositional (cf. Def. 2.3)
in § 5.2. In § 5.3, we prove that the translation is both operationally complete and
sound. In this section we summarize our correctness results and conclude that the
translation is a valid encoding (cf. Def. 2.3). We conclude with § 5.4, where we show
that our translation is well-typed with respect to the type system in § 3.3.

5.1 The Translation

In this section we present a translation from 7¢ into L1cc®. The translation uses similar
ideas to the ones presented in § 4.1. In § 5.1.1 we present a constraint system aimed
at modeling session with security primitives such as public keys, private keys, and
encryption. Then, in § 5.1.2, we first instantiate the behavioral equivalences required
in Def. 3.102(2), before formally introducing the new translation: -] .

5.1.1 A Constraint System For Secure Sessions

In the presence of abstractions with local information (cf. §3.3 ), processes may query
the constraint store about local and global constraints. We must avoid publishing
local information (e.g., session identifiers, encryption keys, nonces) in the (global)
constraint store. To this end, the translation [-] ; relies on a security constraint system
that combines local and global information with cryptographic primitives. This is
another instantiation of Def. 2.27, which builds upon similar constraint systems given
in [OV08b, OV08a, HL09]:
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Definition 5.1 (Security Constraint System). Let ¥ and A be the function symbols
and predicates given in Fig. 5.1. The security constraint system is the tuple (S, X UA g
), where S is the set of all constraints obtained by using linear operators !, ®, and 3
over the functions of ¥ and predicates of A, and where ks is given by the rules in
Fig. 2.4, extended with the non-logical axioms in Fig. 5.2.

We comment on the signatures for functions and predicates given in Fig. 5.1,
which differ from those in Fig. 4.1 in several respects. First, ¥ includes functions
for handling encryption (used to model session initiation) and tuples: given a loca-
tion n as an (unrestricted ) argument, functions p, r, and s return the public, restricted
(i.e., private), and symmetric key of n, respectively. We use k to range over function
identifiers p, r, and s and write k~! to denote inverse of k, defined as s~! = s and
p~! = r, as expected. Function enc(k;m) returns message m encrypted with a key
k, which is restricted. Decryption is enabled via entailment/deduction in the con-
straint system (Fig. 5.2). Lastly, function tup;(€; 7) models a tuple of j (unrestricted)
elements (j > 1). As usual in first-order logic, we will recursively define terms to be
variables, functions applied to variables and function applied to other terms.

As before, predicates in A are used to represent session communication; in this
case, we exploit the distinction between restricted and unrestricted variables. We re-
quire another set of predicates, different from those in Fig. 4.1 (we use different type
font styles to highlight the differences). Predicate snd(x;y) takes two arguments: a
(restricted) session key and an unrestricted message. That is, while the communi-
cation subject should be private to the session, its associated communication object
can be publicly available. Predicate rcv(z, y; €) models the acknowledgment of snd,
and contains the session key and the value. In this case, both subject and object are
restricted. Predicates sel and bra model communication of a label object. Predicate
{z:y} declares z,y as co-variables; both endpoints are restricted. Novelties with re-
spect to the predicates in Fig. 4.1 are loc, (¢; x), ch(z; €), and out(e; m). While predicate
loc, (€; ) asserts that the (unrestricted) location « is in the (unrestricted) set of loca-
tions p, predicate ch(x;€) declares = as a channel. Finally, predicate out(e; m) indi-
cates that a message m has been sent through a public, potentially insecure medium;
it is used to model service agreement during session establishment.

The following notation will be useful in processes.

Notation 5.2. We shall write function enc(k; x) as {«}. Similarly, we shall write tuple
tup,, (€;x1,...,2y,), withn > 1as (z1,...,2,).

We now comment on the entailment rules given in Fig. 5.2. Rule (E:Loc) is used
to verify that a location belongs to a set p: if the location is known (out(e; n)) and it
belongs to a set p then we can obtain predicate loc,(e;n). Rule (E:Cov-Comm) states
that the co-variable constraint is commutative. Rule (E:Cov) relates the two end-
points, known only to the participants of that session: it states that given an endpoint
id ch(z; €) and the co-variable constraint, we may obtain the id for the other endpoint
y. Rule (E:Enc) allows us to encode a message x with a given key 3. Rule (E:Dkc)
expresses that the output of any function of known output values can be inferred
using the right key. Rule (E:Tup) allows us to create an n-tuple from a sequence of
n-messages. Rule (E:Key) gives the key of a message. Rules (E:Projl) and (E:Proj2)
handle tuples: while Rule (E:Proj1) allows us to project individual elements, discard-



Chapter 5. Encoding g in 1cc? 163

Y = p(e;n) | r(e;n) | s(e;n) | enc(k;m) | tup,; (& 7)

>
I

snd(z;y) | rev(z, y;e) | sel(z;1) | bra(z, l;e) | {z:y} |

loc,(e; ) | ch(z;e) | out(e; x)

Figure 5.1: Security constraint system: Function and predicate symbols (cf. Def. 5.1).

(E:Loc) (E:Cov-Comm)  (E:Cov)
cksout(en) nep cks{zy} cksch(z) cks{zy} x#y
cksloc,(en) cks {yx} cks ch(y)
(E:Enc)

cksout(e;x) chks out(e k)
c s out(e; enc(k; z))
ke {s,p} chsout(ek '(x)) cks out(e;enc(k(x);m))
¢ s out(e;m) @ out(e; enc(k(x);m))
Vi € {1,...,j}.c|—3 Out(e;ei) (E:Key)

E:T = t(e; k
(E:Tur) ¢ Fs out(e; tupj(e; €1,...,€5)) chs out(e z) € {s.p.r}
¢ ks out(e; k(x))

(E:Dkc)

cks out(e;tupj(e;el, ey €iyee e, €5))

E:Projl
( ) ¢ s out(e; e;)

cks out(etup;(eser,. .. €. .. €5))

E:Proj2
(E:Proi2) ¢ s out(e; ;) ® out(e; tup(ese1, ..., €5))

Figure 5.2: Security constraint system: non-logical axioms (cf. Def. 5.1).

ing the remaining elements, Rule (Proj2) allows to project any element of the tuple
while preserving the remaining tuple elements.

5.1.2 Mapping e Processes Into 1cc® Processes

Before formally presenting [-] s, we would like to define the sets D and &, required to
instantiate the barbed congruence required in Def. 3.102(2). Similarly to [-], we first
characterize a set of output and complete observables. The main differences from
Def. 4.2 are: (1) the addition of constraint 3Z.out(e; t), where t is a term, and (2) the
distinction between restricted /unrestricted variables in each predicate.

Definition 5.3 (Complete and Output Observables for 7). Let S be the security
constraint system in Def. 5.1. We define the set D,, of output observables of [-]; as
follows:

Dy, et {Fzsnd(z;0) |z, v €V AT €EZA(WEZVVE Vy)}

U{3zZsel(z;1) | # € Ve Al € B A € Z} U {FZ.0ut(e;t) | tisaterm in S}



Chapter 5. Encoding ¢ in lcc? 164

We also define D} _, the complete observables of [-];, by extending D, as follows:

Dr D, U{tt} U {Fzrev(z,yie) |z e Vo \ {y} Az € 3}
U{Fzbra(z,l;e) |z € Vo AlEB, Az €Z}
U{FZloc,(62) |2 € Ve ApC Qr A € 7}
U{FZ.ch(z;e) |z € Ve Az €2}

Notice that constraint 3z.out(e; t) will also appear in the set of output observables.
This is a sensible choice, as these constraints represent the main form of synchroniza-
tion during session establishment. Considering this, we can then state that: D = D,
and £ = §. Using the previous fact, we can now introduce the precise instances of
Def. 2.33 and Def. 2.34, required for Def. 3.102(2).

Definition 5.4 (Weak O-Barbed Bisimilarity and Congruence). We define weak o-
barbed bisimilarity and weak o-barbed congruence for 1cc® processes as follows:

1. Weak o-barbed bisimilarity, denoted ~T¢, arises from Def. 2.33 as the weak
D, S-barbed bisimilarity.

2. Weak o-barbed congruence, denoted =T, arises from Def. 2.34 as the weak
Dy, S-barbed congruence.

We now define the translation of 7 into 1cc”. One of the challenges associated to
a translation of session establishment is that the use of abstractions over constraints
containing only unrestricted predicates enables any external process to abstract (pri-
vate) session keys. To solve this issue, our translation of session establishment in-
cludes an explicit authentication protocol: the Needham-Schroeder-Lowe (NSL) pro-
tocol [Low96]. The translation is defined next; it is parameterized by a set of pairs of
co-variables, denoted f.

Definition 5.5 (Translation of 7¢ into lcc?). Let £, = (m, —n, =s) and Ly =
(lec?, —1,=1"). We define the translation from L, into L. as the pair ([-] f, f)
where:

(a) [-] is the process mapping defined in Fig. 5.3.
(b) [, is defined as the identity, as in Def. 4.4(b) .

Before providing detailed intuitions regarding the translation, we first comment
on the main differences between [-]; and [-] (cf. Fig. 4.2). In a nutshell, these dif-
ferences concern concern the authentication protocol for session establishment and
local information:

(1) Session establishment follows the NSL protocol. A process request starts by
creating a fresh endpoint (z) and sending a tuple containing the service name
a, a nonce w and the location where the requester resides (n). The tuple is
encrypted using the public key of the location of the requested service (m).
The requested service then creates a fresh endpoint (y) and receives an en-
crypted tuple, containing a, w and n. Notice that it is necessary to decrypt this
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tuple to extract location n. This is represented by the guard being constraint
out(e; {{(a, z,1) }p(m)) ® loc,(e;n), which verifies that the location is indeed al-
lowed to access the service, and that the encrypted tuple has the correct struc-
ture and content. Subsequently, the requested service encrypts (using the pub-
lic key of n) and sends a tuple containing the nonce w, endpoints z,y and its
own location (m), as well as its own service name a. Lastly, the requester re-
ceives, decodes, and sends back endpoints =,y together with the nonce w and
service name a, in a tuple encoded using the public key of m to acknowledge
that it has received them, thus declaring that «, y will indeed be co-variables.
Notice that to unequivocally refer to a nonce, we will write nc, instead of using
the conventions for variables in 1cc (i.e., z,y,w,...).

Abstractions in 1cc® use local information and secure patterns. Within session
communications, we require the knowledge of being a channel to be private
(ch(z;€)). This is used in conjunction with the public constraint {x: f, } to avoid
interferences. Generated after session establishment, co-variable constraints are
collected in the set f. This is explicit in the translations of (vzy)P and the ses-
sion establishment constructs. In Fig. 5.3, f, represents the co-variable of x
recorded in f. Also, we assume that if {z:y} € f then f, = y and f, = .

Before presenting an illustrative example, we give some more intuitions regarding
the translation itself. Below, we comment on all the translated constructs:

o The translation of the request construct [@™ (z).P]™ can be understood as “low-

level implementation”, which exposes more details about the session establish-
ment protocol used (in this case NSL). Intuitively, the translation:

[[@™(z).P]"]; = 3w, z. (out(e; {{a, w,n) }p(m)) || (p1)
Vy(out(e; r(n)) 5 out(e; {{a,w,y,m)}pm)) = (p2)
OUt(G; {<a7w’$5y>}p(m)) H '{l‘y} ” [[P]]fu{z:y})) <p3)

can be seen as a three-part process in which the first part (p;) corresponds to
sending the require service name a, a nonce w, and the location n of the client.
This correspond to the first step described above for the NSL protocol. The
second part (p;) is then awaiting for an encrypted message which will then
be decrypted using the private key for location m. In the final part(ps), an ac-
knowledgment message is sent, as the new endpoints are created (i.e., {z:y}).
The condition w,y ¢ fv(P) ensures that the variables introduced by the trans-
lation do not clash with the ones already present in the source.

The translation of the acceptance construct, which declares a service is then as
expected: the complementary of the request translation:

[[xa”(y).P1™]s = (Jy.(Vz, n(out(e; r(m));
out(e; {{a, z,1) }p(m)) ® loc,(e;n) — (p1)

OUt(E;{<aﬂzvy7m>}p(n)) ” (pZ)
Yu(out(€; r(m)) 5 out(e; {(a, w,y, u) tp(m)) =
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[Pl 0ty ) (ps)

In the lccP process above, the first part p; receives the message of a client, veri-
fies that the location of the client is authorized and proceeds to the second part
(p2). In this part, a message containing the fresh channel endpoint y is sent,
which then must be acknowledged by the client. In the final part ps, the trans-
lation receives the channel endpoint from the client, and the service can start.

o The translations of output and input are similar to the ones in Fig. 4.2. The only
difference is in the fact that channel endpoints are now restricted information
(ie., out(z;e)). Hence, we use function f to carry the necessary information
about co-variables which must be propagated inductively in the translation.

e The translations for all the other constructs use a similar structure as in Fig. 4.2,
considering the caveat regarding channels, mentioned above.

Example 5.6. Let P be the 7 process [a* (z).Pl]il | [+ ap(y).PQ]iQ, with i1 € p. Pro-
cess P represents a service a that resides in 4; and is requested by a client at i;. The
translation of P is as follows:

[Py = anl,x.(out(e; {{a,ne1, 1) Fogin)) |l
V21 (out(e; r(i1)) s out(e; {{a,nci, 21,42) }piy)) —
out(e; {{a, ner, , 21) b)) | Hawen} | [Pilgougainy)
| 13y. (Vz2, w(out(e; r(iz)) 5 out(e; {{a, 22, w) }p(iy)) ® loc, (w;e) —
out(e; {{a, 22,9, 12) Yp(w)) ||
Vzg(out(e; r(i2)) 5 out({€; (a, z2,y, 23) Yo(in)) = [Polgouizs:y} )

Notice that our translation captures all the steps required to implement the NSL
protocol. The first 7-transition is as follows:

[P]f —1 3ney, z, y.(Vzl (out(e; r(i1)) ; out(e; {{a,nci, 21,42) }p(iy)) =

out(e&; {{a,nc1, , 21) Yoan) | {21} || [Pl goutaiat)

| out(€; {{a, nc1,y,i2) bo(in))

| Vzz(out(e; r(iz)) 5 out({€; (a,nc1,y, 23) boin)) —
[P2lgoutzainy )

| 1 3y. (Y22, w(out(e; r(iz)) 5 out(e; {{a, z2, w) tpin)) ® loc,(w;e) —

out(e; {{a, 22,9, 42) }p(w))

| Vzs(out(e; r(ia)) 5 out({€; (a, 22, ¥, 23) }p(in)) = [Polgoutzs:y) )))

:Sl

Observe that an encrypted tuple containing the service name a, the nonce nc;, and
the location of the requesting client is first exchanged; this transition also relies on
Rule (ScL:7) (cf. Def. 2.28), to extend the scope of both the nonce being sent (nc;)
and the soon-to-be-established endpoints (z, y). Notice also that the service has been
replicated. The next transition follows:

Sy —1 3ne, z,y. (out(& {(a, ner, 2, 9) boein)) | {z:y} | [Plgougany
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|| Vzz(out(e; r(iz)) 5 out({€; (a,nc1, y, 23) boin)) — [[Pgﬂgou{z3:y} ))
[ 1 3y. (Y22, w(out(e; r(iz)) 5 out(e; {{a, z2, w) tpin)) ® loc,(w;e) —
out(e; {{a, 22,9, 42) }p(w))
| Vzs(out(e;r(ia)) ;5 out({€; (a, 22, ¥, 23) }p(in)) = [Polgoutzs:y )))

252

Above, the requested service a sends to the client an encrypted tuple containing its
name, the nonce ncy, the endpoint name it will use (y), and its location. We now
have:

Sy — Elx,y('{xy} H [[Plﬂgou{z:y} || [[PQ]]ggU{w:y})
|1 3y1. (Vz2, w(out(e; r(iz)) 5 out(e; {{a, 22, w) }piy)) @ loc, (w;€) —

out(€; {{a, z2,y1,12) }p(w))
|| Vzs(out(e; r(iz)) 3 out({e; (a, 22, Y1, 23) bp(iz)) —
[[PZ{yl/y}ﬂgou{Zfsiyl} )))

In the final step, the client answers back by sending an encrypted tuple containing:
the service name a, the nonce nc;, and the two newly created endpoints z,y. Note
that a-renaming is applied to enforce substitution on the replicated service, as in
Rule [SEstR|. A

5.2 Static Correctness

We establish the correctness of [-]s : me — lccP, in the sense of Def. 2.3. We mostly
build upon the approach in § 4.2. In this we address name invariance and composi-
tionality criteria.

Theorem 5.7 (Name Invariance for [-] ;). Let N be an e network. Also, let o and x be a
substitution satisfying the renaming policy for -]y (Def. 5.5(b)) and a variable in 1cc, resp.
Then [No] s = [N] o', where o, (0(x)) = o' (¢, () and o = o’

Proof. By induction on the structure of N. Both the base case and inductive step are
immediate. O

Before stating our compositionality result, we define the evaluation contexts for
networks. Notice that there was no need for them to be defined before this point.

Definition 5.8 (Contexts for m¢). The syntax of evaluation contexts in 7¢ is given by
the following grammar, where NN is an 7 network and ‘—’ represents a hole:

D:=—|D|N|N|D

Notice that we do not consider the restriction operator as an evaluation context.
This is because it is not possible to fill the hole with an arbitrary network. We now
state compositionality with respect to the parallel composition operator:
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Theorem 5.9 (Compositionality for [-] ;). Let N be an me network. Also, let D[—] be an
me evaluation context (cf. Def. 5.8). Then we have: [D[N]]; = [D][[N]y].

Proof. By induction on D[] and a case analysis on N. The proof is immediate, since
by Def. 5.8 evaluation contexts D[—] can only be parallel contexts and the definition
of [-]; is homomorphic with respect to parallel composition. O

5.3 Operational Correspondence

In this section we present the prove that [-]; is both operationally sound and com-
plete. The work in here builds on the methodology developed in § 4.3. In § 5.3.1
we present preliminary observations required for the proof of both soundness and
completeness. Finally, in § 5.3.2, and § 5.3.3 we present each proof, respectively.

5.3.1 Preliminaries

The Shape of Closed Networks

Here we state results about the shape of translated closed networks. We formalize
the notion of starting and runtime networks, informally introduced earlier.

Definition 5.10 (Starting and Runtime Network). We will say that a network NV is
starting whenever N = 0or N = Ny | ... | N,, n > land forevery i € {1,...,n},
N; = [@a™(x).P]™ or N; = [xa”(2).Q]™. Otherwise, we will call N a runtime network.

We now characterize the shape of closed networks (Not. 3.40). We rely on the
following statement:

Lemma 5.11 (Shape of a Closed Network). For every closed network N, we have N =g
(vzy)P | M, where M is a starting network and P is a process.

Proof. By induction on the structure of N. The base casesare N = 0, N = [a" (z).P|™,
N = [xa”(z).Q]™ and N = (vzy)P and they are immediate by =s. The inductive step
N = Nj | Ny proceeds as follows:

(1) Ny = (vaig) P | My (IH).
(2) f(N) =0  (Def.5.10, (1)).
(3)
(4) fv(N2) =0 (Def. 5.10, (3)).
(5)

&

2 = (Vi) P | My (IH).

5) N =s ((vxizag192) (P | P2) | My | Ms = (vzy)P | M, with Ty = z1220192,

P=P |Poand M = M; | My (Applying =sto N, (3),(4)).
O

The previous statement allows us to observe and work with a general shape for
closed networks, which will be handy in the proof of operational soundness. Next,
we introduce a notation for characterizing closed networks contextually.
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Definition 5.12 (Closed Network Context). We will write H[—1, —3] to represent
a class of contexts with two holes, one for processes and one for starting networks
(denoted —; and —, respectively), defined as follows:

H[—1,—2] = (vZy) —1 | —2

Notice that the two holes in context H[—1, —3] represent the two “parts” of a net-
work: one composed only of processes (denoted —;) and another that will be a start-
ing network (denoted —3). We will now introduce a notation analogous to Not. 4.12,
to denote the 1cc translation of H:

Notation 5.13. Let H[—1, —2] = (vZy)(—1) | —2 be a context as in Def. 5.12. We will
write [Hzy][—1, —2] to denote the 1cc” translation of H:

(=1, =]l = 375.(0 @ {wiwid | 1) Il =
T; E% s
Yi€Y
Having defined a general shape for runtime networks, we now concentrate on
initialized networks, a specific class of runtime networks from which no new sessions
can be established. First, we characterize session establishment steps with a series of
labeled arrows:

Notation 5.14 (Establishment Steps). Let N be a closed network.

est

e Whenever N —y N’ with Rule |SEstR| (cf. Fig. 3.3) we will write N — N/,
to denote a so-called establishment steps. We write %% to denote the reflexive-
transitive closure of <=5,

e Accordingly, we will write IV 7&, whenever there is not a reduction with
Rule |SEsTR].

est

e Also, we will write N =% N/ k > 0 to say that N evolves into N’ by estab-
lishing k sessions (i.e., Rule [SEsTR | has been applied & times).

e We will also write N —=% N’ whenever N reduces to N’ with a rule different

than Rule |SEstR]|.

We will then prove that every closed network can establish a finite number % of
sessions, bounded by the number of requests in a process. First, we define potentially
satisfied requests:

Definition 5.15 (Potentially Satisfied Requests). Let N = H[P, M| be a well-typed
closed network (cf. Not. 3.40). We will say that request Ny = [@™(z).P]" in N is
potentially satisfied if Ny occurs in M and if there exists a service [xa”(y).Q|™ in M
such that [@™(z).P]™ | [« a”(y).Q]™ is a network redex (Def. 3.39).

Lemma 5.16 (Finite Session Establishments). For every well-typed closed network N
with k > 0 potentially satisfied requests (cf. Def. 5.15), there exists a sequence N Sk N,
such that N’ 7&
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Proof. By induction on the maximum number k of sessions that can be established in
N. Notice that & will also be the number of requests in NV (cf. Def. 5.15), which will
be reduced whenever a session is established.

(1) N = H[P, M] with P a process and M initial (By Lem. 5.11).

(2) M=Ny|...|N,,n>1 (ByDef.510to (1)).

(3) Vie {l,...,n}.(N; = [@a"(z).P|"™ VN; = [xa(x).Q]™) (By Def. 5.10)

(4) We apply induction on the number k of potentially satisfied requests in N:

Base Case: Whenever &k = 0. By Def. 5.15, there are no potentially satisfied
requests in NV and therefore, N 7& and thus, N’ = N.

Inductive Step: Assume that there are £ > 1 potentially satisfied requests in
N. Then, by IH there exists Ny such that IV Stk Ny and Ny 7@% We now
prove for k + 1 potentially satisfied requests. By Def. 5.15 and (3) there
exists N;, Nj i,j € {1,...,n} in M (ie., M = N; | N; | M’ for some M)
such that N; = [xa”(y).PA]™, N; = [a"(x).P;]" and N; | N; is a network
redex. We then proceed as follows:

(i) H[P,M]=H[P,N; | N; | M'] (By (1), Def. 5.15).
(i) H[P,M] =51 H[P | (vay) (P, | P,),N; | M']  (Rule [SEstR] to (i)).
(iii) H[P | (vzy)(Py | P2),N; | M'] has k + 1 — 1 = k potentially satisfied
requests  (By (ii)).
(iv) H[P | (vay)(Pr | Po), Ni | M'] =58 N 25 (IH, (3)).
O

The previous lemma establishes that any well-typed closed network is either ini-
tialized, or can become initialized. This is relevant because an initialized 7 net-
work behaves exactly as an = well-typed program. In fact, the following corollary
(which follows from Lem. 5.16) states that the reductions of an initialized network
can only originate in its process part (for all establishment steps have been already
performed):

Corollary 5.17. For every well-typed closed initialized network N:

1. N 25,
2. IfN —»y N’ then N = H[P, M] and N = H[P', M].

We now restrict our attention to well-typed closed networks (Not. 3.40), whose
specific shape facilitates reasoning about their behavior. In particular, this will allow
us to reuse definitions and results used for [-] to prove both completeness and sound-
ness. We will now proceed to establish the first invariant of translated 7z networks:

Lemma 5.18 (Translated Form of a Closed Network). Let N be a well-typed closed
network. Then

[Ny = [Hagl([Bul o I -~ 1 [RRD g [MAD g (1 -+ Il T2 ],
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where: (i) k > 0; (ii) each R;, 0 > ¢ > k is a process pre-redex (cf. Def. 3.39) or R; = 0;
(iii) each Mj, 1 > j > r is a network pre-redex (cf. Def. 3.39) or M; = 0.

Proof. By induction on the structure of N. There are four base cases corresponding
toN =0, N = (vazy)P, N = [@a"(x).P]"™ and N = [a”(z).Q]™. All of them are
immediate, by the definition of [-]; (Fig. 5.3). The inductive step follows by IH and
applying =s to the sub-processes obtained by IH. O

Junk Processes

The translation presented here, [-];, is similar to [-] and so it generates junk (cf.
Def. 4.14). For the sake of completeness, next we define junk processes, denoted J:
the main difference with respect to the junk generated by [-] is the presence of local
information in 7¢ abstractions. Nevertheless, this local information is simply tt:

Definition 5.19 (Junk in 7¢). Let P and J be lcc? processes. Also, let b € {tt,ff}
and /;, l; be two distinct labels. We say that J is junk, if it belongs to the following
grammar:

J,J w=Ve(tt; (b=-b)—=P) | Ve(tt; (I =L)—=P) [Tt | J || J

We now state the main properties of junk processes induced by [-]; (and their
corresponding interactions), as we did for [-].

Lemma 5.20 (Junk Invariants). Let J be a junk process. Then the following holds:

1. J /.
2. Thereisno c € S (cf. Def. 5.1) such that J || € 1.
3. For every D, S-context C[—]:
(a) OP=(J) = 0and
(b) OP=(C[J]) = OP(C[tt)).
4. For every Dy S-context C[—], and every process P, we have C[P || J] ~T¢ C[P].
Proof. We prove each item.

1. By induction on the structure of J. All cases proceed directly from the seman-
tics of lccP.

2. By induction on the structure of J. Observe that the constraint system in Def. 5.1
does not introduce any ¢ capable of deducing the required guards for the pro-
cess to execute a T-transitions.

3. Both items proceed by induction on the structure of J.
4. By coinduction, using the same relation shown in the proof of Lem. 4.17.

O

The corollary below will allow us to remove junk, via =%, from both processes
and from outside the scope of a restriction, at the level of networks.

Corollary 5.21. For every junk process J (cf. Def. 5.19) and every lcc® process P, P ||
J e P,
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Intermediate and Named Transitions

We now introduce intermediate redexes and characterize the kind of reductions that
appear in translated networks. First, we start by defining target terms in lcc®: the
main difference with respect to Def. 4.7 is that instead of well-typed 7 processes, we
will consider well-typed closed networks (cf. Not. 3.40).

Definition 5.22 (Target Terms for [-] ;). Target terms is the set of 1cc® processes that
is induced by the translation of well-typed closed 7z networks and is closed under
T-transitions:

{S|[N]; =1 Sand 3D.(® Fy N)}

We shall use S, 5’, ... to range over target terms.

Translating session establishment constructs in lcc® introduces further interme-
diate steps and processes. To capture them, we extend the intermediate redexes de-
fined for [-] (cf. Def. 4.25). To do this, we will reuse Def. 4.11 by saying that a closed
runtime network H [P, M] is enabled by z, y if and only if they enable process P.

Definition 5.23 (Intermediate Redexes for [-] ;). Let R be a communicating process
redex in 7 (cf. Def. 3.39) enabled by z,y or a communicating network redex. Also,
let J be as in Def. 5.19 and f be a set of co-variable constraints. The set of intermediate
lccP redexes of R, denoted {[R] égr is defined in Fig. 5.4.

We now introduce the analogue of Not. 4.26 for [-] ;. We slightly abuse notation
and write (R, f [)%7 by stating that whenever R is a network redex (cf. Def. 3.39) it is
enabled by any pair of vectors z,y. Notice that a network redex does not need to be
enabled, as it can reduce without enclosing restrictions.

Notation 5.24. We will denote the elements of set {{R]} as (R, f [)%, with & € {1,2,3}
as in Fig. 5.5.

Finally, we define labeled transitions for [-] s, as we did for [-] in Def. 4.37. This will
be useful to distinguish which kind of behavior is being mimicked by the translated
term.

Definition 5.25 (Labeled 7-Transitions for [-] ; Target Terms). Let S be a target term
(cf. Def. 5.22). Also, let

{10, SL,RP,CD, 101, RPy, SL1, SLy, SL3, SE, SEq, SE5 }

be a set of labels, ranged over by «, a1, as,a/,.... We define the labeled transition
~*51 by the rules in Fig. 5.6.

The upper part of Fig. 5.6 contains rules which are very similar to the ones in
Fig. 4.7; the lower part shows four extra rules, required to account for session es-
tablishment. Indeed, since the set of labels given in Def. 5.25 extends the set de-
fined in Def. 4.37 with labels SE, SE;, and SE3, we have three corresponding rules for
them (Rules [SE], |SE1]|, and |SE2], respectively). Another new rule in Fig. 5.6 is
Rule |Cowmr |, which enables the parallel composition of closed networks.

Notation 5.26 (Labeled Transitions). We shall use the following convenient notations:
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1. Given variables z,y, we will write a(z,y) to stand for any o ¢ {SE, SE;, SE2}.
Whenever « € {SE, SE;, SE2}, we will write a(a), for some service name a.

2. We will write CD(—) to denote a conditional transition, as no variables nor ser-
vice names are needed.

3. Extendmg Not. 4.42, we will write v(Zy, a) to denote a sequence of labels where
7y is a vector of variables (representing labeled transitions related to intra-
session communication) and @ is a vector of service names (representing la-
beled transitions related to session establishment).

4. We will write 1 (2191, a1)v2(Z292, a2) to denote the concatenation of two se-
quences of labels.

5. Inwriting v(Zy, a), vectors Zy and @ can be empty (denoted “—"): we will write
~(zy, —) to denote a sequence of labeled transitions that does not include actions
of session establishment (SE, SE1, SE2). Similarly, we will write y(—, @) to denote
a sequence of labeled transitions that only includes actions of session establish-
ment.

The following lemma asserts that whenever the translation of an initialized net-
work executes an action different from session establishment, then only the process
part of the translated network changes.

Lemma 5.27. For every well-typed closed initialized network N = H[P, M), if

[N]; =222 g

then S = [Hzg][S", [M] ruizay)-

Proof. By induction on [N]; ’Y(I:y’)n S and a case analysis on label a(z, y) in the
last transition. Since we consider a sequence without session initiation, then « is not
a session establishment label (i.e., SE, SE1, SE2), and therefore, [M] ;zy remains the
same, which follows from Def. 5.25. O

The translation of an initialized network cannot perform a labeled transition that
corresponds to session establishment (i.e., SE(a), SE1(a), SE2(a)).

Lemma 5.28. If N is a well-typed, initialized and closed network then [N] ¢ &n for any
service name a.

Proof. By contradiction, we proceed as follows:
(1) N is well-typed, initialized and closed  (Assumption).

(2) [Ny ﬂn for some service name a (Assumption).

(3) We distinguish cases depending on whether a(a) = SE(a), a(a) = SE;(a) or
a(a) = SEz(a). The latter two are vacuously true, as the translation of a network
cannot yield an intermediate process. The former follows:
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(i) [N]s Ml for some service name a (Assumption)

(ii) N =H[P,M] (Lem.5.11,Def.5.12, (1)).

(i) N 2% (Cor.5.17, (1)).

(iv) N /=y with Rule |SEstR| (Not. 5.14, (iii)).

(v) M #s [a"(x).Q1]™ | [*a”(x).Q2]™ | M’ for some M’ such that

[@" ().Q1]™ | [xa”(y).Q2]"
is anetwork redex  (Fig. 3.3, (iv)).

(vi) [Ny = [Hagl[[P1y, [[@" (2).Qu] ™[5 || [[x a”(y)-Q2]"[s]  (Def. 5.25, (ii)).

(vii) M =5 [@(@).Qu]™ | [+a?(y).Qa]" with [a"(2).Q)"™ | [+ a?(y).Qs]" a net-
work redex  (By (vi), Fig. 5.3).

(viii) We have reached a contradiction in (vii), (iii).

Transforming Translated Terms Into lcc via Erasure

As hinted before, translations [-] (cf. Fig. 4.2) and [-] s (cf. Fig. 5.3) are very similar,
in particular when it comes to initialized networks, which can only perform actions of
intra-session communication (Lem. 5.28). The erasure function below connects these
translations: it target terms induced by [-] into target terms induced by [-].

Definition 5.29 (Erasure). The erasure function 6(-) : lcc? — lcc is defined induc-
tively in Fig. 5.7.

Notice that erasure is a partial function; we will now give an example of how it
works.

Example 5.30. Let us consider runtime network N = (vzy)(z(v).P | y(2).Q). We
have:

[N]y = 3z,y.({a:y} || snd(z;0) ||
Ve(ch(x;€) s {z:fu} @ ch(fo;€) @rev(fy, vie) = [Pls) ||

Vz(ch(y;€); {y:fy} @ ch(fyie) @ snd(fy; 2) »rev(y, z;€) || [Ql))

Using the erasure function §(-) in Def. 5.29, we would obtain:

([N1y) = 3z, y.(Hazy} [snd(z,v) || Var ({2:fo} @ rev(wy, v) = S([PI{wY £:1)) |

Yz, w2 ({y:fy} @ snd(wa; 2) — rev(y, 2) || 6([QI{¥Y/ £, })))

which corresponds to [(vzy)(x(v).P | y(2).Q)], up to a-conversion. A

As a sanity check, we prove the correctness of §(-), in the form of an operational
correspondence result:
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_.
|
Ql

15(d),

tt,

def snd(x, ”U),

_.
Il
H-‘ :
-

I
—
8
<
wa

snd(x v)

rev(x, v;e)

-

rev(z, v),

sel(z, 1), sel(z;1)

bra(z,1), i ra(z,l;e€)

undefined, otherwise

Ve(d — 6(P)) ife=tt

v (rev(w, v) @ {w:x} —
o(P{w/=}))

Yy, w(snd(w,y) ® {wx} —

(e def o(P{v/=})
6(v2(c; d=P)) = Vw (bra(w, 1) ® {t)usc} —
3(P{w/=}))
v, w(sel(w, 1) @ {w:x} —
3(P{w/=}))

undefined, otherwise

S(P I Q)Ea(P)I15(Q) 3(Ea.(P)) = 3w.(5(P) 51 P)E15(P)

j—

—-
R R R R B R

Ql ol ol ol ol of o
I

—

if c=ch(x;€) @ {z:x} @ rev(z, v;e)
if c=ch(x;€) ® {z:2} ® snd(z;y)
if c=ch(z;¢) ® {z:x} ® bra(z, [;¢)

if c=ch(x;€) ® {z:x} @ sel(z;1)

Figure 5.7: Erasure function for lcc? processes (cf. Def. 5.29).

Lemma 5.31. For every well-typed initialized closed network N = H|[P, M] such that
P=(vey,y1)P1 | ... | Wznyn) Py
the following holds (k > 0):
1. If[P] 22220k 80 then [P]; 22205k S, and 5(S,) = Sh.

2. If[P]; 250 Sthen [P] 222k 5(9).

Proof. We prove each statement individually. Both cases proceed by induction on the
length of the transition. For details see App. C.1. O

Finally, we show that it is possible to reduce =, reductions (cf. Not. 5.14) to m¢q
reductions:

Lemma 5.32. Let N be a well-typed closed network such that N = H[P, M), where H is as
in Def. 5.12. Then, the following holds:

1. If N =% M then M = H[P', M, for some P such that P —s P'.

2. If P — P’ then H[P, M] =< H[P', M].
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Proof. Immediate, since by Def. 5.12 P = (vzy)P’ and by Def. 3.36, P’ contains only
T processes. O

5.3.2 Operational Completeness

Having established a formal relation between [-]; and [-], we now prove complete-
ness for [-];. Intuitively, the proof proceeds by induction on the 7 reduction and a
case analysis on the last taken step. By leveraging on Lem. 5.31, cases not related to
session establishment can be reduced to Thm. 4.20.

Theorem 5.33 (Completeness for [-] ;). Let [-] s be the translation in Def. 5.5. Also, let
N be a well-typed closed me network . Then, if N —}; M then [N]; =12 [M],, with
fcy

Proof. By induction on the reduction N —} M with a case analysis on the applied
rule. The base case is immediate; for the inductive step, we assume, by IH, N —}
No — M, for some Ny and that [N] ¢ :T>1§1TE [Noln, with h C f. By assumption,
Lem. 5.11 and Def. 5.12, Ny = H[P, N{] for some process P and a starting network
N{. We will then analyze two cases depending on the reduction:

Ny =% M: We consider all the possibilities that do not correspond to session es-

tablishment. Since [No]; = [Hzg][[P]s, Ng), and since N =N M, M =
HI[P', N}]. Then, we must prove that [Hz3][[P], N§] =1 [Hzz][[P'], Ny
By Lem. 5.31(2) and Lem. 5.32(2), this reduces to prove that if P — P’ then
5([P]y) ==1 6([P']s), which follows from Thm. 4.20.

Ny =t M: As follows:

Case |SEstR|: We have:

T

(1) [NT; == [Nolgo, f € g0 (IH).

(2) Ny —n M with Rule |SEsTR| (Assumption).

(3) No = [@>(x).P]" | [+ a’)(y)Pz}é (By (2))-

(4) M = (vay) (P | )| [*a”(y).P»]”  (Rule [SEstR] to (3)).
(5) By definition of [-] (Fig. 5.3) and the semantics of lcc:

[Nolgo = Elncl,x.(out(e; {{a,ne1,01) Fogs)) |l
V21 (out(e; r(i1)); out(e; {{a,ncy, 21,42) bp(iy)) =
out(e; {{a, nc1, @, 21) bo(in)) | {221} ||
[Plﬂgou{x:m})) |
13y. (Vz2, w(out(e;r(iz)); out(&;{{a, 22, w) }p(iy)) ®loc, (w; €) —
out(e; {{a, 22,9, 2) bo(w)) |l
Vzs(out(e; r(iz)) 3 out({€ (a, 22,9, 23) bp(in)) —
[PZHgoU{Zgzy} )))
1 Ine, z, . (Vzl (out(e; r(i1)); out(e; {(a,nc1, 21, 42) }p(i)) =
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out(€; {{a,ncr, x, 21) toun)) | Haiza} ||
[P]goutaieny) |l
out(€; {(a,ncr, y,i2) bpein) |
Vzz(out(e; r(iz)) 5 out({e; (a,nc1,y, 23) bpin)) —
[PZHgoU{Zs:y} )) |
!Hy.(VzQ, w(out(e; r(iz));
out(€; {{a, z2,w) }p(iy)) ® loc,(w; €) —
OUt(E; {<CL, 22, Y, Z.2>}D(w)) ”
Va3 (out(e;r(iz)) 5 out({€ (a, 22,9, 23) fp(in)) =
[[PQHQOU{Zg:y} )))
51 Iner, 2,y (out (e {{a, ner, z,y) boein)) || H{zy} ||
leﬂgou{w:y} |
Vzz(out(e; r(i2)); out({€; (a, ner, y, 23) bogin)) =
[PQ]]goU{z;:,:y} )) ||
!EIy.(sz, w(out(e; r(ia));
out(e; {(a, z2,w) }p(i,)) ® loc,(w; €) —

out(e; {{a, 22,9, 42) }p(w)) |l
Vzg(out(e; r(iz)) 5 out({€; (a, 22, ¥, 23) }p(ir)) =
[[PZ]]goU{Zsiy} )))
L Elxay'( '@ I [[Pl]]gou{w:y} | [P2Hgou{x:y}) |
1 3y. (Vza, w(out(e; r(iz));
out(€; {(a, z2,w) fp(i,)) ® loc,(w; €) —

OUt(e; {<(1, 22,Y, 22>}D(w))
|| VZ3(0Ut(€; r(iZ)); OUt({e; <CL, 22,Y, Z3>}D(i2)) -
[P2ﬂgou{z3:y} )))
=7 [(woy) (P | Po) | [+0?().Pa] *lypoens) = [MIgoogen)

(6) go C goU{z:y} (Def. of C).

5.3.3 Operational Soundness

In this section we prove that translation [-]; is operationally sound. Following the
same scheme that in § 4.3.3, we first state the property, give a sketch of the proof, and
then provide the details. It is important to notice that some of the results developed
for proving the soundness of [-] will help into simplifying some aspects of the proof
for [-] . The following labeled soundness statement, defined in terms of the transitions
introduced in Def. 5.25, will serve as an important stepping stone towards the main
soundness result, given in Thm. 5.49.
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(Assump.)

[Ny

v(Z1y1,a1)

(Cor.5.37) | &

No === [Nolgy =2z ~=--=--
J
(Lem. 5.46) | o (Lem. 5.46) | v2(wz, —)
N mmmmmmm e [Ny -- === S

>~ (Lem. 5.46)

Figure 5.8: Diagram of the proof of labeled soundness for [-]; (cf. Lem. 5.34).

Lemma 5.34 (Labeled Soundness for [-] ;). Let [-] s be the translation in Def. 5.5. Also,

let N be a well-typed closed mg network. For every S such that [N] ¢ SICGVTETY 1 S there is

an N such that N —* N’ and § =202 127° [N']y, with f C g.

Proof Outline for Lem. 5.34

We give a high-level description of our proof for Lem. 5.34, pointing to results to be
introduced later on. First, we will show that the translation of any closed network N
can reach the translation of an initialized network (cf. Def. 5.10). This is the content of
Lem. 5.39 and Lem. 5.45. Then, since an initialized network is, in essence, an  process
together with zero or more services that cannot be invoked anymore, we may use
Lem. 5.46 to show that an initialized network satisfies operational correspondence.
More in details, the proof is as depicted in Fig. 5.8, with the following steps:

(1) By assumption, [N]y Mﬁ S.

(2) Lem.5.45(1) will ensure there is an Sy and a transition [N %1 So

such that Sy cannot transition anymore (i.e., Sy 7&1, for any a).

(3) Cor. 5.37 ensures there is an initialized network Ny such that N Sk Ny 22,
for some k& > 0, and [Ny]4, = So, for some go. Notice that [Ng]4, = So implies
[[NOHQO g?E So-

(4) Lem. 5.45(2) ensures there is an S; such that Sy —Vm—y—ln S, for some 5.
This sequence of transitions contains all actions in v not related to session es-
tablishment.
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(5) Given that S is the translation of an initialized network Lem. 5.46 will en-
Yo (WZ,—

sure the existence of S’ and N’ such that S; :> S', N —* N’, and
[N'], > S,

(6) Finally, we will use Lem. 5.45(3) to prove that S can reach S; by performing
actions in 1 (—, @). This refers to all the session establishment actions that have
not been yet done in S and are not contained in v(z191, a1).

Auxiliary Results

In this section we introduce some auxiliary results, useful for proving soundness.
First, we prove that the translation of every well-typed closed network can reach a
process S in which no more session establishment actions can be mimicked.

Lemma 5.35. For every well-typed closed network N there exists S such that [N] ¢ %

Sand S 72@)1 for any service name a.

Proof. Follows from completeness (Thm. 5.33). Since N is a well-typed closed net-
est

work, by Lem. 5.16 there is an N ! such that N <%+ N’ 25 Thus, by Thm. 5.33,

there is an S such that [N] :>1 Sand S =T* [N'],. Thus, by Def. 5.25, S will
not be able to mimic further session establishment actions. O

We now prove that the translation of every closed network N can evolve into the
translation of an initialized network N’ reachable from N.

Lemma 5.36. Let N be a well-typed closed network. If [N]; 22D Sand s £

for any service name a, then there exists N’ such that N <25* N’ 25 and [N'] g = S with
fcy
Proof. We proceed by induction on the maximum number of sessions & that can be

established from N. For details see App. C.2.
a

From Lem. 5.35 and Lem. 5.36, the following corollary asserts that for the transla-
tion of every well-typed closed network NV there exists a source term S that will cor-

respond to the encoding of the initialized network N’ obtained from N S N2

Corollary 5.37. For every well-typed closed network N there exist S and N’ such that

[N s %1 S, S 1 (for any service name a) and N oot N 771> and [N'], =S
for some g, f C g.

The following results say that target terms can mimic session establishment ac-
tions independently from other actions, that is, they are not precluded by the repre-
sentation of other kinds of actions.

Lemma 5.38. Let S be a target term (Def. 5.22). If S —>1 Siand S &n Sy then

there exists an S5 such that Sy % Ss and So —>1 S3.
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Proof. Recalling Not. 5.26, there are three cases: (1) a(a) = SE(a), (2) a(a) = SE1(a)
and (3) a(a) = SE2(a). We proceed by induction on k, defined as the length of tran-

sition S %1 Ss, together with a case analysis on the label o/(x,y) of the last
action in the transition. For details see App. C.2. O

Lemma 5.39. Let S be a target term. If S %1 Sy and S %1 Sy then there

exists an Ss such that Sq LLLN Ss and Sy :’“); L Ss.

Proof. By induction on § % S1. The base case is immediate from Lem. 5.38.

Similarly, the inductive step proceeds by applying the IH and applying Lem. 5.38 to
the result. O

The following two properties establish that session establishment actions can be
“swapped” in the context of a sequence of labeled transitions. As a result, any se-
quence of labeled transitions can be rearranged so as to promote session establishment
transitions at the beginning of the sequence.

(&Y, —)x(a)v0(F0yo,a0)

Lemma 5.40. Let S be a target term. If S
S 71 (@Y, —)e(a)v2 (ZY, =)o (Foyo,a0)

1 Sl then

151, where M (%gv 7)72(%g3 7) = ’Y(%g, 7)'
Proof. By induction on k, the length of sequence v(Zy, —), coupled with a case anal-
ysis on the last label o/ (x, y) in y(zy, —). For details see App. C.2.

O

Lemma 5.41. Let N be a well-typed closed network. If [N] ¢ J(—La—n S then

[[Nﬂf 7(_7‘1)7(3317_) 1 S
Proof. By induction on the length & of sequence a.

Base Case: k = 1. The proof will follow directly from Lem. 5.40.
Y1 (@1y1,—)o(a)y2 (T292,—) .
15, with

By assumption, [N] ¢

’Y(ia g, 7) =M (/ﬁ:gvla 7)72(%?;27 7)

Then, by Lem. 5.40, [N]; — B0 na(B2e. ), g

Inductive Step: k£ > 1. The IH lets us assume that if the length of a is £ > 1 then
we can promote session establishment actions at the beginning of the sequence

(e, [d] = k A [N]; =222, S, implies [N]; ==21%2). ). We need

to prove that if a new transition with «(a) = SE(a) or a(a) = SE;(a) is executed,
71 (F191,a1)a(a)y2 (T2y2,a2)

then the property holds (i.e., [N]y 1 9, v(Zy,a) =
v (191, a1)v2(x2y2, a2)). By IH, we can promote the sequence v;1(—,ay), ob-
71 (=a)n (@191, —)a(a)y2 (Z292,a2)

taining [N 1 S. By Lem. 5.40, we can pro-

v1(—.a1)aa)yi (Z191,—)v2(T292,a2)

mote «(a), obtaining [N] 1 S and finally, by

IH, we can promote 72 (—, a2), obtaining

[N i (= an)ea)ye (@) (#1y1,—)v2(F292,—) LS
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which is what we wanted to prove.
O

The following lemma states that if a target term .S (cf. Def. 5.22) executes a se-
quence of session establishment actions v(—, @) that ends in an 1cc® process S, that
cannot mimic any other session establishment actions, then all the session establish-
ment actions possible from S are already included in vy(—, @).

Lemma 5.42. Let S beatarget term. If S %1 S, 51 7&»[ forany a, and S Mﬁ
Sy, for some Sa, a1 (a1), then oy (a1) € y(—, a).

Proof. By contradiction. We distinguish three cases: (1) a1(a1)=SE(a1), (2) a1(a1)=
SE1(a1), and (3) a4 (a1)=SE2(a1). We only show the proof for (1), as (2) and (3) are
similar:

1) § =22 5 a8 A%, (Assumption).

SEl(al)

(2) 393, a1(ar).(S 152)  (Assumption).

(3) ai(a1) € v(—,a) (Assumption).
(4) S=[Hzzl[S0, [[ar"(x).Q:]™ | [x ar”(x).Q2]" ¢ || So] ~ (Def. 5.25, (2)).
(5) S1=[Hzyl[S0, [[ar™ (z).@:]™ | [x a1 (x).Q2]"]¢ || 551 ~ (Def. 525, (1),(3),(4)).

(6) 553 )—(4 [Hz5] [So, (@ (2).Qu]™ | [+ a1?(y)-Qa)", f)L, || S4)  (Def. 5.25,

(7) We have a reached a contradiction: (6) contradicts (1).
O

The following two result imply a kind of “diamond lemma” for session establish-
ment actions with respect to other actions. Recall that by extending Not. 4.42 we will
write y(Zy, —) \ i (x5, y;) to denote the sequence obtained from v(zy, —) by removing
Q; (l‘ 7> Yi ) .

Lemma 5.43. Let S be a target term. If S ﬂn Sy and S %1 So such that

So 7&1 for any service name ay, then Sy %1 So.

Proof. By induction on the length k of transition S %1 S3. The base case is k =
1, which is vacuously true. In this case, the only possible «(a) is SEx(a). This occurs
because otherwise (i.e., a(a) = SE(a) or a(a) = SE1(a)) there would exist a sequence
of transitions that allow to finish the session establishment. For the inductive step,
assume k > 1. Thus, we distinguish cases between a(a) = SE(a), a(a) = SE;(a) and
a(a) = SE1(a). Each case concludes using Lem. 5.42 to show that a(a) is included in
the sequence. O
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Lemma 5.44. Let S be a target term. If S %(=’1 Sy and S Lﬁ Sy such that

Sa 7L>1for any service name o', then Sy 22 ) .8 1 5.

Proof. By induction on k, the length of transition S —n(;ﬁn S1. The base case
is k = 0 and follows immediately. For the inductive step, we use both the IH and
Lem. 5.43. O

The following lemma allows us to rearrange the transitions emanating from the
translation of a well-typed closed network: we may execute first all actions concern-
ing session establishment. This leads to the translation of an initialized network, and
does not interferes with any other action.

Lemma 5.45. Let N be a well-typed closed network. If [N] %1 S then there exist
So, S1, a1, and 1 such that

1. [N]y %1 So and S 7&1 for any service name a.

2. SO &1 Sl,' and

3§28, o
Proof. Directly from the definitions:

(1) By Assumption, [N]; &n S.

(2) By Lem.5.41 and (1), 35".([N]; ==L, 5 =22, 3).

(3) By Cor.5.37 and (1), [N]; 208, 5, for some So,70(—, dp) and S 7&
for any ay.

(4) Applying Lem. 5.44 with § = [N];, 51 = §,Ss = So to (3), [N]; ===,

§ T Sy, where 51 (—,@1) = J0(—, @) \ 7(—. @).

(5) Applying Lem. 5.39 with S = §', S; = 5y, So = S, and S5 = S1, we have that

39,. so% SlAS:’aln Sy.

O

We now prove that soundness holds for initialized networks; this follows from
Lem. 5.31 and Lem. 5.32, which uses erasure (cf. Def. 5.29) to reduce the proof to the
soundness property of [-] (cf. Thm. 4.21):

Lemma 5.46. Let N be a well-typed closed initialized network. If [N] ¢ %1 S then

there exist N1, S1, and ' (xaya, —) such that N et Nyand S Y (Zaia,) 151 =7 [NVa]lg

with f C g.

Proof. Directly from the definitions, using the labels in Def. 5.25:
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(1) N =% (Cor.5.17).

(2) N=H[P,M],-P (Def.5.12, assumption).

(3) SE(a),SE1(a) & v(z1y1, —) for any servicename a  (Lem. 5.28, (1)).
(4) [Ny = [H10P IM1;] ((2), Fig. 5.3).

(5) [Ny SalCEUTS N [Hz11S", [M];]  (Lem.5.27).

(6) [(vag)P] =241, (")  (By Lem.5.31(2), (5)).

v (@292)

(7) 3R, So.(P —* RAS(S") 12T S) AR 2T 6(S))  (Thm. 421, (2)).
(8) ANL(N =% N, = H[R, M]) (Lem.5.32(2)).

9) [(wEg)P]; =22, e 51 f 5(S) = Sy (By Lem. 5.31(1), (7)) .

v (@292,-)

(10) [Hag][[P]ys, [M]]
(11) [HIR,M]]; =T¢ S1 = (Congruence property of =T¢, (8), (10)).

1 [Hzg] [So, [M]s] = 1 (Thm. 5.9, (9)).

Proof of Operational Soundness

Finally, we repeat the labeled soundness statement of Lem. 5.34 and present its proof:

Lemma 5.34 (Labeled Soundness for [-] ;). Let [ s be the translation in Def 5.5. Also,

11741 al

let N be a well-typed closed e network For every S such that [N] j =———==1 S thereis
an N' such that N —* N and S 127 [N']g, with f C g.

'(T292,a2)
Proof. We derive the proof as follows:
(1) N is a well-typed closed network  (Assumption)
(2) [Ny Mﬂ S (Assumption).

(3) In(—,a),So-(IN]y Aﬂ So) and Sy 7L—»1 nor S Ml,for any
a (Lem 5.45to (1), (2)).

4) So ) 6 forsome S, (Lem. 545, (1), (2)).
(5) § === S, (Lem. 5.45to (1), (2)).

(6) There exists Ny such that N Sk No 7& and Sy = [Nylg,, for some k and
f<g0 (Cor.5.37to (1)).

(7) Np is a well-typed closed network  (Lem. 3.38 to (6)).
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(8) There exist S’ and N’ such that Sy %1 Sy implies that Sy %1

S’ for some 7, (wz, —), such that Ny —* N’ and [N'], =T¢ S' with go C ¢
(Lem. 5.46 to (7), (4) So = [Nolg,)-
(9) From (9) we can conclude thatv/ (39, a2) = 11 (—, a)y2(wz, —), S 0 (Fave 02
S"and N — N’ where [N'], =7 S’and f C g ((5),(6)).
[

While informative, labeled soundness is not yet enough to prove operational cor-
respondence in the sense of Def. 2.6. This is because Lem. 5.34 does not use the stan-
dard semantics we assume for lcc® (i.e., T-transitions). We now develop some aux-
iliary results to obtain an unlabeled version of Lem. 5.34.

The following lemma ensures that a transition in the labeled semantics 1 im-
plies a transition in the standard semantics 1.

Lemma 5.47. Let S be a target term such that one of the following hold: S M S', or
S 8 or s 2N S Then § sy

Proof. By applying a case analysis on label .. Each case proceeds by applying Rule
|C:SyncLoc|, presented in § 3.3 and showing that the transition yields the correct
process. [

Next, we state the converse of the previous lemma, which will allow us to prove
the desired operational correspondence statement:

Lemma 5.48. Let S bea target term such that S L>1 S’. Then one of the following holds:
(1) § 295 5 or (2) § 2 87 or (3) § 2, 5
Proof (Sketch). The proof follows closely the argument given in the one for Lem. 4.40.

First, by Def. 5.22, there must exist a well-typed closed network NV such that [N ¢ ==
S. Thus, we must show that for every S =[Hzg[[Ur || - [| Un || J,Wa || -+ || Win] (
with n,m > 1), every U; and W (with1 < i <nand 1 < j < m) satisfy one of the
following and J is some junk (cf. Def. 5.19):

(1) U; = [Rk] s, where Ry, is a conditional process redex reachable from N;
(2) U; = [Rk]s, where Ry, is a process pre-redex reachable from N;

(3) U; e {Rk | R; } ;- where process redex Ry, | R; is reachable from NV;
(4) W; = [Ng] s, where Ny, is a network pre-redex reachable from N;

(5) W, € {{Ni | NV ] ;- Where network redex Ny, | N, is reachable from N.

(Recall that the terminology for redexes is given in Def. 3.39.) The proof of the pre-
vious statement, similar to the one presented for Lem. 4.30, follows by induction on
the length of the transition [M]; ==1 S (i.e., the transition that originated target
term S from some 7 well-typed closed network M). Next, we prove the lemma by
applying a case analysis on the arbitrary U; and W; that originated the transition in
the inductive step. We finish the proof by showing that the transitions taken from U;
and W, must necessarily correspond to some labeled transition. O
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With the previous statement and using the labeled soundness result in Lem. 5.34,
we may finally state our soundness property:

Theorem 5.49 (Soundness for [-] ;). Let [-] ¢ be the translation in Def. 5.5. Also, let N
be a well-typed closed ¢ network. For every target term S such that [N]; == S there is
an N’ such that N —* N’ and S :T>1§’1TE [N']g, with f C g.

Proof. Since S is a target term, by Lem. 5.48, it must be the case that [N] SN 1

S, for some v, 7, y, a. Then, by Lem. 5.34, there exists N’ such that N —* N’

and S @ng? [N']y with f C g. Finally, since by Lem. 5.47 every labeled
sequence corresponds to a 7-transition, S === [N'],. O

As a consequence of the presented properties, we can conclude that -], is name
invariant (cf.Thm. 5.7), compositional (cf. Thm. 5.9), sound (cf. Thm. 5.49), and
complete (cf. Thm. 5.33). Therefore, we may state that the translation is a valid en-
coding (cf. Def. 2.3).

Corollary 5.50. Translation ([-]s, ¢y,) is an encoding (Def. 2.3).

5.4 Secure Types and the Translation

Our final correctness property for the translation is typability with respect to the type
system in § 3.3. The goal of this property is to ensure that our translation does not
allow abstractions on restricted variables, ensuring the absence of information leaks.

Theorem 5.51 (Typability of [-] ;). For every well-typed closed network N, the derivation
Fo [N] holds.

Proof. By induction on the structure of N. See App. C.3 for details. O

The above theorem attests that our encoding adheres to a robust interpretation of
restriction and scope extrusion, provided a disciplined used of patterns (following
the signature in Fig. 5.1). By using secure patterns in our encoding [-] ;, we effectively
limit the power of linear abstractions with local information, so as to avoid careless
or malicious information leaks related to non-abstractable variables. Furthermore,
we have shown that our translation does not allow information leaks related to non-
abstractable variables (cf. Thm. 5.51).

We believe that 1cc® and our encoding allow us to isolate and analyze the secu-
rity protocols required to implement the session establishment stage. Indeed, it is
possible to think of variants of the translation in Fig. 5.3 where different protocols for
secure session establishment are used. This would enable us to study the different
properties of these security protocols, using lccP.



Conclusions and Related Work

In this chapter we present the overall conclusions and related work for the two trans-
lations presented in Part II. In § 6.1 we give some concluding remarks and discuss
some of the highlights of our translation; in § 6.2 we give some related work.

6.1 Concluding Remarks

We have presented two encodings of session m-calculi into lcc, a declarative process
model based on the ccp paradigm. Our first encoding, in Ch. 4, concerns w4, the ses-
sion m-calculus in § 3.1.1. The second encoding, given in Ch. 5, considers as source
language 7, a conservative extension of mi; with constructs for session establish-
ment (cf. § 3.1.3); the target language is lcc” (cf. § 3.3), the extension of lcc with
abstractions with local information. Our encodings are insightful because lcc and
mig are very different: lcc is declarative, whereas mj; is operational; communication
in lcc is asynchronous, based on a shared memory, whereas communication in w3
is point-to-point, based on message passing. Our encodings reconcile these differ-
ences, and explain precisely how to simulate the operational behavior of 7{; (and 7¢)
using declarative features in lcc (and lcc”). Both of the encodings presented here
use the same principle: they “decouple” point-to-point communication in 7g; (and
me ) by exploiting synchronization on two constraints. Remarkably, because 1cc treats
constraints as linear, consumable resources we can correctly represent well-typed 7
(and 7¢) processes that should feature linear behavior—communication actions gov-
erned by session types must occur exactly once. Thus, linearity sharply arises as the
common trait in our expressiveness results. Besides the aforementioned advantages,
our second encoding exhibits another contribution of our work, namely a type sys-
tem for lccP processes that enforces secure abstractions, thus addressing an anomaly
of known abstraction-based representations of scope extrusion in the 7-calculus. We
address the correctness of both translations via an abstract notion of encoding that
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follows [Gorl10].

The strong correctness properties that we establish for our encodings demonstrate
that 1cc and lccP can both provide a unified account of operational and declara-
tive requirements in message-passing programs. Because of the differences between
lcc and 7é;, we have adopted some of the encodability criteria by Gorla in [Gor10],
namely name invariance, compositionality, and operational correspondence. In particular,
our encoding enjoys the exact same formulation of operational correspondence de-
fined in [Gor10]. These correctness properties guarantee that the behavior of source
terms is preserved and reflected appropriately by target terms.

The correctness properties of our encoding hold for 7f; (and 7¢) processes that
are well-typed. Types not only allow us to concentrate on a meaningful class of source
processes; they also allow us to address the differences between 7§ and lcc, already
mentioned. In fact, well-typed 7&; processes have a syntactic structure that can be
precisely characterized and is stable under reductions. Moreover, the compositional
nature of our encoding ensures that this structure is retained by translated lcc pro-
cesses (target terms) and turns out to be essential in analyzing their behavior. In this
analysis, we reconstructed the behavior of source processes via the constraints that
their corresponding target terms consume or add to the store during reductions. As
such, this reconstruction is enabled by observables induced by the semantics of 1cc.
By combining information about the syntactic structure and the observable behavior
of target terms, we were able to establish several invariant properties which are in
turn central to prove operational correspondence, in particular soundness.

It is worth emphasizing that well-typed session m-calculus processes can contain
rather liberal forms of non-deterministic behavior. In 7, this is enabled by unre-
stricted types—see § 2.2. In contrast, 1cc (and by extension lccP) can represent more
limited forms of non-determinism. To cope with these differences the type system
for mé; was designed to correctly capture the kind of processes that 1cc can faithfully
represent. At the heart of our type system is the notion of output race, enabled by
allowing output actions on the same channel in parallel. These actions are allowed
in 7 (cf. §2.2), but disallowed for source 74z processes. As such, our type system
is a critical ingredient when proving both operational soundness and completeness.
We conjecture that the machinery we have introduced here can be adapted to prove
operational soundness when source processes are well-typed using the type system
in § 2.2. We leave this interesting open question for follow-up work.

As application of our results and approach, we have shown how to use the first en-
coding (cf. Ch. 4) to represent relevant timed patterns in communication protocols,
asidentified by Neykova etal. [NBY14] (cf. §1.6). Such timed patterns are commonly
found in several practical applications. Hence, they serve as a valuable validation for
our approach. Indeed, thanks to operational correspondence and compositionality,
encodings of md; processes can be used as “black boxes” whose behavior correctly
mimics the source terms. These boxes can be plugged inside lcc contexts to obtain
specifications that exhibit features that are not easily representable in 75;. This way,
we can analyze message-passing programs in the presence of partial and contextual
information.

Finally, our second encoding features a low-level implementation of the session
establishment phase of 7z. Although this implementation relies on the NSL authenti-
cation protocol, thanks to the way in which our completeness and soundness results
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were proven, it would not be difficult to “factor out” the session establishment phase
so as to extend our results to translations that rely on different authentication pro-
tocols. In the same vein, we do not foresee any difficulty to extend our correctness
results to a variant of ¢z with nested sessions, which we have left out for the sake for
simplicity.

6.2 Related Work

Our developments build upon the spirit of previous works by the current authors
[LOP09, HL09]. However, because of the substantial technical differences (notably,
the presence of linearity) our results cannot be derived from those in [LOP09] (which
developed encodings of session w-calculi in utcc) nor in [HL09] (which presented a
type system for utcc).

A key difference with respect to [LOP09] is the ccp language considered (lcc
here, utcc in [LOP09]): this is crucial because, as already discussed, thanks to the
linear abstractions in lcc, our encodings of w3, and e, presented in Ch. 4 and Ch. 5,
are rather compact and satisfy tight operational correspondences. We also improve
on expressiveness: since utcc is a deterministic calculus, the encoding in [LOP09]
cannot capture non-deterministic behavior (as required for session establishment).
In contrast, exploiting linearity, our encoding captures non-deterministic session es-
tablishment and the non-determinism derivable using unrestricted types in g, (cf.
§3.1.1). Fig. 4.3 gives a process encodable in our approach but not in [LOP09]. We
have shown that the linearity of 1cc naturally matches the linear communication in
Tér- In utcc abstractions are persistent, and so the encoding in [LOP09] is more in-
volved and its operational correspondence is harder to establish. Intuitively, rep-
resenting linear input prefixes with persistent abstractions causes difficulties at sev-
eral levels. Neither the anomaly of abstraction-based interpretations of scope extru-
sion/restriction or the use of type system for secure abstractions to limit abstraction
expressiveness are addressed in [LOP09]. The type system in [HL09] (defined for
utcc) and the one in § 3.3 are similar in spirit, but not in details: moving to lcc and
considering linearity requires non-trivial modifications.

Haemmerlé [Haell] gives an encoding of an asynchronous 7-calculus into lcc,
and establishes operational correspondence for it. Since his encoding concerns two
asynchronous models, this operational correspondence is rather direct. Monjaraz
and Marifio [MM12] encode the asynchronous w-calculus into Flat Guarded Horn
Clauses. They consider compositionality and operational correspondence issues, as
we do here. In contrast to [Haell, MM12], here we consider a session 7-calculus with
synchronous communication, which adds challenges in the encoding and its associ-
ated correctness proofs. The developments in [Haell, MM12] are not concerned with
the analysis of message-passing systems in general, nor with session-based concur-
rency in particular.

The relationship between linear logic and session types has been recently clarified.
Caires and Pfenning gave an interpretation of intuitionistic linear logic as session
types, in the style of Curry-Howard [CP10]. Wadler developed this interpretation for
classical linear logic [Wad14]. Giunti and Vasconcelos gave a linear reconstruction of
session types [GV10]; their system is further developed in [Vas12].
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Loosely related to our work are [BHTY10, CGHL10]. Bocchi et al. [BHTY10]
integrate declarative requirements into multiparty session types by enriching (type-
based) protocol descriptions with logical assertions which are globally specified within
multiparty protocols and potentially projected onto specifications for local partic-
ipants. Rather than a declarative process model based on constraints, the target
process language in [BHTY10] is a m-calculus with predicates for checking (both
outgoing and incoming) communications. It should be interesting to see if such
an extended session m-calculus can be encoded in lcc by adapting our encoding in
Ch. 4. Also in the context of choreographies, although in a different vein, Carbone
et al. [CGHL10] explore reasoning via a variant of Hennessy-Milner logic for global
specifications.

Several works have aimed at combining declarative and operational descriptions
of services. Works on Web service contracts have been particularly successful at com-
bining operational descriptions (akin to CCS specifications) and constraints, where
the entailment of a constraint represents the possibility for a service to comply with
the requirements of a requester. In [BM07b, BM11], Buscemi and Montanari de-
velop CC-pi, a constraint language that combines the message-passing communi-
cation model from the w-calculus with operations over a constraint store as in ccp
languages. Analysis techniques for CC-pi processes exploit behavioral equivalences
(open bisimulation [BM08]); logical characterizations of process behavior have not
been studied. A challenge for obtaining such characterizations is CC-pi’s retract con-
struct, which breaks the monotonicity requirements imposed for constraint stores in
the ccp model. We do not know of any attempts on applying session-type analysis
for specifications in CC-pi.

In a similar line of work, Coppo and Dezani-Ciancaglini [CD09] present an exten-
sion of the session m-calculus in [HVK98] with constraint handling operators, such
as tells, asks and constraint checks. Session initiation is then bound to the satisfaction
of constraint in the store. The merge of constraints and a session type system guar-
antees bilinearity, i.e., channels in use remain private, and that the communications
proceed according to the order prescribed by the session type. It is worth noticing
that the underlying constraint store in [CD09] is not linear, which can create poten-
tial races among different service providers. A linear treatment of constraints (or a
process construct similar to CC-pi’s retract) is left for future work.

The interplay of constraints and service contracts has been also studied by Busce-
mi et al. [BCDMI11]. In their model, service interactions follow three phases: ser-
vice negotiation, commitment and service execution. In a service negotiation phase,
processes agree in fulfilling certain desired behaviors, without guarantee of success.
Once committed, it is guaranteed that the execution of processes will honor promised
behaviors, and forbidding a service to get stuck (deadlock-freedom). The model
in [BCDM11] uses two languages: a variant of CCS is used as a source language,
where the behavior of services and clients is specified; these specifications are later
compiled to a target language based on CC-pi with no retraction operator, where
constraints guarantee that interactions between clients and services do not deadlock.
We believe that this two-level model could be enriched by the use of linear constraints
similar to the ones studied in lcc and presented in this Ch. 4, thus refining the con-
sumption of resources in the environment.

The work of Bartoletti et al. [BZ10, BTZ12] promotes contract-oriented computing
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as anovel vision for the runtime enforcement of service behaviors. The premise is that
in scenarios where third-party components can be used but not inspected, verification
based on (session) types becomes a challenge. Contracts exhibit promises about the
expected runtime behavior of each component; they can be used to establish new ses-
sions (contract negotiation) and to enforce that components abide to their promised
behavior (honesty). The calculus for contracting processes is based on PCL, a propo-
sitional contract logic that includes a contractual form of implication [BZ10]; this en-
ables to express multiparty assume-guarantee specifications where services only en-
gage in a communication once there are enough guarantees that their requirements
will be fulfilled. PCL is used as the underlying constraint system for the contract
language used in [BZ10], a variant of ccp with name-passing primitives. In its ac-
companying Technical Report [BZ09], the authors analyze the expressive power of
the contract calculus with respect to the synchronous 7-calculus, establishing name-
invariance, compositionality and operational correspondence, as we do here. In later
developments [BTZ12] the authors introduce C'Os, a generic framework for contract-
oriented computing. A characterization of contracts as processes and as formulas in
PCL has been developed.



PART III

SESSION-BASED CONCURRENCY
AND SYNCHRONOUS REACTIVE
PROGRAMMING



Encoding } in ReactiveML

In this chapter we present a translation from 75 (§3.1.2) into ReactiveML (cf. §2.4). In
§ 7.1 we present the translation, denoted [-]%. In § 7.2, show that the translation satis-
fies name invariance (cf. Def. 2.3(2)) and compositionality (cf. Def. 2.3(2)). In§ 7.3,
we show that the translation satisfies operational correspondence (cf. Def. 2.3(3,4)
and Def. 2.6(3")) and summarize our correctness results by demonstrating that the
translation is both a valid and refined encoding (cf. Def. 2.3, and Def. 2.6). A high-
light from this translation is the fact that it yields runnable ReactiveML code. For
instance, the translation [P]% of some 73 process P can be run as a ReactiveML pro-
gram by compiling the following ReactiveML expression:

let process program = [P]} in run program

and running it in a computer. Furthermore, thanks to the correctness properties of
the translation, we can guarantee that the execution of the program above preserves
the behavior of the 7 process. This chapter concludes in § 7.4 by showing examples
of the timed patterns in § 1.6 represented with the translation.

7.1 The Translation

The translation from 73 into ReactiveML uses valued signals as channels carrying

messages. We also borrow inspiration from [DGS12] and use a continuation-passing
style to preserve both the linearity and value polymorphism characteristics of 7-cal-
culus channels. In this sense, 75 channels are translated as signals that can only be
used once. Thus, these signals also carry fresh signals which will be used in ensuing
interactions. A key difference between the translation presented here and the one
in [CAP17] is that we introduce a new ‘kind’ of signal for synchronization purposes.
In this sense, valued signals that represent channels will be called channel signals and
signals that do not carry a value (i.e., pure signals) will be called handshake signals.
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(a) Program handshake; . (b) Program handshake;.

Figure 7.1: Behavior of the programs in Ex. 7.1.

Handshake signals induce a synchronization mechanism that allows for outputs
to be preserved throughout several instants, until the message is received by some
input. This is useful to correctly translate processes such as:

(vay)(vwz)(xz(v).Pr | w{ve).Po | z(u1).y(usz).Ps)

Above, subprocess w(vs). P, must “wait” until the outermost synchronization has oc-
curred for its interaction to be enable. Since signal emission in RML is asynchronous,
we need a mechanism that allows processes to wait until their signals have been ac-
knowledged before executing their continuation. This is done by defining two RML
programs, called handshake processes, that mediate the synchronization between the
translated output and input processes:

Ho(s,t, h,Q) “f do loop (emit s t;pause ) until h — @ (7.1)

Hi(s, h,tz, R) “" do emit h when s;await s(ty) in R (7.2)

In expression H,(s,t, h, @), signal s with a tuple of values ¢ is continuously emitted
until it is detected and signal h is emitted by some other process. The emission of h
triggers the continuation () in the next instant. Analogously, process H;(s, h,t,, R)
emits handshake signal i whenever s has been emitted. Notice that sub-expression
do emit h when s is used to detect the signal and emit h, whereas await s(¢,) in Ris
used to extract the tuple of values contained in s by storing it in a tuple of variables
t.. Continuation R is executed at the next instant.

Example 7.1. To better understand the intuitive behavior of expressions #,(-) and
Hi(-), let us consider the following two ReactiveML programs:

let rec process handshake; =
(pause; Ho(s,t, h,emit ap)) || (pause; Hi(s, h,t,,emit as));
run handshake,
in run handshake,
let rec process handshakey =
(pause; Ho(s,t, hyemit ap)) || (pause; pause; pause; H;(s, h,t,,emit ay));
run handshakeo
in run handshakes
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Whose intuitive behavior are described by the timing diagrams in Fig. 7.1. Program
handshake; illustrates how the handshake delays the continuations until the next in-
stant. In Fig. 7.1a, we observe that no signals are emitted in the first instant. Then,
once signal s is emitted, signal h is also emitted in response. In the next time instant
both a, and ay, are emitted. The recursion continues in an infinite loop.

Program handshake, illustrates how H,(-) continues emitting s until % is present
(see Fig. 7.1b). In the figure, s is emitted in instant 2 and continues to be emitted
until instant 4 when signal & is detected. As with handshake,, the execution of the
continuations is delayed until the next instant. A

The translation in [CAP17] uses a renaming function (ranged over by f, f',...) to
mimic the structure of session protocols. Modeling a handshaking mechanism in the
translation requires adding a second renaming function (ranged over by g¢,¢’,...).
We write f, and g, as shorthand notations for f(x) and g(z).

Renaming functions must satisfy some well-formedness conditions, described be-
low.

Definition 7.2 (Well-defined Renaming Functions). We will say that the renaming
function f is well-defined if it satisfies the following properties:

1. f:Us — U,
2. f(tt) = ttand f(ff) = ff.

We shall assume that renaming functions are always well-defined functions, un-
less otherwise stated.

Remark 7.3. Our results apply to well-typed programs (cf. Not. 2.21). This influences
the definition of well-formed renaming functions: if we were to consider any process
P, instead of a program, we would require both f and g to be defined for all the free
variables of P. Otherwise, the translation of P would be ill-defined. Whenever we
do not consider programs, we explicitly require this condition.

We now define the translation from 7 into RML. For this we consider the formal
languages defined in Def. 3.100(3) and Def. 3.102(3).

Definition 7.4 (Translating m; into RML). Given two well-defined renaming func-

tions f and g, we define a translation £_; into Lgmi, written <ﬂ]]§i, 1/)[[_]]? ), where:
L[] : 7z — RMLis as in Fig. 7.2.
2. Yppe (z) = z, i.e., every variable in 7§ is mapped to the same variable in RML.
In writing [P]% we shall assume that the renamings of f occur first than those of g.

We discuss the most interesting cases in Fig. 7.2:

e The output process x(v).P is translated using the handshake process #,(-) in
(7.1). Expanding its definition, we obtain:

signal 2/, hy in

g,{z'ehx/})

(do loop (emit f. (fv,guv,2’, hy);pause) until g, — [[P]]f{IHE,}
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def . . x’ 2!
[z(v).P]} = signal /. hy in Ho(fx,(fv,gmx’,hml),gx,[[Pﬂ?iz:;fi h
def Aws—hy,y<—hy
[x(y).P1 = Hi(fer 9o, (Y hysw, huy), [[P]]?}I:w’yi:} 25
[+ z(y)- P15 “' et rec process repl o B} =
do emit g, when fq;
await fo(y, hy, w, hy)
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= 0
Figure 7.2: Translation from 73 to RML (Def. 7.4).

=

There are two fresh signals: 2’ is used for ensuing communications and h,- is
used for ensuing handshakes. The translation uses a loop that constantly emits
signal f, with tuple (f,, gv,2’, hy) as a value. Init, f, and g, denote the image
of value v in each renaming function. Notice that, by Def. 7.2, f,, and g, only
become relevant when v is a channel or a variable (not a ground value). The
loop keeps emitting f, until handshake signal g, is emitted by a corresponding
input on z. At that point, the translation of P is executed by first renaming « as
2’ and then by assigning h, as the handshake signal for z’.

e The translation of the input process z(y).P goes hand-by-hand with the trans-
lation of output, using handshake process #;(-) (cf. (7.2)). Expanding its def-
inition:

do emit g, when f,;await fy(y, hy,w, hy) in [[P]]g’{w_h"”’w_hy}
‘ s TASTOY T fAzwy—y}

The translation waits until signal f is emitted by a corresponding output. Once
that occurs, signal g, is emitted to acknowledge that an input will occur in the
current instant. Subsequently, the tuple (y, hy, w, h,,) is instantiated with the
parameters extracted from the tuple contained f,: variables w and h,, bind the
signals to be used in ensuing communications, whereas y and h, bind the vari-
ables that will be substituted by f, and g, respectively. The translation of the
continuation is executed in the next instant using the received parameters.

e Another interesting translation is that of the replicated input * z(y).P. Observe
that we use the same handshake mechanism for input. For readability purposes
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we expand this handshake mechanism.

let rec process repl o ﬁjgc =
do emit g, when fg;
await fo(y, hy,w, hy)

. g, {wshoy,y<h
in run ﬁf’f{{aewj‘yey} 2 | run (repl o S

in run (repl x process [P])

g,{w(—hw,y<—hy})
fi{ocw,y<y}

Recursive process repl receives a variable o and a process [ as parameters. Vari-
able o denotes the channel endpoint z, and % denotes the translation of the
continuation P (with its respective renaming functions f and g). Intuitively,
repl generates a copy of itself that is executed in parallel only at the next instant.
Whenever signal f, is detected, signal g, is emitted, and the continuations are
activated in the next instant with the necessary renamings updated in g and f.

e The translations of selection and branching are similar to the ones of output
and input. The only differences are self-explanatory in Fig. 7.2. The conditional
v? (P): (Q) is translated by adding a pause before processes P and @, aiming
to preserve the main invariant of our translation: an action will be executed
in a single instant. The translation of the restriction operator unifies channel
endpoints on a single signal by renaming both endpoints with the same signal
w. Moreover, when translating (vzy)P, we create a handshake signal h,, to
enforce the synchronization of the translations of communicating processes.
Finally, the parallel composition operator is translated homomorphically. For
clarity, we silently expand #;(-) and #,(-) in all the examples below.

We provide a detailed example of the application of Fig. 7.2:

Example 7.5. Let us consider the following well-typed program:

P = (va1xe)(vyrya) (21 (y2) 1 (t1).0 | 22 (u).u(u’).0)

whose step-by-step translation is:

[P} = [(vaiw2)(vyrye) (21 (y2) 91 (t1).0 | 22(u).u(u').0)]%
= signal @,y hy, by in [z1(y2).41 (t).0 | o(u).u(u’).0]%, (7.3)
— signal @, y, he, by in [21(y2).y1 (£2).0]%, || [wa(u)u(@).0]%,  (7.4)
=signal 2,9y, hy, hy in
signal 2/, hy in
do (loop (emit f, (f,,> 9y, ', his);pause))
until g, — [[y1<tt>.0]]?l,l, | (7.5)
do emit g, when f, :await f, (u,hy, 2z, k) in [[u(u’)O)]]?
=signal 2,9y, hy, hy in
signal 2/, h, in

do loop (emit f; (fy,>3y,s*'s har); pause)
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until g, — signal y', h,

1

in do loop (emit f,. (fit,gte, ¥, by ); pause) (7.6)
until gy — () ||
do emit g, when f. :await f, (u,hy, 2z k) in
do emit g, when fy:await fu (', hy, 2" h.r) in ()

We now show how the renaming functions are initialized and updated in each
translation step:

(1) Since fv.(P1) = 0, we let f = {(tt — tt),(ff — ff)} and g = {(tt —
tt), (FF s £F)).

(2) We declare fresh signals x,y, h,, h,. Briefly, signal « “unifies” endpoints z;
and x9, and signal y unifies y; and y,. Signals h, and h, are the respective
handshake signals for « and y. Then, we update functions f and g accordingly:
fr=fAz1 « x,20 « z,01 < y,y2 < ytand ¢ = {x1 « hy,x2 < hy,y1
hy, Y2 < hy}

(3) We translate the parallel composition operator “ | . Notice that f’ and g’ are
carried unchanged in both parallel processes.

(4) Each parallel process updates the functions individually. Thus, we will have
: p p p y.
that:
f'=1 Az 2"} 9" =g {z" « ha'}
f=f{y+zueuy =g, {2z h,u+ hy}
Finally, we show the execution of the translated process, using the semantics of RML:
[P1]} ——signal y',h, in do (Loop (emit y (tt,tt,y’, h, );pause)) untilh, — ()]
do emit h, when y;await y(u’, hy, 2’ her) in ()
—0 10
A

Remark 7.6. Notice that the well-definedness condition on renaming functions (cf.
Def. 7.2) is preserved during the translation. Indeed, by definition, the translation
only adds new pairs or updates the image of a variable in the domain of the renaming
function.

In the following example, we analyze the semantics of the RML expressions gen-
erated by []} (cf. Fig.7.2). We also use this example to show how signal declarations
disappear during a RML execution.

Example 7.7. Consider the following well-typed process:
P2 = (UILCUQ)(Vyl y2)(1‘1 <tt> .0 | i) (2’1).2,/2 (2’2)0 ‘ Y1 <tt> O) (77>
and consider the translation in Fig. 7.2:

[[Pg}]';’c = signal z,y, ha, hy in
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signal 2/, h, in do loop (emit x (tt,tt,«’, h, );pause) until h, — () ||

[22(21)-y2(22)-0]% ||
signal y', hy in do loop (emit y (tt,tt,y’, b, );pause) until h, — ()

— ()|l [[yg(ZQ)O]]?I/// || do loop (emit y (tt,tt,y’, hy);pause) until hy — ()

— 010010

where f and g only contain the identity mapping for tt and ff and where f' =
fArr 0 2,50 vy, y2 <yl and ¢ = g, {z1 < hy, 2 < hy Y1 < hy, Y2 <
hy}. Notice that we do not expand f” and ¢”: they can be derived by following the
definitions.

Notice that every big-step reduction of RML in the translation reaches a state
which has the same ‘capabilities” as the source process (i.e., two synchronizations
can be executed). This invariant is preserved due to the handshake signals, which
disallow signal emissions from output translations to be lost. Observe that the one of
the parallel subprocesses in the big-step reduction sequence above corresponds to:

S =do loop (emit y; (tt,tt,y),hy );pause) until hy, — ()

By inspection, it is possible to see that .S corresponds to the translation of an output
operator (sans the required signal declarations). Indeed, although S has the same
capabilities as the translation of an output, it is not syntactically equal to such trans-
lation. This syntactic difference is introduced by the semantics of RML. This is a key
insight for proving operational correspondence, as we will need to account for the
missing signal declarations. A

7.2 Static Correctness

Name invariance (cf. Def. 2.3(2)) states that an encoding should preserve substitu-
tions. To prove this property in [[M , we consider the fact that substitutions in 73 op-
erate over variables. Therefore, both channels and values may be substituted. Since
renaming function also substitutes variables in the translation, they should some-
how be reflected in the name invariance statement. We formalize this by introducing
a function composition ® that merges renaming functions and substitutions. Intu-
itively, © merges a renaming function and a substitution by adding the pairs corre-
sponding to the variables to be substituted, mapped to their intended image to the
renaming functions. After presenting this definition, we state our name invariance

property.

Definition 7.8 (Composition of Renaming Functions). Let f : Uy — U, and o :
Vs — Us be a substitution function in 75. We define a composition operator ® such
that

foo={(u )|V € (dom(f) Ndom(c)).(u=c(x) Au' = f(x))}U
{(u ) | V(u ) € f.(u g dom(a))}

We extend this composition operator to renaming function g as expected.
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Theorem 7.9 (Name Invariance for [-]%). Forevery m; process P, substitution o, and any

fand g such that fv,.(P) C dom(f)and fv,(P) C dom(g), it holds that [[Paﬂfcgz = [P]}o’
for some o’

Proof. By induction on the structure of P. The proof has one base case and eight
inductive cases. The base case is whenever P = 0 and is immediate. Moreover,
since all the inductive cases are similar, we only show P = z(v)Q. We distinguish
four sub-cases that depend on z,v € dom(o): (1) z,v € dom(o), (2) z,v &€ dom(o),
(3) x € dom(o),v & dom(c), (4) x & dom(c),v € dom(c). We prove the first one as
the other are similar. First, assume that o(x) = & and o(v) = ©:

(1) dom(f)=dom(g) 2 fv.(P) (Assumption)
(2) f(tt) =ttand f(ff) = ff (Assumption)
(3) {v).Qo = i(5)(Qo) (Def. of
substitution)
(4) (& fo), (0 fu)EfOOo (Def. 7.8)
(5) (Ergu),(0—=>g) EgOO (Def. 7.8)
[[Pa]]ggg = signal 2/, in
(6) do loop (emit fi (fs,g0, ', ¢'); pause ) (Fig. 7.2 to (3),
until g; — [Qo]9o7 o) (1)
[P]] = signal 2,y in
(7) do loop (emit fi (fu,gv,21,91);Pause) until g, (Fig.7.2, (3),
- Q) 1)

8) foo{r+a}t=f{z+a'}oo (Def. 7.8, (4))
(9) goo, {2 ec’}—g,{x’ec’}@la , (Def. 7.8, (5))
(10) 3o'.([QI% g::,}} r— [[Qa]]?g;g::,f EgB)y)IH and (8),
(1) [Polss = [PIo’ (By (10), (6),

(7))

O

Compositionality for [-]% is rather straightforward, as our translation is homomor-
phic to both the parallel composition operator and restriction (which is translated to
signal declaration in RML).

Theorem 7.10 (Compositionality for [[}). Let P and E[-] bea m; process and an evalua-
tion context (cf. Def. 2.12), respectively. Then, for every f and g such that fv,(P) C dom(f)

and fv.(P) C dom(g), it holds that [E[P]] = [E[} [[[P]]gl,],for some f"and ¢'.
Proof. By induction on the structure of P and a case analysis on E[]. There is one

base case and eight inductive cases. The proofs are straightforward, therefore, we
only show two:

Base Case: Whenever P = 0. There are three Sub-cases depending on the grammar
in Def. 2.12, we only show whenever E = [] | R, for any R.
(1) E[P]=0|R (Assumption)
@) [E[P]S=0 ][R} forany fandg  (Fig.7.2)
(3) [B19[017] = ) || [R]} forany fand g (Fig. 7.2, (2))
@) [ERF[IPIF] = [EPI (By (2),(3))
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Inductive Step: There are eight inductive cases, corresponding to each possible pro-
cess P, each one with three sub-cases corresponding to each possible evaluation

context E. We only show whenever P = z(v).P and E =[] | R, any R:
(1) E[P]=z(@).P|R (Assumption)
(2) [E[P]]} = [=(v).P]% || [R] for any f and g (Fig. 7.2, (1))
(3) [EIF[IP1] = [x(v).P]5 || [R]} forany fand g  (Fig.7.2)

4) [E1F[[P1}] = [E[PII} (By (2),(3))

7.3 Operational Correspondence

7.3.1 Considerations

As mentioned in § 3.1.2, big-step semantics such as the one given to RML are not
compatible with the reduction semantics of 3.

1. Signal declaration against restriction: Signal declaration in RML is not a static en-
tity, as it is the case for restriction 3. In RML for example, RML expression
signal z in pause;e evolves to e in a single big-step reduction. On the other
hand, in 7§, restrictions are static entities that are carried throughout the execu-
tion. For example, if (vzy)P has any possible reduction, using Rule |Res| (cf.
Fig. 2.1), it can be seen that (vzy)P — (vzy)Q). Nonetheless, this issue can
be tackled in RML by showing that signal declarations can be ‘inserted” after a
big-step reduction without affecting the process behavior.

2. Big-steps are not reduction steps: In RML, a big-step reduction does not correspond
to single synchronization. Indeed, a single big-step reduction for a translated
process executes several synchronizations (as it corresponds to a time instant).
This situation is different from m; where a single reduction step corresponds to a
single synchronization step. We tackle this issue by using the big-step semantics
for w4 (cf. §3.1.2).

Signal Declaration Against Restriction

In translations it is not uncommon to find intermediate processes, which indicate an
execution state in which the translation has not yet completely simulated the source
process. In a correct translation, it must be proven that intermediate processes con-
verge to a correctly translated source process.

In our setting, there are no proper intermediate processes. Rather, there are inter-
mediate states in which all the channel and handshake signals have been declared.
This fact can be observed by recalling P in Ex. 7.7:

Py = (vayaa) (vyryz) (21 (tt).0 | 22(21).y2(22).0 | y1(tt).0)

we showed that the big-step semantics of RML allow for the following transitions
(assuming that f,, = x1, g, = ¢1, and f, = Y1, gy, = C2):

[[PQ]]; = Signal r1,Y1,C1,C2 in
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signal 7/, c] in do loop (emit x; (tt, g, o], ¢}); pause) until ¢; — () ||

[22(21)-y2(22)-0%, |

signal ¥}, c5 in do loop (emit y1 (tt,get, ), ch);pause) until co — ()
— () || [[yQ(ZQ).O]]ié || do loop (emit y1 (tt,get, ¥y}, ch); pause) until co— ()
=Ry
— 01 010=FRe

From here, observe that Ry ¥ [(vx122)(vy1y2)(y2(22).0 | y1(tt).0) fc, which is what
we expected. In fact, Ry —x [y2(22).0] || S, where:

S =do loop (emit y; (tt,tt,y],ch);pause) until co — ()
Nonetheless, observing the RML processes, we can see that
signal yj,¢5 in S = [yi(tt).0]%
for some g; and some f;. Furthermore, it is also possible to observe that:
signal y1,c2 in [[yg(zQ).Oﬂ?, | signal y},c5 in S

= [(vz122) (Vy1y2) (Y2(22).0 | y1(tt).0) ?,,

forsome f’ and g’. Notice that it is possible to obtain the desired translation by adding
appropriate signal declarations to replace the ones that were executed. In particular,
since our results are restricted to well-typed programs, we can recognize which sig-
nals are missing by using the free variables of the translated process. For example,
fv(R1) = {y1, Y}, ch, c2}, which means that we need to declare the signals appropri-
ately in the process, as done above. We will say that any target term whose signals
have been initialized is called an initialized translation.

Big-Steps are Not Reduction Steps

A single big-step reduction in [-]% simulates several reduction steps in 7z . To address

this discrepancy we shall use the big-step semantics for 75 given in § 3.1.2. This
semantics correctly matches the execution of a big-step reduction in RML. Let us
start by presenting an example:

Example 7.11. Consider the process
Ps = (vay)(vwz)(veiy) (x(z).w(tt).0 | y(w').w' (w”).0 | 21(v1).0 | y1(21).0) (7.8)
A possible reduction is:
Py — (vay)(vwz)(voiy)(z(z).w(tt).0 | y(w').w'(w”).0 | 0| 0)

Using the big-step semantics of RML, it can be shown that the translation exhibits the
following behavior in a single big-step reduction:

[Ps]F — [w(tt).0]% [ [z(w™)-00% 11O 1 O

Which corresponds to more than a single reduction in y:

Py —2 (vay)(vwz)(vaiy) (w(tt).0 | z2(w”).0 | 0| 0)
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Proof Outline

Below we state two operational correspondence statements that must be proven to
ensure this translation is indeed an encoding. The first one encompasses the oper-
ational soundness and completeness of valid encodings (cf. Def. 2.3), and uses the
big-step semantics of 7§ (cf. § 3.1.2). The second one corresponds to the operational
correspondence statement of refined encodings (cf. Def. 2.6), and uses the reduction
semantics in Fig. 2.1 for m;. Notice that it will be shown later that Thm. 7.13 can be
derived from the semantic correspondence (cf. Lem. 3.35) and Thm. 7.12.

Theorem 7.12 (Valid Operational Correspondence). Let P be a well-typed 7} program
(cf. Not. 2.21). Also, let f and g be renaming functions. Then, the following properties hold:

1. Completeness: For every Q such that P <»* Q, it holds that [P]} ——*< [[Q]]?//,
for some f"and g'.

2. Soundness: For every RML process S such that [P} ——* S, there exists Q such
that P <»* Qand S < [Q]]gl,,for some f' and ¢'.

Theorem 7.13 (Refined Operational Correspondence). Let P be a well-typed 7§ pro-
gram (cf. Not. 2.21). Also, let f and g be renaming functions. Then, the following properties
hold:

1. Completeness: F?r every Q such that P —* Q, then there exists Q' such that
[P]} —*< [Q'] and @ —* Q', for some f' and g'.

2. Soundness: For every RML process S such that [P} ——* S, there exists Q such
that P —* Qand S < [[Q]]g/,,for some [’ and g'.

Before presenting a proof outline, we briefly discuss about the two key insights
that make up the proof. They are enumerated below.

(1) It can be shown that for every target term S there exists a signal declaration
context D such that S < [P[% (cf. Def. 2.42) for some well-typed program P.

(2) It can be shown that for every well-typed program P such that P «» P’ (cf.
Def. 3.31), then [P]} — < [P']} and vice versa.

We now give an outline of the proof. First, we sketch the necessary auxiliary
lemmas; then, we discuss how these lemmas are used to prove Thm. 7.13. We first
focus on syntactically characterizing target terms since they exhibit concrete syntac-
tical characteristics. Using these characterizations we proceed to prove Thm. 7.13(1)
and then Thm. 7.13(2). Details follow:

(1) First, Lem. 7.15, Def. 7.16 and Cor. 7.17 are used to characterize the syntactic
structure of translated pre-redexes and characterizing the target terms that can
be obtained from a single RML big-step reduction (so-called initialized transla-
tions).

(2) Lem.7.19 shows that it is possible to add the missing signal declarations on ini-
tialized translations of pre-redexes and conditionals, obtaining a RML expres-
sion that corresponds exactly to the translation of the source 7 process.
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em. 7.20 is used to characterize the shape of the translation of well-typed pro-
3) L 7.20 d h he shape of th 1 f well-typed p
grams, which is useful when dealing with target terms.

(4) Lem.7.23 shows that the translations of enabled redexes (cf. Def. 7.21) evolves,
in a single RML big-step reduction, to the translation of a process that can be
obtained by reducing source process; i.e., if R is a redex and (vzy)R —, then

[(vay) RS ——r [[R’]]*‘}l, for some f’, ¢’ and (vzy)R — (vzy)R'.

(5) Lem. 7.27 generalizes the results in Item (4) to the translation of well-typed
programs.

Using these results we prove the operational completeness and operational sound-
ness results to demonstrate Thm. 7.13:

Completeness: The proof proceeds by induction on the length of the big-step reduc-
tion P «»* P’. The base case is immediate. The inductive step follows from
the conjunction of Lem. 7.28 and the IH. In Lem. 7.28 we show that a single
7 big-step reduction (cf. Def. 3.31) can be matched by a single RML big-step
reduction.

Soundness: The proof of operational soundness has the following structure: first,
Thm. 7.30 shows that every RML big-step reduction of a translated process can
be matched by multiple 7; reductions (i.e., —*). Then, we prove that if a
single RML big-step reduction is matched by multiple 73 reductions, then it
must be the case that the same single RML big-step reduction is matched by a 7§
big-step reduction (cf. Lem. 7.31). Finally, we prove completeness by applying

induction on the number of RML steps (cf. Cor. 7.32).

Auxiliary Results

Some auxiliary results and definitions follow. We first formalize the notion of target
term for []%:

Definition 7.14 (Target Terms). We define target terms as the set of RML expressions
thatare induced by the translation -] of well-typed 7 programs and is closed under

—: {S | [P]$ — Sand  P}. Weshalluse S,5, ... to range over target terms.

We then show that the translation of a pre-redex or inaction process either exe-
cutes a RML big-step reduction to the encoding of itself or to some RML expression
that can only reduce to itself:

Lemma 7.15. For every pre-redex or inaction m process P (cf. Def. 2.19 ) it holds that either
(1) [P1§ = [P or (2) there exists some target term S such that [P — S ——* S.

Proof (Sketch). We prove each item individually. In each item we apply Fig. 7.2 to P
and we conclude by using the rules in the semantics of RML in Fig. 2.8 for the resulting
target term [P]5. O

We now introduce the initialized translation of a pre-redex and the inaction pro-
cess. Notice that conditionals such as v? (P;): (P,) do not have an initialized transla-
tion.
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if P=0,P=uz(y).Qor

[[P]]Jgf P=xv{l;:Qi}ticr

do (100p (emit f, (m, gm,a’,c'); pause )

. g’{mlﬁcl} 1fP=1‘<m>.Q
until g, — [[Q]}f’{w%w,}
do (loop (emit f, (m,x’,c');pause))
init([P]%) «f g{a =} if P=xzam.Q

until g, — [[Qﬂﬁ{w_m,}

do emit g, when fg;
await fz(y, hy,w, hy) in

, hw,y+h if P = *xx(y).
run process HQH?EZ:UJ,@;?—Z}EI} I (v)-¢

Awhy, hy
run [x x(y).Q]}?ia:wyf_z} }

Figure 7.3: Initialized Translations.

Definition 7.16 (Initialized Translations). Let P be a ; pre-redex (cf. Def. 2.19) or
the inaction process. The initialized translation of P, written init([P[%), is given in
Fig.7.3.

Using Lem. 7.15 and Def. 7.16, we can prove the following corollary by applying
a case analysis on P:

Corollary 7.17. For every my pre-redex P, [P +— init([P]}) —* init([P]).

We now introduce some useful notation for renaming functions whenever they
are applied to sequences of variables:

Notation 7.18. Let f be a renaming function and x be a sequence of variables z; ...z,
with n > 1. The following notation will be used throughout Chapters 7 and 8.

e We write f; to denote the sequence formed by f,, ... f2, .

e Assuming another renaming function f’, we write f; f% to denote the concate-
nation of the sequences f5 and f~.

e Assuming another sequence of variables 7’ such that |2/| = |Z|, we write f, {Z «
7'} to refer to the update f, {z1 < 2,...,z, < o, }.

o We use the same notation for renaming function g.

Using the previous notation and lemmas we can prove the existence of signal
declaration contexts (cf. Def. 2.40) for the initialized translations of pre-redexes:

Lemma 7.19. For every m; pre-redex or inaction process P and every target term S, it holds
that S = init([P]}) implies that either:

1. S =[P[% (or)
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2. there exists a declaration context Dy such that Dz[S] = [P]%, for some g and f and
= (fv(S) N ([PI)) \ (ran(f) Uran(g)).

Proof. By applying a case analysis on S. For details see App. D.1. O

We now show that the syntactic shape of well-typed 73 programs induces a con-
crete structure in the syntax of translated processes:

Lemma 7.20. For every well-typed my program (vZy)P (cf. Not. 2.21), and any well-
defined renaming functions f and g (cf. Def. 7.2), it holds that:

[(vay) P]} = signal zé in ([PA]5, || [P205 I - I [Pa]%))

wheren > 1, every P;, 1 < i < nis either a pre-redex (cf. Def. 2.19) or P; = v? (Q1):(Q2),

Proof. Assume (vzy)P is a well-typed 7 program. Then, by Cor. 3.34 applied to P,

we obtain P =5 (vzy)(Py | P> | ... | P,). Finally, apply Fig. 7.2:
[(wEg)(Py| Py | ... | Pl = signal Z¢ in ([P ] || [P0% I - I [Pa]3;)
which is what we wanted to prove. O

Up until this point we have characterized the dynamic behavior of translated pre-
redexes. We have shown that the translation of pre-redexes have big-step reductions
that cannot be precisely matched by source 73 processes (as pre-redexes cannot re-
duce). These big-step reductions correspond to initialized translations. We have also
shown that it is possible to recover the initial translation by adding a harmless con-
text that rebinds the signals being declared. In the sequel, we focus on analyzing the
behavior of translated 7§ programs, rather than pre-redexes. We first introduce some
auxiliary definitions:

Definition 7.21 (Enablers for 7; Processes). Let P be an 74 process. We say that the
sequence of variables 7, y enable P if there is some P’ such that (vzy)P — (vay)P’.

Enablers allow us to refer to the specific sequence of variables and co-variables
that enable 73 processes to reduce. Following our previous results, it is expected that
enablers are ‘lost’ in a big-step reduction from a translated 75 process.

Example 7.22. Let R = z(v).P | y(2).Q. Assuming that v € {tt,ff}, then R is en-
abled by x,y. Thus, (vzy)R — (vzy)(P | Q{V/z}). Therefore,

[(vay)R]} = signal w, h, in [w(v).P)& e vehud ) Q)9 te huvehud

fAz—w,y+w} fzew,y+w}

Using the big-step semantics of RML it is possible to show that:

[(vzy)R]% — [P || [Q{¥/=}1%

for some unimportant f’, ¢’. Notice that the declaration signal w, h,, in ... disap-
pears in the transition. Therefore, to recover the translation it is necessary to insert a
signal declaration context Dz which rebinds the lost signal declarations. A
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The following lemma proves that whenever a redex reduces, it is possible to find
the necessary signals to define a signal declaration context (cf. Def. 2.40) that recovers
the translation of the enablers of said redex.

Lemma 7.23. Let R be a well-typed m; redex enabled by z,y. If [(vzy)R]} — S then
there exists R’ such that (vxy)R — (vZy)R' and the following holds:

1. S [R ‘]’e/, for some ', g" such that Ty € dom(f') and Ty € dom(g') and

2. there exists Dz such that D=[S] =, [(vE§)R']%, for some Z.

Proof. By a case analysis on the possible redexes. For every case we first show Item
(1) and then Item (2) (for details see App. D.1). O

We now fully characterize target terms. The following lemma shows that a trans-
lated 73 program either reduces to an initialized translation or to the translation of
some 7§ program.

Lemma 7.24. Let P = (vZy)(Py | ... | Py), n > 1 be a well-typed g program. Then, the
following holds: for every S such that [P]} ——* S, it holds that (1) S = Sy || -+~ || Sy,
m > n, (2) there exists P’ = (vxy)(P; | ... | P),) such that P —* P’ and (3) for every
1 <4 < m thereexist [, g’ such that either:

1. S; <= init([[Pi’]]fcl,),for some pre-redex P} or

2. S; = [[Pz’]]}’// such that P! is a pre-redex, P} = v? (Q1):(Q2), or P/ = 0.

Proof. By Cor. 3.34, for every 1 < i < n, P; is a pre-redex or P, = v? (P/): (P/"). We
apply induction on the length r of transition [P]% ——* S. The base case is [P]} —"
[P]%, which is immediate. For details on the inductive step see App. D.1. O

As a corollary from Lem. 7.19 and Lem. 7.24 we have that:

Corollary 7.25. Let P = (vzy)(Py | ... | Py), n > 1 be a well-typed w§ process. Then,
for every S such that [[P]]g —* S, it holds that (1) S = Sy || -+ || Sm, m > n, (2) there
exists P' = (vzy)(P| | ... | P},) such that P —* P’ and (3) for every 1 < i < m, there

exist a, possible empty, declaration context Dz, and some renaming functions f' and ¢’ such
that:

Zm

D [Si] |l -+ | Dz [Sm] = [P 1] - 1 [Pm]

From Lem. 7.23(2), we know that there exists a declaration context for the process
obtained by the big-step reduction of a translated redex. This context contains all the
necessary signal declarations to recover the translation of any process reachable from
the source process. We can generalize this result to well-typed programs, as shown
below. We first introduce an auxiliary lemma and then state this fact.

Lemma 7.26. Let P be a well-typed program. Then, fv.(P) = fv([P]}) = 0.

Proof. By induction on the structure of P. All the cases are immediate. O



Chapter 7. Encoding 7 in ReactiveML 211

Lemma 7.27. Let P = (vzy)(P1 | ... | Py), n > 1 be a well-typed program. For every
S such that [P]% ——* S, it holds that (1) S = Sy || -+ || S, m > n, (2) there exists
P = (vzy)(P]| ... | P),) such that P —* P’ and (3) there exist signal declaration

contexts (cf. Def. 2.40) Dz, Dy, ..., D4 and renaming functions f’ and g’ such that:
DDz [S1] || -+ || Dz [Sml] e [w@ZR) (P | - | Pro)]F

Proof. From Cor. 7.25 it follows that:

Zm

P—* wWig)(P,| ... | P.) (7.10)

3Dz, ..., D (D5 [S1] | -+ || Dz [Sm] <= [P -+ 1| [P]5) (7.9)

To prove the existence of Dz, we proceed by induction on the number of enabled
redexes. Notice that typability and Thm. 3.28 will ensure that it is not possible for
multiple S; reacting to the same signal being emitted:

Base Case: There are r = 0 enabled redexes in P. If there are no enabled redexes,
then P #—. Then, by Lem. 7.24, [P]$ +— Si || -+ || Sm, m > n, where
for every 1 < i < m, process S; is either the encoding of an initialized pre-
redex (cf. Def. 7.16), a pre-redex, a conditional process or the inaction process.
Furthermore, by (1) and (2):

D[S |-+ | Dz [Sm] <& [Pu% ||+ |l [Pn]4

and since P #—, then m = n. Therefore from Lem. 7.26, we conclude that to
obtain Dz, we need to close all the remaining free variables appropriately. For
this, we take the sequence z = f;gz and conclude the proof.

Inductive Step: Assume r > 1 enabled redexes in P. We prove that when adding
a new enabled redex, it is possible to find the necessary contexts. This follows
from Lem. 7.23 and IH.

O

7.3.2 Operational Completeness

For proving operational completeness we must first show that a single 7 big-step
reduction is matched by a single RML big-step reduction.

Lemma 7.28. Let P be a well-typed m; program. Then, for every P’ such that P <» P’ it
holds that [P]} —< [[P’}]gl/for some f" and some g'.

Proof. By Cor. 3.34, P = (vzy)(P1 | ... | P,),n > land for every 1 < i < n, P; is
either a pre-redex (cf. Def. 2.19) or a conditional process. We proceed by induction
on the number n of processes in P:

Base Case: Whenever n = 1. There are seven cases corresponding to all five pre-
redexes, inaction and conditional process. The former two are immediate, since
by Fig. 2.1, there are no reductions for individual pre-redexes or inaction. The
case for P; = b7 (1) : (Q2) is also immediate since by Fig. 2.8, [(vZy)(b? (Q1):
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(@)} —5 [[Qi]gg, '

€ {1,2}, depending on b € {tt,ff}. Similarly, we

i
have that (vzy)(b? (Q1) : (Q2)) — @i, depending on b (Rules |IFT| or |IFF|
in Fig. 2.1).

Inductive Step: Whenever n > 1. Assume that P = (vZy)(P; | ... | Pn—1) and we
need to show that the property holds whenever we add a new pre-redex, inac-
tion or conditional process P,. In all these cases f' = f and ¢’ = g¢.

IH: If (v@9)(Py | ... | Paot) <» WaG)(P]| ... | P,_,) then

[WER) (P | ... | Pa)]% +—S [0FD)(P] | .. | Po_y)]S

for some f',¢g'.

We proceed by a case analysis on P,,. There are seven cases. Cases P,, = 0
and P, = b7 (Q1) : (Q2) are immediate as there is no interaction with other P;,
1 <i < n—1. Whenever P, is pre-redex, there are five cases, which are similar.
We will only show one P,, = z(v).Q as all the other cases are similar:

Case P,, = x(v).Q: There are two cases: Whenever there exists 1 < i < n —1
such that P; = y(z).Rand (vxy)(P, | P;)isanenabled redex (cf. Def.7.21)
or whenever such P; does not exist. Notice that by typability and Thm. 3.28
if such P; exists, it is unique (cf. Def. 3.27).

(1)
(2)

(3)
(4)

(5)
(6)

Case 3P, = y(2).R: Let M = (vzy)(Py | ... |y(2).R| ... | Po-1)-
FP (Assumption)
P:(uilg})(Pﬂ o y(z).R| .| Paoy |2(v).Q)  (Assumption)
PesP

~ By Def. 3.31,
P=@a)(|.. (RO Pl ()P
M «<» M’

~ By (1),
M=EF |y R P SRR
[M]% < [M']5,, for some £, ¢/ (IH, (4))
[P] —< [P ?’, for some f', ¢’ ((4), Fig. 2.8,

Lem. 7.27)

Case ~3P; = y(z).R: The proof follows by IH and Lem. 7.27. Notice that

there is no process to await the signal emitted by P,. Therefore, there
is no synchronization.

O

Having proving this correspondence, we can now prove that the translation is
operationally complete for < (Thm. 7.12(2)).

Theorem 7.29 (Refined Completeness for [-[7). Let P be a well-typed m program.
Then, for every Q such that P <»* Q, it holds that [P]} "< [[Q]}?,,for some f' and

some ¢'.

Proof. By induction on the length of P <»* P’. The base case is immediate. The
inductive step follows from the conjunction of the IH and Lem. 7.28. O
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7.3.3 Operational Soundness
For proving the soundness property, we first require proving Thm. 7.13(2).

Theorem 7.30 (Valid Soundness). For every well-typed my program P and every RML

process S such that [P} ——* T, there exists P’ such that P —* P"and S S [P’ ]]g/,, for
some f' and some g'.

Proof. Follows directly from Lem. 7.27. O

We now prove that whenever there is a correspondence between a single RML big-
step reduction of a translated 7, process and multiple reduction steps in 7, then the
sequence of steps must necessarily be a single 73 big-step reduction (cf. Def. 3.31).

Lemma 7.31. Let P, P’ be well-typed programs and f and g, be well-defined renaming func-
tions (cf. Def. 7.2). Then, if [P} —< [P}, for some f" and some g', and P —* P', it
holds that P <» P’.

Proof. By Cor. 3.34, P = (vzy)(P1 | ... | P,),n > land for every 1 < i < n, P; is
either a pre-redex (cf. Def. 2.19) or a conditional process. We proceed by induction
on the number n of processes in P:

Base Case: Whenever n = 1. There are seven cases corresponding to all five pre-
redexes, inaction and conditional process. The former two are immediate, since
by Fig. 2.1, there are no reductions for individual pre-redexes or inaction. The
case for P; = b7 (Q1):(Q2) is also immediate since, by Fig. 2.8, [(vzy)(b? (Q1):
(@2))]% =< [Qil, i € {1,2}, depending on b € {tt, ff}. Similarly, we have
that (vzy)(b? (Q1):(Q2)) — Qi, depending on b (Rules |IFT| or |IfF]), which
implies, by Def. 3.31, that P <» P’.

Inductive Case: Assumen > 1.

H: If [(vzy)(Py] ... |Pn_1)]]§’c —< [(vzy) (P ... | PL) -;’c/,, for some f’
and some ¢/, with m > n and
Wag)(Py| ... | Poo1) —" (vZy) (Pl | ... | Pp)
then (wzy)(Py | ... | Poo1) < (vag)(Py | ... | PL,)

We show that whenever we add a new process P, in P, the property still holds.
The proof proceeds by a case analysis on P,,. There are seven cases correspond-
ing to all five pre-redexes, inaction and conditional process. The inaction pro-
cess is immediate, as well as the conditional, which proceed by IH and using
the semantics in Fig. 2.8 and Rule |Bic-Step| in Def. 3.31.

Whenever we add a pre-redex, there will be two cases: (1) whenever P, can
synchronize with another P;, 1 < i < n — 1, and (2) whenever such synchro-
nization cannot occur. Case (2) follows immediately by IH, as we do not in-
troduce any reduction. In Case (1), the proof is straightforward by identify-
ing the synchronization Rule (i.e., [Com|, |SEL], |REP|) that can occur with the
added P,. Then, by well-formedness (cf. Def. 3.27), adding P, does only in-
duces a unique redex. Thus, we can show that (vzy)(Py | ... | Poo1 | Pn) <»
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(vzy)(P{ | ... | P,_, | P)) is a valid application of Rule |Bic-Ster|. Finally, it
can be shown that
[wzg)(Py| - | Pocy [ P)IG — S [zg) (P - | Py | PTG

by using the semantics in Fig. 2.8.
O

Thm. 7.12(2) follows as a corollary from Thm. 7.30 and Lem. 7.31, by applying in-
duction on the number of transitions in [P]} ~—* 7' Similarly, Thm. 7.13(1) follows
from the composition of Lem. 3.35(2) and Thm. 7.12(1).

Corollary 7.32 (Refined Soundness for [-]%). For every well-typed m; program P and
every RML process S such that [P} ——* S, there exists P’ such that P «<»* P’ and
S < [P']%., for some f' and some g/

Corollary 7.33 (Refined Completeness). For every Q) such that P —* Q) there exists
Q' such that [P]} +—< [Q']}, and Q —* Q' for some f' and g'.

We now prove that operational correspondence holds for translation [-[{. We
prove a valid operational correspondence, used to demonstrate the translation is a valid
encoding (cf. Def. 2.3) and a refined operational correspondence, used to show that
the translation is a refined encoding (cf. Def. 2.6).

Theorem 7.12 (Valid Operational Correspondence). Let P be a well-typed 7% program
(¢f. Not. 2.21). Also, let f and g be renaming functions. Then, the following properties hold:

1. Completeness: For every Q such that P <»* Q, it holds that [P]} "< [[Q]]g/,,
for some f" and g’ '

2. Soundness: For every RML process S such that [P} ——* S, there exists Q such
that P <»* Qand S < [[Q]]gl,,for some f' and ¢'.
Proof. Follows from Thm. 7.29 and Cor. 7.32. O

Theorem 7.13 (Refined Operational Correspondence). Let P be a well-typed 7§ pro-
gram (cf. Not. 2.21). Also, let f and g be renaming functions. Then, the following properties
hold:
1. Completeness: For every Q such that P —* Q, then there exists Q' such that
[P]} +—*< [Q'] and @ —* Q', for some f' and g'.
2. Soundness: For every RML process S such that [P} ——* S, there exists Q such
that P —* Qand S < [[Q]]g/,,for some f' and ¢'.

Proof. Follows from Cor. 7.33 and Thm. 7.30. O

We now summarize the correctness results to ensure that our translation is indeed
an encoding. In the case of [[-]]fc, we have that the translation is both a valid and refined
encoding—see Def. 2.3 and Def. 2.6.
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Theorem 7.34 (RML Encodes ;). Consider the languages L ¢, L, and Lem as they
were given in Def. 3.100(3,4) and Def. 3.102(3), respectively. Then, the following holds:

(1) Translation ([-]%, P2 ), which maps L ¢ into Lo is a refined encoding, according
to Def. 2.6. '

(2) Translation ([-]%, wﬂ'ﬂ?>’ which maps L* , into Lem is a valid encoding according to
Def. 2.3. )

Proof. Numeral (1) follows from Thm. 7.9, Thm. 7.10, and Thm. 7.13. Numeral (2)
follows from Thm. 7.9, Thm. 7.10, and Thm. 7.12. O

7.4 Timed Patterns Revisited: [ [}

In this section we present a ReactiveML representation of the timed patterns in § 1.6
using [[%. In § 7.4.1 we present an overview of the ideas needed to develop these
representations in the encoding. In § 7.4.2 we discuss the request-response timeout
pattern; in § 7.4.3, the messages in a time-frame pattern, and in § 7.4.4 we present the
action duration pattern in RML. Finally, we present the repeated constraint pattern
in ReactiveML (see § 7.4.5).

7.4.1 Owverview: Exploiting Compositionality via Decompositions

To use the encoding [] to represent timed and reactive features we shall follow the
same ideas developed in §4.4.1. Our goal is to show that, similarly to 1cc, itis possible
to use ReactiveML as a foundation for a unified view of message-passing programs in
which features such as timed and reactive behavior can be analyzed. Summarizing,
there are two key insights for our approach:

(1) Encoded processes can be used as “code snippets”: Thanks to the compositionality
property of our translation (cf. Thm. 7.10), it is possible to use encoded pro-
cesses as code snippets in RML programs. Moreover, thanks to the operational
correspondence property, these code snippets will preserve the behavior in-
herited from their source w§ terms (cf. Thm. 7.12 and Thm. 7.13). This ensures
that the ReactiveML programs created using the translations preserve the de-
sired behavior up to certain conditions that depend on the context in which the
snippets are used.

(2) Process decompositions give more control over the generated programs: Using a pro-
cess decomposition function for 7§ processes such as the one in Def. 4.51 allows
us to gain more control over the code snippets obtained from the encoding. In
this way, we can describe timed and reactive features in a more granular way
than the descriptions we would obtain by considering exclusively encodings of
processes that are not decomposed.

As an example of this approach, let us consider process P, in (4.3):

P, = (vay)(z(REQ).z(2).0 | y(z).y(ACK).0)
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This process can be typed in 7y, as there are no races in it.

Now, assume that we would like to represent the fact that the accept-request com-
munication in P, can only occur whenever some event has been emitted; for example,
an scenario for this situation could be a program in which P, is only enabled after
an event error has occurred. In this case, we could use the following ReactiveML
expression:

await error in [Pp]%

where renaming functions f and g can be obtained as shown in Fig. 7.2. It would also
be possible to think of more involved programs. For example, we could also describe
a ReactiveML expression in which both the parallel subprocesses of P, depend on
different events to be activated (e.g., error; and errory):

Dz[await errory in [z(REQ).z(2).0]% || await errora in [y(2).y(ACK).0]%]

where 7 = z and functions f and ¢ can be obtained by following Fig. 7.2.

Because of the operational correspondence property of [-[% (cf. Thm. 7.13 and
Thm. 7.12), the RML snippets from the encoding will preserve the behavior intended
for P, provided that the events are present. In this sense, the encoding allow us to
represent requirements that may appear in message-passing programs, but are not
explicitly representable in 7§ .

To represent the timed patterns in § 1.6, we shall lift the decomposition D(-) in
Def. 4.51 to 75 . Notice that we can do this without adding more details because there
are no differences between the syntax from 7§, and 7 processes.

7.4.2 Request-Response Timeout

The request-response timeout enforces quality of service by requiring a strict deadline
on the acknowledgment of request messages (cf. § 1.6). From the server side, the
specification of the request-response timeout pattern is:

(a) Server side: After receiving a message REQ from A, B must send the acknowledg-
ment ACK within ¢ time units.

Before giving an RML representation we first introduce a m; process annotated to
represent the specification. For this we can reuse P, in (4.7):

P = (vay)(z(REQ).z(2).Q1 | y(2).y(ACK) .Q2)

t

where the time elapsed between the reception of the request and the acknowledgment
must not exceed ¢ time units. Similarly, we can also reuse the decomposition in § 4.4.2
to obtain:

D) = (vu) (D1 [ D2 | D3| Da | R)
where % can be obtained by applying Def. 4.51 and each of the parallel sub-processes
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D, (i €{1,2,3,4}) is given below:

D1 = e (5).o1 (REQ).da (i \ #1.1).0
Do = c3(up \ w1,1).21,2(221).da(uzzz1 \ 1,121,2).0

D3 = c5(uy).y1,1(2'22).de(uyz'22 \ y1,1).0

D4 = c6(wyz'22 \ y1,1)-y1,2(ACK) .d7 (w0, 2" 22 \ y1,191,2).0

To represent timed patterns in RML it is important to understand that the notion
of time in synchronous reactive programming languages is logical—i.e., time units
in RML are flexible. Therefore, when considering the timing constraint imposed by
the pattern we will use events, rather than the time units of RML themselves. We first
consider the encoding of © (P, ), which thanks to the compositionality property of the
encoding (cf. Thm. 7.10) is as follows:

[P = D=([®1]%, I [D20% I [D3]F 1| [D4]F; 1| [R]F]

where Dz[—] is as in Def. 2.40, z can be derived by following the rules in Fig. 7.2. Sim-
ilarly, the renaming functions f; and g; can be obtained by following the translation.

We can then build an RML program that represents the request-response timeout
pattern by using the preemption construct do (e;) until t — (e2). Intuitively, this
construct indicates that whenever the timeout signal ¢ is present and the internal ex-
pression e; has not terminated, the failure must be reported. Using the code snippets
obtained from [D(P,)]} we have:

er = Dz[do ([D1]% | do ([D2]};) until ¢ — (emit error) || [D3]: |
[©405; || [R]%,) until error — (ey)]

This program is obtained by placing the code snippets inside the body of a preemp-
tion construct that awaits signal error. This signal can only be emitted whenever the
preemption construct that contains the code snippet [D2]% detects the timeout signal
t. Expression ey is a placeholder that represents the RML expression that is executed
after a failure. Thanks to the operational correspondence property of the translation
(cf. Thm. 7.13 and Thm. 7.12) we can ensure that e; preserves the behavior of P,,
provided that the timing constraints are met.

7.4.3 Messages in a Time-Frame

We consider the two variants of this timed pattern (cf.§1.6): (a) the first one enforces
time intervals between messages, and (b) the second one enforces the overall time-
frame in which a number of messages must be sent. We reuse the ideas developed in
§ 4.4.3. Hence, we consider processes P;; (cf. (4.9)) and P, (cf. (4.10)):

P, = (vzy)(x(M1).x(Mg).x(M3).z(My). Py | Py)
Pyo = (vay)(xMi).x(M2).x(M3).x(Ms) . Py | Py)

to
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As in § 4.4.3, P,; represents the interval pattern and P,,, the overall time-frame pat-
tern. The informal requirements for each variant of the pattern are: (a) the par-
ticipant using endpoint « on P;; can only send messages with at least t; time units
between them, and (b) the participant in endpoint z on P, can send at most four
messages in a at most t, time units. We use the same decomposition as in § 4.4.3.
Hence,

D(Po) = D(Pyy) = (vi)(D1 | D | Ds | D4 | Ry | R,)

where processes ©; (i € {1,2,3,4}) correspond to:

D1 = co(ug).x1,1M1).ds{uz \ 21,1).0
Do = c3(uz \ 71,1).71,2(M2)da(uz \ ¥1,171,2).0
D3 = caluz \ 21,121,2).1,3(M3).d5 (Uz \ 21,1271,221,3).0
Dy = c5(uz \ 21,171,271 3)-71,4(Ma).do (uz \ 71,171 221,371,4).0
and where R, and R, correspond to all the processes obtained from the decompo-

sition of P, and P,, respectively (cf. Def. 4.51). Now, by applying the encoding (cf.
Fig. 7.2) and because of its compositionality property (cf. Thm. 7.10):

[D(Peo)l% = [D(Pi)]} = DeA[D1]%; | [D20% I [Ds]% 1| [Da]5; 1| [Ra]F I [Ry]F:]

where z, f1, and ¢; can be derived using Fig. 7.2 (they are not needed for this exam-
ple). The variants of the messages in a time-frame pattern can then be represented
as follows:

(a) To represent the interval variant of the messages in a time-frame pattern we
make use of the await construct of RML which can be used to suspend the pro-
cess until a signal is present. Hence, we obtain the following RML expression:

er = D[] ||
await 1 in ([D2]% |
await ¢1 in ([Ds]% ||
await 1 in [D4]%)) |

[Ra1% | LR,
Above, we make use of a nested sequence of awaiting constructs to represent
each delay. In particular, whenever signal ¢ is emitted for the first time, trans-
lation [D»]% becomes active in the next time instant (i.e., {1 + 1). Then, the

second await blocks the execution of [© 3]]?1 until ¢; is emitted again. Similarly
for [Da4]%:.

(b) To represent the second variant of the pattern we use the do/until construct. In
particular, we place the parallel sub-processes of the encoded decomposition
inside the body of a do/until construct that tests for errors, represented by sig-
nal error. We also use a do/until process to check that the timing constraint is
satisfied; if it is not, we emit error:

e2 = Dz[do (do ([D:1]% || [D2]% || [D3]% || [D4]%!) until t; — (emit error) |

[R5 | [Ry]%,) until error — (Py)]
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In both of the RML programs above, the operational correspondence property of the
encoding guarantees that the behavior of the 7 process is preserved (cf. Thm. 7.13
and Thm. 7.12).

74.4 Action Duration

The action duration timed pattern enforces the time elapsed between two actions of
the same participant. We recall (4.12):

P, = (vay)(z(M1).x(M2) . P, | Py)

Whose decomposition can be obtained by using Def. 4.51 and contains the following
processes:

@1 = CQ(/'LZ;).CL'171<M1>.d3<U; \ ‘T1’1>.0

Do = c3(up \ 1,1).21,2M2).da(uz \ z1,121,2).0

Notice that as with the previous decompositions, we assume that R, and R, gather
all the processes that are obtained from the decomposition of P, and P,, respectively.
Then, by applying the encoding and its compositionality property (cf. Thm. 7.10),
we have that:

[P} = D=([211% 1| 9207 1| [RaD% 1| [Ry]%)]

where Z, f1, and g, are obtained as indicated by Fig. 7.2.

To represent this pattern, we make use of do/until expressions again. Intuitively,
we let [D:] execute unchanged, but we place [D.]% inside the body of a do/until
expression. This ensures that if the communication is not finished before signal ¢ is
emitted, an error signal is emitted:

e1 = Dsldo ([D1]% || do ([D:]%) until t — (emit e) | [R.]% |
[R,]%) until e = (Py)]

Notice that the operational correspondence property of [-] (cf. Thm. 7.13 and
Thm. 7.12) ensures that e; preserves the behavior of P,, provided that the timing
constraints are satisfied.

7.4.5 Repeated Constraint

In § 4.4.5, we argued that [-] (cf. Ch. 4) was unable to model the repeated constraint
pattern due to the incompatibility of 1cc with the flexibility of unrestricted types in
7 (cf. §2.2 and § 3.1.1). In this section we show that it is possible for RML to model
this specification pattern.

Let us recall process P, in (4.13). This process outputs message M; an unbounded
amount of times, provided that P, implements the necessary receptors.

P, = (vloop:loops)(vay)(loop: (loop1).0 | xloopa(z).(x(M1).loopi(2).0) | Py)
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The first thing to notice is that this process is not a typable 73 process since it induces
races. Therefore, we cannot encode this behavior by simply decomposing P.. Rather,
we would like to use the expressiveness of RML to encode the desired behavior. We
do this by using the recursion expressions of RML. Intuitively, the behavior of P,
above is that of a process that sends a message constantly, provided that there are
receptors. To model such behavior in RML, we could use the encoding [z (M:).0]%,
which represents a single output. Assuming that g and f are correctly defined (cf.
Def. 7.2), we could then use the following RML expression:

let rec process seq a = do (a;pause; (seq a)) until ¢ — (Pf) in run seq [z(M:).0]%

The process above works by generating a sequence of outputs, in which each encoded
output has to be executed in sequence with respect to the previous one. Notice that
this can be done in ReactiveML because of the sequence operator that allows to exe-
cute any pair of RML expressions in sequence. This behavior, coupled with the timing
checks that allow the internal body of the recursion to exit in case of a timeout signal
t represent the repeated constraint pattern.



Encoding am in RMLq

This chapter introduces a correct translation from am into RMLq. In § 8.1 we present
the translation and give intuitions on key formalizations. In § 8.2, we prove that the
translation satisfies the static properties required by Def. 2.3. In § 8.3, we prove the
operational correspondence property of the translation and summarize the correct-
ness results for the translation, showing that it is both a valid and refined encoding
(Def. 2.3 and Def. 2.6, respectively).

8.1 The Translation

In the communication model of a7, interaction is represented by pairing every end-
point with an output and an input queue. Briefly, the input queue is in charge of
receiving messages intended for a given endpoint k, whereas the output queue is in
charge of transmitting the messages from k to the input queue of its complementary
endpoint k (cf. § 3.2 for details).

Our intention is then to represent the communication mechanism of ar using the
queues and big-step semantics introduced for RMLq (cf. § 3.4). To achieve this, and
because queues and expression in RMLq are separate entities (i.e., the queues are
contained in states, which are not expressions), we require the translation to distin-
guish between ar queue processes and non-queue processes (i.e., processes that live
in ar*). Rather than using general ar processes, the new translation will be defined
for well-typed programs in ar (cf. Def. 3.72). The reason is twofold: (1) we are
mainly interested in translating well-behaved programs, which in turn ensures well-
behaved RMLq programs (in terms of communication between processes) and (2) the
distinction between queue and non-queue processes becomes clearer, as presented in
Lem. 3.73.

Making an explicit distinction between queue and non-queue processes (i.e., ar*
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I(k) =" let rec process I a =
(present ackk? (emit ackl;await a(y,z) in (put y ki);run I 2): (run I )
inrun I k
O(k) " et rec process O a =
signal o/, o’ in isEmpty ko;emit ackk;
(present ack? (emit @ ((pop ko), o’); pause;run O o) : (run O a)
inrun O k

Figure 8.1: Components of RMLq handler processes (Def. 8.1)

processes) allows us to present a two-layered translation between ar and RMLq. On
one hand, we have the ar* processes which interact with their local queues instan-
taneously. These processes can be directly translated into RMLq expressions without
further insight. On the other hand, queue processes require a more careful approach.
Namely, considering the structure of RMLq configurations, a queue will require two
different steps for translation: (1) the actual values inside the ar queue must be in-
stantiated in a RMLq state, and (2) an expression dealing with queue synchronization
must be defined to allow actual communication between processes. These controller
processes are denominated handler process and are defined below:

Definition 8.1 (Handler Process). Given k = {ki,...,k,}, the handler process H(k)
is defined as:

signal ack;’ acks’ in  []  I(k;) || O(k))
je{l,...,n}

where I(k) and O(k) are as in Fig. 8.1.

Given an endpoint &, a handler defines processes I (k) and O(k) as its components.
Handler components are in charge of managing communication between input and
output queues from complementary endpoints. As with [-]$, endpoints are trans-
lated as signals. We use notation 5 to refer to the complementary signal of s and let
5=s.

Intuitively, interactions between handler components for complementary end-
points occurs in pairs (i.e., I(k) with O(k) and I(k) with O(k)). Each pair takes
control over one of the signals k or k for the communication, avoiding emissions on
the same signal. Fig. 8.2 clarifies this by showing the communication direction in a
synchronization between handlers for complementary endpoints = and 7.

Each handler component is defined as a recursive expression, where parameter o
denotes the signal used for communication exclusively during that instant. In the first
iteration of the handler, this signal is named after the endpoint said handler controls
k, but this name may be replaced after further iterations. It is important to notice that
in defining handler components, endpoint & plays a two-fold role:

(a) First, as mentioned above, & is the name of the signal used in the first iteration
of the handler component execution (i.e., run O kand run I k).
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ack?, x acky,®
T~ N
I(z) o@) Ofx) I(z)
\_/ \/
ack? ack?

Figure 8.2: Handshake direction and signals used in handler components.

(b) Second, k is fixed in some of the terms that make up the internal body of the
recursion. In particular, name k will be fixed in the names of signals ack¥, ackk,

ackF, and ack, as these signals will remain unchanged during the handler ex-

ecution.

To understand why some of the signals in handler components remain intact,
while others change it is important to highlight that, as with RML, signals are not

polymorphic in RMLq. Hence, whenever transmitting a value new signals must be

created. On the other hand, signals such as ackf, ackk, ack?’, and ackf are pure, in

that they do not transmit any value. Thus, they may remain unchanged during the
execution of a handler component.

Following the same design decisions as in -], we let only one synchronization to
occur in a single time unit. Assuming complementary endpoints  and 7, interaction
starts by attempting a handshake where both O(x) and I(Z) (or vice-versa) must
be ready to communicate. The success or failure of a handshake is determined by
the presence or absence of acknowledgment signals acky and ack?. Subscripts i and o
denote input and output, respectively.

Assuming that a synchronization can occur (i.e., queue z, is not empty), process
O(x) broadcasts ack?. Then, component I(Z) acknowledges the synchronization by
emitting ack?. Then, O(z) creates two signals: =’ which it keeps for itself and 2/, in-
tended for its counterpart I(Z). If ready, O(z) sends a pair containing the message
stored at the beginning of its output queue (pop z,) and a the fresh signal 2’ to en-
able further actions. Once the pair is received, the value, now stored in variable y, is
enqueued in z; (i.e., the input queue for x). The process is recursively called in the
next instant with the fresh endpoints.

The second component necessary for translating queues into RMLq is properly
instantiating the values contained in an am queue into a RMLq state. To achieve this,
we use the following definition:

Definition 8.2. We define 4(-) as a function that maps am processes into RMLq states:
0(k[i :my;0:ma]) ={k; :m1, ko :ma} (P |Q)=06P)UdQ) o6((vx)P)=4(P)
and as §(P) = () for every other ar process.

We are now ready to introduce the translation. Recall the formal languages L,
and LrmLq given in Def. 3.100(6) and Def. 3.102(4), respectively. Then, the translation
between these two languages is given below.

Definition 8.3 (Translating ar into RMLq). Let ((-), ) be a translation from L.
into LrmLq, Where:
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Tz(y).P] = lety=popz; in [P]
[z(v).P]| € put z, v; P

Tew{li: Plie/l = lety=popz; in
Tz<l.P] € puta, 5[P]

match [ with {ll : WPZ-”}ZGI
TPIQT = [PTITQT
167 (P):(Q)] = ifbthen([PT)else (TQT)

[(vz)P]] = signal z,Z in [[P]|
TuX.PT “' et rec process ax = TPT in run ax
TXT ©' pause:run ax
def
ol = 0

Figure 8.3: Auxiliary translation from an* to RMLq (Def. 8.3).

- ) (k) = k, i.e., every variable in ar is mapped to the same variable in RMLgq.

- () : am — RMLq is defined for well-formed am programs C[P, @], which are
translated into RMLq configurations as follows:

(C[P,Q)) = (signal k in ([P || H(k)) o 5(Q))

where Vk € k.(k € fv.(P|Q)); -] : ar* — RMLq is in Fig. 8.3; H(k) is in
Def. 8.1; and d(-) is in Def. 8.2.

As mentioned above, () is a two-layered translation in which the first layer, [[-]|,
deals with an* processes, and the second is in charge of the translation of queues.

Two key ideas are at the heart of translation (-): queues local to processes and com-
positional (queue) handlers. The first of these ideas, rooted in the semantics of ar (cf.
Def. 3.2), directly concerns the synchronous hypothesis for synchronous languages.
Indeed, since we consider queues k; and k, to be local to endpoint k£, communica-
tion between them must be instantaneous, for such queues should also be local to the
process implementing session k.

The second idea is rooted in the fact that queue handlers effectively separate pro-
cesses/behavior from data/state. As such, itis conceivable to have handlers that have
more functionalities than those of # (k). We conjecture that, because of the compo-
sitional nature of the translation in Def. 8.3, these enhanced handlers can then be
plugged into the translation.

We have discussed at length the purpose of process handlers and how communi-
cation appears in (-). Below, we briefly comment on the first layer of the translation:
mapping [[-]|, whose goal is to translate ar* processes in RMLq expressions:

e The output construct z(v).P is translated as expression:
put z, v; [ P]|

which puts value v into the output queue x, and continues in the same instant

as [ P]).
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e Similarly, input process x(y).P is translated as expression:
let y = pop x; in [[P]|

which binds variable y in [[ P]. Intuitively, the first value in the input queue z;
is popped and assigned to variable y.

e Selection and branching are modeled similarly. The main difference is in the
matching construct used to model the actual selection. Notice that different
from the []%, the matching construct is evaluated instantaneously, and thus, all
selections can be resolved on the same instant the label was received.

e Therecursion construct in ar is modeled as a pause-guarded recursion in RMLg:
let rec process ax = [[P]| in run ax

where the occurrences of X has been translated as pause ;run ax. The addi-
tional pause goes in accordance with our design decision of dividing commu-
nication in instants. An intended consequence of this decision is the avoidance
of undesired loops of instantaneous expressions, which may affect the encoding
correctness.

e Translations for the conditional, inaction, and parallel composition are as ex-
pected.

The full translation (-) creates an RML configuration by composing the RMLq pro-
cess obtained via [[-]] with appropriate handlers and with the state obtained from the
information in ar queues.

8.2 Static Correctness

The layered structure of (-) implies that static correctness properties (cf. Def. 2.3)
must be proven only for [[-]|, as substitution occurs only on expressions and we do
not compose configurations.

Taking into account this consideration, it can be said that proving name invari-
ance and compositionality for [[-]| is less involved that their counterparts for [-]%. The
statements are given below:

Theorem 8.4 (Name invariance for [-])). Let P, o, x be an an* process, a substitution,
and a variable in ar*, respectively. Then [[Po]] = [P]lo.

Proof. By induction on the structure of P. There are eleven cases that are immediate
by applying the IH.
O

Theorem 8.5 (Compositionality for [[-]|). Let P, o, x, and E|-] be an an™* process, a
substitution, a variable in an*, and an evaluation context as in Def. 3.45, respectively. Then

TE[P]] = TET[TPT]-

Proof. By induction on the structure of P. There are eleven cases. All of them are
immediate. O
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8.3 Operational Correspondence

In this section we prove that translation () satisfies operational correspondence. In
particular, we show that the translation satisfies both the operational correspondence
for valid encodings (cf. Def. 2.3), and the operational correspondence for refined
encodings (cf. Def. 2.6).

In § 8.3.1 we discuss on how the considerations previously mentioned in § 7.3.1
appear in the new translation with some examples. Next, in § 8.3.2, we prove that ()
is operationally complete, and in § 8.3.3 we prove it is operationally sound.

8.3.1 Considerations

Observe that, contrary to the static correctness results (cf. § 8.2), the operational cor-
respondence results for (-) involve RMLq configurations, as indicated by its semantics.

As with [-]%, we take into account two important considerations: (1) signal dec-
laration are not persistent, and (2) big-step reductions do not behave as reduction
steps. Although these issues were already presented in § 7.3.1, we would like to dis-
cuss their presence in RMLq.

Persistence of Signal Declarations

The semantic rules of RMLq closely follow those of RML. Hence, it is not surprising
that rule |Sic-Dec| for RMLq (cf. Fig. 3.10) consumes the signal names, removing the
declaration in a single big-step reduction. It is the previous what motivates the use of
< (cf. Def. 3.99). Intuitively, the pre-order < uses declaration contexts (cf. Def. 2.40)
to recover the lost signal names to obtain the full encoding of a configuration. As
we will show later, the existence of these declaration contexts can be proven for the
target terms induced by () (cf. Lem. 8.13).

Synchronous Semantics of RMLq

The semantics of RMLq are synchronous, as those of RML. Therefore, a single big-step
reduction for a RMLq configuration obtained from the translation (-) will correspond
to several steps from am. Since we have decided to consider processes interactions
with queues as instantaneous, the correspondence between the semantics of RMLq
and ar it is not that clear. This is the reason to introduce the big-step semantics of ar
in § 3.2.7. The following example allow us to understand how the semantics of RMLq
configurations obtained from () compared with those of ar.

Example 8.6. Let us consider the following PI ar process:
C[P, K(27)] = (va)(z(v1).x(v2) 2 (y1).2(v3).0 | Z(y2)-T(ys) T(y3).T(ya) 0 |
zfi:e,o: €] |Zli:e0:€])

where:
P = z(v1).2(v2).2(y1).2(v3).0 | T(y2)-T(y3)-T(y3).Z(y4).0
KxZ)==zli:e,0:€¢ |T[i:€0:¢€
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The translation is as follows:

(C[P, K(xm)]) = ([C[P,0]] | H(zT) o 6(K(2T)))
= ([[C[P,0]]| || H(2T) © {x;i : €,T0 : €,T; : €, Ty : €})

In the process above we have that:

TCIP, 0] || H(zZ) = signal x,Z in
put z, v1;put z, ve; let y; = pop x; in put z, vs; () ||
let yo = pop T; in let y3 = pop @; in put =, ys;
let y4s = pop ; in () ||
I(z) | O(x) [| I() || O(%))
and ¥ = §(K(2%)) = {z; : €,x, : €,T; : €,T, : €}. Let us now analyze the big-step
reductions of (C[P, K (z)]). In a single big-step reduction we have that:
(C[P, K (27)]) r---+(let y; = pop x; in put z, vs; () ||
let yo = pop T; in let y3 = pop ; in put =, ys;
let ys =pop 7; in () |
I'(z) || O' () |
I'(Z) | O'(T)) o {zi 1 6,0 : 01 - 02, T 1 €, Ty : €}) = K

where I'(z) = I(z) and I'(Z) = I(T) up-to unfolding and:

O'(z) = isEmpty z,;emit ack?;
(present ack?? (emit T ((pop w,),2’); pause;run Oy z’) : (run O; )
O'(z) = isEmpty T,;emit ack”;

(present ack?? (emit x ((pop T,), z’); pause;run Oz 2) : (run O3 T)
assuming that O; and O, correspond to the substitutions induced by the unfolding
of O(z) and O(Z). We show the complete sequence of big-step reductions below.

Ky +--->(let yy = pop ; in put z, vs; () ||

let yo = pop Z; in let y3 = pop T; in put T, ve; let yq, = pop T; in () ||

I'(x) || O@) || I(z') || O'(T)) o {wi: €, a0 :v2, T 1 01,Tp : €}) = Ko
Ky ~---3(let y; = pop z; in put z, vs; () ||

let y3 = pop T; in put T, ve;let yy = pop T; in () ||

I'(x) || O@") || I(z") || O'(%)) © {xi: 6,00 : €,T; 1 v2,Tp : €}) = K3
K3 r---3(let y; = pop z; in put z, v3; () || let ys = pop T; in () ||

I'(x) || O@") || I(z") || O(T)) o {xi:e,0: €T : €,Tp : v2}) = Ky
Ky ----+(let y; = pop x; in put x, v3; () || let ys = pop Z; in () ||

I(2") | O @) || I'(@") || O(z")) © {zs : va, @0 : €,T; 1 €, T : €}) = K;
K5 +---3(() || let y4 = pop Z; in () ||
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') |O' @) || I'(x") || O'(2") o {w; : 6,00 : v3,T; : €, T : €}) = Kg
K r===>(() || 1et y4 = pop Z; in () ||

I | OE") || I'@) || O'(x') o {xi:€,20: €,T; 03, Ty : €}) = Ky
Ko e===(0 [ O I (@) 1 O"(@") [ I'(2™) | O'(27)) © {zi: €20 : €Tt v3,To : €})

where 2’ and 2/, 2 and z”/, and 2" and 2’ are fresh signals created by the output
handler components.

In the sequence above, the first big-step reduction (i.e., K to K;) puts v; and
vy in queue z,. Next, in the big-step reduction from K to K5 only one interaction
occurs: process O'(x) communicates v1 by popping it from the beginning of queue
z, and sending it via signal 7 to its complementary process I’(Z), which puts it in 7;.
Observe that only one synchronization is allowed between a pair of complementary
handlers during each instant.

The big-step reduction from K, to K3 executes two actions. First, value v; is
popped from 7; and then value vy is communicated to queue Z;. In the big-step
reduction from K3 to K4, value v, is popped from Z; and stored in y3; then, v; is put
in queue Z,. In the big-step reduction from K to K5, v is communicated to z;. Next,
in the big-step reduction that goes from from K to Kg, vs is popped from queue z;
and value v3 is put into the output queue z,,. The next two big-step reductions finish
the execution of the RMLq process.

The previous big-step reduction sequence, is equivalent to the following reduction
sequence in am.

C|P,K(2T)] —2 C[Py,zfi : €,0:v1 - v] | T[i s €,0: €]

— C[Py,xfi €0 : va] | T[i : v1,0: €]
—2 C[Ps,xfi: e,0: €| | T[i: v, 0: €]
——2 C[Py,xfi: e,0: € | Ti : €,0: va]]
—a C[Ps,x[i i v3,0 : €] | T[i : €,0: €]]
—2 C[Ps,xfi: e,0:v3) | T[i : €,0: €]
— C[Pr,xli i €,0: €| | T[i : vs,0: €]
— Cl0,z[i s €,0:v3] | T[i : €,0 : €]

where:

An important thing to notice is that this reduction sequence cannot be succinctly
expressed using the usual semantics of ar. This illustrates the need for a big-step
semantics for ar. A

Proof Outline

Similarly as with [-]%, the main challenge for the operational correspondence proof
lies in the fact that the behavioral semantics of RMLq mimic several reduction steps
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in am, and therefore goes faster. Thus, we must prove that our translation is a valid
encoding (cf. Def. 2.3) with respect to the big-step semantics in § 3.2.7, and a re-
fined encoding (cf. Def. 2.6) with respect to the reduction semantics in Fig. 3.5. The
operational correspondence statements follow:

Theorem 8.7 (Valid Operational Correspondence). Let P be a well-typed am program.
Then, the following properties hold:

1. Completeness: For every Q such that P >—* Q, it holds that (P) ~--+"< (Q).

2. Soundness: For every RMLq process T such that (P) ~--»" T, there exists Q) such
that P >—* Qand T < (Q).

Theorem 8.8 (Refined Operational Correspondence). Let P be a well-typed am pro-
gram. Then, the following properties hold:

1. Completeness: For every Q such that P —} @, then there exists ()’ such that
(P) m--"< (@D and Q —} Q.

2. Soundness: For every RMLq process T' such that [P]% r--+" T, there exists () such
that P —} Qand T < (Q).

Intuitively, the relation existing between these two theorems can be used as we did
in §7.3: Thm. 8.8 can be derived as a consequence from the semantic correspondence
property (cf. Lem. 3.86) and Thm. 8.7.

Moreover, notice that the formal language used in the translation (cf. Def. 8.3)
require the use of pre-order < (cf. Def. 3.99). Similarly, we show that () induces a
simplified notion of initialized translations (i.e., analogous to Def. 7.16), only char-
acterized by process handler components I(-) and O(-) (cf. Def. 8.10). In this sense,
we must prove some basic properties regarding process handlers components (cf.
Lem. 8.11 and Lem. 8.12). Briefly, Lem. 8.11 formalizes characterizes the syntactic
shape of process handlers, and Lem. 8.12 proves the existence of the signal declara-
tion contexts required to recover the initial handler; this result is used in both sound-
ness and completeness proofs. The proof outline for operational correspondences
follows:

Operational Completeness: The operational completeness property is comprised of
two main results: the valid completeness result (cf. Thm. 8.15) and a refined
completeness result (cf. Thm. 8.16). Thm. 8.16 is obtained from the composi-
tion of Thm. 8.15 and Lem. 3.86(2). Proving Thm. 8.15 is a bit more delicate.
The lemma heavily relies on Lem. 8.14, which provides all the necessary com-
ponents to prove completeness: (1) it proves that the information of queues is
preserved by the translation, and (2) it proves the existence of the necessary
signal declaration contexts used to validate < and shows that the translation of
am* processes is preserved.

The proof of Lem. 8.14 consists of a series of nested inductions: first, on the
length of the big-step reduction P »—* (. Then, in the inductive step (i.e.,
big-step reduction P »>—* Qo »— @), we apply simultaneous induction on the
length 1 and 5 of reductions Qo > Qf —* Qg /. All the generated cases
then proceed by either induction on the am process or directly by applying the
definitions.
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Operational Soundness: The proof of operational soundness is very similar to the
one above. There are two results: a valid soundness (cf. Thm. 8.17) and a
more general refined soundness (Thm. 8.18). Briefly, Thm. 8.18 follows from
Lem. 3.86(1) and Lem. 8.13. As with completeness, Lem. 8.13 is the cornerstone
for proving Thm. 8.17. It provides the same assurances given by Lem. 8.14—
i.e., it shows that RMLq big-step reductions can be mimicked by the big-step
semantics of ar.

The proof of Lem. 8.13 proceeds similarly to Lem. 8.14. We proceed by induc-
tion on the length of the big-step reduction (P) ~---»" T. We then proceed by
induction on the structure of the processes composing 7.

Auxiliary Results
We start by defining target terms for our translation:

Definition 8.9 (Target Terms). We define farget terms as the set of RMLq configura-
tions that are induced by the translation (-) of well-typed am programs and is closed
under +---»: {S | [P = Sand Fp}. Weshall use 5,5, T,T,... to range over
target terms.

We define the notion of initialized handler component; the analogous of Def. 7.16 for
(-). Notice that the notion of initialized translations induced by (-) is simpler than the
one for [-]%. This occurs as only handler components () and O(-) generate interme-
diate processes in the translation.

Definition 8.10 (Initialized Handler Component). Let /(x) and O(x), be handler
components for channel x as in Fig. 8.1. The initialized handler components, written
init(I(x)) and init(O(z)), are defined below:
init(I(z)) = I(x)
init(O(x)) = isEmpty x,;emit ack?;
(present ack?? (emit T ((pop x,),’); pause;run O1) : (run Oy)

where O; denotes the unfolding of O(z) in O 2’ and O, denotes the unfolding O(x)
inO z.

We proceed to clarify the execution of handler processes. As we show below, there
are two possible behaviors for them: (1) if a synchronization between the handlers of
complementary processes is possible, then synchronization occurs and the handlers
are now executed on fresh signals, or (2) if no synchronization is possible, then the
process handler component reduces to an initialized handler component.

Lemma 8.11. Let x and x be complementary endpoints. Then, the following holds:

1. If K = (signal z,T, ack?, ack?, ack?,ack? in I(z) || O(T) © z; : hy, T i v - ha)
then K v--» (I(2") || O(z') © x; : hy -0, @5 : hg) = K’

2. If K = (signal z, T, ack?, ack?, ack?,ack? in I(z) | O(Z) o z; : hy, Ty : €) then

K v--» (init(I(z)) || init(O(T)) © @i h1, Ty 1 €) = K/ r——>" K’
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Proof. We prove each item below:

1. Using the definitions in Fig. 8.1 and the semantics in Fig. 3.9, Fig. 3.10, and
Fig. 3.11. Consider configuration K = (signal ack?, ack?, ack?,ack® in I(z) ||
O(T) © ; : h1,T5 : v - hy). We have the following derivation using the rules in
Fig. 3.9, Fig. 3.10, and Fig. 3.11. The first two rules applied are [Sic-Dec| and
|L-PaR|:

|L-Done|, |Recur|, |Sic-Dec|, |L-DonE|,
|L-Done|, |Recur], |SiG-P|, | L-DoNE| |NEwmprY]|, |L-Dong|, |Emir], |SiG-P],
|Emit|, |DU-P|, |[L-DonEg|, | Pur-Q| |L-Done|, |Emrr|, | Por-Q], | Pausk|
(I(x) o @it hy) r=-=> (I(x) © i t by -v)  (O(T) o Tg: v-ha)r---+(O(F) ¢ Ty : ha)
K- (I(z) | O@) o @i : hy v, %0 : ha)

2. Using the definitions in Fig. 8.1 and the semantics in Fig. 3.9, Fig. 3.10, and
Fig. 3.11. Consider configuration K = (signal ack?, ack?, ack?,ack? in I(z) ||
O(Z) © ®; : h,T, : €). The derivation is as follows (see Fig. 3.9). The first two
rules applied are |Sic-Dec| and |L-Par|:

|L-Done|, |Recur|, |Sic-Dec|,
|L-Dong|, | Recur|, |SiG-NP| |L-PAr], |[EmPTY |
(I(x) o @i : h) r——-» (init(I(z)) o i : h) {(O(T) © To : €) r--->(init(O(T)) © To : €)
K > (init(I(z)) || init(O(T)) © i : h,Tp : €)

Furthermore, it can be shown that:
(init(I(z)) || init(O(Z)) o x; : h, Ty : €)
-—=>" (init(I(z)) || init(O(F)) o x; : h, Ty : €)
O

From the previous statement, it is possible to deduce that initialized output han-
dler components are missing signal declarations to reconstruct the process in Fig. 8.1.
The following result generalizes this fact:

Lemma 8.12. Let H (k) bea process handler as in Def. 8.1. Then, if (signal kin H(k) o
YY) -=+" (T o %) for some X', it holds that:

1L.T=T| || Tnwithn > 1
2. There exists Dz, Dz, ..., Dz such that

D:[Dz [T || - || D=ITy]] = signal k in H(k)

Proof. By induction on the length m of k. The base case is m = 2 since by typing
our translation will not allow handler processes with a single channel. For details see
App. E.1. O
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The following auxiliary result is the cornerstone for ensuring that translation (-)
is sound. In a sense, the statement below breaks down the necessary elements for
proving the soundness of our translation.

Lemma8.13. For every well-typed ar program C[P, Q] = (vk)(P || Q) the following holds:
IF(CIP,QI) +=->" K, then K = (Ty ||+ | Tn || Toga || -+ | T © X), 1 < m < m,
where:

1. There exists R such that P —* R = C[P', Q'] and ¥ = 6(Q").

2. There exist contexts Dz, Dz~ , ..., Dz such that: (a) Dz[Dg—[Thya] || -+ ||
D= [T},)]] = signal k in H(k),and (b) Ty || --- || T, = [[P'].
3. There exist 3 and s such that Z = 35’ and (D5[T1 || -+ || T || Dz [Dsr; [Tnga] ||

oo || D= [T]]] © E) =k (C[P', Q).

Zm

Proof. By induction on the length m of the big-step reduction (C[P,Q]) +---»" K.
The base case is immediate. For details on the inductive case see App. E.1. O

We now prove a statement that provides all the necessary ingredients for demon-
strating that our translation is complete. This statements shows that for the transla-
tion of every well-typed am program it is possible to obtain a configuration which,
using the corresponding signal declaration environments, corresponds to the trans-
lation of a process reachable from the initial ar program.

Lemma 8.14. For every well-typed am program C [P, Q] = (VE)(P || Q) the following holds:
IfC[P,Q] >—* C[P',Q’), then there exists K such that (C[P,Q]) v--+" K where:

I K= |- 1Tl Togrll - | T o ), 1 <n<mand ¥ =6(Q’).

2. There exist contexts Dz, Dz~ , ..., Dz such that: (a) Dz[Dr[Toya] || -+ ||
D [T,)] =¢ signal k in H(k),and (b) Ty || - - || T,, = [P"].

3. There exist 3 and s such that Z = 35’ and (D5[T1 || -+ || T || Dz (D [Tns] ||

o | D= [T]]] © ) = (CIP, Q).

Proof. By induction on the length of big-step reduction C'[P, Q] »—* C[P’,Q’]. The
base case is immediate. We show the inductive step.

Assume that C[P, Q] »>—* C[Py,Qo] »— C[P’',Q’]. By IH1 we have that the
statement holds for C[Py, Qo]. We then analyze the big-step reduction C[Fy, Qo] >—
C[P',Q’]. By Def. 3.81, we have that:

C[Py, Qo] = C[Py, Qh] —* C[P, QU] 4

where P’ = unm(P}) and Q' = unm(Q{). By Def. 3.78 we know that >— corresponds
to several reductions (i.e., —*). Thus, we proceed by simultaneous induction on the
lengths r; and 7 of >— and —*.

Base Case: For the base case we prove the following three cases:

r1 = 0 A rg = 0: Immediate, as it corresponds to the base case for the initial in-
duction.
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r1 > 0 Ary = 0: In this case, we have that:

C[POaQO] — C[P07QIO] 7A

which means there are only queue synchronizations. This means that
Py cannot contain processes making outputs or selections at top-level, as
these are always enabled. Thus, using the rules in Fig. 3.9, Fig. 3.10, and
Fig. 3.11 we can show that:

(ClPo, Qol) m=-—>T1 ([ To || -+~ [| Tom
withm > land T} = (F) and we can conclude by presenting an argument

similar to the one for Lem. 8.13.

r1 = 0 Ary > 0: This case assumes that there are no synchronizations between
queues. We proceed then by induction on the structure of P, building
derivations similarly to Lem. 8.13.

Inductive Step: The inductive step corresponds to the case where r; > 0 and 5 > 0.
This case follows by applying the IH for both >~ and »—. Then, the results
can be merged to obtain the desired RMLq big-step reduction.

O

8.3.2 Operational Completeness

Using the previous result we show that our translation is complete. First, we show
that completeness holds the big-step semantics for an:

Theorem 8.15 (Valid Completeness for (-)). For every well-typed am program P, and
for every process Q, if P >—* Q then there exists T such that (P) +--»" T and T < (Q).

Proof. Follows as direct consequence of Lem. 8.14. Notice that 7' < (@) follows from
the existence of signal declaration environments shown in Lem. 8.14. O

We can now then prove a more general completeness statement for our translation.

Theorem 8.16 (Refined Completeness for (-)). For every well-typed arw program P and
every process Q, if P —% Q then there exists a RMLq process T and a ar process Q' such
that (P) v-—+" T, Q —5 Q',and T < (Q’).

Proof. This is a consequence of Thm. 8.15 and Lem. 3.86(2). O

8.3.3 Operational Soundness

The statement of soundness can be proven as it is. However, aiming to keep the
symmetry in the operational correspondence statement, we first prove soundness for
the big-step semantics of awr. Then, as a consequence, the more general soundness
statement holds.

Theorem 8.17 (Valid Soundness for (). For every well-typed am program P and every
process Q, if (P) ~--+" T then there exist Q such that P >—* Q and T < (Q).
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Proof. Follows as a direct consequence of Lem. 8.13. Notice that T < (Q) follows by
proving the existence of the signal declaration environments as in Lem. 8.13. O

Theorem 8.18 (Refined Soundness for (-)). For every well-typed ar program P and
every process Q, if (P) w--+" T then there exist Q such that P —% Q and T < (Q).

Proof. Follows from the composition of Lem. 3.86(1) and Thm. 8.17. O

We conclude this section by proving that (-) is an encoding, following Def. 2.3 and
Def. 2.6. First we state operational correspondence:

Theorem 8.7 (Valid Operational Correspondence). Let P be a well-typed am program.
Then, the following properties hold:

1. Completeness: For every Q such that P >—* Q, it holds that (P) ~--+"< (Q).

2. Soundness: For every RMLq process T such that (P) ~--»" T, there exists Q such
that P >—* Qand T < (Q).

Proof. Follows directly from Thm. 8.15 and Thm. 8.17. O

Theorem 8.8 (Refined Operational Correspondence). Let P be a well-typed am pro-
gram. Then, the following properties hold:

1. Completeness: For every Q such that P — Q, then there exists Q' such that
(P) -->"< (@) and Q —; Q"

2. Soundness: For every RMLq process T' such that [P[} r--+" T, there exists () such
that P —} Qand T < (Q).

Proof. Follows directly from Thm. 8.16 and Thm. 8.18. O

Theorem 8.19 (RMLq Encodes ar). Consider the formal languages L., L as presented
in Def. 3.100(5,6) and Lrmvq as it was defined in Def. 3.102(4). Then, the following holds:

(1) Translation ((-),.)), which maps Lo into Lrmiq is a refined encoding (cf. Def. 2.6).
(2) Translation ((-),q.)), which maps L3, into Lrmiq is a valid encoding (cf. Def. 2.3).

Proof. Numeral (1) follows from Thm. 8.4, Thm. 8.5, and Thm. 8.8. Numeral (2)
follows from Thm. 8.4, Thm. 8.5, and Thm. 8.7. O



Conclusions and Related Work

In this chapter we present the overall conclusions and related work for the two trans-
lations presented in Part III. In § 9.1 conclude by summarizing our work and dis-
cussing some of the most interesting parts. In § 9.2 we give related work.

9.1 Concluding Remarks

We have presented two encodings of session-based m-calculi into synchronous reactive
programming, a programming paradigm that naturally models timed and reactive be-
havior. We have proven that our encodings are correct, and therefore, we argue that
they can be used to reason about message-passing programs.

The first encoding, in Ch. 7, translates a session m-calculus without races (cf.
§ 3.1.2) into ReactiveML (cf. § 2.4), a synchronous reactive programming language.
An important characteristic of this encoding is that it yields executable ReactiveML
programs and therefore, we believe it can be used in practical settings. It is important
to mention that to generate actual implementations, the encoding must be used as a
code snippet that can be inserted in ReactiveML implementations. Hence, given a
well-typed 7y program P we can use its encoding to declare a ReactiveML process:

let process model = [P[% in run model

which can then be compiled and run. Moreover, given the correctness properties
proven for [[4, it is expected that the models obtained by the previous procedure
are correctly executed by the ReactiveML compiler. Another highlight of the first
encoding is the fact that it can be used to generate enhanced translations in which we
can extend the capabilities of w3 (cf. § 7.4). We conjecture that using this feature
in particular, can enable the integration of session-based concurrency in actual RML
programs featuring declarative, reactive, timed, and contextual behavior.
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The second encoding has shown that it is also possible to encode an asynchronous
session calculus into a synchronous reactive programming language. In particular,
this encoding shows that it is more natural to consider an asynchronous semantics
for modeling session-based concurrency in SRP. Notice that since signal emission
is a non-blocking construct, a non-blocking output construct can be more faithfully
represented than a synchronous one. In this sense, the operational correspondence
results obtained for the second encoding were derived much more naturally.

It is also important to note that the most important challenge in this encoding
arises from the fact that the semantics of ReactiveML are intrinsically different from
those of process calculi such as 7§ and ar. Indeed, the synchronous' big-step seman-
tics of ReactiveML provide much coarser semantics, than those for w3 and ar. This
fact led to the conception of alternative notions of operational correspondence that
are dependent on the coarseness of the semantics of the source and target languages
(cf. §2.1). Nonetheless, we also show that it is possible to derive Gorla’s operational
correspondence [Gorl0] by using so-called semantic correspondence results (cf. §2.4.2
and § 3.2.8).

Our encodings are also an improvement with respect to previous works which
extend the m-calculus with either timed or event-based behavior, but not both. Simi-
larly, the fact that our encodings yield runnable ReactiveML programs improves on
the fact that some of these 7-calculus extensions lack programming support. Inter-
estingly, since ReactiveML has a well-defined semantics, it already offers a firm basis
for both foundational and practical studies on session-based concurrency.

Besides generalizing the results in [CAP17], our results consider typed source
processes. Although not stated in this work, we do not foresee any problems for
proving type soundness: if P is a well-typed m; process, then [P] is a well-typed RML
expression. We conjecture a similar result for (), using the type system herein pre-
sented. On the ReactiveML side, we can exploit the type-and-effect system in [MP14]
to enforce cooperative programs (roughly, programs without infinite loops). Since [-]%
and () already produce well-typed, executable ReactiveML expressions, we further
conjecture that they are also cooperative, in the sense of [MP14].

9.2 Related Work

SRP was introduced in the 1980s [BCE* 03] as a way to implement and design critical
real-time systems. Since then, several works have provided solid foundations for SRP
programming languages. In particular, the work on ESTEREL [BG92] and the model
presented in [BdS96] offer foundations for languages such as RML [MP05, MP14] and
ULM [Bou04]. Also worth mentioning are works that relate synchronous languages
to the m-calculus; for instance, the work [ Ama07] develops a non-deterministic vari-
ant of the SRP model of ESTEREL. The paper [Hal98] offers a survey of synchronous
reactive programming languages, including ESTEREL, LUSTRE [CPHP87], and sev-
eral others.

Session types [HVK98] have been thoroughly studied. Previous works have ex-
tended the foundations of session-based concurrency to include event-based behav-

1 Synchronous communication as in the (session) 7-calculus should not be confused with the synchronous
programming model of ReactiveML.
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ior [KYHH16], adaptive behavior [CDV15], and timed behavior [BYY14]. All these
extensions use (variants of) the w-calculus as their base language. A key difference
with our work is that we propose an SRP language (i.e., RML) to obtain a natural inte-
gration of some of the aforementioned features. Practical approaches to session types
have resulted in a variety of implementations, including [NT04, YHNN13, SY16].
The paper [ ABB116] offers a recent survey of session types and behavioral types in
practice.

Another relevant implementation is [Pad], a source of inspiration for our work:
it integrates session-based concurrency in the OCaml programming language. As in
our encoding, the implementation in [Pad] uses the notion of continuation-passing
style developed in [DGS12]. A distinguishing feature of our work with respect to
[Pad] is our interest in reactive, timed behaviors, not supported by OCaml, and there-
fore not available in [Pad]. Our current implementation still lacks some features
present in [Pad], such as the integration of duality and linearity-related checks into
the OCaml type system.

Our approach using encodings is related to our prior works on declarative in-
terpretations of session w-calculi [LOP09, CRLP15]. The first of such encodings is
developed in [LOP09], where it is shown that declarative languages can support mo-
bility in the sense of the m-calculus. The encoding developed in [CRLP15] improves
over [LOP09] by supporting linearity and non-determinism. The works [LOPO09,
CRLP15] are related to the present work due to the declarative flavor of SRP. In con-
trast, our reactive encodings yield practical implementations in ReactiveML, which
are not possible in the foundational encodings in [LOP09, CRLP15].

Different from process calculus (and type-based validation techniques), other
approaches to the formal specification and analysis of services use automata- and
graph-based techniques. For instance, the work [FBS04 ] uses Biichi automata to spec-
ify and analyze the conversation protocols that underlie electronic services.
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A SYNCHRONOUS REACTIVE
SESSION-BASED CALCULUS
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Multiparty Reactive Sessions

This chapter differs from the rest in structure and content, as we distance ourselves
from translations and introduce Multiparty Reactive Sessions, a synchronous reactive
process calculus equipped with a session type system based on multiparty session
types. In § 10.1 we introduce MRS. Then, § 10.2 illustrates our approach by means
of the auction example discussed below. In § 10.3, we introduce the syntax and se-
mantics of MRS. We prove that our model is reactive, namely that every reachable
configuration instantaneously converges in a number of steps that is bounded by the
size of the process (Theorem 10.18). Finally, we introduce the type system in § 10.4
and present correctness and time-related properties.

10.1 Introduction

We study the integration of synchronous reactive programming (SRP) [BdS96, MP05,
MPP15b, BMS15] and session-based concurrency [HVK98, YV07, HYC08]. Our goal
is to devise a uniform programming model for communication-centric systems in
which some components are reactive and/or timed. Synchronous reactive program-
ming is a well-established model rooted on a few features: broadcast signals, logical
instants, and event-based preemption. This makes it an ideal vehicle for specifying
and analyzing reactive systems; programming languages based on SRP include Es-
terel [BG92, PBEB07], Céu [SLS"18], and ReactiveML [MP05]. On the other hand,
session-based concurrency is the model induced by session types [YV07, HYCO08], a
rich typing discipline for message-passing programs. Session types specify proto-
cols by stipulating the sequence in which messages should be sent/received by par-
ticipants along a channel.

The interplay of message-passing concurrency with time- and event-based re-
quirements is very common. In many protocols, participants are subject to time-
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related constraints (e.g., “the request must be answered within n seconds”). Also,
protocols may depend, in various ways, on events that trigger run-time adaptations
(e.g., “react to a timeout by executing an alternative protocol”). As a concrete ex-
ample, consider a buyer-seller protocol in which a smart fridge manages groceries on
behalf of a buyer, and only interacts with a supermarket in reaction to some event
(say, “running out of milk”). Another example is an electronic auction, where an auc-
tioneer offers a good for sale and buyers compete for this good by bidding the price
upward. Here, the auctioneer supervises the bidding and decrees the knock-down
price as soon as a standstill is reached. Like a physical auction, the electronic auction
follows a multiparty protocol in which messages are broadcast to all participants, but
they are “fetched” only by some of them. Bidders must be able to react in real time
to the offers issued by other bidders and to the auctioneer’s decisions. These two
examples are representative of a wide class of scenarios requiring both:

e the ability of broadcasting messages that are not fetched by all participants (“or-
phan messages” become the norm rather than the exception) and

e a synchronous preemption mechanism, allowing participants” behaviors to be
simultaneously reset in reaction to some event.

Unfortunately, existing frameworks based on session types lack these two key
features—they are not expressive enough to model reactive and time-dependent in-
teractions, essential in the two examples above. The framework in [KYHH16] han-
dles contextual information through events, but does not support reactive behavior
nor multiparty protocols. Models such as [BYY14, BCM*15, BMVY19] account for
multiparty protocols with time-related conditions, but do not support reactive and
event-based behaviors. The work [CAP17] integrates SRP and session-based concur-
rency, but it is restricted to binary session types (protocols with two participants).

To address the limitations of current approaches, we propose a new typed frame-
work for multiparty protocols, expressive enough to support reactive, structured
communications. Our framework builds on a new process language dubbed MRS
(Multiparty Reactive Sessions), which combines constructs from (session) 7-calculi
with typical features of synchronous reactive languages, namely:

o Logical instants, or simply instants, which are periods in which all components
compute until they cannot evolve anymore (instants are what make SRP “syn-
chronous”);

e Broadcast communication (instead of point-to-point communication);
e A “pause” construct, which suspends execution for the current instant;

e A ”watch” construct implementing preemption, which is equipped with a stan-
dard and an alternative behavior that is triggered in reaction to a given event.
This construct generalizes the exception mechanism provided by many pro-
gramming languages, endowing it with a notion of time.

e Event emission, which is used here simply to control the watch construct.

The operational semantics of MRS is given in a style that is typical of synchronous
languages. A process resides within a configuration with its memory and emitted
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events. There are two reduction relations on configurations: the first one formalizes
small-step execution within an instant, until the configuration converges, namely sus-
pends or terminates. Suspension occurs when all participants have exercised their
right to send/receive for the current instant, or have reached a “pause” instruction.
The second reduction relation formalizes how a suspended configuration evolves
across different instants.

In more detail, during each instant, every participant can broadcast at most once
and receive at most once from the same sender. This is a sensible requirement to dis-
cipline interaction in a reactive setting with valued messages. Indeed, allowing par-
ticipants to broadcast multiple messages (valued events) in the same instant would
amount to collect all their values at the end of the instant; then, an additional mecha-
nism would be required to handle these “flattened” values and dispatch them in the
expected order to the receivers.

Our semantics for MRS satisfies (bounded) reactivity, a standard soundness prop-
erty of SRP which requires that small-step execution converges to a suspension or
termination point at every instant [MP05]. This property, also called instantaneous
convergence or instant termination in the SRP literature [TS05], is key for a reactive
computation to evolve through a succession of instants and thus proceed as expected.

In session-based concurrency, protocol conformance typically follows from safety
and liveness properties that stipulate how processes adhere to their session types,
namely: session fidelity, communication safety, and (often, although not necessarily)
some progress/deadlock-freedom property. In MRS, we further target the following
two time-related properties:

P1. Output persistence: Every participant broadcasts exactly once during every in-
stant;

P2. Input timeliness: Every unguarded input is matched by an output during the
current instant, if not preceded by another input with equal source and target,
or during the next instant, if not preempted.

Our main contribution is a type system, inspired by multiparty session types
[HYCO08], that enforces session fidelity, communication safety, as well as output per-
sistence and input timeliness for MRS processes . One crucial technical challenge
consists in properly handling explicit and implicit pauses in MRS processes. Explicit
(or syntactic) pauses correspond to occurrences of the pause construct in processes.
In contrast, implicit (or semantic) pauses are those induced by the synchronous re-
active semantics between two broadcasts by the same participant, or between two
inputs by the same participant from the same source.

Our type system relies on the usual ingredients of multiparty session types: global
types entirely describe a multiparty protocol; local types stipulate the protocol associ-
ated to each participant; a projection function relates global and local types. However,
because of the interplay between sessions and SRP, these ingredients have rather dif-
ferent definitions in our framework. In particular, we require a new pre-processing
phase over global types called saturation, which complements protocols with implicit
pauses. Unique to our setting, saturation is essential to conduct our static analysis
on MRS processes and, ultimately, to reduce the conceptual gap between SRP and
session-based concurrency.
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10.2 Two Motivating Examples

We illustrate our typed process model by formalizing the two examples mentioned
in §10.1. We first present a reactive variant of the well-known Buyer-Seller protocol;
then, we model the Electronic Auction protocol.

10.2.1 A Reactive Buyer-Seller Protocol

Consider a scenario involving three participants: a Smart Fridge (F), a Client (C), and a
Supermarket (S). These participants interact with the following goal: F acts on behalf
of C to purchase groceries from S. Being a smart, autonomous agent, F should react
whenever a low level of groceries is detected, and initiate a protocol with S and C so
as to restore a predefined level of groceries. F should obtain authorization from C
before issuing a purchase order to S.

Before formalizing this protocol as a global type with reactive constructs, we in-
troduce global types informally (a formal description shall be given in § 10.4):

e pT(S,II).G denotes a global type in which participant p broadcasts a message of
sort ST which will be fetched by the participants in set IT; after that, the protocol
continues as specified by G.

e ut.G represents a recursive protocol given by GG, which includes occurrences of
variable t.

e Given event ev, we introduce watch ev do G else G5 as a reactive, event-de-
pendent global type. This type says that protocol GG; will be executed until
termination or suspension. When G| suspends there are two possibilities: if ev
has not occurred, then the remainder of G, is invoked again as the governing
protocol in the next instant; otherwise, as a reaction to the occurrence of ev, the
protocol G is discarded and G+ is invoked in the next instant.

e pause.G is also peculiar to our reactive, timed setting: it says that all participants
should move to the next instant to execute protocol G.

e end represents the terminated protocol, as usual.

We then have the following global type G, which describes the multiparty protocol
between the fridge, the client, and the supermarket. We use two events, named /f (for
low food) and ok, which stands for a confirmation event:

G = pty.watch If do uts.ST (stat, {F}).F 1 (stat, {C}).CT (stat, {F}).pause.ts
else
St (stat, {F}).F1(Ist,{C}).CT(lst,{F}).
watch ok do pause.uts.ST (stat, {F}).F T (stat, {C}).CT (stat, {F}).pause.ts
else

CT{(stat,{F}).F1(Ist,{S}).ST(prc,{F}).pause.

Basic types are called “sorts” here, following the terminology introduced by Milner [Mil91] and widely
adopted in the session type literature.
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Ct{(stat,{F}).F1{cc,{S}).S1 (iv, {F}).pause.t;

To describe the protocol specified by G, we spell out the instants it involves. We
assume that [f is emitted at time ¢; and that ok is emitted at time ¢,y.

Instant ¢t < t;r: the protocol enters the ‘do” branch of the outermost watch, which is
guarded by event [f, indicating low food levels in the fridge, and it starts execut-
ing aloop. In the body of this loop, S sends a status update (stat) to F indicating
its availability for future purchases; next, F sends an update to C with informa-
tion about the current items in the fridge (say, expiration dates), and C answer
by updating his own status; finally, a pause is reached and the presence of event
If is checked:

1. If I[f has not yet been emitted, then the ‘do’ branch is executed again in the
next instant.

2. If lf is present, then the “else’ branch will be executed in the next instant.

Instant ¢y + 1: now the ‘else” branch of the outermost watch is executed: once again,
S updates his status; then, F sends to C a list with grocery items to buy (Ist) and
C can update the list with more items. Finally, the ‘do” branch of the innermost
watch is executed, guarded by event ok, indicating a confirmation. The pause
makes the protocol move to the next instant, ensuring that the event ok may
be immediately accounted for. If ok has not been emitted, then S, F and C keep
issuing their status. Upon the emission of event ok, the innermost watch is
exited and its ‘else” branch is selected for the next instant.

Instant ¢,;, + 1: now the ‘else” branch of the innermost watch is executed: C updates
his status, F orders the groceries from S and gets back their price. Then the
protocol moves to the next instant.

Instant ¢,;, + 2: once again, C updates his status, F sends to S the information required
to complete the payment (e.g., credit card number), and S sends back the in-
voice v to F.

As usual for multiparty session types, the global type G should be projected into
local types for F, S, and C, which will be used to type-check against process imple-
mentations. In MRS, the local types are as follows:

- Local types !S.T and ?(p, S).T, represent output and input. In the former type,
a value of sort S is broadcast and then the type continues as 7. In the latter, a
value of sort S is received from participant p; the type then continues as 7'.

- Local types pause and (T7,T5)% specify the reactive behavior of participants,
and they are similar to the corresponding constructs for global types.

- Type ut.T represents a recursive type, where t may occur in 7'.

We write G| , to denote the local type obtained from the projection of global type G
into participant p. This way, e.g., we have the following local type for C:

G| o= pty.(uts.?(F, stat).!stat.pause.ty, T)V
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System = Fridge | SMarket | Client
Fridge = rec X1 .watchlfdo rec Xs . s[F|?(S,z1).s[F]!(stat).s[F]?(C, z2).
if (status(food) = 0) then emit If. pause. X5 else pause. X»

{s[F12(s[s], z3).s[F]!( food).s[F]2(C, z4).
watch ok do pause. rec Xs . s[F]?(S, z5).s[F]!(stat).s[F]?(C, x5). X3
{s[F]?7(C, z¢).s[F])!(x7).s[F]?(s[S, xs]).pause.
s[F]?(C, xg).s[F]{cc).s[F]?(S, z10). X1} }
SMarket = rec Y7 .watchifdo rec Ys. s[S]!(stat).Ya{watch ok do pause. rec Y3 . s[S]!(stat).Y3
{s[SI7(F, y1).s[S]/(price(yr)) pause. s[S]?(F, y2).5[S]!(invoice). Y1} }
Client = rec Z; .watchlfdo rec Z . s[C|?(F, z2).s[C]!(stat).Z>
{s[CI7(F, 24).5[C]!(z4).
watch ok do emit ok. pause. rec Zs . s[C]?(F, z6).
s[C]V(stat).Zs{s[C]!(stat).Z1}}

Figure 10.1: MRS implementation of the Reactive Buyer-Seller Protocol.

where T =?(F, Ist).llst.(pause.ut3?(F, stat).!stat.pause.ts, Istat.t; )°*
In Fig. 10.1, we show a process implementation of our protocol; it allows us to
introduce some salient constructs in MRS:

- Process s[p]!(v).P represents the broadcast of value v from participant p along
session s; also, s[p]?(q, x).P represents p receiving a message coming from q
along session s.

- Process pause. P suspends for the current instant, and executes P in the next
instant.

- Process emit ev. P emits an event ev, visible by all participants during the cur-
rent instant, and then continues as P within the same instant.

- Process watchev do P{Q} is defined to correspond with local type (T7,T5)°".
This process executes P up to termination or suspension. In the former case, the
whole process disappears. When P evolves to P’ and suspends, there are two
possibilities at the end of the instant, depending on ev: if ev has not occurred
then watch ev do P’'{Q} is executed in the next instant; otherwise, as a reaction
to the occurrence of ev, watch ev do P'{Q} is discarded and () is executed in the
next instant.

The protocol implementation in Fig. 10.1 is given by process System, which is
composed of three parallel processes (Fridge, SMarket, and Client), implementing
participants F, S, and C, respectively:

Process Fridge runs a recursive loop while there is enough food: it first receives a
status update from S and broadcasts its own updates (to be received by Client);
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italso receives and update from Client. Then, it checks the current level of food:
if there is enough food (status(food) # 0), then the status update loop is re-
peated. Otherwise, it emits If, thus triggering the alternative behavior, which

consists in sending the groceries list (ﬁ)?)?l) to Client, which in turn should
answer with possible modifications to the list and then confirm the purchase
by emitting ok. The status update loop will execute as long as ok has not oc-
curred; when Client confirms, F'ridge will first receive and status update from
the client and then send the groceries list to SM arket, which will return the to-
tal price. Finally, another status update from the client is received and Fridge
exchanges payment information and invoice with SMarket.

Process SMarket is engaged in the update loop with F'ridge until Ifis emitted. Once
this event occurs, the update loop will continue until ok is detected. After con-
firmation, SMarket and F'ridge interact to finalize the purchasing protocol.

Process Client is similar, and takes part in the status update loop until Fridge emits
If. When this occurs, and after having received the groceries list from F'ridge,
Client simply resends the list it received without modifications and confirms
the purchase (clearly, more elaborate authorization procedures are possible).
Once SMarket and Fridge have completed the purchase, Client engages again
into the status update loop.

10.2.2 An Electronic Auction Protocol

We now formalize the electronic auction protocol sketched in § 10.1. This example ex-
hibits again the distinctive features of MRS: the slicing of computation into instants,
broadcast communication, and the synchronous preemption mechanism. In addi-
tion, it illustrates the specific treatment of recursion in MRS, and it shows how pa-
rameterized recursion may be used to transmit values across instants.

Assuming n bidders (n > 2), the protocol has n + 1 participants: participant A,
which is the Auctioneer, and participants By, . .. ,B,, which are the Bidders. Bidding
rounds are represented by instants: at the start of each instant, all the bidders send
their new bids to the auctioneer, which responds by broadcasting the new tuple of
bids, whose maximum represents the current price of the good. We suppose that
the starting price of the good is the same for all bidders, i.e., initPrice; = initPrice;
for any ¢,j € {1,...,n}; we also suppose that each Bidder; has a maximal budget
budget, and that her initial bid init Bid; is such that initPrice; < initBid; < budget,
and initBid; # initBid; for i # j. Moreover, we assume that each Bidder; bids
up by a fixed amount A; such that A; # A; for i # j. The two above conditions
initBid; # initBid; and A; # A; are used to prevent equal bids from different
bidders, which would make the protocol more involved?. Then, a session s of the
protocol may be described by the Auction process in Fig. 10.2, where & represents
the tuple (o1, ...,0,) and for any such tuple &, the function maxz(g) is defined by
max(c) = max{oy,...,on}.

2Since multiparty session protocols are usually deterministic, if equal bids were allowed there should
be some predefined criterion to choose between them. Moreover, in a physical auction all bids must be
different, since they are issued one after the other. The requirement A; # A allows this to be mimicked
using simultaneous bids.
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Auction = Auctioneer | Biddery | --- | Bidder,
Auctioneer = watch bis do (rec X (). s[A]?(By, bid;). - - . s[A]?(By, bidy,).
if N ici(bid; = x;) then emit bis. s[A]l(bid). X (bid)
else s[A]!(bid). X (bid)) (init Price)
{s[A]Y(mazx(bid)).0}
Bidder; = watch bis do (rec Z;(z;) . s[B;]!(2;).s[Bi] 7(A, ).
if (max(w) # z A max(®) + A; < budget,) then Z;(max () + A;)
else Z;(z)) (init Bid;)
{s[Bi]?(A, 2}).5[B;]!(e0g) .0}

Figure 10.2: MRS implementation of the Electronic Auction Protocol.

Note that Auctioneer and the Bidder; have a similar structure: they consist of a
watch statement guarded by the event bis, whose main branch executes a loop and
whose alternative branch does an I/O action and terminates. The event bis (standing
for “bis repetita”) is emitted by Auctioneer to signal that the same tuple of bids has
occurred twice and hence the auction is over.

Supposing event bis is emitted at instant ¢;;,, let us see how instants build up in
our protocol.

Instant ¢t < t3;5: At the beginning, all participants enter the main branch of the watch
guarded by event bis, and they start executing a loop. In the body of their loop,
all Bidder; broadcast their new bids (which in the first iteration are just their
initial bids initBid;), and then wait for a new tuple of bids from Auctioneer.
Now, Auctioneer inputs all the new bids from the Bidder; and compares them
with their previous bids (which in the first iteration of Auctioneer are just the
init Price;). If the new bid from each Bidder; is equal to her previous bid, then
a standstill is reached and Auctioneer emits the event bis to trigger the alterna-
tive behavior of all participants at the next instant; then Auctioneer broadcasts
the same tuple of bids (this broadcast is required to match the expectations of
the Bidder; ). Otherwise, Auctioneer simply broadcasts the new tuple of bids. In
both cases, Auctioneer suspends before starting the next iteration, because the
semantic rule for recursion inserts a pause before the next occurrence of the re-
cursive call. After the broadcast from Auctioneer, all Bidder; fetch the tuple of
new bids and check that the maximum maxz(Z) of this tuple (the best offer so
far) is a bid different from their own, and that their budget allows them to bid
up; if this is the case, they increment max(Z) by A; and suspend; otherwise,
they issue again their previous bid z; and suspend. The execution goes on sim-
ilarly until the tuple of bids reaches a standstill (this is ensured by the fact that
each Bidder; bids upwards by a fixed amount A;, while not overriding budget, ),
leading eventually to the emission of event bis by Auctioneer. At this point, all
participants are deviated from their main behavior and their alternative behav-
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ior is triggered at the next instant.

Instant ;s + 1: Now Auctioneer broadcasts the knock-down price, which is received
by all the Bidder;, who then react by sending an “end of game” message. Note
that, because of our hypotheses, the knock-down price uniquely identifies the
winner.

The global type for the protocol is as follows (see § 10.4 for the local types):

G =watch bis do ut.By 1 (int, {A}). - -+ .B, 1 (int, {A}).A7(int, {By,... B, }).t
else AT (int, {By,...,B,}).By T {(string, D). - - - . B, T (string, #).end

Summing Up. This example illustrates some distinctive features of our framework:

- Messages are valued events which are broadcast, hence they are not consumed
when they are read; instead, they are consumed by the passage of time, since they
are erased at the end of each instant;

- Our typed calculus imposes a strong common structure in protocol partici-
pants; while this may seem contrived, it is the source of the correctness proper-
ties enforced by our type system. For instance, bidders who wish to drop from
the auction still have to issue their last bid until the end of the auction. This is
because the bidders must match the expectations of the Auctioneer, who waits
for a bid from all bidders at each instant since she cannot foresee at which point
they will give up.

- In our calculus, as in most multiparty session frameworks, the set of partici-
pants is fixed and participants cannot dynamically enter or leave a session. It is
possible however that some participants may terminate before the others, and
the output persistence property is only required for nonterminated participants
(although this does not appear in the above example).

Having illustrated informally MRS and its typed system, we now introduce them
formally.

10.3 Our Process Model: MRS

We introduce MRS, our calculus of Multiparty Reactive Sessions. It integrates con-
structs from Synchronous Reactive Programming and from multiparty session -
calculi.

10.3.1 Syntax

We assume the following basic sets: values (booleans, integers), ranged over by v, v’;
value variables, ranged over by x,y, z; and expressions, ranged over by e, e’. Expres-
sions are built from variables and values via standard operators, and their evalu-
ation is terminating. A set of process variables X,Y, ..., possibly parameterised by
a tuple of parameters (written in this case as X (&) or X (¢é)), is assumed to define
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recursive behaviors. We also use two sets that are specific to multiparty session cal-
culi [HYCO08, CDPY15]: service names, ranged over by a, b, each of which has an arity
n > 2 (its number of participants), and sessions, denoted by s, s’. A session repre-
sents a particular activation of a service. We use p, g, r to denote generic (session)
participants. In an n-ary session, participants will often be assumed to range over the
natural numbers 1,...,n (in particular, we will use this assumption when defining
the operational semantics). We denote by II a non empty set of participants, and by
Parts the set of participants of session s. Finally, we assume a set of events Events,
ranged over by ev, ev’, which will be used for defining the reactive constructs.

Each n-ary session s has an associated set of session channels {s[1],...,s[n]}, one
per participant: channel s[p| is the private channel through which p communicates
with other participants in session s. We also assume a set of channel variables, ranged
over by a, /3, ~; we use c¢ to range over both channel variables and session channels.

The syntax of processes, ranged over by P, @ ..., is given in Fig. 10.4. A new ses-
sion s on the n-ary service a is opened when the initiator a[n] synchronizes with n
processes of the form a[i](«;).P;, whose channels «; then get replaced by s[i] in the
body of P;. (This synchronization will be made precise by our operational seman-
tics.) The initiator a[n] simply marks the presence of the service a, therefore it has no
continuation behavior. Processes of the form ali](«a;).P; are called “candidate partic-
ipants” for service a.

Rather than typical point-to-point communication, we consider communication
based on broadcast and directed input. The former is denoted c!(e).P: this is an “undi-
rected output” on ¢, for it does not mention any intended recipient for message e. The
latter, denoted ¢?(p, z).P, represents the input of a message sent by p. For simplicity
we do not consider branching/selection operators here. Constructs for conditional
expressions, parallel composition are standard. and have expected meanings.

With respect to usual calculi for multiparty sessions, the main novelty in MRS is
the addition of three reactive constructs typical of synchronous languages, given on
the bottom right of Fig. 10.4. They are:

e pause. P, which postpones the execution of P to the next instant;
e emitev. P, which emits event ev in the current instant and then executes P;

e watchev do P{Q}, a construct that we call “watch-and-replace”. It executes P
and, in the presence of event ev, it replaces whatever is left of P by ) at the
end of the instant. P and () are respectively the main behavior and the alternative
behavior of the construct.

Our watching construct is slightly more general than similar constructs in syn-
chronous languages. Without a sequential composition operator-not present in MRS
(nor in most session calculi), but common in synchronous languages—this added
generality is actually needed. Indeed, without sequential composition a watching
statement cannot be followed by another statement; therefore, if we were to use the
standard watch ev do P construct, this would just lead to termination at the end of the
instant in case ev is present.

For recursion we assume the standard guardedness condition, adapted to our lan-

guage:
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v ou= tt|ff|1] ... (Value)

e = | v | not e |
eande | ... | f(z1,...,2,) (Expression)
u u= als (Service/Session Name)
c a | s[p] (Channel variable/Session channel)
I == {p}|OU{p} (Set of participants)
m = el (v,10) (Message—with set of readers)
M = 0|MuU{c:m} c¢dom(M) (Memory)

Figure 10.3: MRS: Syntax of expressions, sessions, channels, messages and memories.

P == aln]

|
|
|
|
| PlQ
| 0

| X@
|
| pause.P
|
|

emitev. P

if e then P else Q)

(rec X(z).P) (e)

watchev do P{Q}

(Session initiator)

(Session participant)

(Broadcast Output)
(Input)
(Conditional)
(Parallel)
(Inaction)
(Variable)
(Recursion)
(Pause)

(Emit)

(Watch & Replace)

Figure 10.4: MRS: Syntax of processes.

Definition 10.1 (Guardedness). A variable X is guarded in P if it only occurs in sub-
processes cl(e).Q or c¢?(p,z).Q or emitev.Q or pause.Q of P.

Note that the syntax of MRS is quite liberal. In particular, it allows processes with
interleaved communications in different sessions, such as s[1]!{e).s'[1]!{e’).P. How-
ever, in the rest of this chapter we focus on processes without session interleaving, and
our technical treatment is developed only for them. The restriction to single sessions
is standard in session calculi, as interleaving introduces inter-session dependencies
that cannot be captured by session types. Moreover, interleaving would raise new
issues in our setting, particularly as regards suspension of configurations involved in

more than one session.
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10.3.2 Semantics

We present now the semantics of MRS. In SRP, parallel components communicate via
broadcast events, which may be either valued, if they carry some content, or pure. We
call valued events messages, and pure events simply events. To model broadcast com-
munication we assume that all processes share a message set or memory M, recording
the messages exchanged in ongoing sessions during the current instant, and an event
set I, recording the events emitted during the instant. Both sets are emptied at the
end of each instant.

A memory M is a finite set of named messages ¢ : m, where c is the name of the
channel on which the message was sent, and m is the message content: this content
may be either empty or of the form (v, IT), where v is the carried value and II is the set
of current Readers of the value. We will see in the next section why we need to record
the set 11 of readers for non-empty messages. A memory M may be viewed as a partial
function from channels to messages, whose domain dom(M) = {c¢|3m.c: m € M}
is finite.

The session memory M; of session s has the form J;cp,. {s[i] : m;}, where each
sli] : m; represents the (one-place) output buffer of participant ¢, which contains the
empty message if participant ¢ has not yet broadcast in the current instant, and a
proper message otherwise. We shall use the following auxiliary notations: M? =
Uicpar, {li] - €} and M? = {c: €| c e dom(M)}. Fig. 10.3 (bottom) summarizes the
notation for memories.

The sets of free names, bound names, and names of a process P, denoted respectively
by fu(P), bn(P), nm(P), are defined as usual. Assuming Barendregt’s convention, no
bound name can occur free, and the same bound name cannot occur in two different
bindings.

The semantics of MRS is defined on configurations. In its simplest form, a con-
figuration is a triple C = (P, M, E), where P is a process, M is a memory, and E
is a set of events. A configuration may also be restricted with respect to a session
name s, namely have the form (vs) C. Our semantics will not be defined on arbitrary
configurations, but only on those that may occur in the execution of a single session.
Intuitively, these are the configurations that may be reached in zero or more steps
from an initial configuration, as defined below (Def. 10.3). A formal definition of
reachability will be given at the end of this section (Def. 10.4).

We first introduce the notion of sequential and session-closed process:

Definition 10.2 (Sequentiality and Session-Closedness). A process P is said to be
sequential if it is built without the parallel construct |, and session-closed if it is built
without the constructs a[n] and alp](a).Q.

An initial configuration represents a state from which a single session may start:

Definition 10.3 (Initial Configuration). A configuration Cj is initial if it is of the
form
Co = (a[l](en).P1 | ... | a[n](ew). Py | aln], 0,0)

where for each i = 1,...,n, process P; is sequential and session-closed, and ¢ €
nm(FP;) implies ¢ = «;.
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Plo=P P|Q=Q|P (P|Q)|R=P|(Q|R) watchevdo0{Q}=0
P=Q = (PM,E)=(Q,M,E) C = C" = (vs)C = (vs)C'

Figure 10.5: Structural congruence.

[Inr]
(a[1](a1). Py | ... | a[n)(om).Pa|@ln), 0,0) —s (vs)(Pi{5[/an }| ... | P {50/}, M2, 0)
elw
vt Rle) P, MU (sl - 3, B) — (P MU (slp] - (v, 0)}. )
a¢ll
N a7, 2) P M U (slp] < (D)), ) — PO MU (ITUaL )
[Emirr] -

el tt

(emitev. P, M, E) — (P,M,E U {ev}) -
(if e then Pelse Q,M,E) — (P, M, E)

[Rec]
(P{V/z}{(pause.rec X(Z).P)/X} M ,E) — (P',M,E) &lo
((rec X(z).P)(é),M,E) — (P’,M,E)
(P,M,E) — (P',M' E') (P,M,E) — (P' M, E')

[Cont] (E[P], M, E) — (E[P],M,E) [Res] (vs)(P,M,E) —> (ys;<P’,M’7E’>
[Strucr]
c=cC ¢ —c" " =c”

c—c"

Figure 10.6: Reduction rules for MRS (with Rule [If-F] omitted).

We define two reduction relations on configurations, denoted — and < g: while
— describes the evolution within an instant, < g describes the evolution from one
instant to the next one.

Reduction is defined modulo a structural congruence =, whose rules are given
in Fig. 10.5 and are standard [Mil99]. The reduction relation — describes the step-
by-step execution of a configuration within an instant. It is defined by the rules in
Fig. 10.6. Let us discuss some of them.

Rule [Init] describes the initiation of a new session s of service a among n pro-
cesses of the required form. After the initiation, participants share a private session
name s, and the channel variable «, is replaced by the session channel s[p] in each
process F,.

Rule [Out] allows a sender p to broadcast a message by adding it to the memory,
if p has not already sent a message in the current instant, namely if the output buffer
of p has the form s[p] : e. In the premise, e | v denotes the evaluation of expression
e to value v. If the message can be added, its content is set to v and its reader set is
initialized to §.

Rule [In] allows a receiver g to fetch a message from sender p in the memory, if
there exists one and if q has not already read it, namely if q does not belong to the
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(PAUSE) (ours) (par:)
(P,M,E)T (Q,M,E)}
(pause. P, M, E)i  (s[p]i{e).P, M U {s[p] : (v,1I)}, E)} (PQ,M,E)}
(WATCH; ) (P, M, )3 (1Ns)
(watchev do P{Q}, M, E)} (s[a]?(p,x).P, M U{s[p] : €}, E)}
(RESTRS) _(PM Bt (N?) qell
NS (vs)(P,M, E)} i ® (s[a]?(p,z).P, M U {s[p] : (v,I1)}, E)%
(xecy) (P{V/z}{(pause.rec X(I).P)/X} M,E)f &l% (concy) c=c
° ((rec X(Z).P)(é), M, E)f ° Ct
Figure 10.7: Suspension Predicate.
R if P = pause. R
(Rl | Qs ftP=R|Q
[P}Edéf Q if P =watchevdo R{Q},ev € Eand R#0
watchevdo [R]g{Q} if P =watchevdo R{Q},ev ¢ F
P otherwise

Figure 10.8: Reconditioning Function.

(vs){(P,M, E)}
(vs)(P,M,E) <p (vs)([Plz, M",0)

(TICK)

Figure 10.9: Tick transition.

reader set 1I of the message. If q can read the message, then its value is substituted
for the bound variable in the continuation process P, and the name q is added to the
reader set II.

Rule [Rec] inserts a pause before each recursive call, as usual in SRP, in order to
allow at most one loop iteration at each instant and thus prevent the phenomenon
known as instantaneous loop or instantaneous divergence [TS05]. Although parameter-
ized recursion is used in our examples, for the sake of simplicity we will focus on
unparameterized recursion in the rest of the chapter. Including parameters would
have no impact on our results, but it would be tedious to carry them throughout our
technical development.

The evaluation contexts £ used in Rule [Cont] are defined by:

Ex=[]|E|P | P|E | watchevdo&{Q}

Note that the watch construct behaves as a static context as far as the reduction re-
lation is concerned: the body of a watch process is executed up to the end of the
instant, disregarding the event ev (which is relevant only for the relation — g across
instants).

To define the tick transition relation — g, we require two additional notions: the
suspension predicate and the reconditioning function.
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The suspension predicate (P, M, E)f (cf. Fig. 10.7) holds when all non-terminated
components of P are in one of the following situations:

e wanting to release the control explicitly via a pause. @) instruction;

e wanting to send a message after having already sent a message during the in-
stant;

e awaiting a message from a participant who has not sent anything during the
instant;

e awaiting a second message from the same participant during the same instant.

The reconditioning function (Fig. 10.8) “cleans-up” a process P and prepares it for
the next instant: it erases all guarding pauses from pause. ) processes, and triggers
the alternative behavior @ of all the processes watch ev do P{Q} whose controlling
event ev has been emitted.

The tick relation — g applies only to suspended configurations: it formalizes the
passage of (logical) time and delimits the duration of broadcast by clearing out the
memory and the event environment at the end of each instant. Formally, this relation
is specified by the rule in Fig. 10.9, where [P]g is the reconditioning of P with respect
to E.

As usual, we use —* for the reflexive and transitive closure of —. We write ~»
to denote either — or — g, and ~* to stand for the reflexive and transitive closure
of ~.

The following definition of reachability characterizes the configurations that may
occur in the execution of a single session.

Definition 10.4 (Reachable Configuration). A configuration C is reachable if there
exists an initial configuration Cj such that Cy ~* C.

Proposition 10.5. If C' is a reachable configuration that is not initial, then
C = (vs)(P,M,E)

and there exist an initial configuration Cy = (Py, Mo, Eo) and P;, M, E; fori =1,...,n
such that Cy ~ (vs)(P1, M1, E1) ~ -+~ (vs)(Py, My, E,) = (vs)(P, M, E).

From now on we will focus only on reachable configurations, without explicitly
mentioning it.

10.3.3 Reactivity

In this section, we prove that single sessions are reactive in our calculus, namely
that every instant in their execution terminates. The single-session assumption is
required, as it is well-known that interleaved sessions are subject to deadlock, and
the possibility of deadlock would impair reactivity. On the other hand, it would be
easy to extend our reactivity result to a pool of disjoint sessions evolving in parallel.

We now introduce some preliminary notation. First, we define the multi-step tran-
sition relation C' = (', together with its decorated variant C'=-,, C’ that keeps track
of the number of execution steps between two configurations within an instant.
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Definition 10.6 (Multi-Step Transition Relation). The decorated multi-step transition
relation C' =, C" is defined by:

C=yC (C— C'"NC'=,C") = C=,10"

Then the multi-step transition relation C = C' is given by:

C=cCif In.C=,C

Next, we define the notion of instantaneous convergence, which formalizes the
fact that a configuration may reach a state of termination or suspension in the current
instant.

Definition 10.7 (Instantaneous Convergence). The immediate convergence predicate
is defined by:
if (P,M,E)f vV (P=0)

(vs)(P,M,E)} if (P,M,E)}

Then the instantaneous convergence relation and predicate are given by:
clc'if C=C" ANC'E cl if 3¢".Ccyc’
The annotated variants |},, may be defined in the obvious way:

cl,C if C=,C" AC'E cl, if 3¢".Cl,C’

By abuse of notation, if 0 = Cy — --- — C,, is a computation of Cj and C, 3,, we

shall say that the computation o converges (or converges to C,).

We proceed now to prove reactivity. In fact, we shall prove a stronger property,
bounded reactivity, which says that every configuration (P, M, E) instantaneously con-
verges in a number of steps that is bounded by the instantaneous size of process P in
memory M, denoted sizeys (P). Intuitively, sizeps (P) is an upper bound for the number
of steps that P can execute during the first instant when run in memory M. Therefore,
the idea for defining size);(P) is that it should not take into account the portion of
P that follows a pause instruction (a “syntactic pause”). Moreover, size; (P) should
span at most one iteration of recursive subprocesses, and ignore the alternative be-
havior in watching subprocesses. Finally, in order to account for implicit pauses (or
“semantic pauses”), size s (P) should stop counting when it meets an output on chan-
nel ¢, respectively an input on channel ¢ from participant p, in both process P and
memory M.

Let M denote the set of memories.

Definition 10.8 (Communications and Fired Channels). For any memory M € M,
we define:

Fired(M) = {(s,p)|3v,IL s[p]: (v,1I) € M}
Comm(M) = {(s,p,q)|3v,IL(s[p]: (v,II) e M AN qell)}
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The above functions allow us to extract useful information from the memory:
Fired(-) identifies the participants that have sent a message in the current instant,
and Comm(-) yields the pairs of participants that have successfully communicated
in the current instant.

Definition 10.9 (Instantaneous Size). The partial function size : (P x M) — Nat is
defined inductively by:

sizepr(0) «f sizepr (X) f sizeps(pause. P) e sizepr(a[n)) '
sizeps (emit ev. P) L+ sizeps (P)
sizey(alp](a).P) € 1+ sizeyy0 (P{slp]/a}), for any s
0, if (s,p) € Fired(M)
sizep (s[p]!(e).P) =1 + sizep (P), where if sjp]:e €M
M' = M{s[p] — (val(e),D)}
if slp]:ee M

0, or (s,p,q) € Comm(M)

sizexs (s[a]?(p, ). P) = 1+ sizeps (P{v/x}),where if s[p]:(v,I)eM A q ¢ 1I
M' = M{s[p] = (v,ITUq)}

) déf

sizepr(if e then Pj else Py 1 + max{sizep (Py), sizeps (P2)}

(
sizepr (Py | Py) def sizepr (Py) + sizeps (Pz)
sizeys(rec X . P) < sizey (P)
sizeps (watch ev do P{Q}) wf sizeps (P)

As mentioned previously, the function size,s (P) yields a bound for the number of
steps that a configuration (P, M, E/) may execute before reaching a state of suspension
or termination. Note that the set of events F is irrelevant for this measure. Indeed,
in our calculus (unlike in other SRP languages), the set of events only plays a role at
the end of instants, and does not affect the reduction relation.

Definition 10.10 (Configuration Instantaneous Size). Function size;;(P) induces a
function Size(C') on configurations, defined by:

Size((P, M, E)) < sizey (P) Size((vs)C) & Size(C)

Although partial (because sizey;(P) is partial), the function Size(C') is always de-
fined for reachable configurations C, as established by the following lemma:

Lemma 10.11. Let C be a reachable configuration. Then Size(C) is defined.

Proof. We distinguish two cases, depending on whether C is initial or reachable in at
least one step.

(1) Let C = (P,0,0) where P = a[l](a1).Py | ... | a[n](ay,). P, | @[n]. Then it is im-
mediate to see that Size((P,0),0)) = sizey(P) is defined.
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(2) Let C = (vs)(P, M, E).There are only two possible cases where size);(P) may
not be defined, namely the I/O cases P = s[p|l{e).Q and P = s[q¢]?(p,x).Q,
when s[p] ¢ dom(M). However, this cannot happen, since C'is derived from an
initial configuration

Co = (a[lJ(ar)-Pr | .. | aln)(an).Pp | aln], 0,0)
whose first reduction is necessarily of the form:
Co — (ws)(Pi{sWar} | ... | P{s[/a,}, M2 0) = Oy

By definition s[i] € dom(Mj,) for each ¢ = 1,...,n. Then we may conclude,
since €1 —* C'is deduced using rules different from [IniT] and all these rules
preserve dom(Mj).

O

In the forthcoming proofs, we shall also use the following property:

Property 10.12. For any process P and memory M:
sizeps(rec X . P) = sizey (P{(pause.rec X . P)/x1)

Proof. Easy consequence of Def. 10.9, since sizey;(rec X . P) = sizej;(P) and for any
process (), we have sizeys(pause. Q) = 0 = sizep (X). O

Before proving reactivity we will present some auxiliary results. We first prove
that size); (P) decreases at each step of execution during an instant:

Lemma 10.13 (Size Reduction During Instantaneous Execution). Let C be a reach-
able configuration. Then:

C — C" = Size(C) > Size(C")

Proof. We distinguish two cases, depending on whether C is an initial configuration
or not.

(1) LetC = (P,M,E). ThenC — C’" = (vs)(P’, M', E') is deduced by Rule [Inrr].
Here:
C = (a[l)(a1).Py | ... | a[n](an). Py | aln], @, 0)
and C" = (vs)(Pi{slW/au} | ... | Pu{5[")/a,}, M2, (). Then we may conclude,
since sizerr (P) = Yo, sizear(ali](ai).Py) = n + Y00 sizepo (Pi{sli]/ai}) =
n + sizepgo (P') > sizeypo (P). ‘

(2) Let C = (vs)(P, M, E). In this case we have (vs)(P, M, E) — (vs){(P',M', E’)
if and only (P, M, E) — (P', M’', E’), and thus it is enough to prove the fol-
lowing statement:

If (vs)(P, M, E) isreachable then (P, M, E) — (P', M’, E') implies size; (P) >
SiZE]y[/ (PI)

To prove this statement we proceed by induction on the inference of the tran-
sition (P, M, E) — (P’,M', E’), and case analysis on the last rule used in the
inference. For details see App. F.1.
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O

We define now a specific notion of guardedness for recursive processes, which
will be used in the proofs of the next two lemmas. In the sequel, a recursive process
will often be referred to as “recursive call” or simply “call”. A recursive call that is
guarded by a pause statement is said to be pause-guarded. Formally:

Definition 10.14 (Pause-Guardedness of Recursive Calls). A recursivecallrecX .
is pause-guarded in process P if it appears within some subprocess pause. P’ of P. It
is called pause-unguarded in P otherwise.

The following lemma establishes that every reachable configuration (P, M, E) im-
mediately converges if and only if its size is equal to 0.

Lemma 10.15 (Immediate Convergence of 0-size Configurations). Let C be a reach-
able configuration. Then

(Size(C) =0) & C1

Proof. Note that C cannot be an initial configuration, since in this case we would have
Size(C') > 0. Hence C' = (vs)(P, M, E). Since

Size((vs)(P, M, E)) = Size((P, M, E)) = sizep(P)

and (vs)(P,M,E)} <« (P,M,E)}%, itis enough to prove the statement for C' =

(P, M, E). We prove each side of the biconditional in turn. For details see App. E.1.
O

There are two reasons why reactivity could fail in our calculus: 1) a process that
loops forever during an instant - what is generally called an instantaneous loop in
SRP [TSO05]; 2) a deadlock due to a mismatch between a participant and the mem-
ory: this happens when a participant p in a session s wants to broadcast a message
while the output buffer s[p] : m is not in the memory, or to receive a message from
participant q while the output buffer s[q] : m is not in the memory. Our semantic
rule for recursion is designed to prevent instantaneous loops, and will be the key
for proving Reactivity (Theorem 10.18). The absence of mismatches between partic-
ipants and the memory is guaranteed by the reachability assumption. The following
lemma establishes that reachable configurations are deadlock-free.

Lemma 10.16 (Deadlock freedom). Let C' be a reachable configuration. Then
either C't or 3C".C — ('

Proof. We distinguish two cases, depending on whether C is an initial configuration
or not.

(1) Let C = (P, M, E) be an initial configuration. Then there is a reduction C' —
C’ with C" = (vs)(P’',M', E') deduced by Rule [InrT].

(2) LetC = (vs)(P, M, E). Then C reduces if and only if (P, M, E) reduces and C }
ifand only if (P, M, E) i. Hence it is enough to prove the property for (P, M, E).
We proceed by induction on the structure of P. Note that the reachability as-

sumption rules out the cases P = X, P = a[n| and P = a[p](«).Q. For details
see App. F.1.
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O

We are now ready to prove two (increasingly strong) reactivity results for reach-
able configurations:

(1) Standard reactivity, which amounts to the convergence of all computations of C
within an instant.

(2) Bounded reactivity, which gives a bound for the number of steps of such con-
verging computations.

Theorem 10.17 (Reactivity). Let C' be a reachable configuration. Then C' ).

Proof. Every sequence of consecutive reductions from a configuration C' must be fi-
nite, given that Size(C') is defined by Lem. 10.11, and it strictly decreases along execu-
tion by Lem. 10.13. Moreover, no derivative of C may be deadlocked, by Lem. 10.16.
Hence the size of the configuration eventually becomes 0 Lem. 10.15. O

We proceed now to prove bounded reactivity, namely that every reachable config-
uration C instantaneously converges in a number of steps that is bounded by Size(C).

Theorem 10.18 (Bounded Reactivity). Let C' be a reachable configuration. Then
dn < Size(C). C Iy

Proof. We distinguish two cases, depending on whether C is an initial configuration
or not. For details see App. F.1. O

10.4 Types for MRS

In this section we present the session type system for MRS. We show that typability
implies the classical properties of session calculi, namely the absence of communi-
cation errors (communication safety) and the conformance to the session protocol
(session fidelity). Furthermore, our type system enforces the following properties,
which are specific to our synchronous reactive setting and will be discussed in more
detail later:

P1. Output persistence: Every participant broadcasts exactly one message during
every time instant.

P2. Input timeliness: Every unguarded input is matched by an output during the
current instant, if not preceded by another input with equal source and target,
or during the next instant, if not preempted.

10.4.1 Global and Local Types

Our calculus allows multiparty communication [HYC08, CDPY15]. Hence, typing
relies on global types to describe communication protocols and on local types to de-
scribe the contributions of protocol participants.
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Sorts S == bool|int| ...

Global types G == pPSI).G communication
pause.GG explicit pause
tick.G implicit pause
watch ev do G else G global watch
t recursive variable
w.G recursion
end end

Local Types T == 18T send
?(p, S).T receive
pause.T’ explicit pause
tick.T implicit pause
(T, T")e" local watch
ut. T recursion
t recursive variable
end end

Message Types ¢ == void | (S,II)

Figure 10.10: Sorts, Global types, Local types and Message types.

Our type syntax, given in Fig. 10.10, uses sorts, ranged over by S,5’, ..., global
types ranged over by G, G’, ..., local types, ranged over by 7', 7", ..., and type vari-
ables, ranged over by t,t’, .. .. Sorts denote basic types such as int and bool and type
variables are used when defining recursive types. We recall that participants are de-
noted by p, q, ... or by natural numbers. Similarly, sets of participants are denoted by
ILII". A peculiarity of our type system is that for every sort S we assume a default
value dg, representative of the particular basic type .S. We present the syntax of both
global and local types below.

Global types:

- Type p 1 (S,1I).G represents a participant p broadcasting a message of sort S,
with participants in II as intended receivers; subsequently, the interaction con-
tinues as specified by G. As a well-formedness condition for the type above, we
require p ¢ 11.

- Type pause.G stipulates that all participants should jointly move to the next
time instant in order to execute protocol G.

- Type tick.G represents an implicit pause arise from the semantics of processes.
In a sense, it can be said that tick is “runtime” type, which is added dynami-
cally by the saturation function that will be presented in Fig. 10.11.
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- Type watch ev do G else G’ represents a protocol which has an alternative be-
havior. Intuitively, protocol G is executed until the end of the current instant;
then, if event ev has been emitted, the governing protocol at the next instant
will be G/, otherwise it will be the continuation of G. Note that if G’ becomes
the governing protocol, protocol G is pre-empted.

- Type end represents the terminated protocol.

Local types:

- The send type !S.T indicates the broadcast of a value of sort .S, followed by the
behavior described by T'.

- The receive type ?(p, S).T" describes the reception of a value of sort S sent by
participant p, followed by the behavior described by T'.

- The pause type pause.T" signals the change of time instant, followed by the be-
havior described by 7'.

- Type tick.T corresponds to the projection of global ticks.

- The local watch type (T, T')¢ is meant to be assigned to a participant that be-
haves as specified by type 7" until the end of instant; then, if event ev has ap-
peared, it will behave according to type T”, otherwise according to the contin-
uation of 7.

We assume recursive types ut.G and ut. T to be contractive (i.e., type variables only
appear under the prefixes). Furthermore, as we have done in previous sections, we
take an equi-recursive view of types, meaning that we do not distinguish between
pt.G (resp. put.T) and its unfolding G{#t-G/t} (resp. T{#-T/t}). As a consequence,
we never consider types of the form ut.T" in typing rules. Indeed, whenever we
find a type pt.7" in a typing rule, we pick another type equal to it (i.e., its unfold-
ing T{#t-T/t}) [Pie02].

Example 10.19. We now present some examples of global and local types that can be
written using the syntax in Fig. 10.10. Assume participants p, q, r:

p1(S,{a,r}).pause.rt(S,{p,q}).end pause.r (S, {p,q}).end
pt.or (S, {p,q}).t pt.pause.t
15.7(p, S").end ARARIR:
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Sr(pT(S,II).G", P)=p1 (S, 11).S= (G, P U {p}) ifpg P
Sr(p1(S,).G",P) =pi1,n} T(S, 0).tick. if p € Pand
pT<57H>-SPart(G')(G/7{p}) R\P:{p17-",p'rL}
Swr(pause.G', P)=pq1,n} T(S, 0).pause.Spacry (G, D) with R\ P={p1,...,pn}
Sr(tick.G', P)=pq1,n} T(S, 0).pause.Spac) (G, 0) with R\ P={p1,...,pn}

Sr(end,P)=pq1,n} T(S,0).end with R\ P={p1,...,pn}

Swr(watch ev do G’ else G, P) = swatch ev do S (G', P)
else Spari(c) (G”, 0)

SR (/,LtG/, @) :[Lt Spart(cl) (G,7 (Z))
SR(Mt.G/, P) :D{Ln} T(S, @).tick.p,t. Spart<G/)(Gl7 @) With R \ 'P:{pl, ey pn}

Sr(t, P)=p(1,n} T(S,0).pause.t with R\ P={p1,...,pn}

Figure 10.11: Saturation of global types.

10.4.2 Projection and Saturation

As usual in multiparty session calculi, global and local types are related by the no-
tion of projection. Intuitively, the projection of a global type G onto its participants
generates the local types for every participant using the information given by G.

In our reactive setting, however, projection requires a pre-processing phase in
which the global type is modified by adding the necessary implicit pauses. As hinted
before, tick represents implicit pauses, which are induced by the semantics, rather
than by a pause explicitly written in the protocol specification. This pre-processing
phase is called saturation and besides adding the necessary implicit pauses, it adds
outputs that may be missing to ensure output persistence.

Before formally introducing saturation and projection, we define some auxiliary
notation. We write Part(G) to represent the set of participants declared in G. We also
find it useful to write pyy 3 (S5, II).G to abbreviate the global type p; 1 (S, II). - - .p, T
(S,1I).G, describing n consecutive broadcasts of messages of the same sort S from
each of the participants py, ..., py, to the set of participants in II. Moreover, whenever
n =0, pg1,n3 T(S, I).G denotes the global type G.

We now introduce saturation (cf. Fig. 10.11) and projection (cf. Fig. 10.12). As
hinted above, the saturation function makes the global type reflect precisely the slic-
ing into instants of the protocol’s behavior. Intuitively, a global type is saturated as
follows: first, the saturation function identifies the correct instant slicing in the pro-
tocol adding the necessary tick. Next, the function saturates the global type with
outputs, guaranteeing that in each instant all participants broadcast a message (even
if it is not received by anyone). Formally, the function Sz (G, P), takes a global type
G, the set of currently active participants, written R, and a set that collects the partic-
ipants of R that have already sent a message in the current instant, denoted P C R.

Our type system will then require saturated projections, which simply stand for the
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1S.(G' T a) ifg=p
(PT(S,I).G") [ a={?(p,5).(G'q) ifqell
G'lq otherwise.
end if g ¢ Part(G") A no type variable t occurs in G

pause.(G'| q) otherwise.

(pause.G") | q = {

end if g ¢ Part(G") A no type variable t occurs in G’
tick.(G' q) otherwise

(tick.G") | q= {

(watch ev do G else G2) | = (G1]q,G2] a)*”

wut.(G' 1 q) if gorany type variable t' occur in G’
end otherwise

(ut.G") | a= {

tfg=t end|qg=end

Figure 10.12: Projection of global types onto participants.

projection of the saturated global type. Intuitively, the saturated projection of G onto
q, denoted G| , yields a local type representing q’s involvement in the protocol de-
scribed by G. It is obtained in two steps: first, G is saturated as described in Fig. 10.11;
then the resulting global type is projected onto q as described in Fig. 10.12:

GL a= (SPart(G) (Ga @) f q) (101)

To illustrate our definitions of projection and saturation, let us look back at the
auction example of § 10.2.

Example 10.20 (Types for the Auction Process). Recall that the set of participants
of the Auction process is {A,B1,...,B,}, where A represents the Auctioneer and B; the
process Bidder; (1 < i <n). The global type G is as follows:

G =watch bis do ut.By 1 (int, {A}). - -+ .B, 1 (int, {A}).A1(int, {By,...,B,}).t
else AT (int, {By,...,B,}).By T (string, @). - -- . B, 1 (string, #).end
Then, the saturated global type G = S(G, 0) is built according to Fig. 10.11, as follows:
S(G,0) =watch bis do ut.By 1 (int, {A}). --- .B, 1 (int, {A}).AT (int, {B1,...,B,}).pause.t
else At (int, {By,...,B,}).By T (string, @). - -- . B, 1 (string, )).end

The only difference with respect to G is the addition of a pause before the recursion
variable t. Finally, the saturated projections of G (i.e., the projections of G) onto par-
ticipants are as follow:

G| = (ut1.7(By,int). --- .2(B,, int).lint.pause.ty, lint.end)"
G| s, = (ut2.lint.?(A, int).pause.ty, 7(A, int).Istring.end) "
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10.4.3 Type System

Typing judgments for our type system rely on three kinds of typing environments:
standard environments given by I', 1", session environments ranged over by A, A’, and
message environments denoted by ©. Standard environments, map variables to sort
types, service names to global types, and process variables to local types. Formally:

Fe=0|l,z:S|T,a:G|,X:T

We write I', z : S only if # does not occur in dom(T'), where dom(T') denotes the
domain of I', i.e., the set of identifiers occurring in I'. We adopt the same convention
forTa:Gand ', X : T.

Session environments assign local types to channels occurring in processes, while
message environments, assign message types (cf. Fig. 10.10) to channels occurring
in memories. More specifically, a message environment assigns to a channel ¢ in the
memory the type ) of the message carried by ¢, namely the type void if no message
has been sent on ¢, and the type (S, II) if a message of type S has been sent on ¢ and
has been read by the participants in II.

The syntax of message types ¥ is given in Fig. 10.10. Then, session and message
environments are formally defined by the following grammars:

Au=0|Ac:T 0:=0|6,c:9

For A,c: T and O, ¢ : ¥ we use the same conventions as for I', meaning that a session
environment A, ¢ : T' (resp. a message environment O, ¢ : ) is only well-defined if
¢ & dom(A) (rep. ¢ ¢ dom(©)). Thus, a session environment A, A, is only well-
defined if dom (A1) N dom(Asy) = 0.

Following the same notation introduced for memories, we write ©” to represent
the message environment obtained from © by turning all message types to void.
Intuitively, if © types memory M then e types memory M 0 Formally, O =,
Ucedom(e)ic : void}.

Below, we give two auxiliary definitions. The first one introduces notations for re-
ferring to session environments that contain only ended behaviors and environments
that contains at least one “live” behavior. The second one defines a way to extract the
“active” participants in the current instant from the memory M and memory envi-
ronment ©.

Definition 10.21 (Live and Terminated Session Environments). A session environ-
ment A is said to be live if ¢ : T' € A implies T' # end, and terminated if ¢ : T € A
implies T = end. Any session environment A may be partitioned in two session
environments A!"¢ and A°"? defined by:

def

Alive
Aend

def

{c:TeA|T#endAT # (end, T)"}
{c:TeA|T=endVT=(end, T)"}

Definition 10.22 (Visible Domain of Memories and Message Environments).
The visible domain of memories and message environments is defined by:

vdom(M) = {c|lc:me M AN m+#¢e}
vdom(©) = {c|c:9 €O AV #void}
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|Service] T a:GrFa:G |[ProcVar| I''X:THX:ST

Figure 10.13: Typing rules for services and process variables.

|[BooLVaL| Tk tt, ff:bool [INTVAL] T'F1,2,...:int |DVaL] I'Fds:S
|AND| |Sum|
| Vag| . . . .
I'Feg:bool T'keg:bool T'kFep:int I'Fes:int
Fax:SFz: S -
'+ e; and ez : bool I'ke; +es:int

Figure 10.14: Typing rules for expressions.

oM F'v:S8
[VooMsc| I' F ¢ : e > ¢ : void [FuuMse) F'kc:(v,II)>e: (S1)

'-M>rO I'kFc:mpc:?
'EMU{c:m}>0,{c: 9}

MEerGeM
|EmMpryMEM| T’ FO>0 | MERGEMEM |

Figure 10.15: Typing rules for memories.

Our type system uses three kinds of type judgments. The first one, used for typing
expressions, is defined by the rules in Fig. 10.14 and has the form:

I'ke: S

where I represents a standard environment, e and expression and S a sort. The sec-
ond one, used for typing memories, is defined by the rules in Fig. 10.15 and has the
form:

'EM»0

where O is a message environment associating a message type with each channel in
M. Finally, the third kind of judgment is used for typing configurations and has the
form:

I'-Cr(Ao©)

where (A¢©) is called a configuration environment. The reason for using configuration
environments is because the state of the memory directly impact the behavior of the
process. Thus, it becomes necessary for types to have knowledge about the memory
at every point of the typing derivation.

Intuitively, if T' - (P, M, E) > (A ¢ ©), then A is a session environment typing the
channels of P in memory M, and © is a message environment typing the messages
of M.

Before presenting the typing rules for configurations, we introduce some auxiliary
notions and results. We say that a local type is output granting if the first pause in it
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(if any) is preceded by an output.

Definition 10.23 (Output-Granting Type). A local type T is output-granting if it sat-
isfies the predicate OG(T") defined by:

tt if T =151
0G(T) £ L 0G(T") T =(p,S).T'V T = (T",T")* v T = pt.T'
ff otherwise

The predicate is extended to session environments by letting OG(A) if OG(T') for all
cTin A.

We can then show that local types that come from the projection of a saturated
global type are output granting.

Lemma 10.24 (Correctness of Saturation with Respect to OG(T)). Let G be a global
type such that |Part(G)| > 2, p be a participant, and P be a set of participants such that
(1) P C Part(G), and (2) Part(G) \ P # 0. Then, OG(Spa(c)(G,P) | p) holds for every
p € Part(G) \ P.

Proof. By induction on the structure of G. The base cases are G = end and G = t,
which are vacuously true since |Part(end)| = |Part(t)| = 0. For the inductive step we
assume that the property holds for a global type G’ and prove the statement for every
type that contains G’ as a sub-expression. There are 5 inductive cases. For details see
App. F2. O

Corollary 10.25 (Projection Implies OG(+)). For any global type G such that Part(G) >
2 and any participant p € Part(G), OG(G| p) holds.

Proof. The proof follows from Lem. 10.24. Notice that in this case P = (), hence
Part(G) \ P = Part(G).
O

Next, we define the pair composition of session types, which intuitively generates
end or (T1,T»)°", depending on the value of T7.

Definition 10.26. The pair composition of session types 11 and 75 under event ev, writ-
ten T *¢, T, is defined by:

T % T def Tl Zf T1 = end
ren 2 (Ty,T2)Y  otherwise.

Abusing notation, we extend this definition to session environments by writing A+,
As.

Given that our typing rules are defined over session environments and that our
semantics induce suspension points for all processes in parallel inside a configura-
tion, we define functions pause(-) and tick(-) to extract all the suspended sessions of
a session environment.
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Definition 10.27. Given a session environment A, we write pause(A) to denote the
environment defined as pause(A) ef {c:pause.T | ¢c: T € A}. Analogously tick(A)
denotes the environment defined as tick(A) ef {c:tickT|c:T € A}.

We next introduce generalized types for session channels occurring in configu-
rations. Note that in a configuration, channels may occur on the process side, on
the memory side, or on both sides. Since our semantics allows at most one message
to be sent on each channel during an instant, both our message types and our gen-
eralized types are simpler than those of standard asynchronous multiparty session
calculi [CDPY15]. In particular, in our calculus the syntax of generalized types coin-
cides with that of local types.

Definition 10.28 (Generalized Types). A generalized type T is a local type T or a
send type (extracted from a message type ) followed by a local type 7. Moreover, let
(A0©) be a configuration environment and s[p] € dom({Ac©)). Then the generalized
type of s[p] in (A ¢ ©) is given by:

T if s[p]: T € A A s[p] & vdom(O)
o |1sr if s[p] : (S,II) € © A
(A0 ©) (slp]) (o] : T € AV (slp] & dom(A) A T = end))
end if s[p] & dom(A) A slp] : void € dom(O)

undefined otherwise.

The generalized type (A ¢ O)(s[p]) represents the usage of channel s[p] in the con-
figuration environment (A¢©): itis the concatenation of the send type extracted from
the message sent by p in the current instant, if any, with the local type describing the
remaining behavior of p.

Example 10.29 (Generalized Types). We present examples of generalized types be-

low:
Let A =s[l]:end and © = (. Then (A ¢ ©)(s[1]) = end.

Let A= and © = s[1] : void. Then (A ¢ ©)(s[1]) = end.
Let A =s[1]:end and © = s[1] : void. Then (A ¢ ©)(s[1]) = end.
Let A =s[1]:!S.end and © = s[1] : void. Then (A ¢ ©)(s[1]) =!S.end.
Let A =3[1]:end and O = s[1] : (S,II). Then (A ¢ O)(s[1]) =!S.end.
Let A = s[1]:IS.end and © = s[1]: (S’,1I). Then (A ¢ ©)(s[1]) =!15".1S.end.
A

Generalized types may be projected on participants (notation 7 | q ), as described
in Fig. 10.16. These projections are anonymous local types (local types where sender
names are omitted), defined as follows:

7u=end |IS.7 |7S.7 | pause.r | tick.t | (7,7")¢ | ptr |t

Intuitively, the projection of the generalized type (A ¢ ©)(s[p]) on g, namely (A o
©)(s[p]) | q, describes the part of p’s contribution to (A ¢ ©) that concerns q.

We may now define a duality relation < between projections of generalized types.
Informally, duality holds when the inputs offered by one side are matched by the
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?8.(TTa) ifq=np,
T q otherwise.

(ST 1aE1s.(TTa) (.S 1aE {

(pause.T) | q &f pause.(T'| q) (tick.T) | q % tick. (T'Tq)
(T, 1)) ta = (Tifa, Ta | o)

def | pt(T'] a) if goccursin T V any type variable t' occurs on T
(utT)[a=
end otherwise
t[qdeft end[ngend

Figure 10.16: Projection of generalized types on participants.

outputs offered by the other side. The requirement is weaker in the other direction,
since outputs do not need to be matched by inputs in a broadcast setting (the actual
receivers may range from none to all participants except the sender). Hence, two
types may be dual although not completely symmetric. In this respect, we depart
from standard session calculi, where the requirement is symmetric for inputs and
outputs. Dual types are expected to have matching explicit and implicit pauses, as
well as matching watching statements, whose types are required to be pairwise dual.

Definition 10.30. The duality relation between projections of generalized types is the
minimal symmetric relation which satisfies:

end 1 end tat 7T = ptr<optr’ a7 = 1S 787
<7 = ISt 717" = pause.T i pause.T’
717 = tick.r > tick.r’
(end, T)¢¥ < end Ty and T X Ty = (71, 72)¢ D (T3, T4) Y

end <17 = end X pause.T end>17 = end i tick.m

Notice that terminated types may be dual to non terminated ones, due to the
clause T' <t T = 15.7 > T" and to the last two clauses of the definition. However,
such non terminated types can only be sequences of send types or explicit/implicit
pauses followed by send types, as for instance in end 1 pause.!S.!S".end.

Example 10.31 (Dual Projections of Generalized Types). We present some exam-
ples of dual generalized types:

(1) Let A = s[1] :1S.end, s[2] :?(1, S).end and © = s[1] : void, 3[2] void.
Then (Ao ©)(s[1])[ 2 =!S.end > ?S.end=(Ac©O)(s[2])[1

(2) Let A = s[1] : end, s[2] :?(1,S5).end and © = s[1] : (S, 0), s[2] : void.
Then (A ¢ ©)(s[1]) [ 2 =!S.end > ?S.end = (Ao BO)(s[2])[ 1

(3) Let A = s[1] : end, s[2] :7(1, S).end and © = s[1] : (S,{2}), s[2] : void.
Then (A ¢ ©)(s[1])[ 2 =!S.end > ?S.end = (Ao BO)(s[2])[ 1
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(4) Let A = s[1] :!S.end, s[2] :7(1,5).15". end and © = s[1] : void, s[2] : void.
Then (A ¢ ©)(s[1])[ 2 =1!S.end 1 7515 .end=(AcO)(s[2])[1
Note that here the mutual projections are dual although not symmetric.
(5) Let
A = s[1]:pause.!S;. end, s[2]: pause.?(1, S1).7(3, S5).155. end,
s[3] :7(1,S1).pause.!S5. end

and © = s[1] : (51, {2}), s[2] : (S2,0), s[3] : (S5,0). Then:

(A0 ©)(s[1]) | 2 =!S5;.pause.lS;.end
(A0©)(s[2]) 1 =!55. pause.?S7.155. end
(A0 ©)(s[1])| 3 =!5;.pause.lS;.end
(Ao BO)(s[3]) [ 1 =155.75] .pause.lS5. end
(A 0©)(s[2]) | 3 =!52.pause.?S5.155. end
(A0 ©)(s[3]) | 2 =!S53.pause.lS5. end

A

We are now ready to define coherence of configuration environments. Besides the
usual compatibility condition between the types of participants, our notion of coher-
ence also requires output persistence:

Definition 10.32 (Coherence). A configuration environment (A<©) is coherent, writ-
ten Co (A © ©), if:

1. For any s[p] € dom({A o ©)), if s[p] ¢ vdom(©) then s[p] : T € A® implies
0G(T);

2. For any p, q, if s[p] € dom(A) U vdom(©) and s[q] € dom(A) U vdom(©) then:
(Ao®)(s[p])[a ba (AeO)(s[a]) [ p

In Def. 10.32, Condition 2. is the standard duality requirement for any pair of
present participants in (A ¢©) (i.e., participants whose session channel in s has some
type in A or a non-void message type in ©): it essentially requires that p and g make
dual communications offers to each other. Note that any configuration environment
whose domain is a singleton {s[p]} trivially satisfies this condition. Condition 1. is
specific to our calculus and is meant to ensure output persistence: it says that if a
participant has not yet sent a message in the current instant, then it better do so before
the next suspension point is reached. The fact that the type of p is saturated, with all
suspension points represented by explicit pauses, plays an essential role here.

It is easy to see that the first three configuration environments in Ex. 10.31 are not
coherent, because they violate Condition 1. (while they satisfy Condition 2.). On the
other hand, the last two configuration environments are coherent.

We prove now that any two projections of the same global type have dual mutual
projections:

Lemma 10.33. If (Sx(G,P)Ip)larm< (Sr(G,P)la)lp, P C P, Part(G) C R C R/,
P CRand P' C R then (Sg/(G,P")[ p) | a)l
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Proof. By induction on the structure of GG. There are two base cases and five inductive
cases. For details see App. F.2. O

Proposition 10.34. Let G be a global type and p # q. Then (G| ) [ ap< (G| q) | p.

Proof. By induction on G. For details see App. F.2. O

We are now finally ready to introduce the typing rules for configurations. First of
all, we mention that our type system admits the following weakening and contraction
rules:

I'FCr(AoO) I'FCr(A,c:endo©)
| ConTR]
I'FCp>(A,c:endo©) 'ECr(Ac©)

| WEAK]

These structural rules will allow us to add and remove fresh channels with empty
behaviors in the session environment. They are included to allow simplifications on
some of the typing rules in Fig. 10.17 and Fig. 10.18, which we briefly describe below:

- Rule |[RVar| types a process variable inside a configuration. It asks that envi-
ronment I' contains the required process variable and that the current memory
is typable.

- Rule |INacT] types a terminated configuration with any session environment
containing only elements of the form ¢ : end or ¢ : (end,T)¢¥ (condition A =
Aend)'

- Rules [MInrir| and |[MAcc| require the standard environment to associate a
global type G with the service identifier a. Moreover, the last premise of Rule
[MAcc| guarantees that the type of p’s channel in P is obtained as the p-th
saturated projection of G.

- Rule [Conc| types the parallel composition of two processes with a given mem-
ory and set of events, provided both components are typable with such memory
and set of events and the obtained session environments have disjoint domains.

- Rule |CREes| types a restricted configuration with the empty configuration en-
vironment provided the session environment of its body is coherent. This is the
only typing rule that requires coherence.

- Rule |Emrr| has no effect on types, as event emission only affects the commu-
nication behavior via the watching construct, and the event set is not typed.

- Rule |Pause| types a paused configuration, checking that the reconditioned
configuration is well-typed, and requiring that the reconditioned session en-
vironment is output-granting. The latter condition will be required in all rules
for suspended configurations.

- Rule |Rec]| types recursion, requiring each call to be isolated in its own time
instant. To this end, the type declaration X : pause.T"is added to I'.
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. I'X:pauseT T'HM>O . A=A THM>0O
RV X ML B o (c pause T00) M T (0.0, By o (A 0 ©)
[MInir | [MAcc|
Tka>G |Part(G)=n TrasG TF(P{slp]/a}, M?,0)> (s]p] : G| ,© O
F (@ln], 0,0) > (0 o 0) T F (alp](a).P,0,0) > (0o 0)
c IH(P,M,E)>{(A;00),i=1,2 CR F'FCr(Ac®) Co(AcOB)
N P [ Py, ML E) o (A, g 0 ©) eS| T+ (vs)C > (Do )
|Emit | | PausE|
' (P,M,EUev)>(Ao®) TFM>O I'F(P M 0)>(c:To0% 0OG(T)
'k (emitev. P, M, E)> (Ao O) I'+ (pause. P, M, E) > (c : pause.T ¢ ©O)

I, X :pause.T - (P,M" 0) > (c: T o@0"%
I, X :pause T H (P, M,E)> (c: T<O)
(c:

'k {(recX.P),M,E)>{(c:To0O)

| Rec|

F'ke:S TH(P,MUsp|: (ds,0),E)> (s[p] : T ©O,sp]: (S,0))
Tk (s[p]i{e).P, M Uslp] : €, E) > (s[p] :!S.T ¢ O, s[p] : void)

| SENDF1RST |

I'FMsO The:S Thou:S OG(T)
T (P,M" Uslp] : (ds,0),0) > (s[p] : T 0 ©°, s[p] : (S.0))

[SeNpMORE] ey B M Uslp] : (0, 0), BY 5 (s]p] : tick1S.T0 0, slp] : (3,10

Tyz:SE(P,MUsp|: (v,IUQq), E)>(s[q] : T O,sp]: (S, 1TUQq))
I+ (sla]?(p,z).P, M U s[p] : (v, IT), E) > (s[q] :?(p, 5).T'> O, s[p] : (5, 1I))

| RcvFirst |

| RevMoRE |
I'-MpO qell TFu:S OG(T)
Dz SE(P.M Uslp] : (ds,{a}),0) > (sla] : T 0 ©", s[p] : (5, {a}))
[+ (s[a]?(p,z).P,M Us[p] : (v,11), E) > (s[q] : tick.?(p,S).T ¢ O, s[p] : (S, 1I))

Loz: S+ (P,MUs[p|: (v,{a}),0) > (s[a] : T ¢ O, s[p] : (S,{a}))
I'F (s[a]?(p,z).P,M Us[p] : €, E) > (s[q] :?(p, S).T © O, s[p] : void)

| RevNExT |

Figure 10.17: Typing rules for configurations (Part 1).
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L'+ (P,M,E) b (s[p] : Tp o ©)
Tp =endV (D' (Q,M" 0) > (s[p] : Ty o ©%) A OG(Tg))

W,
| WaTcH | I' F (watchev do P{Q}, M, E) > (s[p] : Tp *ev Tg © ©O)

'ke:bool TH(P,M,E)r{(Ac®) TH(Q,ME)>({AcO)
'k (if e then Pelse Q,M,E)> (A ¢ ©)

| Ie]

Figure 10.18: Typing rules for configurations (Part 2).

- Rule |SenDFirst| types the first broadcast by participant p in the current instant
(the fact that it is the first is indicated by the presence of sp] : € in the mem-
ory). If S is the sort of the broadcast value, the continuation P is required to be
typable in the memory obtained by replacing s[p| : € with s[p] : (ds, (), where
ds is the default value of sort S. This amounts to say that the continuation P
must be typable in the memory just after the broadcast.

- Rule | SENDMORE| types the broadcast of the value of an expression e when the
sender p has already sent some value v in the current instant (as witnessed by
the presence of s[p] : (v, II) in the memory). In this case, we inserta tick in front
of the send type of s[p], to indicate that the new broadcast will take place at the
next instant. The continuation P must be typable in the refreshed memory M
updated with the new message sent by p, and the reconditioned environment
must be output-granting.

- Rule |RevFirst| is analogous to Rule |SENDFirst|: it types an input by receiver
q from sender p if a message sent by p is present in the memory, and this mes-
sage has not been read yet by g (namely, q is not in its set of Readers II). The
continuation P needs to be typable in the updated memory.

- Rule |[RcvMore| is analogous to Rule | SENDMORE|: it types an input by receiver
q from sender p in case q has already read a message v from p in the current
instant. In this case, a tick is inserted in front of the receive type of channel
s[a]. Again, the reconditioned environment must be output-granting.

- Rule [RcvNEext] is used to type an input by receiver q from sender p at the start
of a new instant, when no participant has sent any message yet. This rule is
very similar to rule |[RcvFirst|, except that the output buffer of the sender is
empty, and therefore it is typed with void.

- Rule |WarcH| types the watching construct by creating a pair of types (7', 7")¢"
for each participant. Since the alternative process () may only be launched at the
start of a new instant, its session environment is required to be output-granting.

- Rule |Ir] requires, as usual in session type systems, that the two branches of the
conditional be typed with the same session environment A.
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10.4.4 Properties of the Type System

The semantic properties P1 and P2 defined previously both rely on subject reduc-
tion (SR). To prove SR, we need some preliminary definitions and results. The first
property we prove ensures that the typing of configurations ensures the typing of
memories:

Lemma 10.35. IfT'+ (P, M,E)> (A< ©O) then ' M 1> O.

Proof. By induction on the height of the typing derivation I' - (P, M, E) > (A ¢ ©).
For details see App. E3
O

Before proving subject reduction we now formalize a notion of reduction for con-
figuration environments. This is needed because because the configuration environ-
ment evolves along execution.

Definition 10.36 (Reduction of Configuration Environments). Let = be the reflex-
ive and transitive relation on configuration environments generated by:

1. (A, s[p] :!1S.T ¢ O, s[p] : void) = (A, s[p]: T < O,sp]: (S,0))

2. <%¢, sla] :2(p,S).T o O,slp]: (S,II)) = (A,s[q]: ToO,s[p]: (S, IIU{q})) with
qg¢ll

3. (Ao®) = (A0©) implies (Axey A”60) = (A xey A 6 0)

4. (A0©) = (A'00) implies (A,A"60) = (A',A" 0

Similarly, we introduce a tick reduction for the configuration environments of sus-
pended configurations. This reduction relation is parameterized by the set of events
E which is used to recondition the watch types.

We now argue that it is important for us to distinguish between implicit and ex-
plicit pauses in our typing, specifically, when aiming to prove a subject reduction
result. In particular, consider

C = (€[s[p]?(a, 2)-5[p]?(r,y).Pl, M, E)

with s[r] : (v,II) € M, p € I and (vs)CT. Using the typing rules in Fig.10.17 and
Fig.10.18, we can see that:

'k Cr (A, s[p]:?(q,S).tick.?(r,S).T ¢ ©)

Since C' is suspended, the configuration reduces, via a tick transition (cf. Fig. 10.9),
to (vs)D with
D = (€[slp]?(a,)-slpl?(r,y)-P], M”,0).
whose typing is:
'+ D> (A s]p] :?(q,S).7(r,S).T < 0)
It is clear that in the above typing judgment, the tick has been deleted. Thus, it is

necessary for us to distinguish between implicit and explicit pauses when defining a
reduction for typing environments, as some of the implicit pauses may be removed.
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Formally, this situation happens whenever a suspension occurs because of rule (in,)
(cf. Fig. 10.7). We address the deletion of tick, using the trm(-) function defined
in Fig.10.19. Intuitively, trm(-) parses the local type and recalculates where to put
implicit pauses.

Definition 10.37 (Tick Reduction of Configuration Environments). Let ~ g be the
parameterized relation on configuration environments generated by:

1. (Pause) (pause(A)o©) ~gy (Ao @Y
2. (Tick) (tick(A) o ©) vy (Ao O

3. (In) © =0, s[p] : void implies for any E:
(s[d] :?(p,S).T ©«©) ~g (s[q] :?(p,S).trm(T)?p} o O where trm(-) is as in
Fig. 10.19
4. (Par) (A;00) g (Alo®’),i=1,2 implies (A1,A200) g (A}, ALo©").
5. (Restr) (A¢©) npg (Ao ©) implies (A\soO\s) g (A'\soO\s).

6. (Watch)
(A100O) g (Al o ©) implies

<A1*ev A2<>®> N E <A2<> 6/> ifeve E
<A1 *ev AQ < @> ~NE <A/1 *ev AQ < @/> if ev ¢ FE

We also let (A ¢ ©) ~ (A’ o ©’) if there exists E such that (Ao ©) ~ g (A’c ©).

The predicate (A  ©) ~ g is defined by (A ¢ ©) ~ g if there exist A, © such that
(AoB®) g (A’o ©), and the predicate (A ¢ ©) ~ is defined similarly.

Note that ~ is defined also on the environments of suspended subconfigurations,
which cannot perform a tick transition.

Just like processes, local types and session environments should be reconditioned
to properly reflect the reconditioning of processes during tick reductions:

Definition 10.38 (Reconditioning of Local Types and Session Environments). Let
E be a set of events, the reconditioning of a local type H (under E), written [T, is
defined as:

T if T'=pause.T’ or T = tick. T’
T if T=endorT =t

[11e < { 2(p, ). trm(T)),,  if T =7(p, S).T"
Ty if T = (T1,T»)* and ev € E
([Ty]E, T5)°” if T = (11, Ty) and ev ¢ F

where trm(-) is defined in Fig. 10.19. Given A, its reconditioning under E is defined
as [Alg = {c: [T]E’c:TGA}.

The following proposition is easy to show, by induction on Def. 10.37:

Proposition 10.39. If (A ¢ ©) g (Ao ©') then A’ = [A]g and ©' = 6°.
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1S.1’ if T = tick.!S.T"

1S.trm(T")L; if T =!5.7"

tick.?(p, S).T" if ' = tick.?(p,S). 7" and p € 1T

?(p, S).T" if T'=tick.?(p,S). 7" and p ¢ 1T
trm(T)% < L 2(p, S).trm(T" )y i T =7(p,5).T" and p ¢ 1T

(trm(Ty)Y, To)e® if T = (T, Tp)"

ut. T if T = put.T’

pause.T” if T' = pause.T”

end if T'=end

tick.!S. 1" if T = tick.!S. 1"

tick.?(p, S).T" if T'=tick.?(p,S). 7" and p € 1T

?(p, S).T" if T'=tick.?(p,S). 7" and p ¢ 1T
erm(T)}, & 2(p, S)-trm(T") i 1 %fT =?(p,S).T" and p ¢ 11

(trm(Ty)i;, To)® if T = (T, Tp)"

ut. T if T = pt.T'

pause.T” if T' = pause.T”

end if T' = end

Figure 10.19: trm() function

Definition 10.40 (Mixed Reduction of Configuration Environments). Let =>
stand for either = or ~, and let =>" be its reflexive and transitive closure.

Hence (A ¢ ©) ==>*(A’ ¢ ©’) when (A ¢ ©) can reduce to (A’ ¢ ©') via a mixed
sequence of reductions. We prove now that types are preserved under = (i.e., sub-
ject congruence) and substitution. Notice that Rule | WEeak]| is necessary for subject
congruence, as it allows to add ended sessions to A.

Lemma 10.41 (Subject Congruence). IfT'F C> (Ao ©O)and C = C' thenT + C' >
(Ao O).

Proof. By induction on the definition of structural congruence (cf. Fig.10.5). For
details see App. F.3. O

Lemma 10.42 (Substitution Lemma). If ',z : S+ C>(AoO©)and T + v : S then
'k C{Yz} > (AcO).

Proof. By induction on the height of the type derivation. The base cases are rules
|Inact| and |[Minir|. The thesis is easily derived observing that = does not occur free
neither in 0 nor in the initiator. See App. F.3 for details on the inductive cases. O

Lemma 10.43 (Reduction Lemma). Let I' - (P, M, E) > (A ¢ ©O) and (P,M,E) —
(P',M', E') via some reduction rule different from [Cont] and [Struct]. Then

(AoB®) = (A0
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and T'+= (P',M', E') > (A" o ©). Moreover, if (A, Ag o O, Oy) is coherent, then (A, Ay ©
©’,0y) is coherent.

Proof. By induction on length of the reduction (P, M, E) — (P’, M', E’), with a case
analysis on the last applied rule. For details see App. F.3. O

To prove subject reduction, we first need to prove that tick reduction for config-
uration environments preserves duality and that suspension preserves typing. This
is useful for ensuring that the semantics given to environment configurations works
correctly.

Lemma 10.44 (Tick Reduction of Configuration Environments Preserves Duality).
If(Ao®) np (A0 then A' = [A]g, dom(A) C dom(A) and ©' = ©°. Moreover, if
(A< ®) satisfies duality then also (Ao @'Y satisfies duality and for any s[p|, s[a] € dom(A’),
ifslp] : T, € A and s[q] : Tq € A, then (A o O)(s[p]) | a1 (A o O)(s[a]) | p if and only if
[To]ela e [To)e | p.

Proof. By induction on the definition of ~ . There is only one basic case, correspond-
ing to Rule (Pause). For details see App. E.3. O

Lemma 10.45 (Suspension Lemma). Let (P, M, E)fandT' F (P, M, E)>(A<¢©). Then
we have that (A o ©) ~ ([A]gp o 0% and T + ([P)g, M?,0) > ([A] g o ©). Moreover, if
(A © ©) is coherent then ([A]g o ©%) is coherent.

Proof. By induction on the definition of (P, M, E)f. The basic cases correspond to
the suspension rules (pause), (out), (ins) and (in?), and the inductive cases to rules
(pars), (watchs) and (rec,). For details see App. E.3. O

We can now finally prove the subject reduction theorem. As most of our previous
results, this theorem deals only with reachable configurations. Let ~* denote the
transitive closure of the relation ~.

Theorem 10.46 (Subject Reduction). Let C be a reachable configuration and C ~+ C'.
IfTFC>(Ao®) thenT F C'> (A" O') and (Ao ©O) =>*(A' o ©') for some A', ©'.
Moreover if (A o ©) is coherent then (A o ©') is coherent.

Proof. By induction on the length n of the reduction sequence ~ . For detail see
App. E3. O

10.5 Time-Related Properties

In this section we prove that our type system enforces some desirable “real-time”
properties. More precisely, we prove that any configuration that is reachable from an
initial configuration and complies with a global type G (the notion of G-compliance
will be made precise below) satisfies the following properties:

P1. Output persistence: Every participant broadcasts exactly once during every in-
stant;
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P2. Input timeliness: Every unguarded input is matched by an output during the
current instant, if not preceded by another input with equal source and target,
or during the next instant, if not preempted.

To formalise Property P1, we first define the aux1ha @y property of output readiness
for reachable configurations of the form C' = ,0), which states that all par-
ticipants occurring in P perform a broadcast durmg the current instant. Intuitively, a
reachable configuration C' = (vs)(P, M?, () represents the state of a running session
at the start of an instant (or more precisely, before any message exchange or event
emission within an instant).

Definition 10.47 (Output Readiness). A reachable configuration C' = (vs)(P, M, (})
is output-ready if whenever C' || (vs)(P',M’, E’), then s[p] € vdom(M') for every
slp] € nm(P).

Note that only the participants p whose behavior is nonterminated at the begin-
ning of the instant (condition s[p] € nm(P)) are required to perform an output before
the end of the instant (condition s[p] € vdom(M")). Then, output persistence for such
configurations essentially amounts to requiring output readiness at every instant.
For an initial configuration (Q, @, 0), output persistence amounts to requiring output
readiness for any configuration (vs)(P, M?, () such that (Q, 0, §) ~+ (vs)(P, M", ().

Definition 10.48 (Output Persistence). A reachable configuration C' is output-per-
sistent if whenever C' ~* (vs)(P, M, E) | (vs)(P’',M',E'), then s[p] € vdom(M') for
every s[p] € nm(P).

Again, only nonterminated participants p at the beginning of the last instant (con-
dition s[p] € nm(P)) are required to perform an output. For instance, our auction
protocol (cf. § 10.2) satisfies output persistence although the terminated participant
Forwarder does not output anything during the last instant.

We now formalize Property P2, which again rests on an auxiliary property de-
fined only on reachable configurations of the form C' = (vs)(P, M?, (), called input
readiness.

Definition 10.49 (Input Readiness). A reachable configuration C' = (vs)(P, M, (})
is input ready if whenever C' || (vs)(E][s[a]?(p, z).P’], M', E"), then s[p] € vdom(M").

Observe that s[p] € vdom(M') implies s[p] : (v,IIU {q}) € M’ for some v,IL
Namely, ¢ must have read a message from p in the current instant, otherwise the final
configuration would not be suspended.

Input timeliness amounts to input readiness at every instant. For an initial con-
figuration C, input timeliness amounts to requiring input readiness for the configu-
rations derivable from C.

Definition 10.50 (Input Timeliness). A reachable configuration C' is considered in-
put timely if whenever C' ~* (vs)(E[s[a]?(p,z).P], M, E) | (vs)(P’,M',E’) then
slp] € vdom(M').

Example 10.51.
C=((vs)(s[1]7(2,2).5[1]?(2, y).0] s[2]!(v).s[2]!(v).0), M, D) is input timely
C" = ((vs)(s[1]?(2,2).0 | pause. s[2]!(v).0), My, 0) is not satisfy input timely
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Indeed, in C' the expectations of the two participants are dual and “well-timed”:
their first communication takes place in the first instant and their second communi-
cation takes place in the second instant.

In C’, on the other hand, participant 1 is ready to receive a message from partic-
ipant 2 in the first instant, and entitled to do so because she hasn't read previously
from participant 2, but there is no available message from participant 2 in the first
instant. In fact, C'is G-compliant whereas C” is not even typable. A

Observe that if I' - C' = (P, M )) > (A ¢ ©), the coherence of the configuration
environment (A ¢ ©) is not sufficient to ensure input timeliness of (v§)C, because of
the possibility of circular dependencies. Indeed, duality is a binary property which
does not exclude n-ary circular dependencies such as that of the following process,
which is reminiscent of the dining philosophers deadlock:

R = s[1]7(2, x).s[1](v1).0 | s[2]7(3,y).5[2]!(v2).0 | s[3]?(1, 2).5[3]!(v3).0 (10.2)

Note that the configuration (vs)C' = vs(R, M?, (}) is not deadlocked but livelocked in
MRS. Indeed, as shown in § 10.3.3, MRS is deadlock-free: thanks to our semantic
rule (ing) (cf. Fig. 10.7), all potential deadlocks due to missing messages are turned
into livelocks. In fact, it is easy to see that (vs)C = vs(R, M?, () does not satisfy input
timeliness, because all participants are waiting for each other. Since the configuration
is reconditioned to itself at the following instant, it gives rise to a livelock.

In order to obtain input timeliness (and thus livelock-freedom), we need to re-
quire that the types of all participants be projections of the same saturated global type in
the initial configuration of the session. We first define what it means for a configura-
tion to implement a session specified by a saturated global type G. From now on, we
will consider only saturated global types. As a consequence we will use the standard
projection | defined in Fig. 10.12 and not the saturated projection | .

Definition 10.52 (G-Compliant Configuration). Let G be a saturated global type. A
reachable configuration C' = (vs)(P, M, E) is G-compliant if there exist A, © such that
I'E{(P,M,E)>(AoB)and (Ao O)(s[p]) = G| p for every p € Part(G).

The key property for proving both output persistence and input timeliness is the
absence of circular dependencies in G-compliant configurations. The proof makes
use of two flattening functions ®(G) and ®(7") on saturated global and local types.
These functions extract from a type the sequence of I/O communications occurring
in the first instant, forgetting about recursion and selecting the principal behavior in
watch types.

Definition 10.53 (Flattening). The flattening functions ®(G) and ®(7") are defined in
Fig. 10.20.

Since ®(G) is again a global type, it can be projected on participants. It is easy to
see that:

Lemma 10.54. ®(G) | p=®(G | p)
Proof. By induction on G. O

We can now prove that G-compliant configurations are free of circular dependen-
cies such as that exhibited by the three-philosopher process (cf. Ex. 10.2).
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2(p1(S.11).G) = p (S, 10).9(G)
D(pause.G) = B(tick.G) < o(t) *
d(watch ev do G else G') = def D (ut.
(15.7) €"S.9(T)
(
(p
(

(end) “ end

G) = 2(q)

Pe4

o(?(p, 8).T >d“< S).(T)
® auseT)—(ID(t ckT)é

o et p

f Dt )dif <I>(end) " end

def

(1, 7)) < D(ut.T)

Figure 10.20: Flattening of saturated global and local types.

Lemma 10.55 (Absence of Circular Dependencies). Let C = (vs)(P, M, E) be a G-
compliant configuration, and let {py,...,pn} C Part(G), withn > 2. If s[p;] ¢ vdom (M)
foralli € {1,...,n}, then there cannot exist &, . .., E, such that:

C = (&1]s[p1]?(p2, x1).P1], MY, 0)

= S|pP2|f , Xo). 2], @a
O = (Exlslpal?(ps, 22). P2, M, 0) (10.3)

CE<(€ [ [pn] (p17xn)P]7M®7®>

Proof. By contradiction. Assume the situation described in (10.3). By hypothesis C'
is G-compliant, hence I' - (P, M, E)> (A ¢ ©) and (Ao ©)(s[p;]) = G| p; for every p;.
From s[p;] ¢ vdom(M) it follows that s[p;] ¢ vdom(0), thus (A ¢ O)(s[p;] = A(s]p;]).
Therefore for all i € {1,...,n} we have:

A(s[pi]) =Gl pi (10.4)
Observe now that C' = (£;[s[ps]?(P(i+1) mod ns Ti)-Ps], M, E) implies that for some T;
®(A(s[pi])) =?(P(i+1) mod ns 5i)-2(T3) (10.5)

Pick now an arbitrary k € {1,...,n}. It follows that

O(G) [ pr = (G pr) (by Lem. 10.54)
= ®(A(s[px])) (by (10.4))
:?(p(k+l) mod n» Sk)q)(Tz) (by (105))
This means that ®(G) is of the form:
@(G) = Ok-P(k+1) mod nT<Sk7 Hk>¢)(Gk) (106)

where o}, is a possibly empty sequence of communications not involving p;, and not
involving p(i+1) mod »n @s a sender, and py € II;. This implies:

D(G) | P(k+1) mod n = 4 1Sk.T

where o7, is the projection of o4 0N P(441) mod » NOW there are two possible cases:
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(1) oy, is the empty sequence. Then

(I)(G) f P(k+1) mod n =!5,.T

¢?(p(k+2) mod n» Sk+1)-T/ (by (105))
= O(A(5[P(k+1) mod nl)) (by Lem. 10.4)
= (P(G f P(k+1) mod n) (by Lem. 1054)

This inequality contradicts Lem. 10.54.

(2) oy, starts with ?(p(x+2) mod n» Sk+1).T". Then we iterate the reasoning until we
reach the p; we started with (which we are sure to reach since the number of
participants is finite), and at this point we have a contradiction since by hypoth-
esis 0, does not contain py, in (10.6).

O

Corollary 10.56. Let C' = (vs)(P, M, E) be a G-compliant configuration such that C.
Then P = E[s[a]?(p, x).P'] implies s[p] € vdom(M).

Proof. By contradiction. Suppose that s[p] ¢ vdom(M). Since C' is G-compliant, we
know thatT' - (P, M, E)> (Ao 0) and (Ao BO)(s[r]) = G| r forall r € Part(G). From
slp] ¢ vdom(M) it follows that s[p] ¢ vdom(©), hence (A ¢ ©)(s[p] = A(s[p]). This
means that A(s[p]) = G| p. On the other hand, given the shape of P, we know that
it must be (G | q) = ®((A ¢ O)(s[a])) = {154-}?(p, S).2(T") for some Sy, S and T,
where the notation {!5;.} means that the initial output is possibly missing (in case
sla] ¢ vdom(M)). By Lem. 10.54 ®(G | q) = ®(G) | q. This means that ®(G) is of the
form:

®(G) = o.pt(S,1I).9(G") (10.7)

where ¢ is a possibly empty sequence of communications not involving q as a receiver
nor p as a sender, and g € II. Now, consider the projection ®(G) [ p of ®(G) on p.
Note that the projection of o on p cannot be empty, because in this case we would have
®(Q) | p =!5.T, for some T}, contradicting the fact that C' is suspended. Then o must
consist of inputs by p. This means that P = &[s[p]?(r, z).R)]. Since C'is suspended, we
know that either s[r| ¢ vdom(M) or s[r] : (v,IIU {p}) € M for some v, II. In the lat-
ter case, by Rule |RcvMore| we would have A(s[p]) = pause.?(r,S").®(T") = G| p
for some S” and 7”. Then ®(G | p) = ®(G) | p would be end, and thus so would
® (@), contradicting equation (10.7), where o is supposed to consist only of commu-
nications. Therefore it must be s[r] ¢ vdom(M). But now we have for participant r
the same hypotheses that we had for p in the beginning. Hence we can iterate the
reasoning and since the number of participants is finite this leads us to the circular
situation (10.3), which by Lemma 10.55 is impossible. O

We will prove now that the above lemma entails input readiness, and as a con-
sequence, also input timeliness. We first show that compliance with a global type is
preserved along execution.

Lemma 10.57. Let C be a G-compliant configuration and (A o ©) be the corresponding
configuration environment. If C — C’ (resp., C —p C"), then there exists G' with
corresponding configuration environment (A’ o ©') such that C" is G'-compliant and (A o
0) = (A 00 (resp., (Ao O) v g(A ©O)).



Chapter 10. Multiparty Reactive Sessions 280

Proof. By induction on the inference of — (resp., —g). O

Lemma 10.58 (G-Compliance Implies Input Readiness). Every G-compliant config-
uration
C = (vs)(P, M, 0)

satisfies input readiness.

Proof. Let C' | (vs)(P',M', E") = C', where P’ = £[s[q]?(p, z).P"]. By Lemma 10.57,
C" is G'-compliant for some G’. Then s[p] € vdom(M") by Corollary 10.56. a

Theorem 10.59 (G-Compliance Implies Input Timeliness). Every G-compliant con-
figuration
C = (vs)(P,M",0)

satisfies input timeliness.

Proof. Suppose C' ~* (vs)(E[s[a]?(p,x).P'], M,E) = C’" and C’{. The proof is by
induction on the number n of < g steps in the execution ~*. If n = 0 then we are in
the case C' || C" and we have the result by Lemma 10.58.

If n > 0, the result follows again by Lemma 10.58, observing that by Lemma 10.57
G-compliance is preserved by execution, and that every < g step gives rise again to
a configuration of the form (vs)(Q, M, ()). O

We proceed now to prove output persistence.

Lemma 10.60 (G-Compliance Implies Output Readiness). Let C = (vs)(P, M", ()
be a G-compliant configuration. If C' || (vs)(P’, M', E), then slp] € vdom(M') for every
slp] € nm(P).

Proof. Let C' = (vs)(P’,M',E'). Since C'is G-compliant, by Lemma 10.57 C" is G-
compliant for some G’. Therefore there exist A, © such thatI' - (P', M', E')> (A ©©)
and (Ao®)(s[p]) = G’ | p forevery p € Part(G’). Now, the statement (vs)(P’', M', E')1
is deduced by Rule (restry) from (P’, M', E').

The proof then proceeds by contradiction. Suppose there exists a s[p] € nm(P)
such that s[p] ¢ vdom(M’). We have (A ¢ ©)(s[p]) = (A(s[p])) = T' and by coherence
OG(T). This means that

O(T) = 0.15.T"

for some o, .5, 7" and there are three possible cases for o:
(1) oisempty, so T is derived using rule | SENDFIRST|:
'+ (s[p]l{e).R, M" U {s]p] : €}, E) > (A, s[p] :!S.T' o O, s[p| : void)

with P’ = &E[s[p]!(e).R] and M’ = M" U{s]p| : €} but this is a contradiction since
(s[p]!(e).R, M U {s[p] : €}, E) cannot be suspended.

(2) o is anon empty sequence of inputs and 7 is derived using rule | RcvFirst]:
L'+ (s[p]?(a,z).R,M" U {s[q] : (v,I)}, E) > (A, s[p] :?(q,S).T ¢ O, s[q] : (S,1I))

with P’ = E[s[p|?(q, z).R]and M’ = M" U {s[q] : (v,II)} withp ¢ II, but thisisa
contradiction since (s[p]?(q, z).R, M" U{s[q] : (v,II)}, E') cannot be suspended.
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(3) o is anon empty sequence of inputs and T is derived using rule [ Rcvnext]:
T F (s[p]?(a,2).R, M" U {s[q] : €}, E) > (A, s[p] :7(q,S).T ¢ O, s[q] : void)

with P’ = &[s[p|?(a,z).R] and M’ = M" U {s|[q] : €}. This is a contradiction
since by Cor. 10.56 we should have s[q] € vdom(M").

Hence in all cases we reach a contradiction, concluding the proof. O

Theorem 10.61 (G-Compliance Implies Output persistence). Let C be a G-compliant
configuration. If C' ~* (vs)(FPy, My, Eo) || (vs)(P', M',E’"), then s[p] € vdom(M") for
every slp] € nm(Fp).

Proof. Let C' = (vs)(P, M",0) ~* (vs)(Py, My, Eo) | (vs)(P',M', E'). We want to
show that s[p] € vdom(M’) for every s[p] € nm(P,). The proof is by induction on the
number n of — g steps in the execution sequence ~*. If n = 0 then we are in the case
C | C" and we have the result by Lem. 10.60. If n > 0, the result follows again by
Lem. 10.60, since by Lem. 10.57 G-compliance is preserved by execution and every
< step gives rise again to a configuration of the form (vs)(Q, M?, (). O

10.6 Timed Patterns Revisited: MRS

In this section we discuss how global types in MRS (cf. Fig. 10.10) can be used to
enforce the timed patterns presented in § 1.6. Contrary to the translations in Ch. 4
and Ch. 7, global types in MRS can be used to enforce the timing constraints, rather
than represent processes that execute the pattern’s behavior.

Remark 10.62. Notice that we do not write saturated global types in the examples
below (cf. Fig. 10.11). This is not a problem because the timing patterns presented in
§ 1.6 concern communications between two (or more) participants, rather than the
outputs without receptors added by saturation.

Example 10.63 (Request-Response Timeout Pattern). Let us recall the request-re-
sponse timeout pattern from § 1.6 as it is observed from the server side:

(a) Serverside: After receiving a message REQ from A, B must send the acknowledg-
ment ACK within ¢ time units.

To represent this pattern in MRS we can use the developments presented in § 7.4.2:
using preemption constructs to simulate the timeout signal. For the global types, we
assume two participants: C, which represents the client and S, which represents the
server. The global type below captures the pattern:

G = CT(REQ, {S}).watch ¢t do ST(ACK, {C}).end else G

Above, event t represents the timeout signal which activates the alternative behavior
Gy if s does not send the message ACK within the appropriate time-frame. The alter-
native behavior Gy can be, for example, a recovery protocol to deal with the failure.
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To understand the relation between global type GG and the MRS calculus, we shall
show a possible implementation for the server. First, consider the saturated version
of G (cf. Fig. 10.11). Notice that we assume that Part(G) = {C, S}:

Spart(c) (G, 0) = CT(REQ, {S}).watch ¢ do ST (ACK, {C}).end else Spu(c) (G, 0) = G

Moreover, we consider the projection G’ | S to obtain the local type corresponding to
the server (cf. Fig. 10.12):

G'| S =7(C,REQ).(!ACK.end, Spa(cy) (G, 0) | S) = Ts

It can then be shown that 75 types the following process (assuming that the session
between S and C is called s and ack is of type ACK):

Ps = 5[S]?(s[C], x3).watcht do s[S]!(ack).0{ P;}

where P; must be typable with Sp,.(c,)(Gf,0) | Sand represents a process which may
be executed in case of failure. A

Example 10.64 (Messages in a Time-Frame Pattern). We recall the variants of this
pattern presented in § 1.6:

(a) Interval: Ais allowed to send B at most k£ messages, and at time intervals of at
least t and at most r time units.

(b) Overall time-frame: A is allowed to send B at most k£ messages in the overall time-
frame of at least ¢ and at most r time units.

For this pattern we take advantage of both the time units induced by pauses in MRS
and events. We present the MRS global types below and explain some of the choices
made for the representation:

(a) For the interval pattern we assume that there is a number & of messages to be
sent and that the lower and upper bound of the time-frame are ¢ and r, respec-
tively. Then, the global type follows:

G = watch end do G(k) else end
G(k) = pause;.watch r do AT (Mg, {B}).G(k — 1) else Gy
In the protocol above, type pause; represents a sequence pause. - - - .pause with
t pauses representing the wait for the time-frame. Thanks to this sequence of
pauses we can represent the necessary interval between messages. The upper

bound of the timing constraint is implemented by using event r. Asin Ex. 10.63,
we use Gy to denote the protocol used in case of failure.

(b) Using a similar strategy as with the pattern above, we model the overall time-
frame pattern:

G = watch r do (watch end do G(k) else end) else Gy
G(k) = pause,.AT (M, {B}).G(k — 1)

The protocol above is very similar to the interval pattern. The only difference
is that we only check for the overall timeout r, instead of every individual one.
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A

Example 10.65 (Action Duration Pattern). We recall the description of the pattern
in § 1.6:

(a) The time elapsed between two actions of the same participant A must not exceed
t time units.

Similarly to the request-response timeout pattern, we use the preemption construct
for types to check the timing of the communications:

G =watch t do (p1 (M1, II).AT(M;, {B}).G’) else Gy

Above, event t represents a timeout event whose presence implies that the timing
constraint was violated. Similarly, to the previous examples, Gy represents the alter-
native protocol in case of failure. A

Example 10.66 (Repeated Constraint Pattern). Below we recall the description of
the repeated constraint pattern in § 1.6:

(a) Amustsend (and unbounded number of) messages to B every ¢ time units.
This requirement can be represented in MRS using recursion and preemption:

G = watch t do (ut.pT(M,II).t) else Gy

Above, t represents upper bound of the time-frame and G/s the alternative protocol
in case of failure. A



11

Conclusions and Related Work

In this chapter we present the conclusions and related work of Ch. 10. In § 11.1 we
explain some of our design choices and in § 11.2, we discuss further related work.

11.1 Concluding Remarks

We have developed a typed framework for multiparty sessions by building upon
MRS, a new process calculus that integrates constructs from session-based concur-
rency with constructs from synchronous reactive programming (SRP). The calculus
MRS accounts for broadcast communication, logical instants, and preemption — all of
which are hard to represent in existing process languages for sessions, usually based
on the m-calculus. For instance, a session 7-calculus with broadcasting has been stud-
ied in [KGG14], but it does not support time-dependent interactions nor reactivity.
Indeed, there are useful interaction patterns, such as hot-service replacement [MBCO07],
which are representable in SRP but not in asynchronous calculi. The semantics of
MRS ensures typical properties of SRP, such as deadlock-freedom and reactivity.

Our type system for MRS crucially relies on saturation for global types, a notion
that we developed to address the subtle distinction between explicit and implicit
pauses, and to capture the “timing” of a protocol interaction within the global type
itself. Another salient feature of our static analysis is a new notion of duality, suited
to our broadcast setting, in which outputs do not need to be matched by inputs. Our
notion of duality is also “time-aware” in that it requires dual participants to have
matching pauses. The benefits of our integration reflect also in the semantic prop-
erties enforced by our type system: besides classical session safety properties, our
static analysis guarantees two new time-related properties that seem to be desirable
for sessions in a reactive setting: input timeliness and output persistence. We now
discuss some design choices regarding our calculus:
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o In our calculus MRS, the properties of deadlock-freedom and (bounded) reac-
tivity are enforced by the operational semantics, while the classical properties
of sessions, as well as the new time-related properties (input timeliness and
output persistence), are enforced by our specific session type system. It could
be argued that with a type system at hand, a more liberal semantics could have
been used for the calculus, letting the type system take care also of the deadlock-
freedom and reactivity properties. The reason for our choice is that deadlock-
freedom and reactivity are essential properties of SRP: they are required for the
synchronous reactive model to make sense. Hence they should be an integral
part of the calculus itself. This is the case also for real SRP languages such as
ReactiveML.

e Saturation could have been conceived as a well-formedness property of types
rather than as an operation on them. In other words, our type system could
have been designed so as to enforce the explicit separation of instants rather
than relying on it. For instance, we could have defined a “well-timedness”
predicate on global types requiring that subsequent broadcasts from the same
sender and recursion unfoldings be separated by pauses. This way, we could
have omitted some suspension rules ((outs) and (in?)) from the semantics, and
the “More” typing rules from the type system. However, we chose the latter
solution to avoid blurring the readability of real-world programs with the pres-
ence of too many pauses. The former solution would become an attractive op-
tion if combined with a “pause inference” mechanism.

11.2 Related Work

Most related work has been already mentioned in the introduction and throughout
the chapter. Here we briefly discuss other relevant literature. In the realm of (multi-
party) session types, forms of reactive behaviors have been addressed via constructs
for exceptions, events, and run-time adaptation. This way, e.g., interactional excep-
tions for binary sessions were developed in [CHY08]; an associated type system en-
sures consistent handling of exceptions. The work [CGY16] extends this approach to
multiparty sessions.

In general, there is a tension between forms of (interactional) exceptions and be-
havioral type systems, mainly due to the linearity enforced by such systems, which
conflicts with the possibility of not (fully) consuming behaviors abstracted by types.
The works [MV14, PG15] address this tension for binary sessions by appealing to
affinity rather than to linearity. A similar approach is adopted in [FLMD19] for a func-
tional programming language. The recent work [CP17] gives an alternative treatment
of non-determinism and control effects within a Curry-Howard interpretation of bi-
nary session types; the proposed framework allows to represent exceptions. Con-
cerning events and adaptation, the work [KYHH16] is the first to integrate events
within a session-typed framework, supported by dynamic type inspection (a type-
case construct). This work, however, is limited to binary sessions; the work [DP16]
extends this framework to the multiparty setting, with the aim of handling run-time
adaptation of choreographies. None of these works supports declarative or timed
conditions, which are naturally expressible using synchronous programming con-
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structs. To our knowledge, the only prior work that considers (unreliable) broad-
casting in session types is [KGG14], which focuses on binary sessions. The work
in [DHH"15] develops run-time verification techniques for interruptible, multiparty
conversations. Also, the work [CVB*16] proposes protocol types for handling par-
tial failures and ensuring absence of orphan messages and deadlocks, among other
properties.

The most closely related work is that in [CAP17], which encodes of a binary ses-
sion m-calculus into the synchronous reactive language ReactiveML. Using the dual-
ity between the two partners in binary sessions, this encoding simulates messages-
over-channels in the session 7-calculus by values-over-events in ReactiveML, slicing
every session into a sequence of atomic instants: each instant corresponds to exactly
one step in the protocol of the session. In contrast, instead of encoding a multiparty
session calculus into RML, here we pursue a different goal: devise a minimal exten-
sion of a multiparty session calculus that accommodates reactive features, and pro-
vide a session type system that ensures the usual session properties together with
some new semantic properties of interest: output persistence, input lock-freedom,
safe event handling.



PART V

CLOSING REMARKS AND FUTURE
PERSPECTIVES



12

Closing Remarks and Future
Perspectives

12.1 Closing Remarks

Ensuring the correctness of message-passing programs is a difficult problem in Com-
puter Science. The complexity of specifying these systems stems from the interplay
of heterogeneous components that depend on a myriad of features, such as commu-
nication protocols, timed requirements, reactive behavior, and partial information.
These features introduce a number of difficult issues that must be address to ensure
correctness, including the following:

e Components specified in different languages may have potentially conflicting
requirements.

e A component specification may describe features that are not expressible in the
specifications of other components.

e Languages may be equipped with reasoning techniques that can only be used to
analyze individual components and do not scale to the complete system.

The role that features such as partial information and timed behavior play in a
specification largely depends on the view from which the system is analyzed. We
have focused on two natural and commonly used views for message-passing systems:
operational and declarative. In this dissertation, we have assumed that the operational
view is concerned with how the system executes, whereas the declarative view is con-
cerned with what the system should execute. In this sense, languages that fall within
the operational view (i.e., operational languages) describe explicitly the instructions
that govern the system’s execution, while languages that fall within the declarative
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view (i.e., declarative languages) specify the conditions that govern the system’s exe-
cution. In this dissertation we considered the following operational process calculi
for message-passing concurrency:

e 7, a sub-class of m (proposed by Vasconcelos [Vas12], § 2.2) without output
races (cf. §3.1.1).

e g, an extension of 7j; with session establishment constructs (cf. § 3.1.3).
e 74, a sub-class of m without races (cf. § 3.1.2).

e ar, a queue-based session m-calculus (cf. § 3.2).

and the following declarative languages, which are able to specify partial information,
timed behavior, and reactive behavior in message-passing programs:

e lcc, a constraint language inspired by linear logic (cf. § 2.3).
e lccP, an extension of lcc with private information (cf. § 3.3).

e RML, a synchronous reactive programming language built upon OCaml (cf.
§24).

e RMLg, an extension of RML with queues and explicit states (cf. § 3.4).

Considering the previous context, we believe that a unified view is needed to ad-
dress the issues that arise from the nature of message-passing programs. Our work
has shown that this unified view can be used to obtain robust and comprehensive
specifications of these programs. In particular, we showed that unified specifications
allow us to investigate the interplay between both declarative and operational views
by enabling a uniform analysis of the system’s components. A key insight from our
work is that declarative languages can provide a foundation for this unified view.

As a necessary step to develop the unified view we advocate, we also analyzed
mechanisms to relate operational and declarative languages. In particular, we have
investigated how relative expressiveness techniques can be used to cope with the is-
sues that the heterogeneity of message-passing programs induce. In this regard,
we have developed encodings that allow us to correctly translate (typed) operational
languages for specifying message-passing programs into declarative languages (cf.
Parts II and III). Moreover, to further investigate the relation between operational
and declarative views, we have also developed a “hybrid” process calculus in which
message-passing programs can be specified with timed and reactive constructs (cf.
PartIV). Our results show that our approach provides a uniform setting for analyzing
message-passing programs. Furthermore, we have also established that it is feasible
to analyze declarative features in operational specifications by using our encodings—
see §4.4,8§ 5.4, and § 7.4 for concrete illustration.

12.1.1 Advantages

The core of our argument is that the correctness properties of encodings enable a
unified view of message-passing programs. Indeed, encodings allow to translate the
specifications of individual components into a common specific language which cap-
tures all the requirements of the program. There are two main advantages to our
approach:
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Uniform Setting for Message-Passing Programs: Our encodings allowed us to use
the target language to analyze source processes. Thanks to the correctness
properties of these encodings (i.e., encodability criteria) we were able to use the
reasoning techniques from the target language to verify properties of translated
specifications. Indeed, the encodability criteria we considered ensure that en-
coded target specifications preserve both the structure and behavior of source
specifications. In this sense, an important advantage arises: if the target lan-
guage is carefully selected, using encodings may enable the use of different rea-
soning techniques which may not be available in the source language. There are
two specific examples of this in our work. The first one was presented in § 4.4
and § 7.4, where we used the encodings in Ch. 4 and Ch. 7 to specify the timed
patterns for communication protocols in § 1.6. The second one refers to the se-
curity property proven for the encoding presented in Ch. 5 (cf. Thm.5.51). This
property ensures that the translations of well-typed networks in 7 (cf. § 3.1.3)
are well-typed with respect to the type system for 1cc” (cf. § 3.3). Hence, we
guarantee that translations of well-typed networks respect the local information
contained in lcc® abstractions.

Well-Behaved Message-Passing Specifications: We have shown that by focusing on
specific classes of source processes we can reduce the gap between the source
and target languages while obtaining strong correctness properties. This was
possible because we focused on meaningful source specifications; in the setting
of session-based concurrency this means well-typed programs. This property en-
sures that well-typed session programs never reduce to errors. Although our
translations are defined over all possible source terms, our correctness proper-
ties are delimited to the translations of well-typed programs. This allowed us to
prove encodability criteria that are stronger when compared to the properties
we would have obtained by considering arbitrary source terms. Throughout
this dissertation we used different type systems to narrow down the class of
source programs considered for our encodings. In this sense, the type systems
defined for mé; (cf. § 3.1.1) and w3 (cf. § 3.1.2) should be highlighted, as they
sharply define the domains of our translations. The relation between the classes
of well-typed processes in mj, T4, and 7y can be seen in Fig. 12.1.

Figure 12.1: Classes and sub-classes of well-typed processes in 7, wj, and g .

The biggest rectangle represents the class of well-typed process in 7. Observe
that the class of well-typed processes in 7j; is contained within the class of 7
since output races are allowed. Similarly, the class of well-typed 7; processes
is contained within the class of well-typed m4; programs, which allows input
races. Using these sub-classes and the operational correspondence criterion (cf.
Def. 2.3(3,4)) we ensure that the encodings of 75, into lcc (cf. Ch. 4) and of
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7y into RML (cf. Ch. 7) produced translations that do not reduce to errors—

in the sense of the source language. Indeed, the operational correspondence
criterion guarantees that the behavior of source terms is preserved (i.e., opera-
tional completeness) and that the encoding does not introduce extraneous behav-
iors (i.e., operational soundness). Even with the valuable guidance given by the
well-typedness of source specifications, this latter property proved to be rather
challenging to establish in all our encodings.

12.1.2 Discussion

We believe that our work raises insightful points regarding the use of relative expres-
siveness for relating operational and declarative languages:

Language Differences: Relative expressiveness techniques have been traditionally
used to compare the expressive power of relatively similar formal languages.
For example, the work presented in [ FG96, Bor98, Ama00, Mer00, Gor10, PN12,
PN16, vG18] focuses on comparing process calculi such as the m-calculus and
its many variants. In contrast, our work required the development of trans-
lations between very different languages. Indeed, our source languages are
all message-passing and session-based, while our target languages exhibit dif-
ferences that range from the concurrency model they adhere to (e.g., lcc is
a shared-memory language) to their semantics (e.g., RML has a synchronous
semantics). All these differences must be reconciled to develop meaningful
encodings that enjoy strong correctness properties. Specific examples of how
these differences manifested in our work and how we addressed them follow.
First, consider the encoding of 7, into lcc, presented in Ch. 4. This encoding
had to be developed in a way that enabled 1lcc to cope with the sequentiality
present in 74, as 1cc has no sequential composition operator. Notice that even
with such mechanisms, 1cc cannot encode all possible behaviors in 7. Still,
lcc can capture the essence of session-based programs by focusing on well-
typed méz programs—see § 3.1.1. Second, in the encoding presented in Ch. 7
the differences are even more prominent since the semantics of RML induces
time instants for RML programs. Moreover, RML uses a synchronous big-step
semantics that allows multiple simultaneous synchronizations between event
emissions and awaiting processes. This behavior contrasts with the semantics
of 7%, in which a single-synchronization is executed in each reduction. We ad-
dressed this issue by equipping 7 with a big-step semantics where a single
big-step reduction represents several reduction steps and by developing a type
system that disallows races in 75 —see § 3.1.2.

Determinism: A notorious difference that appeared in developing a unified view for
message-passing programs is the (non-)determinism present in the various op-
erational and declarative languages studied. For instance, while 7 (cf. §2.2) in-
duces rich forms of non-deterministic behaviors via unrestricted types, 1cc (cf.
§2.3, [Haell]) allows only for guarded non-deterministic choices and Reactive-
ML (cf. § 2.4, [MPO05]) forbids it altogether. In concurrent constraint program-
ming, non-determinism is known to heavily influence the definition of theoret-
ical foundations such as denotational semantics [ Ten76]—see, e.g., [dBPP95].



Chapter 12. Closing Remarks and Future Perspectives 292

Similarly, the lack of non-determinism in ReactiveML is inherited from the syn-
chronous programming paradigm, where properties such as determinism and
confluence are essential in proving real-time programs correct [Hal98]. In our
work we addressed these discrepancies by using specialized type systems for
m: by narrowing down the forms of non-determinism in the source languages,
the type systems we developed for 7, (cf. § 3.1.1) and for 7§ (cf. § 3.1.2) were
instrumental to ensure that our encodings correctly capture the intended be-
havior of source terms.

Encodability Criteria: The previously mentioned differences between operational
and declarative languages must be carefully considered when selecting the en-
codability criteria to guarantee the correctness of our encodings. This is be-
cause it is crucial for our unified view of message-passing programs to ensure
that translated specifications preserve the correctness properties inherited from
the source specifications. In particular, we wanted our translations to preserve
the communication safety guarantees provided by session types in well-typed
source processes. These guarantees often manifest themselves as conditions
over the syntactic structure of processes (see, e.g., Def. 3.14, Def. 3.27). There-
fore, we decided that our encodings should satisfy two static criteria: name in-
variance (cf. Def. 2.3(1)) and compositionality (cf. Def. 2.3(2)). Similarly, since
we also wanted our translated specifications to preserve the behavior of well-
typed session-based programs, we needed to consider the operational corre-
spondence criterion already mentioned above. We believe that these criteria
provide the minimal requirements needed to establish the foundations for our
unified view. Given the differences between the languages covered in our work,
it is unsurprising that the encodability criteria may require adjustments to cap-
ture the peculiarities of the languages involved and to induce the desired cor-
rectness properties in the encodings. As an example of this, the analysis of the
translation of 7 into RML (cf. Ch. 7) required the introduction of refined en-
codings (cf. Def. 2.6), which include a coarser form of operational completeness
that accounts for the big-step semantics of RML.

Although a great deal of our work focused on encodings and their correctness,
the work presented in Part IV offers a different kind of insights about the interplay
of synchronous reactive programming and session-based concurrency. Since MRS is
a multiparty calculus equipped with reactive constructs and whose communication
model follows SRP, we have been able to analyze phenomena that, to the best of our
knowledge, have not been studied in a uniform setting. In particular, MRS allowed us
to investigate the interplay between broadcast, events, timed behavior, and reactive
behavior without having to analyze each feature independently. Another interesting
aspect of MRS is types not only statically check communication correctness, but also
timed properties such as output persistence, which guarantees that processes execute an
output action at least once during an instant, and input timeliness, which guarantees
that every input is satisfied either in the current or the next instant. Also, we showed
that the multiparty session types in MRS are expressive enough to specify and enforce
the timed patterns presented in § 1.6 (cf. § 10.6).
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12.2 Future Work

We now discuss possible directions for future work derived from the results pre-
sented here.

Session-Based Concurrency and Concurrent Constraint Programming: We would
like to use the encodings presented in Part II to transfer reasoning techniques
between session-based calculi and 1cc. Two concrete examples of this kind of
transference are the characterization of a class of deadlock-free 1cc processes
by encoding the session calculus in [CP10] and the use of the phase seman-
tics presented in [FRS01] to prove safety properties for session m-calculi. We
also would like to extend our encodings to consider the session 7-calculus with
asynchronous (queue-based), eventful semantics defined in [KYH11] as we be-
lieve 1cc is a natural language to analyze event-driven behavior. Furthermore,
since here we have focused on 7-calculus implementations for binary session
types, we think that extending our lcc encodings to address multiparty ses-
sion processes [HYC16, BHTY10] would allow us to have rich declarative in-
terpretations of communication scenarios with more than two participants. We
also want to investigate how compositional is the translation in § 5 in terms
of the session establishment protocols used. Hence, rather than the NSL pro-
tocol, we would like to analyze different session initiation protocols. In this
way, we could investigate the security features that appear in different secu-
rity protocols by using lcc. Finally, we would like to extend our results with
notions such as nested locations and security levels. Indeed, we believe we
can reason about security and space-related notions in session-based concur-
rency by using techniques adopted from recent constraint-based declarative
languages [KPPV12, GHP*17].

Session-Based Concurrency and Synchronous Reactive Programming: We plan to
explore more in depth the limits of the runnable encodings presented in Part III.
In particular, we want to develop a session type library in ReactiveML, similar
to the one created by Padovani in OCaml [Pad, Pad17]. Moreover, it should
be possible to obtain similar encodability results by using variants of session
m-calculi such as the ones presented in by di Giusto and Pérez, and Castel-
lani et al. in [DP16, CDP16]. Results on this line would clarify the role of
the synchronous reactive paradigm in issues such as runtime adaptation and
deadlock resolution. Furthermore, we believe that extending our work on reac-
tive session-based concurrency to consider notions of security, following the
approach presented in [MBC07] would help us clarify notions such as non-
interference in reactive languages. Such extension would also require the de-
velopment of behavioral equivalences for ReactiveML. Lastly, we propose the
use of the Globally Asynchronous Locally Synchronous (GALS) model [BCE*03]
to relax the synchrony assumption imposed by the synchronous programming
paradigm in our encodings. This would allow us to obtain more realistic specifi-
cations for session-based concurrency. On a more foundational level, we would
like to investigate possible translations from reactive synchronous calculi such
as the ones in [Ama07, ABBCO06] into the m-calculus. Such results would al-
low us to compare the expressive power of reactive constructs such as, e.g., the
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preemption operator.

A Synchronous Reactive Session-Based Calculus: Directions for future work based
on the calculus presented in Part IV include the extension of MRS with a run-
time monitoring mechanism such as the ones in [DP16, FPS18]. We believe that
work in this direction would allow us to naturally check events, as they are in-
trinsically runtime structures, not static entities. Moreover, we believe that using
runtime verification would help us clarify the role that preemption and events
play in failure handling and interruption mechanisms [DHH" 15, APN17]. We
also think that the preemption construct in MRS provides a fertile ground for
analyzing runtime adaptation and deadlock resolution as presented in [CDP16,
DP16]. Moreover, we would like to explore whether ReactiveML is an accept-
able host language for implementing MRS. Similarly to the work with encod-
ings on Part I1I, we want to extend MRS to consider the GALS paradigm. In this
way we would be able to relax the synchrony requirements for processes, allow-
ing them to have different clocks and inhabit different localities. Yet another
line of future work for MRS consists in the addition of selection and branching
constructs. This would allow us to make closer comparisons of this calculus
with respect to MPST.
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Chapter 3

A.1 Proofs for 7y

Lemma 3.7 (Basic Properties for Types). Let T be a mgy type such that T is defined.
Then, all of the following holds:

1. If un(T') then one of the following holds:

(a) If T =endor T = a then —out(T) holds.

(b) If T = pa.T or T = qp then out(T") holds.
2. If1in(T) then 1in(T) holds.

Proof (see Page 69). The proof of (2) proceeds by induction on the structure of T'. All
the cases are immediate by Def. 2.15. The most interesting proof is for (1). By as-
sumption, un(7") and —out(7") are true. We proceed by induction on the structure of
T. The base cases are ' = end and 7' = a; they are immediate and fall on Item (a)
(i-e., —out(a) and —out(end) hold). For the inductive step, we consider two cases:
(1) whenever T" = pa.T, and (2) whenever T' = gp. Case (1) is immediate by ap-
plying the IH. We detail Case (2): by the definition of un(-), it must be the case that
—out(T") holds and ¢ = un. The previous implies that 7' =773 .75 with —out(75) holds
or T = &{l; : T;};esr with —out(T;) true, for every i € I. For each of these cases we
have that, by Def. 2.15, out(T) is true. O

Lemma 3.8 (Properties of Typing Environments). Let I' = I'y o I'y. Then all of the
following hold:

1. UT) =UT) = UT,).

2. Suppose that x : gp € I' A (¢ = lin V (¢ = un Aout(p) = tt)). Then, either
x:qp €Ty and x & dom(T'g) or x : qp € Ty and x & dom(T'y).



Appendix A. Chapter 3 309

3. P:FQOrl.
4, IfF1:A10A2thenA:AgofgandF:AloA.

Proof (see Page 69). Every item is proven by induction on the structure of I' and by
using the definition of splitting and predicates un(-) and 1in(-) appropriately:

1. The base case is ' = (). Then, I'; = () and T's = (). Moreover, U(T") = U(T) =
U((T2) = 0. For the inductive step, consider I' = I/, x : T. There are two sub-
cases, depending on whether un(7") or 1in(7"). In the former case, we have that
Iz : =TI1 0TIy and by Def. 216, x : T' € I'yand z : T" € T'y. By IH,
I"=T)oTh,andU((T') =UT}) =UTY,). Sinceun(T'), thenz : T e U,z : T),
x:TeUl),and z : T € U(T3). Thus, U(T') = U(T'1) = U(T'2). The latter case
is immediate by IH since z : T ¢ U(T").

2. The base case is I' = (. It is immediate as the empty environment does not
contain any elements. For the inductive step, assume I' = I', z : gp. There are
two cases: if ¢ = 1lin then the proof is immediate by Def. 2.16; if ¢ = un then, by
assumption, out(p) = tt. This implies that un(gp) = ff; therefore, since 1in(gp)
holds, we can conclude the proof by Def. 2.16.

3. Immediate by commutativity of the *,” for environments.

4. Immediate by associativity of the ‘o” operation (cf. Def. 2.16).

Lemma 3.11 (Subject Congruence). IfI' - Pand P =5 Q then I' - Q.

Proof (see Page 70). By a case analysis on the typing derivation for each member of
each axiom for =s. The most interesting ones are: (1) P|0=s P, and (2) (vzy)(P|Q)

if 2,y & fvx(Q).
Case P | 0= P:

=) (1) T+PJO (Assumption)
(2) T'=Ty700ly (Inv. on Rule (T:Par), (1))

3) I'h+P (Inv. on Rule (T:Par), (2))
(4) TxFO0 (Inv. on Rule (T:Par), (2))
(5) un(Ty) (Inv. on Rule (T:Nw) to (4))

(6) Tiols+P (Lem.39to (3), (5))

<) (1) THP (Assumption)
(2) 0o (Rule (T:Nw) to () - un() is true)
(3) THP|0 (Rule(T:Par)to (1), (2))

Case (vay)P | Q =s (vay)(P | Q) with z,y & fv-(Q):
=) By assumption we have that I' - (vzy)P | Q and z,y ¢ fv.(Q). Then:

(1) T'=T100, (Inv. on Rule (T:Par), Assumption)
(2) TI'tk (vzy)P (Inv. on Rule (T:Par), (1))
3) I'aFQ (Inv. on Rule (T:Par), (1))

(4) Ty1,2:T,y:TFP (Inv. onRule (T:Res) on (2))
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We now distinguish two cases. The first and most interesting one corre-
sponds to whenever un(T') is true. The second one corresponds to when-
ever un(T) is false (i.e., which groups the remaining possibilities):

un(T') is true: In this case we distinguish two further sub-cases depending
on whether the un(T") holds or not:

un(T) is true: If this is the case, then we apply Lem. 3.9 twice in (6) to
obtain (7) s,z : T,y : T I Q and conclude by applying (T:Par)
and (T:Res) on (5) and (7).

un(T) is false: If this is the case, then we only apply weakening once
(cf. Lem. 3.9) in (6) to obtain (7) I's,z : T F @ and conclude by
applying (T:Par) and (T:Res) to (5) and (7).

un(T) is false: In this case, we have two cases depending on un(7’). Each
case proceeds similarly as above.

<) (1) TH(vey)(P|Q) (Assumption)

(2) z,y ¢ v (Q) (Assumption)
(3) T,xz:T,y:TFP|Q (Inv. onRule (T:Res), (1))

We distinguish two further cases depending on whether un(7) is true or false:

un(T') is true: In this case we distinguish two further sub-cases depending on
whether the un(7T) holds or not:

un(7') is true: If this is the case, then by inversion on (T:Par) on (3), we
have that (4) ',z : T,y : T = Pand (5) I's,z : T,y : T - Q. Then,
we apply Rule (T:Res) on (4) to obtain (6) I'y F (vzy) P and we apply
Lem. 3.10(2) to (5), obtaining (7) I'; - Q. We conclude by applying
Rule (T:Par) to (6) and (7).

un(T) is false: If this is the case, then by inversion on (T:Par) on (3), we
have that (4) I,z : T,y : T + P and (5) I's F Q. Moreover, by
Lem. 3.10(1) applied to (2) and (5), it must be the case thaty : T & T's.
Therefore, we apply Lem. 3.10(2) once to remove z : T from I';. Then,
we apply Rule (T:Res) in (4) to obtain (6) I' - (vay)P and conclude
by applying Rule (T:Par).

un(T) is false: In this case, we have two cases depending on un(7"). Each case
proceeds similarly as above.

O

Lemma 3.12 (Substitution). IfI'y - v : Tand T'y,x : T = P then T' - P{Y/x}, with
=T, 0T,

Proof (see Page 70). By induction on the structure of P. There are nine cases: one base
case and eight inductive cases.

Base Case: P = 0. By inversion, un(T's, z : T'), which implies un(T"). By inversion on
the rules for values, we also have that un(I'y). Thus, un(T"), withT" = I'; o T’y
holds. Since 0{%/z} = 0, the proof concludes by applying Rule (T:NiL).
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Inductive Step: The proofs for P = Q1 | Q2, P = (vyz)Q, and P = u? (Q1) : (Q2)
follow by applying the IH. The other five cases proceed similarly. We only detail
the case for P = y(u).Q.

P = y(u).QQ: We distinguish four sub-cases: (1) y =  and ~un(T), 2) y = =
and un(T'), (3) u = z and —un(T'), (4) v = = and un(7T’). Notice that sub-
case (2) is not possible since by assumption I',z : T' = P, which implies
that the judgment proceeds with Rule (T:Our) and therefore, by inversion
T = un!lU.U’, which can never satisfy un(T"). We only detail sub-cases (1)
and (4), as sub-case (3) proceeds similarly.

1. By assumption, P = z(u).P and —un(T"). Moreover, since the judg-
ment I'; - P can only be obtained with Rule (T:Our), it must be the
case that T' = ¢!U.U’. Thus, by inversion on Rule (T:Ourt), (1) 'y =
A1oAso0As, (2) A1 Fax:qUU, (3) Astwu:U,and (4) As+x: U+
P. We distinguish two further cases depending on whether ¢ = lin
or ¢ = un. We assume the latter, as the former is similar. By (2), it
must be the case that « : T € A;. Moreover, by inversion on (2) and
(3), we have that un(AY}) holds with (5) A} = A; \ z : T, and that
(6) un(Asz) holds. By Lem. 3.10(1), we also have that x : T' ¢ A, and
x T ¢ As. Moreover, by Lem. 3.8(1), Ag = I's, which implies that
Az+x:U =Ty, x:U'. Byapplying the IH, 'y o (T'y,v : U’) = Q{Y/x}.
We then distinguish two further cases depending on whether un(U)
or —un(U). In both cases we proceed similarly: we add all the miss-
ing hypothesis applying Lem. 3.9 and conclude by reapplying Rule
(T:Our).

4. By assumption, P = y(z).P and un(T"). Moreover, since the judgment
I'; F P can only be obtained with Rule (T:Ourt), it must be the case
that ' = ¢!U.U’". We distinguish cases depending on whether un(U)
or —un(U) are true. Both cases proceed similarly, so we only detail the
latter. If un(U) holds, we have that (1) T's = Aj 0o Ay 0 A3, (2) Ay
2:qUU, (3) Aok z:U,and (4) As+y:U' F P,andx : U € Ay,
z:U € Ay,and z : U € As. Following a similar line of reasoning
as the one above, we can conclude that A; = I'y, and that A; = A,.
Moreover, by assumption I'y = v : U and by IH, we then have that
Tio(Te,v: Uy :U')F P'{Yz}. We then distinguish two further cases
depending on whether un(U’) or —un(U’). In both cases we conclude
similarly as above.

O
Theorem 3.13 (Subject Reduction). IfT' - Pand P —* Q then T - Q.

Proof (see Page 71). By induction on the reduction P —* () with a case analysis on
the last applied rule. The most interesting ones are for Rules | Com| and |Rer], as the
others proceed similarly (or in the case of Rule |Str|, by the IH and Lem. 3.11). We
show them both:
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Case |Com]:
(1) P=(vey)(z(v).Q1]y(2).Q2 | Qs) (Assumption)
(2) P — (vay)(Q1 | Q2{Y/z} | Q3) (Assumption)
3) I'rpP (Assumption)
(4) T,z:T,y: Tt z(v).Q1|y(2).Q2|Q3 (Inv. on Rule (T:Res), (1))
(5) I'=T10l50TIy (Inv. on Rule (T:Par), (3))
(6) Ti,2:THFx(v).Qq (Inv. on Rule (T:Par), (3))
(7) To,y:TFy(2).Q (Inv. on Rule (T:Par), (3))
(8) T3k Qs (Inv. on Rule (T:Par), (3))
(9) Ty =T)olfolY (Inv. on Rule (T:Our), (6))
(10) I,z : T+ x:unlUU’ (Inv. on Rule (T:Our), (6))
(11) TYFov:U (Inv. on Rule (T:Our), (6))
(12) TV +z:U' @ (Inv. on Rule (T:Our), (6))
(13) un(T'}) Aun(T'Y) hold ( Inv. on Val. Rules, (10), (11))
(14) TV =T, (Lem. 3.8 to (13), (12))
(15) Ty +2:UFQ ((14), (12))
(16) (T2,2:U")+y:U' Q2 (Derived similarly to (15))

We now distinguish cases depending the nature of T"and T'. Below we consider
all the possible combinations:

—un(T) A —un(T): In this case, we have that (a) I'y, 2 : U’ Q1, by (15) and the

definition of +; (b) I's, 2 : U,y : U’ I Qa, by (16) and the definition of +;
(c) T3 F Qs,by (8),and (d) I'Y = v : U, by (11). By Lem. 3.12 applied to
(d) and (b), we have (e) T2,y : U’ - Q2, and we can finish the proof by
applying rules (T:Par), (T:Par), (T:Res).

—un(T) Aun(T): In this case, we have that (a) I'1,z : U’ + @1, by (15) and the

definition of +; (I's, 2 : U')+y : U' F Q2 and y : un?U.U’ € Ty, by (16) and
Definition of un(-). Thus, U’ = un?U.U’ and thus, (b) s, 2 : U’y : T F Q.
Similarly as above, we also have (c¢) I's - Q3, by (8); and (d) I'Y Fv : U,
by (11). By Lem. 3.9 on (a), we have (e) T,z : U,y : T F @1, and we
can conclude by applying Lem. 3.12 and rules (T:Par), (T:Par), (T:Res) as
above.

Other Cases: Notice that cases (i) un(7") Aun(T") and (ii) un(T") A —un(T') are

not possible, because T = un!U.U’. Therefore out(T) = tt, and so our
definition of un(7") does not hold.

Case |Rep|: Assuming that P = (vay)(z(v).Q1 | *y(2).Q2 | Q3), we proceed simi-
larly as above. By inversion on Rule (T:Res):

Do :T,y:TFa@).Q1 | *y(2).Q2 | Q3)

withl' =T70I'50 Fg.followini a similar derivation as above, we can conclude
that T = ¢!U.U’,and T = ¢?U.U’. Then, we can deduce that:

(a)
(b)
(0)

I'y =T} oY oTY,;
I'" 4+ z : U’ F Q1 by inversion Rule (T:Ourt);
',z : Tk z:qU.U by inversion Rule (T:Our);
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(d) un(I'Y) by inversion Rule (T:Var);

(e) IV F v : U by inversion Rule (T:Our);

(f) un(I"}) by inversion Rule (T:Var) (or (T:BooL));

(g) Ta,y:T,2:U")+y: U F Q2 by inversion Rule (T:Rin);
(h) un(T2,y : T) by inversion Rule (T:RN);

(i) I's = Q3 by inversion Rule (T:Par).

By (h), we have that un(T’) holds, which implies that —out(7") holds, and that
T = U’; hence T is a recursive type. Moreover, by Lem. 3.7(1b), we have that
un(7) does not hold. Hence, we have that: « : T ¢ I'//, x : T & T"|. Then,
by Lem. 3.8(1) to (a), (d), and (f), we have that I'/” = I';. Then, by applying
Lem.3.12and Lem. 3.9 to (e) and (c), we have that T'y,y : ToT} o'/ F Qo{V/2}.
We then apply Lem. 3.9 to (i) to obtain (I's,y : T) o'} o'/ I Q3. Notice that we
also know, by Lem. 3.9, that I}, T'Y o (Ta,y : T) I *y(2).Q2. We then apply Rule
(T:Par) (which is applicable, since un(T') holds) to the previous hypotheses to
obtain:
Dox:Ty:THEQ | Q2] *y(2).Q2 | Qs

We then conclude by applying Rule (T:Res).

Theorem 3.15 (Type Safety). If - P then P is well-formed.

Proof (see Page 71). For the sake of contradiction, assume that - P and that P is not
well-formed (i.e., it does not satisfy any of the items in Def. 3.14). We show that for
every item that is not satisfied we reach a contradiction. If - P, then there exists a
derivationt- (vzy ... 2py1 ... yn)(Q1 | Q2 | R), withn > 1 and therefore, by inversion
applied n times, there exists an environment z1 : T),,..., 2, : Ty, y1 : Ti,. . Yn :
T, =T10T2003F Q1| Q2 | R. We now show thatif Q; | Q2 | R does not satisfy any
item in Def. 3.14, we reach a contradiction:

1L If Q1 = v?(Q1) : (Q2) then v € {tt,ff}: Assume that does not satisfy this
condition. Then, the derivationI'; o'y 0T's F Q1 | Q2 | R is not possible as Rule
(T:Ir) requires v : bool.

2. There does not exist Q1 and Qg such that they are both prefixed with the same variable:
Assume there exists (); and () that are prefixed in the same variable. Then
there are two cases: (i) if the prefixes are of different nature, we reach a con-
tradiction, since it is not possible for z : T and = : T" with T' # T” to appear
in a typing derivation in the same environment; (ii) if the prefixes are of the
same nature, we just need to notice that our splitting operation does not allow
for session types that satisfy out(-) to be shared among environments. Thus,
only unrestricted input and branching types can be shared.

3. If Q1 is prefixed on x1 € T and Qy is prefixed on y1 € y then Q1 | Q2 is a redex:
Suppose that this does not hold (i.e., Q1 | Q2 is not a redex). Then, the typ-
ing derivation is not possible, since Rule (T:Res) requires the types of two co-
variables to be dual, thus reaching a contradiction.

O
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A.2 Proofs for 7;

Lemma 3.21 (Properties of Typing Environments). Let I' = I'y o I'y. Then all of the
following hold:

1. U(D) = U(Ty) = U(T,).

2. Suppose that x : qp € T. Then, either x : qp € T'y and x & dom(T'2) or x : qp € T'y
and x & dom(T'y).

3. I'=I50IY.
4. IfTy =A10Agthen A= AgoTqandT’ = Ay o A.

Proof (see Page 75). Every item is proven by induction on the structure of I' and by
using the definition of splitting and predicates un(-) and 1in(-) appropriately:

1. The base case is I' = (). Then, I'; = () and 'y = (). Moreover, U(T") = U(T,) =
U(T2) = 0. For the inductive step, consider I' = I/, x : T. There are two sub-
cases, depending on whether un(7") or 1in(7"). In the former case, we have that
Iz : T =Ty0Ty and by Def. 216, z : T € Ty and z : T € I';. By IH,
I"=T)oTlbandU(T') =UT}) =UTY,). Sinceun(T'), thenz : T e U,z : T),
x:T eU(Ty),and x : TU(T3). Thus, U(T') = U(T'1) = U(T'2). The latter case is
immediate by IH since z : T ¢ U(T").

2. The base case is I' = (. It is immediate as the empty environment does not
contain any elements. For the inductive step, assume I' = I, = : gp. There are
two cases: (1) ¢ = lin and (2) ¢ = un. Both cases are immediate by Def. 2.16
since un(q) is false for both qualifiers.

3. Immediate by commutativity of the *,” for environments.
4. Immediate by associativity of the ‘o’ operation (cf. Def. 2.16).
O

Lemma 3.25 (Substitution). IfT'y - v : Tand T'y,x : T = P then T + P{Yx}, with
I'=T40T%.

Proof (see Page 76). By induction on the structure of P. There are nine cases. The
most interesting case is whenever P = *y(2).Q) and y = x (the case whenever y # x
is immediate by IH). We detail this case below. By assumption, (1) I'y - v : T"and
(2) I'y,z : T F P = xx(y).Q. By inversion on Rule (T:Var) and (1), we have that
un(T'1) holds. Moreover, by inversion on Rule (T:RIN), we have that: (1) un(T'y) holds,
(2)z:TFx:un?T".U,and (3) I's, z : T’ Q. By IH, we have that (4) I'y o (T'y, 2 :
T) F Q{Yz} = Q (notice that = ¢ fv,(Q)). Moreover, we have that (5) v : T - v : T
by applying Rule (T:Var), and we have that (6) un(I'y \ v : T') holds, as no qualified
pre-typed satisfies un(-). Then, we apply Rule (T:RIN) to (4), (5), and (6) to conclude
the proof. O

Theorem 3.26 (Subject Reduction). IfI'+ P and P —* Q then I' F Q.
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Proof (see Page 76). By induction on the reduction P —* () with a case analysis on
the last applied rule. The most interesting ones are for Rules |[Com| and |Rep|. We
only show the case for Rule | Rep| as the case for Rule | Com | can be obtained similarly.

Case |Rep|: Assume that P = (vzy)(z(v).Q1 | *y(2).Q2 | Q3)By inversion on Rule
(TRes), D,z : T,y : T F x{v).Q1 | xy(2).Q2 | Q3), withT' = T’y oI';0l'3. Consid-
ering Def. 3.18 and Lem. 3.21 we can conclude that T = ¢!U.U’,and T = ¢?U.U".
Then, we can deduce that:

(a) Ty =T o oTY;

(b) TY" + 2 : U’ Q1 by inversion Rule (T:Our);

(¢c) T,z : T+ x: qU.U' by inversion Rule (T:Our);

(d) un(I'Y) by inversion Rule (T:Var);

(e) IV F v : U by inversion Rule (T:Our);

(f) un(T"}) by inversion Rule (T:Var) (or (T:Boovr));

(g) (T'3,2z:U)F Q2 by inversion Rule (T:Rin);

(h) un(T'z) by inversion Rule (T:Rin);

(i) I's = Q3 by inversion Rule (T:Par).
Then, qualified pre-types cannot be shared (i.e., un(7') and un(T) are false), we
have that: z : T ¢ T')/, x : T ¢ T'}. Then, by Lem. 3.21(1) to (a), (d), and (f),
we have that I'/” = T';. Then, by applying Lem. 3.25 and Lem. 3.22 to (e) and
(c), we have that I's o I} o T'Y = Q2{¥/z}. We then apply Lem. 3.22 to (i) to

obtain '3 oI} o'} Q3. Notice that Lem. 3.22 ensures that I}, '/ o (I'y,y : T') -
*1(2).Q2. We then apply Rule (T:Par) to the previous hypotheses to obtain:

oo :Ty:THQ1|Qa| *y(2).Q2 | Q3

We then conclude by applying Rule (T:REs).

Theorem 3.28 (Type Safety). If - P then P is well-formed.

Proof (see Page 76). For the sake of contradiction, assume that - P and that P is not
well-formed (i.e., it does not satisfy any of the items in Def. 3.27). We show that for
every item that is not satisfied we reach a contradiction. If - P, then there exists a
derivation - (vxy ... 241 ... Yn)(Q1 | Q2 | R), withn > 1 and therefore, by inversion
applied n times, there exists an environment z1 : T),, ..., %y : Tp,y1 ¢ ThyevoYn
T,=T10T3003F Q1 | Q2 | R. We now show thatif Q; | Q- | R does not satisfy any
item in Def. 3.27, we reach a contradiction:

1. If Q1 = v?7(Q1) : (Q2) then v € {tt,ff}: Assume that does not satisfy this
condition. Then, the derivationT'; oT's0T's F Q1 | Q2 | R is not possible as Rule
(T:IF) requires v : bool.



Appendix A. Chapter 3 316

2. There does not exist processes P and () that are prefixed on the same variable: Assume
there exists (1 and (), that are prefixed in the same variable. Then there are two
cases: (i) if the prefixes are of different nature, we reach a contradiction, since it
is not possible for z : T'and « : T" with T # T” to appear in a typing derivation
in the same environment; (ii) if the prefixes are of the same nature, we just need
to notice that our splitting operation does not allow for any qualified pre-type
to be shared among environments, leading to a contradiction.

3. If Qy is prefixed on xy € T and Qo is prefixed on y, € y then Q1 | Q2 is a redex:
Suppose that this does not hold (i.e., Q1 | Q2 is not a redex). Then, the typ-
ing derivation is not possible, since Rule (T:Res) requires the types of two co-
variables to be dual, thus reaching a contradiction.

O

Lemma 3.35 (Semantic Correspondence). For every well-typed my program P the fol-
lowing holds:

1. If P <% @ then P —* Q.

2. P —* Q then there exists Q' such that P <»* Q" and Q —* Q.
Proof (see Page 78). We prove each item.

1. By induction on the number of parallel sub-processes of P.

2. By induction on the length k¢ of the sequence of reductions P —* (). The base
case is immediate, since P —* P implies that P <»* P. For the inductive step,
we state the IH:

IH: If P —* Qo — Q with P —* Qo in k < k¢ steps. Then, there exists @,
such that P «»* Qf and Qo —* Qy.

We shall use the marked arrow introduced in page 78 (i.e., —). Let us enumer-
ate our assumptions: (1) = P and (2) P —* (). We then proceed by induction
on the length kg of the reduction P —* (). The base case is whenever P —* P
and is immediate, as P <»* P. For the inductive step, we consider the IH above.
Then, we need to prove that the property holds for for Qy — Q. By Cor. 3.34:

P=wzy)(P| ... |P)

with n > 1 and every P;, 1 < i < n a pre-redex or conditional. By IH, P —*
Qo. Moreover, by Thm. 3.26 applied to P —* @)y and Assumption (1), - Q.
Next, by Thm. 3.28 applied to Qo, Qo is well-formed (cf. Def. 3.27). Finally, by
Cor. 3.34:

Qo = (vay)(P{ | ... | Pp,)
with m > 1 and every P/, 1 < i < m a pre-redex or conditional.

Next, by IH, Qo —* @y, thus, we distinguish two cases: (1) whenever reduc-
tion Qy — Q is in the sequence Qy —* Q} (i.e., Qo —* Qb)) and (2) when-
ever reduction Q) — @ is not in the sequence Qp —* Q.
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Case (1): Let Q" = Q. Then, the case follows immediately by IH: If Q' = @y,
then by IH, P «»* Q' and Qy —" Q'. Moreover, by Rule |Big-Step|
in Def. 3.31 and since it must be the case that Qy — @ is an outermost
reduction (as it is included in Qy —* Q'), it is possible to rearrange the
sequence as Qp — Q —* @', finishing the proof.

Case (2): We analyze the nature of reduction Qy — Q, distinguishing two
cases: (1) when Q) — Q comes from a conditional or (2) when Q) — Q
comes from a synchronization. Case (1) assumes that there exists P},
1 < j < m such that:

Q= Wag)(P}| .. | P/ | ... | P) (1)
Case (2) assumes that there exist P; and P, 1 < j,p < m, j # p such that:
Q=way)(P|...|P'|...|P/|...|P,) (2)

We detail Case (1) as the other proceeds similarly:

Case (1) Assume Q = (vzy)(P[ | ... | P/'| ... | P,). Also, assume that
Qo — Q. Then, by IH, there exists @}, such that:

P <" Q) AN Qo —* @
By Rule |Big-Ster| in Def. 3.31:
Qo =Wz (R | ... [ Ry | Rega | ... | Ro)

such that R}, ..., R, are w processes and R, 1,. .., Ry are pre-redexes
or conditional processes that were not in an outermost reduction.
Next, by Cor. 3.34 and renaming the R; processesto .S; (r+1 <1 <'s)

we have:

Qy=wzy)(S1| .- | St | Spg1] .| Ss)
witht > r, s > 1and every S;, 1 <1i < tis a pre-redex or conditional
process.

Notice that the fact that reduction Q) — Q isnotincluded in Q) —*
Q;, together with the IH (i.e., P <»* Q}) imply that reduction Qg —
@ is not an outermost reduction in any of the processes of the se-
quence P <»* Q. Therefore, there must existan S; (j € {1,...,t,7+
1,...,s}) such that:

Qb = waER)(S1| - | Sel - 1S)| o [ Sesa | - 18) =Qf

Then, applying Rule |Bic-Ster| to Qf, we know there exist processes
Si,...,84,...,54 (with a < s) and processes S, 1, ...,S5, (with b <
s) such that:

Qs WS | oo | S| oo | S Sart | oo [ S9) =@ (A1)

By Lem. 3.35(1), Q) —* Q'. Furthermore, by Def. 3.31, Qy — Q
must be included in Q) —* @Q’; thus, Q) —* Q’. Moreover, Q) —*
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Q) by TH and therefore, Qy —* Q) —* Q’. Next, observe that
Qo — Qand Q) > QU implies that Qy — Q —* @', which
implies that Q —* @’. Finally, by IH, we have that P <»* Q{ and by
(A.1) above, P <»* Q) <» @)’ and thus, P <»* )/, finishing the proof.

O

A.3 Proofs for ¢

Lemma 3.37 (Subject Congruence for m¢). If & -y N and N =s M then ® by M.

Proof (see Page 82). Using a case analysis on all the rules for =s. We show four cases
as all the other proceed similarly:

Case N | 0 =5 N: We show both directions:

=) We proceed as follows:
(1) ® -y N | 0 by Assumption.
(2) @ Fy N by Inversion on Rule (T:NPar).
<) We proceed as follows:
(1) @y N by Assumption.
(2) © -y 0by Rule (T:NNw).
(3) @y N | 0by (T:NPar) on (1) and (2).
Case N | M =5 M | N: We prove one direction, as the other proceeds in the same
way:
=): We proceed as follows:
(1) @ =y N | M by Assumption.
(2) ® -y N by Inversion on Rule (T:NPar) and (1).

(3) ® Fy M by Inversion on Rule (T:NPar) and (1).
(4) ® -y M | N by applyinh Rule (T:NPar) to (3) and (2).

Case (vay)0 =5 0: We show both directions:

=) We proceed as follows:
(a) @y (rzy)0 by Assumption.
(b) @ Fy 0 by applying Rule (T:NNiL) to (1).
<) (1) @y 0 (Assumption).
(2) z : end,y : end F 0 by the application of Lem. 3.9 and Rule (T:NiL)
from Fig. 2.3.

(3) @y (ray)0 by (T:Sess) and (2).

Case (vzy)P | (vwz)Q =s (vry)(vwz)(P | Q): We show one side, as the other pro-
ceeds similarly:

=) We proceed as follows. Notice that x,y ¢ fv.(Q) and w, z & fv,(P):
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(1) @ Fy (vay)P | (vwz)Q by Assumption.
(2) ® Fy (vay)P by Inversion on Rule (T:NPar) and (1)).
(3) @y (rwz)Q by Inversion on Rule (T:NPar) and (1).
(4) x:Th,y: Ty + P by Inversion on (T:Sess) and (2).
(5) w: Tz, w: Ty F Q by Inversion on (T:Sess) and (3).
(6) F (vzy)P by the application of Rule (T:Res) from Fig. 2.3 to (4).
(7) F (vwz)Q by the application of Rule (T:Res) from Fig. 2.3 to (5).
(8) F (vazy)P | (vwz)Q by the application of Rule (T:Par) from Fig. 2.3 to
(6) and (7).
(9) F (vzy)(rwz)(P | Q) by Lem. 3.11 and =s in .
(10) = : Ty,y : Ty + (vwz)(P| Q) by Inversion on Rule (T:Res) from
Fig. 2.3 and (9).
(11) @ ky (vay)(vwz)(P | Q) by the application of Rule (T:Sess) to (10).

O

Theorem 3.38 (Subject Reduction for 7¢). If ®,T' Fy N and N —}; N’ then ®,T
N'.

Proof (see Page 83). By induction on k, the length of the reduction, followed by a case
analysis on the last applied rule. Notice that Case |[NStRr|, concludes by IH and
Lem. 3.37.

Base Case: Immediate, as it is the case where k = 0. Thus, N — N.
Inductive Step: We proceed by a case analysis on the last applied rule:

Case Rule |[SEstR]:
(1) N = [a"™(z).P1]" | [*a’(y).P]™ by Assumption.
M, My
(2) N’ = (vay) (P | P2) | [*a?(y).P]™  (Assumption).
(3) ® Fy N by Assumption.
(4) ©y M by (1),(3), and Inversion on Rule (T:NPar) in Fig. 3.4.
(5) © -y M, by (1),(3), Inversion on Rule (T:NPar) in Fig. 3.4.
(6) ®ya:(T)by (4) and Inversion on Rule (T:Req) in Fig. 3.4.
(7) x: T F Py by (4) and Inversion on Rule (T:ReQ) in Fig. 3.4.
(8) @ ya:(T) by (5) and Inversion on Rule (T:RAcc) in Fig. 3.4.
(9) y: T F P, by (5) and Inversion on Rule (T:RAcc) in Fig. 3.4.
(10) = : T,y : T + Py | P, by the application of Rule (T:Par) in Fig. 2.3 to
(7) and (9).
(11) @ Fy (vay)(P1 | P2) by the application of Rule (T:Sess) in Fig. 3.4 to
(10).
(12) @ ky [*a”(y).P,]™ by applying Rule (T:Racc) to (8) and (9).
(13) @ by (vay)(Py | ) | [*a”(y).P2]" by applying Rule (T:NPar) to (11)
and (12).
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Case Rule |NPar|: Follows from the IH.

Case Rule [SRep|: Follows by inversion on Rule (T:Sess), Thm. 3.13 and ap-
plying Rule (T:Sgss).

O

Lemma 3.41 (Type Safety for Runtime Networks). If N =5 (vzy)P | M and ® -y N
then (vay) P is well-formed (cf. Def. 3.14).

Proof (see Page 84). The proof can be derived as follows from the assumptions:
1) N =5 (vay)P | M by Assumption.
2) @ty (vay)P | M by Assumption.
) © v (vzy)P by Inversion on (2) and Rule (T:NPar).
4) @ty M by Inversion on (2) and Rule (T:NPar).
(5) z:T,y: T+ P by Inversion on (3) and Rule (T:sEss).
(6) = P by applying Rule (T:Res) to (5).
(7) P is well-formed by applying Thm. 3.15 to (6).

A.4 Proofs for ar

Theorem 3.67 (Subject Congruence for ar). If I' s, P> Aand P =, Q then T 5,
Qv A.

Proof (see Page 97). By a case analysis on the rules of =, (cf. Def. 3.44). For each case
we need to prove both directions:

(1) P|0=,P:

=): By assumption and inversion on Rule (T:QConc), I' s, P> A and I'
0> A,. By applying inversion twice, we have that end(A;) holds, Thus, we
can conclude by adding A, to Ay, by applying Lem. 3.61.

<): A’ = () is a terminated linear environment and therefore, by Rule (T:NL),
I' Fy 0> . Finally, we can apply Rule (T:QConc) with the assumption to
conclude the proof.

(2) P|Q =a Q| P: Both directions are immediate by commutativity of <.
(3) P =4 Qif P =, Q: Immediate by applying Lem. 3.63.
(4) (P Q)| R=4P]|(Q] R): Both directions are immediate by associativity of =<.

(5) (vz)(vy)P =4 (vy)(vx)P: Both directions are immediate by the commutativity
of A.
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(6) (vz)0 =, 0:

=): By assumption, (1) I" by, (v2z)0> A. Since (vz)0is ar* process then ¥ = ()
and (1) is deduced with Rule (T:Res). Thus, by inversion, (2) I' b5,
0> A,z : end,Z : end. By the syntactic structure of 0, it can be deduced
that this judgment was derived with Rule (T:WxS). Thus, by inversion,
(3)T Fx 0> A,z : end, T : end. Then, it can be deduced ¥ = (. Thus, by
inversion, (4) I' = O>A, z : end, T : end. Finally, we have that this judgment
must have been deduced with Rule (T:N1.) and hence, by inversion: A,z :
end, 7 : end. Then, by Lem. 3.62, we can conclude that I - 0>A. Finally, we
can apply Rule (T:WkS) twice to obtain I' -, z 0> A, finishing the proof.

<): By assumption, (1) I' ks (v2)0 > A and by applying inversion twice we
get that ¥ = () and that end(A) holds. Then, we can apply Lem. 3.62 to
obtain I' - 0> A,z : end,Z : end. Next, using Rule (T:WxS) twice, we
deducel' F,z 0> A,z : end, T : end. Finally, we can apply Rule (T:Res) to
conclude I b5, (vx)0 > A, finishing the proof.

(7) (Wk)(kli:€0: €| Kk[i:eo:e]) =40:

=): By inversion on Rule (T:Res), I' f-y, ; 7 kli : €0 : ¢ |kli i 0 :€bAx:
T = M,z :T" =< My with T L T'. This judgment was deduced with Rule
(T:QConc). Thus, by inversion: (1) I' s, i ki : ;0 €]> Ay, x: My, 7 : 1"
and (2) 'y, £ Slic €0 €e]>Ag, 20 T, 7 0 My. Then, (1) and (2) could only
have been deduced wit Rules (T:OQEnD) or (T:IQEnD). Let us assume that
both were deduced with Rule (T:OQEnD). All the other cases proceed
similarly. By inversion on Rule (T:OQEnD) on (1) and (2), we have that
Y1 = Xy = 0, which implies that ¥ = (. Also, end(Aq,z : My, T : T")
and end(Ay,z : T') hold. Thus, T' = T" = end. We can then conclude by
applying Rule (T:NiL) with A = Ay, Ag, 2 : T, : T".

<): We proceed similarly to the case 0 =, (rz)0. The only caveat is that we
have to consider that end =< () = end, to obtain the desired typing.

(8) (wx)P|Q =4 (vz)(P| Q) if v & fv.(Q): Both directions are immediate by in-
version and considering that = cannot appear in the linear environment typing

Q.
O

Theorem 3.69 (Subject Reduction for aw). If I' s, P> A with A well-configured (cf.
Def. 3.58) and P —} Q then T b5, Q> A’ with A —* A" and A’ is well-configured.

Proof (see Page 97). By induction on the length of reduction P — Q). The base case
is immediate. We show the inductive step:

Rule |SenD]: In here we distinguish two cases depending on whether v is a boolean
value or another channel (delegation).

Case v : bool By assumption, (1) I' b5 k(v).Q | k[i : hy,0: E;] > Ak CWU(T <
M) and A = A’z :\U.T is well-configured. By using inversion on Rule
(T:QConc), we have that (2) I' by, k(v).Q > A,k WUT and (3) T Fyx, &
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ki : hi,0: E;] > A%, k : M. By inversion applied on (2) (Rule (T:Senp)),
we have that (4) ¥, =0, (5) ' v : Uand (6) I' F Q> A, T. Similarly, for
(3), we distinguish cases depending on whether hy = € or not. Without
loss of generality, we only consider the case when hy # €. The other case
is similar.

In this case, we have that ﬁ; = v1 ... vy, n > 1. Thus, by applying
inversion on Rule (T:QOur) we have that (7) X2 = 0 and (8) end(A})
holds. Then, we have that k(v).Q | k[i : R E;] — Q| k[0 : R
hy - v]. By applying Rule (T:QOut) with (5) we have that (9) ' Fs,
i : E,o : 71\; ~v]> ALk M, where M = my..... m,,.\U and for every
ie{l,...,n}, m; = &l; for some j or m; =!U’ for some U’.

Then, by applying Rule (T:QConc) to (6) and (9) yields:

Ths k@).Q | k[i : hi,0: ha] o A 2 T =< M’

Now, notice that since A is well-configured (Def.3.58), A = A, k :\U.T, k :
?U.T. Moreover, the merging T' < M’ reconstructs the type !U.(T =< M)
given that session types are reconstructed in the reverse order, as how the
messages were sent. Thus, A’z : T =< M’ = A and thus, A —* A,
finishing the proof.

Case v : T: If thevalueis a channel (anhenceits typeis a session type), then the
proof proceeds mostly as the case above, but we assume that the judgment
is deduced using Rule (T:DkL), rather than (T:Sexp).

Rule |SeL]: Similar to the case above, but we make use of Rule (T:Sus) to find the
correct typing for the selection operator.

Rule |Com|: This case proceeds immediately form the IH. Notice that the environ-
ment A reduces with Rule |E:Senp|. Namely, when we move an output mes-
sage from an output queue to the input queue of the complementary endpoint,
the message is consumed and thus, the environment changes.

Rule |Recv]: Similarly to |Senp|. We distinguish two cases depending on whether
the input process was typed using Rule (T:Rcv) or (T:DRcv), in both cases we
proceed as in the case for the semantics Rule |SenD|.

Other Cases: Case |Bra] is similar to the case above. Cases for rules |IFT|, |IsF],
|Rec|, |[Res|, and |PAr| are immediate by the IH. Finally, the case for Rule |Str |
is immediate by IH and Thm. 3.67.

O

Lemma 3.85 (Single-Step Semantic Correspondence). Let P be a well-formed arm pro-
gram. Then, the following holds:

1. If P »— Q then P —} Q.

2. If P —4 Q then there exists R such that P »— Rand Q — R.
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Proof (see Page 104). We prove both numerals.

1. We derive the proof from the definitions. Assume that 1 <n <m:

(1)
(2)
(3)
(4)
(5)

P=C[P.|...| P0,Q1]| ... | Qm] (Thm. 3.69, Lem. 3.73)
P »>— @ = unm(Qy), for some Qo (Lem. 3.83, (1))
P>—ClP| ... | P0,Q) ] ... | QL] (Inversion on (2))
Qi) ... | Qm —"Qy ] ... | Q) (Inversion on (3))
ClP| ... | P,Q4 | -.. 1@, =" Qo+ (Inversion on (2))

Qul - | @m —2 Q1] . |Q

(©) " sing Rule [Com] (Lem. 3.84(1), (4))
CIP | o | Py | . | Q]
(7) Lt unm(Qo) = O (Lem. 3.84(2), (5))
PO | PQ] Q]
8 Fig. 3.5, (6), (7
® e m@o) =0 (Fig. 35, (6), (7))
2. By Thm. 3.69and Lem. 3.73, P =C[P1 | ... | P,,Q1| ... | Qm] with1 <n <

m. By assumption, P —, @, given the shape of the process we deduce this
reduction can only take place using Rule |Res|. By inversion, we have that

P |

o [ Po| @1 .. | Qm —a @', which is only possible by applying Rule

|PAR|. We then distinguish two cases, depending on which processes reduce:

Ji e

{1,...,n},j€{n+1,...,m} such that P; | Q; — P | Q’: If this is the

case, then the reduction must have occurred with either Rule |Sexp|, Rule

|SeL], Rule |IFT|, Rule |IrF|, Rule |Recv], or Rule |Bra]. We only show

the case for Rule |SenD|, as the other cases are similar:

Rule [SenD]: In this case, P, = z(v).P} and Q; = x[i : hi,0 ¢ hy). We
distinguish cases for (1) he = € or (2) hy = v; - h,. We show the latter,
as it is the most interesting one. By assumption,

P=CP|...|2@).P/| ... | Pu,Q1]| ...
I[itil\l/,OIU1~/h\/2/]| oo | Q)
—7 ClP| ... | P oo [ Py@Q1 ] |
x[i:a,ozvl-gg-vﬂ oo | Qml
=Q

We now prove the existence of process . Consider the big-step re-
duction P »— R. By Def. 3.81, process R is given by the big-step
reduction sequence P >— Ry, —* R{ /, where R = unm(R(,). We
analyze the first part of the sequence: P >— Ry. By Def. 3.78,

P—CP | ... |zw).P| ... |P.QY | ... |
xli: Ao h) | ... | QL) = Ro
as Rule |ComM | is applied to allow synchronization between all the

queues in P. In Ry, we distinguish two cases: (1) ;LTI = hy or (2) E =
h - v'. We only show the latter, as the other case is similar.
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If ijl = h - ' then, in the reduction sequence Ry —* R{, /, we have
that:

Ry —*C[P/| ... |P'| ... |P.,Q"| ...|
wli b0 BE)| ... | Q) = Ry A

with b = ho - v', and hY = h% - v - hy, for some ho and some hy.

We now have to prove that Q —} R. Consider the big-step reduction
Q >— S. We will show that S = R and use the result obtained in Nu-
meral 1. of the proof to show the existence of the reduction sequence
@ — R. By Def. 3.81, we analyze the sequence Q >— Sy —* S /.
As above:

Qs CIP| ... |P|...|P0,Qu]| ... |2li: W, 0:B]| ... | Q]
:SO

this follows from Thm. 3.70, which ensures the existence of a unique
queue for endpoint T.

A similar argument can be used to show that S, —* S /4. Namely,
the big-step reduction — only allows k-processes to interact with their
respective queue. Thus, since by Thm. 3.70 there is only one queue for
endpoint z and only process P/ implements the protocol for endpoint
x, we can conclude that S; = Rj,. Furthermore, by Lem. 3.85(1) (i.e,
Numeral 1. in this statement), we have that unm(Q) —x unm(Ry),
and considering that R = unm(R) and that, by Def. 3.80, unm(Q) = @
(since @ contains no marks), we have shown that ) —} R, finishing
the proof.

Ji,j € {n+1,...,m} such that Q; | Q; —, Q] | Q): The reduction originated
from the application of Rule |Com|. We prove the case by showing that if
P—,Q, P»= R, and Q »— S then S = R. This proceeds similarly as
above.

O

A.5 Proofs for lccP

Lemma 3.91 (Subject Congruence). If P = Q and b, P, then -, Q.

Proof (see Page 109). By a case analysis on P = @ (cf. Def. 2.28). Since congruences
are symmetric, we need to prove for both P = ) and Q = P. There are eight cases.
The most interesting ones are for (5C;:4) and (SC;:7). We detail them below:

Case ! P = P || | P: We distinguish two sub-cases corresponding to the direction of

Sub-case (=):

Assumption '!P=P|!P (1)
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Assumption Fo ! P (2)
(2), inversion on Rule (L:RepL) Fo P (3)
(2), (3), formation on Rule (L:PaAr) Fo P !P (4)

Sub-case (<):

Assumption IP||P=!P (1)
Assumption Fo P || P (2)
(2), inversion on Rule (L:PAr) Fo ! P (3)

Case P || 3z.Q = 3z. (P || Q): We distinguish two sub-cases corresponding to the di-
rection of =:

Sub-case (=):

Assumption Pl 3Q=3(P| Q@) (1)
Assumption Fo P 32.Q (2)
(1), inversion on Rule (ScL:7) z & fv(P) (3)
(2), inversion on Rule (L:Par) Fo P (3)
(2), inversion on Rule (L:Par) Fo 32.Q (5)
(5), inversion on Rule (L:LocAL) Fo @ (6)
(4),(6), formation on Rule (L:Par) Fo P @ (7)
(7), formation on Rule (L:LocaLr) using z F, 3z. (P || Q) (8)

Sub-case (<):

Assumption 2. (P Q)=P| 3=.Q (1)
Assumption Fo 32.(P | Q) (2)
(1), inversion on Rule (ScL:7) z & fv(P) (3)
(2), inversion on Rule (L:Locat) Fo P Q (4)
(4), inversion on Rule (L:Par) Fo P (5)
(4), inversion on Rule (L:Par) Fo @ (6)
(6), formation on Rule (L:LocaL) using z  +, 32.Q (7)
(5),(7), formation on Rule (L:Par) Fo P 32.Q (8)

O

Theorem 3.93 (Subject Reduction). If P 251 Qand -, P then -, Q.

Proof (see Page 110). By a case analysis on the transition rule applied (cf. Fig. 2.5).
There are eight cases, where the most interesting one is the case for Rule |C:SyncLoc],
which is detailed below:

Case Rule |C:SyncLoc]:
c||VZ(d; e—P)

Assumption . T
—n Iy (P{Y} I F)

(1
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1, inversion on Rule |C:SyncLoc]| c®dbt Elﬂ.(e{?/f} ® f) (2)
(1), inversion on Rule |C:SyncLoc] ynfv(c,d,e, P) =1 (3)
(1), inversion on Rule |C:SyncLoc | mgc(c®d, ({7} ® ) 4)
(1), inversion on Rule |C:SyncLoc] cRdb ff = chk ff (5)
Assumption Foc|| VZ(d; e— P) (6)
(6), inversion on Rule (L:PAr) Foc (7)
(6), inversion on Rule (L:Par) b, VZ(d; e— P) (8)
(8), inversion on Rule (L:GuarD) Fa Vz(d; e—P) (9)
(9), inversion on Rule (L:ABs) Fo P (10)
(9), inversion on Rule (L:ABs) A;OF, e (11)
(9), inversion on Rule (L:Ass) Z C O\ fv(d) (12)
(2), deductive closure 3@.(6{%]55} ®f)eC (13)
(13), transitivity fec (14)
(14), formation on Rule (L:TEeLL) Fo f (15)
(4), Def. 2.29 1 is a vector of terms (16)
(10), (16), Prop. 3.92 o P{Y7} (17)
(15), (17), formation on Rule (L:Par) Fo P{iv/f} | f (18)
(18), formation on Rule (L:LocaL) with§ o 37. (P{{/z} || F) (19)



Chapter 4

B.1 Junk Processes

Lemma 4.15. Let J be junk. Then: (1) J /=1 (and) (2) there is no ¢ € C (cf. Def. 4.1)
such that J || ¢ <.

Proof (see Page 130). We prove each item individually.
(1) By induction on the structure of .J. We show two cases:

Case J = Ve((b = —b) — P): This case is immediate by inspecting the rules in
Fig. 2.5; in particular, since Rule (C:Sync) cannot be applied J /1.

Case J = J; || Jo: By IH, J; /+1 and Jo /+;. We prove that a reduction J; ||
Jo =1 Ji || J4 cannot occur. By Def. 4.14, junk processes are either ask-
guarded processes or tt. To reduce, one of J; and .J, must add a constraint
to the store; two ask processes in parallel cannot reduce (cf. Fig. 2.5).
Now, since tt does not add any information to the store, we have that

Ji || o £

(2) By induction on the structure of J. We detail three cases:

Case J = tt: This case is immediate, as tt || ¢ L1, for any constraint ¢ € C.

Case J = Ve((b = —b) — P): Suppose, for the sake of contradiction, that there
isac € C (cf. Def.4.1) such that J || ¢ <, S, for some S. Then, by
Def. 4.1, ¢ must be composed of the predicates snd, rcv, sel, bra, {-:-} (cf.
Fig. 4.1), the multiplicative conjunction ®, replication and the existential
quantifier. We now apply induction on the structure of c: there are five
base cases (one for each predicate) and 3 inductive cases (one for each
logical connective). We show only two representative cases:



Appendix B. Chapter 4 328

Sub-case ¢ = snd(z,v): This base case is immediate, as snd(z,v) t/ (b =
—b) using the Rules in Fig. 2.4. Thus, Rule (C:Sync) is not applicable,
therefore contradicting our assumption.

Sub-case ¢ = ¢; ® co: By IH, ¢; I/ (b = —b). Then, by the rules in Fig. 2.4,
¢1 ® ca i/ (b = —b), leading to a contradiction as in the previous sub-
case.

Case J=J; || Jo: Then J || © L1 follows immediately from the IH (which
ensures J; || ¢ Z+1 and J, || € /1) and Item (1).

O

Lemma 4.16 (Junk Observables). For every junk process J and every D_; C-context
C[—], we have that:

1. (’)D“gw(J) =0 (and)

2. 07k (CL]) = O = (C[ER)).
Proof (see Page 130). We prove each item separately:

1. By induction on the structure of .J. We show the most representative 3 cases:

Case J = Ve((b = —b) — P): By Lem. 4.15(1), J /=1. Therefore, by Def. 2.30
D
O =& (J) = 0.
Case J = tt: By Lem. 4.15(1), J /1. Moreover, since tt ¢ D_; , by Def. 2.30,
D , OR
(’) 7‘0R< ) = (Z)
Case J = J; || Jo: ByIH, O w( ) =10, e {1 2}. By Lem. 4.15(1), J /+; and
therefore, 0 (J) = o (J1) U 0" (Jy) = 0.
2. The proof is by induction on the structure of .J, followed in each case by a case

analysis on C[—] (cf. Def. 2.32). All cases follow from the definitions; we detail
two representative cases:

Case J = Ve((b = —b) — P1): Weapply a case analysis on context C'[—]. We will
show only two sub-cases, as the third one is symmetrical:
Sub-case C[—] = 3z. —: This case follows from Lem. 4.15(1,2).
Sub-case C|—] = — || P»: Then C[J] = Ve((b = —b) — P) | P». By
Lem. 4.15(1,2), Ve((b = —b) — P;) /> and there isno ¢ € C (cf.
Def. 4.1) such that .J || @ <. As such, a reduction C[J] =, C'[J]

is not possible (i.e., J cannot reduce in the context). Therefore, by
Def. 2.30 and Item (1), we have that:

O™ (CLT)) = 074 (J) U O (Py) = O (By)
Following a similar analysis, and using Lem. 4.15(1,2), Item(1) and
Def. 2.30, 07’ & (C[EE) = OD (T U O & (Py) = O " (Py). We
conclude O *(C[tt]) = o’ =& (C[J]), as wanted.



Appendix B. Chapter 4 329

Case J = J; || Jo: We apply a case analysis on context C'[—]. We will show only
two sub-cases, as the third one is symmetrical:

Sub-case C[—] = 3z.( — ): This case follows from Lem. 4.15(1,2).

Sub-case C[—] = — || Py: By IH, we have O & (C[J,]) =" =& (C[tt]) and
07 (ClJy]) = O = (C[ET)). Also, by Lem. 4.15(1), J; || J» £+1 and
by Lem. 4.15(2), there is no ¢ € C (cf. Def. 4.1) such that J || ¢ 1.

Hence, by Def. 2.30 and Item (1), 0 (C[L || J2]) = O (tt), as
wanted.

O
Lemma 4.17 (Junk Behavior). For every junk .J, every D_. C-context C[—], and every
[
process P, we have C[P || J] =™ C[P).

Proof (see Page 131). By coinduction, i.e., by exhibiting a weak o-barbed bisimulation
containing the pair (C[P || J], C[P]). To achieve we recall Def. 2.33. Then, we define
a symmetric relation R such that (R, Q) € R implies:

1. 07" (R) = 0" (Q) (and),
2. whenever R -, R’ there exists Q’ such that Q == Q' and R'RQ’.
We define
R={(R.Q|C[P|J] = RACIP] T3/ Qun > 0}
U{QR)[CIP || J] 5 RAC[P] 551 Q> 0} (1)

Notice that this relation is symmetric by definition. Moreover, Item (1) is immedi-
ately satisfied by R, thanks to Lem. 4.16(2).
As for Item (2), first notice that (R, Q) € R: we have R = C[P || J] and Q = C[P)]

(withn = 0). Now suppose that R -+, R’; we show a matching transition = Q
such that R"RQ)’. To this end, we use a case analysis on the reduction(s) possible from
C[P || J]. There are six possibilities:

(a) C[P || J] =51 C[P || J'] (i-e., an autonomous reduction from .J);

(b) C[P || J] =51 C'[P || J'] (i-e., a reduction from the interplay of C' and J);
(c) C[P || J] T1 C[P' || J'] (i-e., a reduction from the interplay of P and .J);
(d) C[P || J] Z51 C'[P || J] (i-e., an autonomous reduction from C);

(e) C[P || J] =51 C'[P"| J] (i.e., an interaction between C and P);

(f) C[P | J] Z»1 C[P" || J] (i.e., an autonomous reduction from P).

Notice that Lem. 4.15(1,2) and Lem. 4.16(1,2) exclude cases (a)-(c). Thus, reduc-
tions for C[.J] will only be of the form (d)—(f). Clearly, this transition from R can be
matched by @ as follows:
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e Q =C[P] 5 C'[P] = Q, with (C'[P || J],C'[P]) € R (or)

e Q= C[P] 5 C'[P'] = Q', with (C'[P" || J],C'[P']) € R (or)

e Q =C[P] 5 C[P'] = Q',with (C[P"|| J],C[P']) € R.
With these reductions, we conclude the proof for this case. The case when @ Q)
is similar. O
Lemma 4.19 (Occurrences of Junk). Lef R be a redex (Def. 2.19).

LIR=2al,.P|y>{l: Qiticr, withj € I then: [(vay)R] <>, 3o,y.(! {zy} |
P11l Q0 I J), where J = [] Ve(l; = 1, — [Qi]), with I' = I\ {j}, and

iel’
o, y. (N 1 [P] 1 [Q; 11 ) S 3z, y.(Hzy) | [P] 1] [Q5])-
2.IfR = b?(P1) : (P2), b € {tt,ff}, then [R] <1 [P] || J, i € {1,2} with
J=VYe(b=—b—[P]),j #i,and [P] | J == [E].

3. If R = 2{).P | y().Q then [(vay)R] /27" e,y (IP] | [Q{Y/=}] || J) with

J = tt.
4. If R=x(v).P|*y(2).Q then [(vay) ] T5;27= 3z y. (IP] [ [Q{Y/=}] I [+ (=) P
J) with J = .

Proof (see Page 131). Each item follows from the translation definition (cf. Def. 4.4
and Fig. 4.2). Items (1) and (2) refer to reductions that induce junk (no junk is gen-
erated in Items (3) and (4)); those cases rely on the definition of weak o-barbed
congruence (cf. Def. 4.3) and Cor. 4.18.

1. Given R = x <l;.P | y>{l; : Q;}icr (with j € I), by Def. 4.4, Fig. 4.2, and the
operational semantics of 1cc in Def. 2.5:
[(vay)R] = 3z, y.({a:y} || sel(z,1;) || Vz(bra(z, ;) ® {z:2} — [P])
Vi, w(sel(w, ) ® {wiz} — bra(w,1) | [[Ve(l =1 - [Qi])))

icl
I Hw,y.(!@ I Vz(bra(z7 L) ®@{zz} — [[P]])
bra(z, ;) || [ Vet = t: = [Qi))

icl
1 3,y (o) | IP] | [T Vet = 6 — [QiD)
i€l
T 3eyy. (Hayd I IPLIIPT L [T Vel =t — [QiD)

iel\{j}

=~ 3, y. (e} | [P] 1 [P3])

where the last step is justified by Cor. 4.18.
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2. Given that R = b7 (Py): (P,), we distinguish two cases: b = tt and b = ff. We
only detail the analysis when R = tt? (P;): (), as the other case is analogous.
By the translation definition (cf. Def. 4.4 and Fig. 4.2), [R] = Ve(tt = tt —

[Pi]) || Ye(tt = ff — [P]). Then, by the rules in Fig. 2.5, [R] 1 [Pi] || J,
with J = Ve(tt = ff —[P]). By Cor. 4.18, we may conclude as follows:

[R] [P] | Ve(tt = £ [Q]) 27 [P]

3. Given R = z(v).P | y(#).Q, by the translation definition (cf. Fig. 4.2), and the
semantics in Fig. 2.5:

[(vzy)R] = Elz,y.(!{z:y} ® snd(z,v) || Vz(rev(z,v) @ {x:z} — [P]) |

vz, w(snd(w, z) © {wiy} — rev(y, 2) || [Q]))

= 3w,y (o) || Va(rev(z,0) @ {22} = [P]) ||
rev(y, o) || [Q{v %z w}])

= Elz,y.(!{x:y} ® rev(y,v) || Vz(rev(z,v) @ {x:2} — [P]) ||
[Q{v /=, w}])

=1 Jz,y. (Hazyd || [P 1] [Q{Y %2 w}])

=15 3,y (g} || [P/ 1 QU0 /7 w] || FE)

Let J = tt. Finally, we conclude by Cor. 4.18.

4. When R = z(v).Q | *y(z).P, the proof follows the same reasoning as above.
O

B.2 Operational Completeness

Theorem 4.20 (Completeness for [-]). Let [-] be the translation in Def. 4.4. Also, let P
be a well-typed iy program. Then, if P —* Q then [ P] =T>1%ng Q.

Proof (see Page 131). By induction on the length of the reduction —*, with a case
analysis on the last applied rule. The base case is whenever P —° P, and it is

trivially true since [P] == [P]. For the inductive step, assume by IH, that P —*

T 7\'& T ﬂ'é
Py — @ and that [P] =1=," [Fy]. We then have to prove that [P)] =1=,* [Q].
There are nine cases since cases for Rules (Res), (Par) and (Str) are immediate by
IH.

Rule |IeT]:

(1) Py = tt? (P'):(P").
(2) By (1), oy — P' = Q.
(3) By Def. 4.4, [Py] = Ve(tt = tt — [P']) || Ve(tt = ff — [P"]).
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(4) By Rule (C:Sync) (cf. Fig. 2.5), with ¢ = tt we have the following (note
that I- tt = tt):

[Po] =51 [P'] || Ve(tt = ff = [P"]) =R

(5) By (4) note that the process Ve(tt = ff — [P”]) is junk (cf. Def. 4.14).
[
Then, by Cor. 4.18 R =]* [Q], which is what we wanted to prove.
Rule |IFF|: Analogous to the previous case.

Rule |Com]:

(1) Py = (vzy)(z(v).P" | y(2).P" | S), with S collecting all the processes that
may contain « and y. Notice that by typing, S can only contain (replicated)
input processes on y.

(2) By (1) Po — (vay)(P" | P"{¥/z} | T) = Q.

(3) By Fig.4.2:

[Po] = 3z, y.(Ha:y} || (snd(w,v) [| Var((rev(zr,v) @ {z:z1}) — [P']) ||
Vg, w(snd(w, 22) @ {wiy}) — (rev(y, 22) || [P"]) || [S])
(4) By Fig. 2.5, Def. 2.28:

[Po] = 3z, y. (Hz:y} @ snd(z,v) || V21 ((rev(z1,v) @ {x:21}) — [P]) |

Vaz, w(snd(w, z2) @ {wiy}) — (rev(y, 22) | [P"]) I [S])
— 3w,y (o) || Yz ((rev(z, 0) @ {zz21}) = [P']) || rev(y, o) |
[P"{9:%/ 2, w}] || [S])
= Eia:,y.(!{x:y} @ rev(y, v) || Va1 ((rev(zr, v) @ {z:z1} — [P']) ||
[P"{v %)z, w}] || [T])
—1 3w,y (o) || [P{Yz0] || [P{v> %22, w}] || [S])

(5) By Fig. 4.2 we have that w ¢ fv(P”) and z; ¢ fv(P’). Therefore:
Jo,y. (Hawyh | [PAY3 1 [P0z 0] (1 IS]) = 3o,y (Haw} | [P
[P"{Y/ =31 11 [S]) = [@]
(6) Finally, by reflexivity of = N”"R (Def. 4.3), [Q] = Tro'* [Q]-
Rule |RerL:

(1) Assume Py = (vzy)(z(v).P’ | xy(z).P" | S), with S collecting all the pro-
cesses that may contain  and y. Notice that by typing, S can only contain
(replicated) input processes on y.

(2) By (1) Py — (vzy)(P' | P"{Y/z} | xy(z).P" | S) = Q using Rule |Rep|.
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(3) By definition of [-]:
[Po] = 3, y. (Hazy} || (snd(@,v) || Yar((rev(zr,v) @ {21 }) = [P]) |
Wz, wisnd(w, 22) ® {wiy}) = (rev(y, z2) | [P7]) || [S])
=3z, y.({z} || (snd(z,v) || Yz ((rev(z1,0) @ {z:21}) = [P]) |
Vg, w(snd(w, 22) @ {w:y}) = (rev(y, 22) | [P"])) ||
Wz, w(snd(w, 22) ® {wiy}) = (rev(y, z2) | [P"]) || [S])
(4) Let R =Wz, w(snd(w, z2) @ {w:y}) — (rev(y, z2) || [P”])). By using the

rules of structural congruence and reduction of 1cc the following transi-
tions can be shown:

[Po] = 3z, y.({awy} @ snd(z, v) || Va1 ((rev(z,v) @ {@:21}) — [P]) ||
Vaz, w(snd(w, 22) @ {w:y}) = (rev(y, 22) || [P"])) ||

R [S])

I Ex,y.(w | V21 ((rev(z1,v) @ {x:21}) = [P']) || rev(y,v) ||
[P"{vs%/z2,w}]) | R || [ST)

= Ex,y.(!{z:y} @ rev(y,v) || Vai((rev(zr, v) @ {z:21}) — [P']) ||
[P"{vs%/z2,w}] || R | [S])

= 3o,y (Hayd | [P{Y =00 || [P0 %/ 22, w}] || R | [ST)

(5) Asin Case |Com|, we have that

3z, y.(Hzy} || [P{Y/230 | [P"{¥> %/ z2,w}] || R | [17)
= Jz,y.(Hawy} | [P'] I [P"{/223] || R || [T1)
since w ¢ fv(P") and z ¢ fv(P"), by Fig. 4.2.
(6) Finally, observe that:
[Q] = [(way)(P"| P"{Y/z} | *y(2).P" | T)]
= 3o,y (Hay} [P P {23 R | [T]))

Rule [SEL]:

(1) Assume Py = (vzy)(x<l;.P' | z>{l;, : P;};cr | T). Notice that since Py is a
well-formed program, typing implies that process T' = 0, since z, y cannot
be shared. Thus, we do not consider T" below.

(2) By (1) Py — (vaxy)(P' | P;) = Q using Rule [SEL|.
(3) By definition of [-] (cf. Fig. 4.2):
[Po] = 3z, y.(Hz:y} || sel(z, 1) || Vz(bra(z,1;) ® {2:2} — [P'])
VI, w(sel(w,1) ® {w:x} — bra(z, 1) | HVe(l =1, — [P]))

icl
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(4) By using the semantics of lcc (cf. Def. 2.5) and Cor. 4.18, we obtain the
following derivation

[Po] =1 Eia:,y.(!@ | Vz(bra(z,1;) ® {2:2} — [P'])
bra(z,1;) || Hve(zj =1; — [P]))
S 3o,y (g} | [PTI ] Ve; =1 = [R])
el
<1 3z, y. (o} | [P [P H Ve(l; =1 = [Pi]))
i€I\{j}

=7 o,y () || [P] 1 1))
(5) By definition of [] (cf. Fig. 4.2), [Q] = [(vzy)(P' | P})] = 3z,y.({awy} ||

[PTITP)-
(6) By (iv) and (v) we conclude the proof.

B.3 Invariants for Pre-Redexes and Redexes

Lemma 4.24 (Invariants of [-] for Input-Like Pre-Redexes). Let P be a pre-redex such
o
that T =& ([P]) = 0. Then one of the following holds:

/D*
1. If[P] | sel(x,l;) ® {y:x} L5, S then bra(y,l;) € Z "5R(S) and P = y>{l; : P;}icr,
with j € 1.

..
2. If[P] || snd(z,v) @ {y:z} <=1 S then rev(y,v) € T & (S) and P = o y(z).P;.

D*
Proof (see Page 136). By assumption, P is a pre-redex and Z "&(P) = . Then, by
Lem. 4.23(4), we have that [P] /1 and that P = y(z).P;, P = sy(z).P, or P =
y©>{li : P;};c;. We now apply a case analysis on each numeral in the statement:

Case [P] || sel(w,l) ® {y:x} —+1 S: We observe the behavior of each possibilities for
P in the presence of constraint sel(w, l;) ® {y:x} for some [;, following Fig. 4.2.
First we observe:

[y(z).P1] || sel(w, 1) ® {y:z} =Vz, w(snd(w, z) ® {w:y} —rev(y, 2) | [P1]) ||
sel(z,1;) @ {y:x} /1
[xy(2).P1] || sel(w, 1) @ {y:a} =!(Vz,w(snd(w, 2) @ {w:y} —rev(y, 2) || [P1])) ||
sel(z,1;) ® {y:z} £
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In contrast, process [y > {l1 : P;}icr] || sel(w,l) ® {y:x} can reduce: from the
semantics of 1cc (cf. Fig. 2.5) and under the assumption that j € I for [;, we

have:

VI, w(sel(w, 1) @ {w:y} — bra(y, 1) H Ve(l = 1; — [P])) || sel(z, ;) @ {y:x}
1<z<n

S bra(y, ;) | [ Vel =1 — [R]) =

1<i<n

D* D*
Finally, by Def. 4.22: 7 " (S) = {bra(y,l;)} UZ "&( [ Ve(l; =1; — [Bi])),
1<i<n
thus concluding the proof.

Case [P] || snd(z,v) ® {y:z} —>; S: This case proceeds as above by noticing that a
reduction into S is enabled only when P = y(z).P; or P = xy(z).P.

O

Lemma 4.27 (Invariants for Redexes and Intermediate Redexes). Let R be a redex
enabled by z, Yy, such that (vZy)R — (vTy)R'. Then one of the following holds:

1 IfR =5 v? (P\): (P5) and v € {tt, Ff}, then [(WF)R] —n2* (vag)[Ps], with
ie{1,2}.

2. If R =5 x(v).P | o y(w).Q, then [(vZy) R] — = Cs[(R): ] —n; r [(vzy)R'].
3. IfR=sx<l;.P|y>{l; : Qi}icr, with j € I, then we have the reductions in Fig. 4.6.

Proof (see Page 136). This proof proceeds by using the translation (cf. Fig. 4.2) the 1cc
semantics (cf. Fig. 2.5). All items are shown in the same way; we detail only Item 3,
which is arguably the most interesting case:

3. By assumption, R =s x <l;.P |y>{l; : Q;}icr, with j € I and (vZy)R —
(vzy)R'. By Fig. 2.1, (vzy)(z <;.P |y > {l;:Qi}icr) — (vzy)(P | Q,), with
j € 1. Finally, by Fig. 4.2, Fig. 2.5 and expanding Not. 4.12:

[(vzy)R] = Iz, gj(' @ {ziyi} || sel(z, ;) || Vz(bra(z,lj) @ {z:z} — [[P]]) I

VI, w(sel(w, 1) @ {wy} — bra(y, 1) | [ Vel =1 — [P])))

1<z<n

Iy 37, 27(' ® {zi:yi} || Vz(bra(z7 ;)@ {x:z} — [[P]]) I

bra(y,1;) | HVE Iy =1; = [P]))

1<i<n

=37,7.(! @ {zsyi} || Vz(bra(z, ;) @ {x:2} — [P]) ||
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bra(y, 1) | Ve(l; =1; = [P]) | [] Vet; =1 — [P]))
i€\ {5}
=32,75.(' Q) {wiwi} | (w9 l;. P | y> {1:Qi}icr)hy) =T
T,E€ET,
Yi€Y

up to this point, we have shown that [(vZy)R] —1= 37,7.(! @ {z;wi} ||
€T,
?qu‘, E%
(]R[)glw) We now distinguish cases for the next reduction, as there are two pos-
sibilities:
(a) From Fig. 2.5 and Cor. 4.18:

T 51 3%,5.(' Q) {wiwi} | [PL I Vel = 1; — [P;]) |l
€T,
Yi€Y

I vet; =1 - [P]))
ieI\{j}

=37,5.(' Q) {wiwi} | (x 2l P [ y> {1:Qi}ier)Zy)
€T,
Yi €Y

T2 35,50 @ (o | P11 7))

Yi €Y

(b) From Fig. 2.5 and Cor. 4.18:

T 5 32, 7.(! ® {iy} || Vz(bra(z, ;) @ {x:2} — [P]) ||

T,E€ET,
Yi€Y
bra(y, ;) [ [P1 1 [ Vet; =1 — [P]))
ieI\{5}
=37,7.(! ® {ziyi} || (2 <l P |y {li:Qi}ier)3;)
z; €T,
Yi€Y
T 7\'é ~ o~
T2 37, 5.(0 Q) {warws} | [P [P5])
T; €T,
Yi €Y

B.4 Invariants for Well-Typed Translated Programs

Lemma 4.30. Let P be a well-typed program. If [P] == S then
S=CaglUr |- | Un || J]
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wheren > 1, J is some junk, and forall i € {1,...,n} we have U; = tt or one the following:
1. U; = [Rx], where Ry, is a conditional redex (cf. Def. 2.19) reachable from P;
2. U; = [Ry], where Ry, is a pre-redex reachable from P;
3. U; € {{Ri | R;l} (cf. Def. 4.25), where redex Ry, | R; is reachable from P.

Proof (see Page 138). By induction on the length & of the reduction =1. The base
case (k = 0) is immediate: since [P] ==, [P], by Lem. 4.13 we have S = [P] =
Cigl[R1] || --- || [Rx]], and the property holds because every [R;] is captured by
Cases (1) and (2).

The inductive step (k > 0) proceeds by a case analysis of the transition Sy —+1 S.
We state the TH:

IH1: If [P] =, Sy =1 S, then Sy = CszWh || -+ || Wi || Jo] where m > 1, for
some junk Jy, and every W; is either tt or satisfies one of the three cases.

The transition Sy —+1 S can only originate in some W; # tt. There are then three
cases to consider: W; is a conditional redex, a pre—redex, or an intermediate process.
We have:

Case W, = [b? (P1):(P,)] with b € {tt, ff}: There are two sub-cases, depending on
whether b = tt or b = ff. We only detail the case b = tt, as the case b = ff
proceeds similarly. We have:

(1) W, =Ve(tt = tt — [P1]) || Ve(tt = ff — [P2]) (Fig. 4.2).

(2) AP (P —* P = (vzy)(tt? (P1):(P) | Q) (IH1).

(3) PP — P"=(vay)(P1 | Q) (Fig.2.1, (2)).

(4) So =15 =CagWr || - | [P || Win || J], with J = Ve(tt = ff —
[2D) I Jo  (Fig.25, (1)).
To conclude this case, we proceed by induction on the structure of P;:

Case P, = 0: By (4) and Fig. 42,5 = C[Wy || -+ | T | -+ | Wi | J],
and so the thesis follows.
Case P, =07 (Q1):(Q2): By (4) and Fig. 4.2, S = Cy[W1 || --- || [AA] ||

-+« || Wi || J]. Hence, the thesis follows under Case (1).

Cases: P, =x(v).P, P =x(y).Q, Pr =2<1;.Q, P, = xz(y).Q, and P, =
x> {l; : Q;}icr. From the rules in Fig. 4.2 and (4), S = C33[Wh || - - - ||
[Pi] || -+ || Wi || J]. Hence, the thesis follows under Case (2).

Case P, = Q1 | Q2: By IH, the thesis holds for [Q1] and [Q2], and the re-
duction from S to S generates one additional parallel process inside
Cayl]-

Case P, = (vzy)Q: By IH, the thesis holds for [Q)]. By noticing that:

CagWa |l -+ | [(way) QY [ -+ - | W || J]
= CaagyWr || -~ 1 TQU -+ | Wi || J]

the thesis follows.
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Case W; = [Ry], for some pre-redex R;: Then the transition from Sy to S can only
occur if there exists a W; = [R;], such that R;, | R, is a redex reachable from P.
There are multiple sub-cases, depending on the shape of R;, and R;. We only
detail a representative sub-case; the rest are similar:

Sub-case Rj, = x:(v).P: We then have that R, = y(z).Q and so

So=CzWull--- I Will--- Wl | Wi
=CxWall - [l [z() P - I Ty()-QT -+ [ Wn]
= C Wi ||+ [ (2(v).P [ y(2)-Q)ag | - || W] = S

where the transition to S follows Lem. 4.27(2). The thesis then follows
Case (3).

Case W, € {[Ry, | R;]}, for some redex Ry, | R;: Then, depending on the shape of Ry,
and R; (and relying on Not. 4.26), the transition from Sj to S corresponds to
one of the following five sub-cases:

(a) Wi = (z(v).P | y(2).Q)%;

(b) Wi = (z(v).P | xy(2).Q)k;

(c) Wy=(z<l.P|y>{l;: Qi}iEID%ﬂ
(d) Wi = (zal.P|y>{li: Qitier);

(e) Wl = QI< [.P | y> {ll : Ql}lejl)%g
We only detail Sub-cases (a), (c) and (e); the rest are similar:

Sub-case W; = (z(v).P | y(2).Q)}; : Then we have:

So = CaglWi || -+ | (e(v)-P | y(2)-Qlig | -+~ | W]
—n Cag(Wa || - 1 IPT I IQIY=} Il -+ | Win] = S

and the proof proceeds by a simultaneous induction on the structure of
both P and @), as shown for the case of the conditional redex above.

Sub-case W; = (z<l.P | y>{l; : Q;}icr)%- : Then we have:

Ty

So= CagWi |- | (w<l.Pyv{li: Qitier)zg || -~ || Wi
S CogWh || -+ || (e <LP [y {li: Qikie)ig |- | Win] = S

Sub-case W; = (z <l.P | y>{l; : Qi}ig[)%g: Assuming | = [; for some j € I,
then we have:

So= CagWi || -+ || (x<l.P |y {li: Qitier)y | -+ || Wil

—n CggWa |- 1 IPII Qs I -+ | W] = S

and the proof proceeds by a simultaneous induction on the structure of
both P and (), as shown for the case of the conditional redex above.
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O

Lemma 4.31. Let P be a well-typed i program. Then, for every S, S such that [P] ==
S L5y S one of the following holds:

(a) Zs C Is: (cf. Not. 4.29) and one of the following holds:
1. 8= Cy[[b? (Pr):(P2)] || Ul and S" = Cy[[ ] || Ul, withi € {1,2} ;
2. S=Cxrlly<ly. P | o> {li : Qitier)3y || Uland S" = Cagl(y 1. P" | x> {l; :
Qi}iel[)%g I UL
3. 8= Cxylly <l P’ | we{li: Qitier)Zy || Uland S = Cog[[P'T 1] @] I U)-
(b) IS Z IS’ and |IS \IS/| =1.

Proof (see Page 138). We first use Lem. 4.30 to characterize every parallel sub-process
U; of S; then, by a case analysis on the shape of the U; that originated the transition
S 131 S’ it is shown how each case will fall under either (a) or (b). More in details,

by Lem. 4.30 we have:
§=CalUn |-~ || Un]

where for every U; either U; = tt or
(i) U; = [Rk], where Ry, is a conditional redex reachable from P;
(ii) U; = [Ry], where Ry is a pre-redex reachable from P;
(iii) U; € {{Rx | R;]}, where redex Ry, | R; is reachable from P.

Hence, transition S —1 S’ must originate from some U;. There are 12 different pos-
sibilities for this transition:

A. Ui = [tt?(Q1):(Q2)]; G. Ui = [*2(2).Q1].

B. U; = [ff?(Q1):(Q2)]; H. Ui = (2(v).Q1 | y(2).Qa) 35

C. U; = [z(v).Qx]; L Ui = (z(v).Q1 | *y(2)-Q2)3y

D. U; = [z(2).Qu]; J. Ui = (x<l;.Q [ y>{li : Qi}ier)sy
E. U; = [z <al.Q1]; K U= (zal;.Q [ y>{li: Qiticr)3y;
E U =[z>{l:Q:itictl; L U= (z<al;.Q [ y>{li: Qitier)iy

Notice that in Sub-cases A-B and H-L, the U; can transition by itself; in Sub-cases
C-G, the U; needs to interact with some other U; (with ¢ # j) to produce the transi-
tion. Also, notice that in Sub-case J, two more sub-cases are generated, which depend
on the transition induced by U; = (z <1;.Q | y> {l; : Qi}ig[)%g:

J(1). 8 =18 =CoglUs | - || lwal;.Q [y>{li: QiYier3y | -+ || Unl

J(2). S =n 8" =ColUs || -+ | (x2l;.Q [ ye{li - Qitier)dz | -+ | Un]
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These two additional sub-cases are distinguished according to Lem. 4.27(3). All sub-
cases are proven in the same way: first, identify the exact shape of S involved, and
use the appropriate rule(s) in Fig. 2.5 to obtain S’. Next, compare the stores Zg and
Zs:. It Tg C Zg, then the sub-case falls under (a). Otherwise, the sub-case falls under
(b). We detail the proof for two representative sub-cases:

Sub-Case A: Since the U; that originates the transition is a conditional redex then
S=CsUr || -+ || [tt?(Q1):(Q2)] || - - - || Un]. By Fig. 2.5, and eliminating the
junk with Cor. 4.18, we have:

§ Tnae 8 = (U1 |-+ 1 @D |-+ | U]

Then, we are left to prove that Zs C Zg.. This follows straightforwardly by
considering that:
Ve € IS.(G € IS')

because the transition of a conditional redex does not consume any constraint
and that:
Ve € IHQI]].(e € IS')

because new constraints are added by [Q1]. Hence, this sub-case falls under
(a).

Sub-Case H: Notice that well-typedness, via Lem. 3.16, ensures that there will never
be two processes in parallel prefixed with the same variable, unless they are
input processes. Furthermore, it is not possible for more than a single input
process to interact with its corresponding partner, ensuring the uniqueness of
the constraint. Using this, we can detail the case:

1. U; = (z(.)R| y(z).R”[)}@ = rev(y,v) || Vz(rev(z,v) @ {z:z} — [R']) |
[R"{v/z}] (Not.4.26).

2. T (CoglU || -+ | Us || - 1| Uu)) = {38, Gorev(y, o)™} UT = (CglU |
|l U,])  (Def. 4.22,(1)).
3.8 D CoglUy |- | [RT | [R{Ya}]) Il -+ || Ua]  (Fig. 2.5 - Rule
(C:Syne), (1)).
4.1 ”o%(c@wl I TR TR 0 ) U) = (3 | e
T (IR || IR} )} UT 7 (ColUn || -+ | U])  (Def. 422, (3)).
5. 774 (CrglUs || - || U ||~ [l Ua) \Z " (Cglth || - || [R] |
[R'{Y/z}] |l --- || Un]) = {37, y.rev(y,v)}  (Set difference, (2),(4)).
We can then conclude by observing that:
Is=1 ”OR(C@[U1 T 1 URD);
Is =T & (CaglUn || - [ [RT || [R{¥/}D | - || Un])

and cons1der1ng that:
|Zs \ Zs/| = |{37,y.rev(y, v)}| = 1. Hence, this sub-case falls under (b).
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Sub-Case S’ (a) | (b)
A Cay[Ur || - 1 [N+ 1] Unl v
B CaylUr || -+ (1 [P |- || Unl v
C CzglUr || -+ || (z(v).Q1 | Z/(Z)~Q2D%g |- || Unl v
D CaglUi || - || (2(2).Qu | y(v).Qabiz || -+ || U] v
E CaglUi || -+ | (2 <l;.Q [ y>{li : Qi}ier)iy | -+ || Ul v
F CaglUi || -+ | (2 <l;.Q | y>{li : Qi}ier)iy | -+ || Ul v
G CaglU |-+ || ly(0)-Q1 | x2(2).Q2)35 | -+ || Usl] v
H CaglUn || -+ (| [@:] || [Q20{Y/z} || -~ || Us] v
L CaglUn || -+ | [@:1] [| [Q20{Y/2} || [xy(2)-Q2] [ -~ || Un] v
J(1) CaglUi || -+ [ (x<l;.Q | y>{li : Qi}ier)y | -+ || Usl v
J(2) CoglUr |-+ [ (e <l3.Q | y>{li: Qitier)iz | - | U] | v
K CaglUn || - | [QL I [Qs] || -~ || Un) v
L CaglUr | -+ (1 LRI TQ1 I -+ 1| Un] v

Table B.1: Proof of Lem. 4.31: summary of the case analysis. Recall that S = C5,[U; ||
U Ul

Table B.1 summarizes the results for all sub-cases.
O

Lemma 4.33 (Invariants of Target Terms (I): Adding Information). Let P be a well-
typed &g program. Forany S, S’ such that [P] ==, S —+1 S"and Zs C Zs: (cf. Not. 4.29)
one of the following holds, for some U':
1. § = C:[[b? (P): (P)] | U || i) and §' = C[[P] || Ve(b = ~b— P,) | U | J]
withi,j € {1,2},i # j;
2. [P] =1 So = Cogl{my} | [w<l;.P' || yo {l; Qi}ies] | U || Ji] and either:
(a) All of the following hold:
(1) So =1 Caglly aly-P' 2> {li: Qitierliz | U || 1] =1 S,
(i) §=Cgllyl;P"|zo{li: Qiticr)3g | U || 1] (and)
(@) §" = C[[P'] I QNI U I Ju |l o]
(b) All of the following hold:
(1) So = 8= Crylly<ly.P' | x> {li: Qi}ier)yy | U || 1],
(if) 8" = Caglly <1j.P" | x> {li : Qi}ies)3y | U || 1] (and)
(iii) 8" = Cg[PTI QN IIT || Ty || 2).
where Jy = [].cp Vel = le = [Pi]).
Proof (see Page 140). By induction on the length of the transition ==;-"+,. First, by
applying Lem. 4.13:
[Pl = CagllRal || -~ Il [Ra]] (1)
where every R; is either a pre-redex or a conditional process. We apply induction on
the length of transition ==1:
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Base Case: We analyze whenever [P] == [P] —»; S’. Thus, let S = [P]. Since
Zs C Igs, then by Lem. 4.31(a), we have:

S=CyhlR I ] IR

ie{l..n}\j

S=Cxls | ] IR
ie{1.n )\ {5}

where [R;] = [b7(Q1) : (Q2)]. Notice that we only analyze Item (1) of the
statement, as Item (2) would require S to contain intermediate redexes, which
is not possible since S is the translation of a process without any preceding
transition. By assumption, P is a well-typed program, therefore, by Def. 3.14,
b € {tt,ff}. We distinguish cases for each b = tt and b = ff. We only show
the case b = tt, as the other is similar.

Case b = tt: By Fig. 4.2:
S=CoplVe(tt = tt = [Q1]) | Ve(tt =FF = [Q]) | [  [&l]
ie{l..n}\{j}
By applying the rules in Fig. 2.5:
S T Crgllenl [ Ve(tt =fFF = [Q]) | [ [Rll=S
ie{l..n}\j

By Def. 4.14, let J = ttand J' = J || Ve(tt = ff — [Q2])). Therefore, by
Def. 2.28:

U = Cxyl H [R] [ ]

U’ = Cylll H [R] | J']
ie{l..n}\{j}

Finally, let [R;] = U, foreveryi € i € {1...n}\ {j}, finishing the proof.
Inductive Step: By IH, [P] ==1 Sy, —1 S satisfies the property for m steps (i.e.,
[P] =) So <31 S). We must prove for k = m + 1:
[P] 57" 8 s 8

by Lem. 4.30:
S=CaylUn |-+ | Un | ]
for some junk J and for all ¢ € {1,...,n} either:

1. U; = [Rx], where Ry, is a conditional redex reachable from P;
2. U; = [Ry], where Ry, is a pre-redex reachable from P;
3. U; € {{Ry | R;]}, where redex Ry, | R; is reachable from P.
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Then, by Lem. 4.31(a), there exists [R;] such that:
S=CyU; |l [ willJ]

ie{l..n}\j
S=cxlupll [ Uil
ie{l..n}\j

and only cases (1), (3) will be considered:

Case U; = [R;] with R; a conditional redex: Since Zg C Zg/, by inspection on
Fig. 42, R; = b?(P1):(P»), with b € {tt, ff} and the case proceeds as the
base case.

Case U; € {[R; | Ry}: By inspection on Def. 4.25and Cor. 4.18, we have that
U; e {[y<1l Qx> {l; : Qi}icrl}, for some Q, Q;, 1, and either,

(i) U 2% bra(y, ) || Va(bra(z, 1) @ {z:2} — [Q]) || Ve(l; = 1 — [Q,]),

or

(i) U; =7 [Q] | Ve(l; = ; — [Q;]).

We analyze each case:

Case (i): If U; = bra(y, ;) || Vz(bra(z,l;) ® {z:z} — [Q]) || Ve(l; = 1; —
1Q;N, then by Cor. 4 28, there exists Sy, such that:

So = Cggl{zy} | [z <@ |y > {li Qitier] [ Un [ -+ || Un || J]
by the semantics in Fig. 2.5 and Cor. 4.18:
So = Cogl{z} 1 U 1 UL |-+~ [ Un || ] = 8
—n Cxgl{zy} || bra(y, 1)) | VZ(bra(z l i) @ {zz} = [Q]) I [Q]
LU U T =
T2 Cop{ T} 1 IQUINIQL N U -+ U [ T |
[ vetn =1; = [QiD)]
hel
The proof finalizes by letting J' = J || [ Ve(lp =1; — [Q:])-
hel

Case (ii): If U; = [Q] || Ye(l; = l; — [Qj]), then by Def. 4.25 and
Not. 4.26, there exists Sj, such that:

So = Cagl{zy} | (v <1;.Q [y > {li QiYierzy | Ur | -+ | Un || J]
by the semantics in Fig. 2.5:
So = Cagl{ay} | bra(y, 1)) || Vz(bra(z, ;) @ {z:z} — [Q]) || [Q;]

WO |- | U || J] =S
Ty Cagl{wgd [ TRV Q1 [ Un || -+ | Un || T ||
[T vetn =t (@) =5
hel

The proof finishes by letting J' = J || [] Ve(ln = 1; — [Q:]).
hel
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O

Lemma 4.34 (Invariants of Target Terms (II): Consuming Information). Let P be
a well-typed iy program. For any S, S’ such that [P] == S —»1 S" and Is < Ts: the
following holds, for some U:

1. IfIs \ Zs: = {snd(x1, v)%;} then all the following hold:

(@) S = Cyl{ziyn} || [er{v).Pr| oyi(2).P] || U);
(b) S = Cgl(z1(v).P1 | oy1(2)-Paiz || UL
(c) 8" o1 Cz[[P1 | Po{¥/2}] || S" || U], where S" = x[y(z).P] or S” = tt.
2. IfTs \ Zg = {rev(zx, v)%} then there exists Sy such that [P] ==, Sy — S and
all of the following hold:
(a) So = Cxzl{ziyi}™ || [ya(v).Pr | o 21(2).P] || U);
(b) S = Cagllyi(v).Pr | ox1(2)-Pa) | UL
(c) §' = CxyllPy | Pa{t/=3] || St || U], where S} = x [y(2).P2] or S = T
3. If s\ Igr = {sel(x1, lj)%} then all of the following hold:

(17!) S = ng[{xlyl} || [[xl <]l.P1 | Y1 D> {lz : -Pz}zGIHU]r
(b) Sl = Ogg[(]l‘l <1Z.P1 | Y1 > {ll : Pl}lefl)%g H U],

T 2 Tl'é . /
(C) Sl ._>lgl°'* Ciqj[[[Pl ‘ P]]] H U’], withU' =U || Hhe] VG(lh = lj — HQh]])

4. IfIs\ Iy = {bra(m,lj)%}, then there exists Sy = Cyy[{z:y} || [t <;.Q |y >
{1; QiYie1] || U] such that [P] ==, Sy and either:
(a) All of the following hold:
(1) So = Caglly <1;.Q | x> {li : QiYier)ky | U] =1 8,
(i) S =Czlly<1;-Q | x> {li : Qi}ties)Z; | U] (and)
(iii) 8" = Cegl{zy} [ [Q 1 Qs 1 U]
(b) All of the following hold:
(1) So = Crglly <1j-P | x> {li : Qi}ier)y | Ul = S,
(ii) §" = Caglly<1;.P | zo{li : Qitier)3; || U] (and)
(iif) 8" = Cagl{zy} || [P 1@, 1 U').
with U' = U || [1,e; Ve(ln = 1; — [Qn]).

Proof (see Page 140). By induction on the transition == "+1. By Lem. 4.13:

[P1 =32, 3.(IRD |- || [Ra] 1! @ {irwi}) (1)

% €T,
Yi€yY
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where each R; is a pre-redex or a conditional process. Also, by Lem. 4.31(b), the
difference of observables between a process and the process obtained in a single 7-
transition is a singleton. Therefore, we apply a case analysis on each one of those
singletons.

Base Case: Then [P] == [P] ~+1 S'. Let [P] = S. By assumption, S —+; S’ and
Zs Z Zg . Thus, there is a constraint ¢ € Zg such that ¢ ¢ Zss. Considering Eq.
(1) and by inspection on Fig. 4.2 we only analyze from Case (2), as cases (1)
and (3) do not apply: Case (1) does not apply as it does not entail constraint
consumption (cf. Lem. 4.31(a)) and Case (3) does not apply as there are no
intermediate redexes in S.

Case Zg \ Zg = {snd(z1,v)z5}: By Lem. 4.23, there exists j such that:
S=Cyllr Il [ IRl
i€{l..n}\j
where [R;] = [z;(v).Q]. Since Zs Z Zg/, and every ¢ € Zg is unique, by
inspection on Fig. 4.2 and Lem. 4.24, there must exist an R}, such that:
S =Cxlle;).QUITR I T IR
ie{1l..n I\ {4k}
where [R;] = [y;(2).Q'] or [Ri] = [*y,(2).Q']. Withoutloss of generality,
we only show the case for [R;] = [y,(z).Q']:
S = Ol (0)-Q) I [y (). [T [RD)
ie{1 n\{j,k}
By the semantics of 1cc (cf. Fig. 2.5) and Lem. 4.27:
S D1 Caglla; (0)Q 1 9;(:)-Qz | T [Rd
ie{l..n}\{jk}

4 Cl[Q1 1 [Q'{Y/=} | II [rl=¢
i€ {1 .n}\{j.k}

Case Zg \ Zs: = {sel(x1,l;)35}: By Lem. 4.23, there exists j such that:
S=CxllR11 [ [Rl
i€{l..n}\j

where [R;] = [z, <l;.Q]. Furthermore, by following the same analysis as
in the previous case, there must exists R;, such that:

S=Cxlly; < QUINIRI I [ IR
ie{L nP\{j,k}
where [R;] = [y;>{l; : Qi}icr]. Then, by the semantics of 1cc (cf. Fig.2.5):

S 1 Caglly; > {li : QiYier)sy | II [rRl=¢
i€{l..n}\{J,k}
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51 Caylly; > {li : Qitierd3y | II [&D
i€ {1 n}\ {4k}

=1 Cagl[Q1 11 Q] |l [T RN T Veln =15 — [QiD)]

ie{l..n}\{j,k} hel
Tré ~ o~
=3RRI I [RII]] Vet =1 = [QD)
ie{l..n}\{j,k} hel

Inductive Case: By IH, [P] =, S 5, 9 satisfies the property for m steps (i.e.,
[P] L)T_l S 151 S"). Therefore:

S=CaglUn |- 1 Un |l J]
for some junk J and for all i € {1,...,n} either:

1. U; = [Rx], where Ry, is a conditional redex reachable from P;
2. U; = [Ry], where Ry, is a pre-redex reachable from P;
3. U; € {{Ry | R;]}, where redex Ry, | R; is reachable from P.

We now have to prove for k = m + 1:
Tk T /
[[P]] - S —1 S
Since S 1 S, there exists [R;] such that:

S=CyuU; I [ UillJ]
i€{l..n}\j
S=CxUl | I Uil

ie{l..n}\j

As above, we distinguish only cases for 2 and 3. Notice that using Lem. 4.31(a)
and Lem. 4.33 we can discard case 1:

Case 2: Proceeds as the base case, by distinguishing cases between the con-
sumed constraints. The cases correspond to constraints snd and sel (cf.
Fig. 4.1).

Case 3: By inspection on Def. 4.25 and Not. 4.26, we distinguish two cases cor-
responding to predicates rcv, bra (cf. Fig. 4.1):

Case Zg \ Zg: = {rcv(z1,v)zy}: By Lem. 4.23 and Lem. 4.24, there exists j
such that:
S=CylUs | UL -+ | Un || J]

where U; = rev(z;,v) || W, for some W. By inspecting Def. 4.25 and
Lem. 4.24, there exists Uy, such that U; | Uy € {z,;(2).Q | y;(v).Q']}
orUj || Uy e{*xx;(2).Q | y;{v).Q']}, for some z;, y;,v. Without loss of
generality, we will only analyze the case when

Uj Il Ux €{;(2).Q | y; (v).Q'T
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By Def. 4.25 and Not. 4.26, U; = (z;(y).Q | y;{(v).Q’)%;- By expanding
the previous definitions:

S = Cxglrev(z;, v) || Vw(rev(w, v) @ {w:y;} = [Q1) | [Q{Y/=} |
Ul -+ 1 Un I J]

and by the application of Rule (C:Sync) in Fig. 2.5 (i.e., the 1cc seman-
tics):

S —n CllQN I QY3 I Un || J]

Case Zg \ Zs» = {bra(x,l;)z5}: This case proceeds as above. The conclu-
sion is reached using the same analysis as in the inductive case in the
proof of Lem. 4.33.

O

B.5 A Diamond Property for Target Terms

Lemma 4.47. Let S be a target term such that S 25 Sy and S &n Sa, where y(Ty)
is a closing sequence (cf. Not. 4.42). Then, there exists S5 such that Sy %1 S and

Sy 31 Ss.
Proof (see Page 148). By induction on the length n of |y(Z7)|.
Base Case: n = 0. Then:

(1) By Assumption, S O

(2) By Assumption, S &h S.

(3) By Fig. 2.5, 5; =2, 5.
Conclude by letting 51 = 51, S2 = S and S3 = S; and using (1) and (3).
Inductive Step: n > 1. We state the IH:

H: If S =5, S, and S %1 Sy =51 So, then there exists S{, such that
5, =290 st and Sy 51 S},

We distinguish cases for x € {I01,RP1,CD, SL2,SL3}. There are five cases and

each one has four sub-cases that correspond to the opening labels in the set

{I0,SL,RP,SL;}. We detail three cases: k = 10y, K = RP; and k = CD, as the

other are similar:

Case x = I0;: As mentioned above, there are four sub-cases depending on w.
We enumerate them below and only detail w = I0, w = RP:
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Sub-case w = I0: First assume that the actions take place on endpoints
x,y and w, z. This is a general asumption. Furthermore, by typing
and Cor. 3.16 and Def. 3.14, it cannot be the case that x = w and y = z,
because this would imply that there are more than one output prefixed
on z. Then, we we only consider the case when = # w and y # z:
Sub-case = # w A y # z: We proceed as follows:

(1) By Assumption, Fig. 4.7, and Lem. 4.30:

S = CaglUv || -+ || [#{o)- ] | ly(ua) Q2] | -~ 1| Un || J]
(2) By Fig.2.5and (1):

S1= CaglUn ||+ | (2(0).Qu | y(ur)-Qagy || -+ | Un || J]
(3) BylIH, (1), and Lem. 4.30:
So = CaglUy || -+ || [z(v).Q1] [| [y(u1).Q2] ||
(w(v).Qs | 2(u2)-Qadue I -+ I Uy || J']
with m > 1.
(4) By (3) and Fig. 2.5
S2 = CglUf I+ | L) Qi1 | Beyn). @21 |

[Qs] | [QaI{¥/uz} | -+ 1| Uy || I

(5) By IH So 2“5, .
(6) By Fig.2.5and (5)

So = CaglUy ||+ || ((v).Q1 | y(u1)-Qalzy |
(w(v').Qs | 2(u2)-Qabs | -+ | Upy I J']
(7) By IH §, ==22. .
We can then reduce the proof to show that there exists some S
such that S, M)l Sz and S Mn Sa:
(a) where:
So = CaglUL |-+ Il (2(v).Q1 [ y(u1)-Qabyy |
(w(v').Qs | 2(u2).Qabyy I - | U, | ']
(b) where:

Sp = CaglUi || -+ || [(0).Qu] Il [y(ua). Q2] || [@s] |
[Qal{¥ w2} || -+ | Uy || ']
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then, let

Sz = CrzlU] || -+ || (2(0).Q1 | y(u1).Qa), || [Qs] |
[Qal{¥ 2} || -+ || Up || ']

and we can show by Fig. 2.5 that:

;101 (w,z)

A 10(z,y)

1 Sg and SQ 1 Sg

which concludes the proof.

Sub-case w = RP: As above, assume the actions take place in variables z, y
and w, z. It is not possible for them to happen in the same variable, by

Cor. 3.16.
(1) By Assumption, Fig. 4.7, Lem. 4.30
S=CaglUn || --- || [={o)- @] || [xy(ua) Q] || -~ [ Un || J]

(2) By Fig.2.5and (1)

S1=CaglU || -+ || (2(v).Q1 | xy(u1).Qabgy, || -+~ | Un || ]
(3) ByIH, (1) and Lem. 4.30
So = CagU7 || -+ || [w{v)- @il |
[+ y(ur)-Qa] Il (w(v').Qs | 2(u2).Quluz | -+ 1 U7, [ ']
with m > 1.
(4) By (3) and Fig. 2.5
Sz = CaglU7 || -+ || [w{).Qu] [ T+ y(ua).Q2] |l
[Qa] Il [QaI{¥/u2} || - 1 Uy || ']
(5) By IH So "y g,
(6) By Fig.2.5and (5)
So = CaglUi || -+ || (2(v).Q1 | *y(u1)-Q2)ay |l
(w(v').Qs | 2(u2)-Qabue |- 11 U, 1] J']

7) 5 = 5 (IH).
We reduce the proof to show the existence of some some S5 such that

Sg —>RP(at,y) 1 53 and S(/) 10, (1,2) 1 532
(a) Where:
So = CaglU || -+ || (2(0).Q1 | *y(u1)-Qabyy ||

(w(v).Qs | 2(u2)-Qabyy Il -+ 1| Uy, || J']
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(b) Where:

Sy = CaglUt || -+ || [2(0).Qu] I T+ y(ua). Q2] || [@s] |
[QaI{¥/u} || -+ || Up || J']

then, let

S3 = CaglU7 || -+ || (2(v).Q1 | xy(u1).Qa)ay || [Q5] |
[Qa{V/ue} | -+~ | Up || ')

and we can show by Fig. 2.5 that:

Sé —>101(wVZ) 1 53 and SQ —>RP(fc,y) 1 53
which concludes the proof.
Sub-case w = SL(): Similarly as above.
Sub-case w = SL;(): Similarly as above.

Case x = RPy: We proceed similarly as above. The most interesting case is w =
RP:

Sub-case w = RP: As above, assume the actions take place in variables z, y
and w, z. It is not possible for them to happen in the same variable, by
Cor. 3.16.

(1) By Assumption, Fig. 4.7, and Lem. 4.30

S =CaglUp || -+~ || [(v)-@u] |
[xy(u).Qe] || -+~ 1| Un || J]

(2) By Fig.2.5and (1)

Sy = CylUp [ -+ ||
(2(0).Q1 [ *y(u1).Qalay Il -+ || Un [ J]
(3) ByIH, (1), and Lem. 4.30
So = CaglU7 || -+ || [z (w)-Qu] I [+ y(ua) Q2] |
(w(v).Qs | *2(u2)-Qadue I -+ I Uy || ']
with m > 1.

(4) Sy =CaglU || ... | [z(v).Qu] || [*y(ur).Q2] | [Qs] || [Qa]{/u2} |
[+ 2(u2).Qa]ll-.. .1 U 1] ((3), Fig. 2.5).
(5) By IH So — "y g,
(6) By Fig.2.5and (5)
So = CaglU7 || -+ || (2(0).Q1 | ¥y(u1).Qayy ||
(w(v').Qs | * 2(u2).Qaly, | - 1| Upy | J']
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(7) By IH Sy, =<2 &1
We reduce the proof to show the existence of S such that .S, M)l
53 and 56 ml 531
(a) where
So = CaglU7 || -+ || (e(v).Q1 | *y(u1).Qalgy ||
(w(v").Qz | *2(u2).Qagy Il -~ || Upy | J']
(b)

Sz = CagUT || . 1 [(v)- @u] I [+ y(u). Q2] |

[Qs] [ [QaI{¥ /u2} | [ 2(y2)-Qal Il . | U}, 1IT']
then, let

Sz = CaglU7 || - || (2(0)-Qu | *y(ur)-Qelyy, II [Qs] || [QaI{¥/uz2} |l
[+ 2(y2)-Qal -~ 1 Uy [l ']

and we can show by Fig. 2.5 that:

S(’) RPy (w,2) | S and S, RP(x,y) L S
which concludes the proof.
Sub-case w = I0: Similarly as above.
Sub-case w = SL: Similarly as above.
Sub-case w = SL;: Similarly as above.
Case k = CD: As above we distinguish four cases. We only develop Sub-case
w = I0, as the other cases are similar:

Sub-case w = I0: Assume that the IO transition happens on endpoints x
and y. Since CD does not occur on any channels, we do not need to
assume more endpoints:

(1) S = CgglUs || -+ || [x(0).@i] || [y(2)-Q2] | -~ || Un],n =1
(Assumption, Fig. 4.7, Lem. 4.30 ).
(2) S1 = Ozl || - || (x(v).Q1 | y(2).Qabiy || -+~ || Unl,m > 1

((1), Fig. 4.7).

(3) So = CaglUt || - -+ [ [={v).@u] || [y(2)-Q2] || [67 (Qs): (Qu)] [ -~ |
U/, m>1,withb e {tt,ff} (IH, Fig. 4.7).

(4) S2 = CaglU7 || - || [z(v).Qu] || Ty(2)-Q2] || [Qi] || -~ I Uyl
i€ {34y ((3) Fig.47).

(5) So=CxglUi || -+ Il (&(v).Q1 | y(2)-Q2Dzy I| [b? (Q3): (Q)] I -+ |l
U], m>1,withbe {tt,ff} (IH, Fig. 4.7).

Now, let S3 = Cag(U7 || -+ || (2(v).Q1 [ y(2).Qabzy | [Qi] -+ | UL,

m > 1, with b € {tt, ff}, i € {3,4}. It can be shown, by Fig. 4.7 that:

10(z,y)

SQ 1 Sg and S(/) E(—:)—)l Sg

Yo (ZY)CD(—)
—

which, by IH implies that .S; 1 53, concluding the proof.
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Sub-case w = RP: Similarly as above.
Sub-case w = SL: Similarly as above.
Sub-case w = SL;: Similarly as above.

Case k = SLy: Similarly as Case w = I0;.
Case x = SL3: Similarly as Case w = I0;.

O

Lemma 4.48. Forevery well-typed mé program P and for every sequence of labels v(zy) such

that [P] —= 2(&9) === S, there exist Q, S’, and v (Zy) such that P —* Q and S &1 S’
[

with v (7y) = v(Zy)} (cf. Def. 4.46). Moreover, [Q] =7 S'.

Proof (see Page 148). By induction on |y(Zy)| and a case analysis on the last label of

the sequence. The base case is immediate since [P] =xy)>1 [P] and P —* P. For

the inductive step, assume |y(zy)| = n > 0. We state the IH:

IH: if [P] %1 Sy —15) S then there exists QO, S, and v (zy) such that P —*

Q, So =2, 81, 44 (@) = (T7)L and S} =7 [Q].

Using the IH, the proof can be summarized by the diagram in Fig. 4.8, where we must
show the existence of the dotted arrows. Details follow:

Base Case: n = 0. Then:

(1) S =51 81 (Assumption).

(2) S %1 S (Assumption)

G3) 5 =22, 5, (Fig.2.5)

Conclude by letting S; = 51, S2 = S and S5 = S; and using (1) and (3).
Inductive Step: n > 1. We state the IH:

IH: If S <5, Sy and S L—zy—h Sy =31 S, then there exists S¢ such that
S =20 5 and Sy <1 S,

We distinguish cases for x € {I01,RP1,CD, SL2,SL3}. There are five cases and

each one has four sub-cases, that correspond to the opening labels in the set

{I0,SL,RP,SL;}. We detail three cases: k = 10y, K = RP; and k = CD, as the

other are similar:

Case x = I0;: As mentioned above, there are four sub-cases depending on w.
We enumerate them below and only detail w = I0, w = RP:

Sub-case w = I0: First assume that the actions take place on endpoints
x,y and w, z. This is a general assumption. Furthermore, by typing
and Cor. 3.16 and Def. 3.14, it cannot be the case that z = wand y = z,
because this would imply that there are more than one output prefixed
on z. Then, we we only consider the case when = # w and y # z:
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Sub-case © # w Ay # z: We proceed as follows:

(1) 8 = CaglUr || -+ | Te(w)-@u] | Iy(wa)-Qa2] | -+ || Un || J]
(Assumption, Fig. 4.7, Lem. 4.30).

(2) By Fig.2.5and (1)
S1=CglU || -+ |l
(z(v).Q1 [ y(u1)-Qalgy | -+~ | Un || J]
(3) ByIH, (1), and Lem. 4.30
So = CaglUi || -+ || [{v).Qu] Il Ty(ua)-Q2] |
(w(v').Qs | 2(u2).Qa)u: || -+~ | Uy, || J']
with m > 1.
(4) By (3) and Fig. 2.5
Sz = CaglU1 || -+ || [#{0).Qu] || [+ y(u1).Q2] [ [Qs] |
[Qal{¥/us} | - 1 Uy, || ')
(5) So — Ly S5 (IH)
(6) By Fig.2.5and (5)
S = CaglU7 ||+ || (2(v).Q1 | y(u1).Qa)gy |
(w(v).Qs | 2(u2)-Qaduz |-+ I Uy || J']

7) 5 = 5 (1H).
We can then reduce the proof to show that there exists some S3

such that Ss Mn S3 and S| 101 (w.2) 1 53:
(a) Where:
So = CaglU7 || -+ || (2(0).Q1 | y(u1)-Qalyy |
(w(v').Qs | 2(u2)-Qazy || - | Up, | J']
(b) Where:

Sy = CaglUL ||+ || [z (w)-Qu] || [y(ur)- Q] | [@s] |
[Qal{¥ w2} I - 11 Uy (1 ']
then, let
Sz = CaglU7 || -+ || (2(v).Q1 | y(u1)-Qa)ay || [Qs] |
[Qal{¥ uz} || -+ 1| Uy 11 ']
and we can show by Fig. 2.5 that:

;101 (w,z)

SO —_—1 53 and Sg

10(z,y)

153

which concludes the proof.
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Sub-case w = RP: As above, assume the actions take place in variables z, y
and w, z. It is not possible for them to happen in the same variable, by

Cor. 3.16.

(1) § = CglUr || -+ || [z()@u] I Try(un) Q] Il -~ || Un |l J]
(Assumption, Fig. 4.7, Lem. 4.30).

(2) 81 = CaglUs | -+ || (e().Qu [ *y(u1)Qalzy I -+ | Un || J]

(Fig.2.5,(1)).
(3) ByIH, (1), and Lem. 4.30

So = CazlU7 || -+ || [#(0).@u] || [+ y(u1)-Q2] ||
(w(v").Q3 | 2(u2)-Qa I -~ || Upy | J']
with m > 1.
(4) By (3) and Fig. 2.5
Sy = CaglUT || -+ || [#(v).@Qu] ||

[ y(u1).Qa] || [Qs] Il [QaI{¥ /uz} | - 11 Uy || ]

(5) S S g (IH)
(6) By Fig.2.5and (5)

So = CaglU7 || -+ || (2(0).Q1 | ¥y(u1).Qalyy ||
(w(v").Qs | 2(u2)-Qay I -~ | Uy, | J']
7) 5 = g (1H).
We reduce the proof to show existence of S3 such that S, Ml S
101 (w,z)
and S}, 1 93:
(a) Where:
So = CaglU7 | -+ || (e(v).Q1 | *y(u1).Qalzy ||
(w(v").Qs | 2(u2)-Qay Il -+~ || Uy, | J']
(b) Where:

Sz = CrglU7 || -+ || [z (w)-@u] || B y(ua)-Qa] | [@5] |
[Qal{¥/ua} | - | U 11 ']
then, let
Ss = Cag[U7 || -+ || (2(v)-Q1 | *y(ur)-Qabyy [ [Qs]
[Qal{¥/u} |- | U I ']
and we can show by Fig. 2.5 that:
SI —>101(w : 1 Sg and 52 —>RP(a:7y) 1 Sg

which concludes the proof.
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Sub-case w = SL: Similarly as above.
Sub-case w = SL;: Similarly as above.

Case x = RPy: We proceed similarly as above. The most interesting case is w =
RP:

Sub-case w = RP: As above, assume the actions take place in variables z, y
and w, z. It is not possible for them to happen in the same variable, by

Cor. 3.16.

(1) § = CgglUs || -+ || [x@)-Qu] | Bry(ur)-Q2] || -+ [l U || J]
(Assumption, Fig. 4.7, Lem. 4.30).

(2) Si = ClUn || -+ || (e(0)-Qu [ +y(ur)-Qalzy | -+ | Un || J]

(Fig.2.5,(1)).
(3) ByIH, (1), and Lem. 4.30

So = CaglU || -+ || [(0)-@u] || [xy(ua)-Q2 |
(w(v').Qs | * 2(u2)-Qauz |-+ I Uy || J']

with m > 1.
(4) By (3) and Fig. 2.5

Sz = CaglUr |- . | [ (w)-Qu] | [y (ur). Q2] |
[Qs] 1N [QaM{¥ /w2 } I [ 2(uz).Qa] |- -1 Uy, 11T']

(5) So ) 1 (IH)
(6) By Fig. 2.5 and (5)

So = CaglUT [+ I (2(v). Q1 [ #y(u1)-Qabyy |l
(w(v).Qs | * 2(u2)-Qaduz 1 -+ [ Uy || J']

7) 5 == 5 (IH).

We reduce the proof to show the existence of S5 such that .S, M)l
Sz and S| Mn Sa:
(a) Where:
So = Cag[UT [+ || (2(0).Q1 | *y(u1).Qa)gy |
(w(v').Qs | *2(u2).Qadgy | - | Uy || J']
(b) Where:

Sy = CaglUi |- - 1 [={v)- Qul | T y(ur). Q2]
[Qa] 11 [QaI{¥/uz} | [ 2(y2)-Qal Il - | Uy, 1]

then, let

Sz = CaglU7 || - || (2(0).-Qu | *y(u1)-Qelyy, II [Qs] || [Qa]{¥/u2} |l
[+ 2(y2)-Qal -+ 1 Uy || ']



Appendix B. Chapter 4 356

and we can show by Fig. 2.5 that:

S/ Mﬁ Sg and SQ Mﬁ 53

which concludes the proof.
Sub-case w = I0: Similarly as above.
Sub-case w = SL: Similarly as above.
Sub-case w = SL;: Similarly as above.

Case k = CD: As above we distinguish four cases. We only show Sub-case w =
10, as the other cases are similar:

Sub-case w = I0: Assume that the IO transition happens on endpoints x
and y. Since CD does not occur on any channels, we do not need to
assume more endpoints:

(1) S = CzglUs || - || [e().@i] || [w(z).Q] | -+ | Unl,n > 1
(Assumption, Fig. 4.7, Lem. 4.30 ).

(2) S1 = Ol || - || (x(v).Q1 | y(2).Qabiy || -+~ || Unl,m > 1
((1), Fig. 4.7).

(3) So = CaglUp || -+ || [x(v).Qu][y(2)-Q2] || [67(Q3) : (Q)] || -~ |
U], m>1,withb e {tt,ff} (IH, Fig. 4.7).

(4) S2 = Cg[U7 || -+ || [z().Qi] || Ty(2)-Q2] I TQ:] Il -+ || Ul

i€ {3,4} ((3),Fig.47).
(5) Sy = CaglUf || - || ((v).Q1 | y(2)-Qalyy || [67(Q3):( Q)] | -~ |
Ul m>1,withb € {tt,ff} (IH, Fig. 47).

Now, let S3 = Caz[U7 || -+ || (2(v).Q1 [ y(2).Q2bzy | [Qi] | -+ | UL,
m > 1, with b € {tt,ff}, i € {3,4}. It can be shown, by Fig. 4.7 that:

; o(=

M}l S3 and SO —)1 S3

S

which, by IH implies that .S; %1 S3, concluding the proof.
Sub-case w = RP: Similarly as above.
Sub-case w = SL: Similarly as above.
Sub-case w = SL;: Similarly as above.
Case k = SLy: Similarly as Case w = I10;.

Case x = SL3: Similarly as Case w = I0;.
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C.1 Transforming Translated Terms Into lcc via Erasure

Lemma 5.31. For every well-typed initialized closed network N = H|P, M| such that
P=wxy,y1)P1| ... | Wanyn)Py
the following holds (k > 0):
1. If[P] 22220k 8 then [P]; L2220k S, and 5(S,) = Sh.

2. If[P); 290 * 5 then [P] 2Tk 5(5),
Proof (see Page 179). We prove each statement individually:

1. By induction on the transition [P] L_)ﬂf S.

Base Case: Whenever [P] — 2E5),0 1 [P]. We need then to show that §([P] ;) =
[P], we will prove this by mduction on the structure of P. We only show
two cases, as the other follow in the same way:

Case P = 0: Immediate by the definition of 6(-) (cf. Fig. 5.7), as 6([0] ;) =
[0] = tt.

Case P = z(v).Q: Immediate by the definition of §(-) (cf. Fig.5.7). Ob-
serve that §([z(v).Q]y) = [z(v).Q], up to a-conversion:

6([z(v).Ql ) = 5(Snd(l"v) [
Ve(ch(z;€) s {z:fa} ® ch(fri€) @rev(fe,vie) = [Q]¢))

= snd(z,v) || Yur({z:fz} @ rev(wy,v) — 6([P]{W/ f.}))
= [z(v).Q]
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Inductive Step: Assume that [P] —>k ! Sa M)l Siink —1 > 0 steps
(for [P] 22251 60y By IH, [[p]] M’f 1§/ and 6(S)) = So. We

then have to prove that if S —>1 Sy then S| Ly)n Sy and that

0(S2) = S1. This is done by a case analysis on a(x, y). There are nine cases
corresponding to a € {IO0,SL,RP,CD, I01,RP1,SLy,SLy,SLs}. We will only
show case a(z,y) = I0(z,y) as it showcases the necessary machinery for
solving the other cases.

Case a(z,y) = I0(z,y):

(1) So= wy[ﬂx< v)-Pi]ly(2)-Po] -+ | Un]  (Def. 4.37).
(2) 81 = Cagllr(v).Pr [ y(2) Palgy Il -+~ | Un] ~ (Def. 4.37).
(3) So= [[ny]][[[x<v> Py [ Ty(z)-Palg |-+~ [ Ups et (Def. 5.25).
(4) By Def. 5.25:
Sz = [Py = [Hagl [(z(v)-Py | y(2)-Pa, flay || - || Uy, TE]
(5) 0(S) = Caglle(v).Pr | y(2)-Pabgy [| -+~ I Un]  (Def. 529 to (3),
IH).
7(.9)

2. By induction on the transition [P]; ———— S and case analysis on the label of
the last transition.

Base Case: Assume [P]; ﬂﬁf [P]s. The case is immediate as in the base

case for Numeral (1).

Inductive Step: ByIH, [P]; &)k 1 Syink—1 > Ostepsand [P] “=25~1
0(Sp). Then we are left to prove that if Sy Mn S then 6(Sy) M)l

0(.S). We proceed by a case analysis on a(z, y):
Case a(z,y) = 10(z, y):

(1) So = [Hagl[[x(v).Pils || [y(=)-Pols || -+ | Wi, T (Def. 5.25).
(2) S = [Hazll(w(v).Py | y(=).Po, fIL, | -+ || W, T (Def. 5.25).

3) ffﬁ” = Camllz@).P] || Ty(z).Po] || - || 6(W,)]  (Def. 5.29,
(4) 6(S0) —=0s Clla(w).Py | y(2).Po)L, || - || 6(W,)] = S

(Def. 4.37, (3)).
(5) 6(S) =S (Def.5.291t0 (2)).

C.2 Auxiliary Results for Operational Soundness

Lemma 5.36. Let N be a well-typed closed network. If [N 2CD Sand s £,
for any service name a, then there exists N' such that N o N' 2L and [N'] g = S with
f<y
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Proof (see Page 183). By Def. 5.12, N = H[P, M], for some P and M. By Lem. 5.11, M
is a starting network. We proceed by induction on the maximum number of sessions
k that can be established from V:

Base Case: k = 0. Therefore, N £ and so N is an initialized network (cf. Def.5.10).
Then, by Lem. 5.28, [N] ¢ 7&1, for any a. Thus, N’ = N.

Inductive Step: & > 1. Assume that [N _WLL)N So and Sy 72%1 for any service

name ¢ where IV can establish a maximum number of k sessions. By IH, there
est

exists Ny suchthat N —" N, 7&'[) and Sy = [No] 4, with f C go. Wenow prove
the property for N being able to establish the maximum number of k41 sessions
(cf. Def. 5.15). Notice that k + 1 being the maximum number of sessions that
can be established in IV, implies that there are k41 potentially satisfied requests
(cf. Def. 5.15):

(1) N = H[P, M], where N contains k+ 1 potentially satisfied requests ~ (As-
sumption).

est

(2) N — N; and N; contains k potentially satisfied requests  (Fig. 3.3,
Not. 5.14, (1)).

(3) N =HI[P,[a"(z).Q:]™ | [xa”(z).Q2]" | M'], for some Q1,Q2 (By (2)).

(4) N1 =H[P | Q1| Qa,[xa”(2).Q]" | M']  (By (2)).

(5) [Ny = [[1%~ [[PTy, [[@"(x).@:]™ | [ a” ().Q2]" | M']¢] ~ (Fig.5.3, (3)).

(6) [Ny L1 [Hagl [Py, (@ (@)-Qu™ | [+a(y).Qa]™, £, Il [M]5) =
(Def 5.25, (5))

@) W = [P, (@ (@)-Q)™ | [+ (y).Qa)", £)2, || [M]y] = W
(Def. 5.25, (6)).

(8) w’ 1 [[Hizﬂy]] H[P]]fu{xy} ‘ [[Ql | Q?]]fu{m:y}a [[[* ap(y)QQ}n]]fU{zy} ||
[[M/ﬂfu{a::y}] = W1 (Def 525, (7))

(9) [[Nl]]fU{z:y} =W, f - f U {xy} (BY (4)/(8))
(10) There exists N’, such that NV, <k N 7@% (Lem. 5.16).

SE2(a)

(11) There exists S such that W, gﬁ S, S H@) 1 nor S Mn ( By
Lem. 5.36, (10)).

(12) S = [N']y, fU{zy} € g (IH (11), (10), since Ny has k potentially
satisfied requests).

O

Lemma 5.38. Let S be a target term (Def. 5.22). If S —>1 Syand S %1 Sy then
there exists an Ss such that Sy % Ss and So —>1 Ss3.
Proof (see Page 183). Recalling Not. 5.26, there are three cases: (1) a(a) = SE(a),

(2) a(a) = SEq1(a) and (3) a(a) = SEz(a). We only show Case (1), as Cases (2),
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(3) proceed similarly. We proceed by induction on k, defined as the length of tran-

sition S Liin Sy, together with a case analysis on the label o/(x,y) of the last

action in the transition.

Base Case: £ = 1. Then, § Ml Sy. We apply a case analysis on «a(z,y) (cf.
Def. 5.25). There are nine sub-cases. We only show one case as the other pro-
ceed similarly:

Sub-case a(x,y) = I0(z,y):
1) S Ml S1 (Assumption).

(2) S Mn Sy (Assumption).
(3) By (1), (2) and Def. 5.25:

S = [Hzg] [[x(v).- Pl | [y(2)-Pals I S,
[[@" (w).Q:]™ 15 II [l a”(2)-Q2]"1 II S”]
(4) By (3) and Def. 5.25:
S1 = [Hzgl[lz(w)-Prls || [y(2)-Pols I S,
([@ (w).Qu)™ | [xa”(2).Q2]", flzy | S”]
(5) By (3) and Def. 5.25:
Sz = [Hzg][lx(v).Pr | y(2).-Po, flzy | S,
[[@" (w).Q:]™ 15 II [l a”(2)-Q2]"1 I S”]
(6) By (4) and Def. 5.25:

10(z,y

D, [Hagl [ (0).Py | y(2)-Po, L, 1| S,
([ (w).Q:]™ | [xa”(2).Qa]", £, || S”] = S

S

(7) By (4) and Def. 5.25:

Sa ﬂn [Hz3] [(x(v). Py | y(z).Pz,f[);;y IS’

([@ (w).@u]™ | [a”(2).Qa2]", flay | $”] = S5

Inductive Step: Assume that S &1 So Ml Sy in k > 1 steps (for the
transition S &h So) and we need to prove that the property holds for
the last step (.S Ml Ss). We proceed by a case analysis on «(z, y), which
yields 3 cases. As above, for each case, there are nine sub-cases corresponding
to all the labels in Def. 5.25 that do not correspond to session establishment
(i-e., I0(x,y), I01(z, y), etc.). Each sub-case proceeds as the sub-case above and
concludes by applying the IH.

O
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7@y, —)(a)v0 (To¥o,a0)

Lemma 5.40. Let S be a target term. If S
g @9, )a(a)r2 (@9, )70 (oo, )

1 Sl then
1 Slr where Al (igv 7)72(5:"]3 7) = ’Y(%ga 7)'

Proof (see Page 184). By induction on k, the length of sequence v(zy, —), coupled with
a case analysis on the last label o/ (z, y) in v(Zy, —).

Base Case: £ = 1. Then v(Zy,—) = o/(z,y). We apply a case analysis on o’ (z,y).
There are nine sub-cases, corresponding to the labels that do not involve session
establishment in Def. 5.25. We will only show one case, as the others proceed
similarly:

Sub-case o/(z,y) = I0(x,y): We distinguish two further Sub-cases, depending
on whether «(a) = SE(a), a(a) = SE1(a) or a(a) = SEz(a). We only show
the former, as the latter two are similar:

(1) s 100y) 1S @) 15" SeClCHTEIN 151
(2) By (1) and Def. 5.25:
S = [Hag] [l {v)- Al [ Ty(2)-Pal s [| So,
[[@" (w).Qa]™ 1 ¢ II [+ a”(2).Q21"1 ¢ II So]
(3) By (1), (2), and Def. 5.25:

(Assumption).

S" = [Hzgl [(z(v).P1 | y(2)-Pa, f)ay || So,
[[@" (w).Qa]™ ¢ II [+ a”(2)-Q21"1 s II So]
(4) By (1), (3), and Def. 5.25:

§" = [Hzgl [(x(v)-P1 | y(2)-Po, flay |l So,
(@ (w). Q)™ | [+ a”(2)-Qa]", fzy |l So]

(5) § £ gr @, gr ((2), Rules [SE], |IO] in Fig. 4.7).
(6) By (5) and Def. 5.25:

St = [Hzg] [[=(v).Pi]s || [y(2). P2l |l So,
(@ (w).Qu]"™ | [x a”(2).Q2]", flay Il So]
(7) By (6) and Def. 5.25:
St = [Hzg] [(x(v).P1 | y(2)-Pa, fay || So
([@" (w).Q:]™ | [xa”(2).Q2]", flzy || Sol

(8) S =57, lety1(Ty, —) be the empty sequence and 12 (Ty, —) = o/ (x,y)
(By (7),(4)).

v1 (£7,—)a’ (z,y)a(a)vo (Z0y0,a0)

Inductive Step: k£ > 1. Assume that S
1@y, =) = (7Y, =)o/ (z,y). By IH, if §

1 51 with
71 (@Y, —)e(a)e’ (z,y)70 (Foyo,ao)
151
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v (#F,—)ala)y” (FF,—) e (z,y) 0 (Fodo,a0)

then S 1 51 with the sequence v (zy, —) =

~'(Zy, —)¥" (Zy, —). Thus, we need to prove that S 2T ole)a (@) 151. The
proof proceeds as in the base case, by a case analysis on o/(z,y). All the 9 sub-
cases proceed in the same way, each one concludes by applying the IH.

O

C.3 Secure Types and The Translation

Theorem 5.51 (Typability of [-] ). For every well-typed closed network N, the derivation
Fo [N]; holds.

Proof (see Page 189). By induction on the structure of N. The first cases are in Fig. C.1,
which gives the derivation tree for the case N = [xaf(z).Q]™ and N = [a"(x).Q]".
All the other cases follow.

out = o loc,(n;e) =17 r(l)=r p(l) = p;
Case N = 0: This case is immediate, by Rule |L:TeLt.

Case N = N; | Na: By IH, assume +, N; and -, N, and thus we can apply Rule
|L:Par] to finish the proof.

Case N = (vzy)P: By induction on the structure of P. There are nine Sub-cases.
Sub-cases P = Q1 | Q2, P = 0and P = (vwz)( are immediate by IH. Thus, we only
show the 6 remaining cases:

Sub-case P = z(v.Q)): The derivation tree is given. In the derivation tree [1] stands
for the application of Rules (L:Coms), (L:Coms), (L:Prep), (L:PreD), (L:PRED), in that
order.

. i
Fo [Q] ¢ {fa,0};0 e {x:f2} @ ch(fz; €) @ rev(fa,vie) (L:Ass)
% Fa Ve(ch(zs ) s {zifa} ® ch(fa;€) ®@rev(fe, v;e) = [Q]4) (L'.GUARD)
Fo snd(z;v) Fo Ve(ch(z; €) 5 {z:fa} ® ch(fa; €) @ 1ev(fa, v;€) = [Q]f) (L:.PAR)

Fo snd(2;v) || Ve(ch(z; €) 5 {@:fa} @ ch(fe; €) @ 1ev(fa,vi€) = [Q]f)

Sub-case P = z(y).Q The derivation tree is given. In the derivation tree [1] stands
for the application of Rules (L:Coms), (L:Coms), (L:PreD), (L:Prep), (L:PreD), in that
order. Also, [2] = (L:Ass).

(L:TeLL) 4
o rev(z, y; €) Fo [QI s (L:Par) [1]
Fo rev(z,yse) || [Q]s {fati{y}t Fo {aifa} ® ch(fes€) @ snd(fa;y) 2]
Fa Vy(ch(z;€) 5 {2:fa} @ ch(fe; €) @ snd(fu;y) = rev(a, y;e) || [Ql) (L:Guago)

Fo Vy(ch(x; €) 5 {w:fo} @ ch(fz;€) @ snd(fo; y) = 1ev(z,ys€) || [Q]f)
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Sub-case P = z <l;.P: The derivation tree is given. In the derivation tree [1] stands
for the application of Rules (L:Coms), (L:Coms), (L:PreD), (L:PreD), (L:PreD), in that
order.

H (1]
FolQly a0 {zfe} @ chlfui) @bralfa ie) g 4y
& Fa Ve(ch(z;€) 5 {x:fa} ® ch(fa;€) @ bra(fz, l;€) > [Qlr) (L'éUARD)
o sel(z; 1) Fo Ve(ch(z;€) 3 {w:fa} ® ch(fa;€) ®bra(fe, i e) = [Qlr) (L:'PAR)

o sel(z; 1) || Ve(ch(z; €) 5 {z:fo} @ ch(fe; €) @bra(fe, l;€) = [Q] )

Sub-case P = x> {l; : Q;}icr: The derivation tree is given. In the derivation tree [1]
stands for the application of Rules (L:Coms), (L:Coms), (L:Prep), (L:Prep), (L:PrED),
in that order. Notice that when using IH, we previously need to use n steps with
(L:Par). Also [2] = (L:Guarp).

[1]
Dy {fa}i {1} Fo {a:fa} @ ch(fo; €) @ sel(fa; 1)

(L:ABs)
Fa Vi(ch(z;€); {z:fa} ® ch(fa;€) @sel(fe;l) —bra(z, le) || TT 1 =1—[Qily)
1<i<n
—_—— 2
Fo Vi(ch(w;€) 5 {x:fa} @ ch(fa;€) @sel(fusl)—bra(z, le)|| I 1 =1i—[Qi]y) 2
1<i<n
and sub-tree D; is:
(L:TeLL) H
"0 bra(x, l, 6) }_0 H | = ll — [[Q’L]]f
1<i<n
— — (L:Par)
Fobra(z, Le)|| II 1=1L—[Qif
1<i<n

Sub-case P = v? (Q): (R): The proof is immediate as all the variables of an equality
are unrestricted; we omit the derivation tree.

O
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Chapter 7

D.1 Auxiliary Results for Operational Correspondence
Lemma 7.19. For every 4 pre-redex or inaction process P and every target term S, it holds
that S = init([P]}) implies that either:
1. S =[P]5 (or)
2. there exists a declaration context Dy such that Dz[S] = [P]%, for some g and f and
= (fv(S) NV([PI)) \ (ran(f) Uran(g)).
Proof (see Page 208). By applying a case analysis on 7. We only show the case for:
S = init([x(v).Q%) since the other cases are either immediate (7' = init([z(y).Q[%),
S = init([z > {l; : Qi}ier]}) and S = init([0]%)) or similar (S = init([+z(y).Q[%)
and T' = init([z < 1.Q[%)).
(1) By Assumption, P = z(v).Q.
(2) By Assumption, S = init(P).
(3) By Fig.7.2and (1):

[P]} = signal «/,2" in
do loop (emit f. (fu,gv,2’,2");pause)

g, {a' "}

until g, — [[Q]]f,{au—a:/}

(4) Def.7.16 and (2):

g{a' "}

S =do loop (emit f, (f,,2',2");pause) until g, — [QF 1.7,
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(5) By the Def. of fu(-) and (4), fv(S) = {fo. gu. 2, 2", fu} UR(QISLTD).

(6) By the Def. of fv(-) and (3), fv([P]}) = {fs: gz, fu} UN([Q]F E:ﬁ} ).

(7) By applying Nto (5) and (6), fv([P]$) N fv(S) = {z',2"} = 7.
(8) Let Dz[-] = signal «/,z” in [-] by Def. 2.40 and (7).
(9) Finally, by applying = to (8) and (4):
Dz[S] = signal z/,2" in
do loop (emit fm (fo, 9o, @', 2" ); pause ) until g,
g {m "
- [Pl

O

Lemma 7.23. Let R be a well-typed m; redex enabled by z,y. If [(vzy)R]} —— S then
there exists R’ such that (vzy)R — (vZy)R' and the following holds:

1. S [R ‘]’e/, for some ', g" such that Ty € dom(f’) and Ty € dom(g') and

2. there exists Dz such that Dz[S] =, [(vzy)R']% ) for some Z.

Proof (see Page 210). By a case analysis on the possible redexes. For every case we
first show Item 1 and then Item 2. There are three cases:

(a) z(v).P [y(2).Q,

(b) z(v).P | xy(2).Q, and

(¢) x<l;.P|y>{l;: Qi}icr, withj € I.
We only show Case (a) as the others proceed similarly. Assume R = x(v).P | y(2).Q
Also, assume that f,, g, g, and g, are in the signal environment, since they are emit-
ted by the processes in the translation. First we prove Item (1): we show the deriva-
tion of the big-step reduction, obtained from the rules in Fig. 2.8.
|Lp-Stu]|, | L-DoNE|
|Emrt|, | PAusk|

S+ [P]%

[z(v).P1%, — [PI%; D,
[((v)-P [ y(=)- Q)15 — [PI% Il [QI%{Y/=}
[(vEg) (2 ()P | y(2)- Q] — [P1% || [QIF:{Y/=}

where D is given below:

|DU-P|
| S1-Dec|

| LET-PAR |

| S1c-Dec|

|DW-INT], | Emit|
|[DU-P|, |L-Stu], | Pausg|
ly(2)-QlF — [QIF{Y2}

|L-Done |
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and S = do (loop (emit w (v, gy, 2’,c');pause)) until ¢ — ([P fcig:;,}) fi =

f7{25<—ﬁjaﬂ<_ﬁ;}/gl 297{5657@166}/](2:flv{x%m/}/QQ_917{x<_cl}/f3_

f2,and g3 = go (since r, 7’ inawait fy(z,7,7’) in [[Q]]?;E:iz:g have been replaced

by the emitted values 2’ and ¢ resp.). Thus, [(vZy)(z(v).P | y(2).Q)]] — [PI% |

[Q]%{¥/=}. Furthermore, by Thm. 7.9: [P]% || [Q1%{¥/=} = [P | Q{/~ }]]jfg{ng =

S. Then, by Rule |Com]|, (vzy)(z(v).P | y(2).Q) — (vzy)(P | Q{v/z}), with R’ =

P | Q{Y/z}. Thus, letting f' = fo © {¥/z},¢' = g2 © {¥/z}, we conclude: S < [[R’}]fcl/.
To prove Item (2), we have to show the existence of Dz[-]. To do this, it is enough

to prove that there exists a sequence Z that satisfies the properties in the statement.

Let Z = fLg-. By Def 2.40, D~[[[R’]]f/] = signal fLg. in [[R’]}gl,. Furthermore, by

xT

Lem. 7.20, [(vZy)R']}, = signal w,¢ in [[R’]]f,’{zﬁc’w_? Finally, by a-conversion,

{Z+w,y+w}"

signal fLgL in [[R’]]Z;/ =, signal w,¢ in [[R’]]g Azeyeey

[ AT—w,g«—w}"

O

Lemma 7.24. Let P = (vZy)(Py | ... | P,), n > 1 be a well-typed my program. Then, the
following holds: for every S such that [P]} ——* S, it holds that (1) S = Sy || -+~ || Sy,
m > n, (2) there exists P' = (vxy)(P; | ... | P),) such that P —* P’ and (3) for every
1 < i < m thereexist [, g’ such that either:

1. S; g init([P] ]}?l,), for some pre-redex P} or

2. S; —=x [P/]% f,, such that P/ is a pre-redex, P} = v? (Q1):(Q2), or P/ = 0.

Proof (see Page 210). By Cor. 3.34, for every 1 < ¢ < n, P, is a pre-redex or P, =
v? (P/):(P]"). We apply induction on the length r of transition [P]% ——* S. The base

case is [[P]]g ——* [P]%, which is immediate. We show the 1nduct1ve step. First, the
H:

IH1: If [P] " Sginr — 1 big-step reductions then Sj = 57 || -+ || S}, and for
every 1 < i < m either:
(a) S; < im’t([[P/ ?’,), for some pre-redex P/ (or)
(b) S; < [P/1% f,, such that P/ is a pre-redex or P/ = v? (Q1):(Q2),
for some f’, ¢, and there exists P} such that P —* P} = (vzy)(P | ... | P.,).

Then, we need to prove the property for [P[} —* Sj — S, focusing on transition
S — S’. We prove this by induction on the number m of S processes in Sj:

Base Case: m = 1. Assuming that S, = S/ then we apply a case analysis on S;. There
are two main cases:

1. S! —g init([P} ]]g’,), for some pre-redex P;: Immediate by Cor. 7.17.

2. 5! <y [[Pi’]]g,,, such that P/ is a pre-redex or P = v? (Q1):(Q2): There are
six sub-cases. The first five that correspond to pre-redexes are immediate
by Cor. 7.17 (since there is only one process in parallel). The last case
corresponds to P/ = v? (Q1):(Q2), which proceeds by Fig. 2.8.



Appendix D. Chapter 7 368

Inductive Step: For the inductive step let m > 2 and we prove for m processes. The
IH is as follows:

IH2: IEST || -+ || Sh_y— S =51 Ss,s>m—1thenforeveryl < j <s
either:
(@) S; == init([[P;’]]gl,:), for some pre-redex P/ (or)
(b) S; == [[PJ”]];]C///,, such that ij’ is a pre-redex or ij’ =07 (Q1):(Q2),

for some f”, ¢"”, and there exists P’ such that
Py —* P = wzy)(P/| ... | P)

We then need to prove the statement for Sy || -+ || Sh,—1 || Sk —> Sl -+ || Ss-
We proceed by using a case analysis on S,,. There are eleven cases:

e Three cases correspond to S/, = inz’t([[P;]]g//) for P{ = x(v).Q, P} = 2<v.Q
and * x(y).Q.

e Six cases correspond to S}, = [[P]’]]fcl/ for P/ being a pre-redex.

e Two correspond to S!, = [[0]]?', and S, = [v? (Q1): (Qz)]]?,/.
We show one case: S/, = init([[x(v).@]]g/,). The other cases proceed similarly:

Case S/, = z’nit([[x(v}.Q]]gl,): By assumption, S5 || -+ || Si_1 || SL, =S 1 -+ |

Sra—1 |l init([z(v).Q] . ), we identify two sub-cases: whenever there exists
aS,, 1 <k <m—1such that

St = [y(2)-R1%

and (v2y)(z(v).Q | y(2).R) is a redex enabled by Zy, and whenever such
S, does not exist. Notice that by typability and Thm. 3.28, we ensure that
y(2).R is unique in process (vzy) (P | ... | P},_1). Therefore, there will
not be multiple translated processes that react to the signal emitted by .S/,.
We show the first case, as the other follows by Cor. 7.17.

Sub-case HS,’c:[[y(z).R]]g/,: (1) =P (Assumption).
(2) [P) — Sh =S, .- | [y(=)-RI% || | Sh_, (1, Assump-
tion).
(B) P—*P' =wa)(Pl| ... |y(z).R| ... | Pl,_)  ((1),(2), IH1).
(4) So—S=51]...||Ss,s>m—1 (Assumption)
(5) V1<j<s.(S)rinit([PJS)AS; = [P/T%)  (IH2).
(6) F P’ (Thm.3.26, (1), (3)).
(7) S=Su |-+ | [y(z)-RI% ||+ 1| Ss  ((6), Def. 3.27, (2)).

8) Sh Il St = Sl I Ty(2)-RI% |||l Spuy | Si (Assumption,
(7))
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(9) Sy Il Sty Sy |- [ [RIS A%} | - || St | [QD%  (Fig. 2.8,
Lem. 7.23, (4), and (5)).
(10) Finally, by Fig. 2.1 and (3):

WE) (P} | oo [ 9B oo | Py | 2(0).Q)
— WED P | ... |R{Ya}| ... | Pl |Q) =P



Chapter 8

E.1 Auxiliary Results for Operational Correspondence

Lemma 8.12. Let H(k) be a process handler as in Def. 8.1. Then, if (signal k in H(k) o
YY) -=+" (T o %) for some X', it holds that:

1. T=T || Tnwithn >1
2. There exists Dz, Dz, ..., Dz such that

D:[Dz[Th] || - || D=ITy]] = signal k in H(k)

Proof (see Page 231). By induction on the length m of k. The base case is m = 2 since
by typing our translation will not allow handler processes with a single channel. By
Def. 8.1:

K = signal k,k,ack?, ack”, ackk ack:k in I(k) || Ok) || I(k) || O(k)

Then, by Lem. 8.11, there exists £/, k", k’, k", ¥ such that one of the following cases
holds:

(1) K " (I(K) || O®") || I(7) || O(F) o )
(2) K " (I(K) | init(O(k)) || init(I(R)) || O(F) o =)
(3) K " (init(I(k)) | O(K') || I(F) | init(O(F)) o =)
(4) K " (init(I(k)) || init(O(k)) || init(I(R)) || init(O(R)) o )
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We only show case (2), as cases (1), (3) and (4) are similar. -
Assuming that K ~---»" (I(K') || init(O(k)) | init(I(k)) | O(K') o X'). We
consider the free signal names of each component:

fv(I(K)) ={ackk, ackt, k'}

fv(O(K)) ={ackk, ackk k'}
fv(init(I(k))) ={ack”, ackk kY
fv(init(O(k))) ={ack, ackF, &, k" K"}

We then prove the existence of z, 21, 23, 23, and z;, which in turn shows the existence
of the required signal declaration contexts. To calculate Z, we take the names in the
union of the intersections of complementary handler components:

= (fv(I(K")) Nfv(O(K'))) U (fv(init(1(k))) N fv(init(O(k))))

To calculate the other variable we just subtract z from their corresponding free signal
names. Also notice that by Def. 8.10, init(I(k)) = I(k), up-to its unfolding (as it is a
recursive process). Thus, we obtain process:

Dz[Dz [I(K)] | D5 [O(K)] | D linit(I(k))] || D linit(O(k))]]
(

— signal ¥, k, ackF, ackk, ackF, ackF in I(K') \
O(K') || I(k) || signal k", k" in init(O(k)) =

Observe that signal k", k" in init(O(k)) = O(k), up-to its unfolding. Furthermore,
since k' is now bound in R, we state that R =g signal k in 7—[(75) up-to the renaming
of bound variables. The inductive step proceeds by applying the IH and following
an argument as the one presented above. O

Lemma 8.13. For every well-typed am program C|P, Q] = (VE)(P || Q) the following holds:
IF(CIP,QI) =" K, then K = (Ty ||+ | T || Toa |+ | T © B), 1 < < my,
where:

1. There exists R such that P »>—* R = C[P',Q'| and ¥ = 6(Q’).

2. There exist contexts Dz, Dz~ , ..., Dz such that: (a) Dz[Dz—[Tnya] || -+ ||

e
D [T,,]] =r signal k in ’H( Yand (b) Ty || -+ || T, = [[P']).
3. There exist 3 and s such that Z = 35’ and (D5[Ty || -+ || T || Dz (D [Tnsa] ||

|| Dz, [Tw]l] © X) == (C[P, Q"))

Proof (see Page 232). By induction on the length m of the reduction (C[P, Q]) +---»"
K. The base case is immediate. We show the inductive step.

Let (C[P, Q) ~--->" Ko r---» K. By IH1, Ko = (S1 || -+ | Su [| Snya || - |
S © Xo) where the following holds:

1. There exists C[Py, Qo] such that C[P, Q] >—"* C[Py, Qo] and ¥y = 6(Qo).
2. There exist D, Do—,....,D such that:
n41 ™m
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(@) DD~ [Sus1] | -+ || D [Sm]] = signal k in (k) and
n+1 m
(b) Syl [I S = THoT-
3. There exist $y and s, such that 2 = 50% and
(Dg[Sull - 1 Sn [l Dg [Pz [Snaal |-+ - | Dz [Sml]] © o) =s (C[FPo, Qo)

We now focus on the big-step reduction K¢ +---+ K. Since Ko = (S1 || --- || Sy ||
Spt1 || -+ || Sm ¢ Xo), we apply induction on the number n of S, processes:
Base Case: n = 1. By assumption, Ko = (S1 || S2 || -+ || Sm ¢ o). By IH1,

there exists C[Py, Qo] such that C[P,Q] >—* C[Py,Qo], o = 0(Qo), S1 =

[Po]l, and there exist D, D, ..., D5 with DZ[D~[Ss] || -+ || D5 [Sw]] =

signal k in H (k). We proceed then by induction on the structure of P,. We
show only cases for Py = 0 and Py, = x(v).P}, as the other cases are similar:

Py =0: By Thm. 3.70, Qo = ka[i : ¢,0 : €] | ... | ky[i : €,0 : ¢]. Thus, by IH
Yo =0(Qo) = {k2:€,k? :¢,...,k™ : ¢, k™ : ¢} and hence,
(MOTHI Sz [+ 1 S © Zo) m===>(TOT | T2 [ -~ | T © o)

By Lem. 8.12, there exist Dz, Dz, ... Dy such that | Dz[Dg[T5] || - |
D4 [T,,]] = signal k in H(k), up-to renaming of bound variables.

Similarly, we can show that z = k' - ack - acklr - ackfj -ackl for k, € F,

—_~—
—~—

where 5=k’ and ' = ackFr - acklr - ack¥" - acklr and that:

D{[[0] || D [Dz[T2] | -+ | Dz, [Tm]]]
we then conclude the proof by letting P’ = 0 and Q' = Q.

Py = z(v).Pj: By Thm. 3.70, Qo = z[i : hy,0: h2] | Qo, with Qo a parallel com-
position of queue processes. Thus, ¥y = x; : 1z, hQ,ZO By Fig. 3.9,
Fig. 3.10, and Fig. 3.11:

(M) P S2 Il 1l S0 i = B, o = ha, )

b (Ty | To ||+ | T © @ By @0 t - v+ g, &)
provided that [[Pj]| ~---» T1 and S, +---» T, for 2 < r < m (rules | L-Par|
and |L-Done|). By applying IH2 we can conclude that T; = [P’ for some
P’ such that C[z(v).P}, Qo] >—* C|P',Q’].
We now prove that §(Q’) = x; : hf,z, : by - v - hs, Y. For this we distin-

guish two cases: (1) whenever there is a synchronization possible between
queues and (2) whenever such synchronization does not occur. We show

case (1) assume that hg = - h Then, by Thm. 3.70, Q) = Z[i : h4,
vy - hs) | QY for some Q) composed of only queues. Thus:

Cla(v).Py,xli: hy,o: ha) | Qb
= Cla(v).Py,ali - hi,0: vy - hb] | T[i s hayo: va - hs] | QF]
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We analyze the big-step reduction:
Cle(v).P ali s hi,0: ha] | Z[i: ha,0:va-hs] | QU] >— R
By Def. 3.81, it can be shown that:
R=C[P',ali+h{ - vs,0: Wy -v-hs] | i By vr,0: ] | QF]
vAv/here;z\’I :th’l’-vg. We can then show that 6(z[i : hN’l’-vg, 0: ;L\/;U;lg] | Z[i :
Ry -v1,0: k] | Qp') = X by applying Lem. 8.11(1) and using Def. 8.2.

Furthermore, by using an argument similar to the previous case, we can
show the existence of Dz, Dz, ..., Dz, finishing the proof.

’ Zm

Inductive Step: The inductive step proceeds by assuming the property holds for that
Py = P | ... |P,and we analyze for by = P, | ... | P, | Poy1. The proof
proceeds similarly as the base case, by induction on the structure of P, ;.

O



F.1

Chapter 10

Reactivity

Lemma 10.13 (Size Reduction During Instantaneous Execution). Let C be a reach-
able configuration. Then:

C — C" = Size(C) > Size(C")

Proof (see Page 256). We distinguish two cases, depending on whether C is an initial
configuration or not.

(1)

(2)

Let C=(P,M,E). Then C — C' = (vs)(P’,M', E’) is deduced by Rule [Inrt].
Here C = (a[l](a1).Py | ... | a[n](a). Py | @[n], 0, 0) and

C'=ws)(P{sW/ar} | ... | Bo{sM/an}, M2, 0)

Then we may conclude, since

sizepr (P) = z”: sizeps(ali](ay).Py) = n—i—i: sizepo (Pi{s[il/ci})

i=1

=n-+sizeyo(P') > sizeyo (P')

Let C = (vs)(P, M, E). In this case we have (vs)(P, M, E) — (vs)(P',M', E")
if and only (P, M, E) — (P', M’', E’), and thus it is enough to prove the fol-
lowing statement:

If (vs)(P, M, E) isreachable then (P, M, E) — (P', M', E') implies size; (P) >
sizepr (P')

To prove this statement we proceed by induction on the inference of the tran-
sition (P, M, E) — (P’,M', E’), and case analysis on the last rule used in the
inference. We examine the interesting cases.
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e Basic cases

— Rule [Ourt]. In this case, (P, M, E) = (s[p]/{e).Q, M" Uslp| : €, E) and
that (P",M',E') = (Q,M{s[p] — (v,0)}, E) where e | v. Then,
since (s,p) ¢ Fired(M), we have sizep;(P) = 1 + sizep (Q) = 1+
sizeps (P') > sizepy (P).

— Rule [In]. In this case

(P, M, E) = (s[q|?(p,x).P. M” Uslp] : (v, 11), E)
for some II such that ¢ ¢ II. Moreover
(P!, M/, E') = (P{t/a}, M{slp) ~ (v, T1Uq)}, E
Hence, sizeps (P) = 1+sizeyy (P{v/x}) = 1+sizeyy (P') > sizep (P').

e [nductive cases

— Rule [Rec]. Here we have (P, M, E) = (rec X .Q, M, E), and the re-
duction
(recX.Q,M,E) — (P',M' E')

is deduced from the reduction
<Q{(pause. recX.Q)/X}jM, E> N (P/,M’,E’>

by induction, sizey; (Q{(Pause.rec X .Q)/x1) > sizeys (P'). Whence

also:
sizeps (P) = sizepr(rec X . Q)

— sizeM(Q{(Pause- rec X . Q)/X})
> sizepy (P')

- Rule [Conr]. Easy induction.
O

Lemma 10.15 (Immediate Convergence of 0-size Configurations). Let C be a reach-
able configuration. Then
(Size(C)=0) & Ci

Proof (see Page 257). Note that C' cannot be an initial configuration, since in this case
we would have Size(C') > 0. Hence C' = (vs)(P, M, E). Since

Size((vs)(P, M, E)) = Size({P, M, E)) = sizep (P)

and (vs)(P,M,E)} <« (P,M,E)}, itis enough to prove the statement for C' =
(P, M, E). We prove each side of the biconditional in turn.

(=) We proceed by simultaneous induction on the structure of P and on the number
of pause-unguarded recursive calls in P, considering only the cases for which
sizeps (P) = 0. Note that the reachability assumption rules out the cases P = X,
P = a[n] and P = ap]().Q, while the assumption sizey; (P) = 0 rules out the
cases P =emitev.Q and P = if e then P; else Ps.



Appendix F. Chapter 10 376

Basic Cases

- P =0. Then P =0 and thus (P, M, E) ! by definition.

- P = pause. Q. Then (P, M, E)} by Rule (pause) in Fig. 10.7 and thus
(P, M, E) ! by definition.

- P = s[p]l{e).Q. Since we assumed sizep;(P) = 0, we have (s,p) €
Fired(M), i.e., there exist v,II such that s[p] : (v,II) € M. Then
(P, M, E)f by Rule (out,) in Fig. 10.7.

- P =5[q]?(p, z).Q. Since sizeps (P) = 0, then either (s € sn(M)A(s,p) ¢
Fired(M)) or (s,p,q) € Comm(M). In both cases we can deduce
(P, M, E)1, respectively by Rule (in,) and by Rule (in?) in Fig. 10.7.

Inductive Cases
- P = Py | P,. Since sizep (P) = 0, we have sizep (P;) = 0 for i = 1,2.
By induction, this implies (P;, M, E)} for i = 1,2. Whence, by Rule
(pars) in Fig. 10.7, we deduce (P, | P>, M, E)1.
- P =rec X .Q. Since sizep;(P) = 0, we have that

sizeM(Q{(Pause- rec X.Q)/X}) -0

by Property 10.12. By induction on the number of pause-unguarded
recursive calls, we have that (Q{(pause.rec X .Q)/x} M, E){. There-
fore, we may conclude that (P, M, E)1, using Rule (rec,) in Fig. 10.7.
— watchev do Q{R}. Since sizep(P) = 0, we have sizey (Q) = 0. By
induction (Q, M, E)f. Then (P, M, E)} by Rule (watch,) in Fig. 10.7.

(<) There are two possibilities for (P, M, E) }:

1) If P = 0, we proceed by induction on the definition of =. In essence, P = 0
if and only if P is an n-ary parallel composition whose components are either 0
or of the form watch ev do Q{ R}, where ) = 0. In all cases, by Def. 10.9 we have
sizepr(P) = 0.

2) If (P, M, E)}, we proceed by induction on the definition of the suspension
predicate in Fig. 10.7. In each case, the reasoning is dual to that for the (=)
direction above.

O

Lemma 10.16 (Deadlock freedom). Let C be a reachable configuration. Then

either C't or 3C".C — ('

Proof (see Page 257). We distinguish two cases, depending on whether C' is an initial
configuration or not.

(1) Let C = (P, M, E) be an initial configuration. Then there is a reduction C' —
C" = (vs)(P',M', E') deduced by Rule [In1t].
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(2) LetC = (vs)(P, M, E). Then C reduces if and only if (P, M, E) reduces and C ¥
ifand only if (P, M, E) i. Hence itis enough to prove the property for (P, M, E).

We proceed by induction on the structure of P. Note that the reachability as-
sumption rules out the cases P = X, P = a[n| and P = a[p](a).Q.

Basic Cases
e P =0. Then (P, M, E) { by definition.
e P =emitev. Q. By Rule [Emit|, for any M, E we have that
(emitev.Q,M,E) — (Q, M, E U {ev})

P = pause. . By Rule (pause), for any M, E we have (P, M, E)i.

e P = if e then P, else P,. Since the evaluation of e terminates, for any
M, E areduction may be inferred by either Rule [Ir-T] or Rule [Ir-F].

P = s[p]i{e).Q. By the reachability condition, s[p] € dom(M). There are
then two possibilities:

(i) M = M’ U{s[p] : e}, in which case (P, M, E) can reduce by Rule [OuT];
(ii) M = M" U {s[p| : (v,1I)}, in which case (P, M, E){ by Rule (outy).

P = s[q]?(p, z).Q. In this case, there are three possibilities:

(i) there is a message sent by p that participant g has not read yet, in which
case the configuration can reduce by Rule [IN];

(ii) there is no message sent by p, in which case the configuration is sus-
pended by Rule (in,);

(iii) there is a message sent by p that participant q has read already, in
which case the configuration is suspended by Rule (in?).

Inductive cases. Straightforward, by applying the inductive hypothesis.

Theorem 10.18 (Bounded Reactivity). Let C be a reachable configuration. Then
In < Size(C). C |,

Proof (see Page 258). We distinguish two cases, depending on whether C is an initial
configuration or not. Since the latter case depends on the former, we start by consid-
ering non initial configurations.

(1) Cis not initial. In this case, C has the form C' = (vs)(P, M, E), where P is a
parallel composition of sequential session-closed processes. Therefore we have:

Size((vs)(P,M,E)) = Size({P,M,FE)) = sizey(P)
(vs)(P,M,E)} & (P,M,E)}
(vs)(P,M,E) — (vs)(P',M',E") & (P,M,E)— (P',M' E’)
Therefore it is enough to prove the statement:
In <sizey(P). (P,M,E) |,

We proceed by simultaneous induction on the structure of P, on the size of P
and on the number of pause-unguarded recursive calls in P.
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e Basic case: sizen;(P) = 0 and P has no pause-unguarded recursive calls.
By Lem. 10.15, if sizeps (P) = 0 then either P = 0 or (P, M, E){.
By definition (P,M,E){ = ((P,M,E) o (P,M,E)). Then we may

conclude, since n = 0 = sizep; (P).

e Inductive cases: sizep(P) > 1 or P has pause-unguarded calls.

- P =emitev. P'. In this case, by Rule [Emit] we have the reduction:
(emitev. P, M,E) — (P', M, E U {ev})

By induction (on the size or on the structure), there must exist n <
sizeps (P') such that (P, M, E U {ev}) {,,. Then

(emitev. P/, M, E) {n11

where n + 1 < sizep (P') + 1 = sizeps(emit ev. P').

- P =5[q]?(p, z).Q. By Lem. 10.16, there are two possibilities:

)-
— (s[a]?(p,z).Q, M, E)f. This is inferred either using Rule (ins), if
s € sn(M) A (s,p) ¢ Fired(M), or using Rule (in?), if (s,p,q) €

Comm(M).
Then (s[a]?(p,z).Q, M, E) ¢ (Q,M,E) and we may conclude,
since n = 0 < sizeps(P).

- (P,M,E) = (s[a]?(p,2).Q, M"Us[p] : (v,II), E) for some M" v
and IT such that ¢ ¢ II. Then Rule [In] can be applied, yielding

<P/7M/7El> = <Q{U/x},M{8[p] = (D,HUQ)},E)

By induction there exists n < sizeps(P’) such that (P’, M', E") {,.
Hence (P, M, E) |,,+1, where

n+1 <sizeps(P') + 1 = sizeps(s[a]?(p, z).Q)

- P = s[p]!(e).Q. This case is similar to the previous one, and slightly
simpler.
- P =rec X .Q. By Lem. 10.16, there are two possibilities:
- (rec X.Q,M,E)i. Then (rec X.Q,M,E) |, (rec X.Q,M,FE)
and we may conclude, since n = 0 = sizep; (P).
— There exist P’, M’, E’ such that (P, M, E) — (P',M', E’). Then
the reduction is inferred by Rule [Rec], namely:

(Q{(pause.rec X .Q)/X} M E) —s (P',M', E')
[Rec]

(recX.Q,M,E) — (P',M', E")

Since the call rec X .Q is pause-guarded in P’, the number of
pause-unguarded calls in P’ is strictly less than in P. Then by
induction there exists n < sizep (P’) such that (P',M', E’) |,.
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Whence (P, M, E) {,+1. By Lem. 10.13, we know that
sizepr (P') < sizep (Q{(Pause.rec X . Q)/x}). By Property 10.12,

sizeps (Q{(Pause.rec X . Q)/ X1} = sizey (P)
We may thus conclude that n < sizey;(P), that is to say, n + 1 <
sizeps (P).
- Conditional, parallel and watch: these cases are straightforward by
induction on the structure of the process.
(2) C = (P, M, E) is initial. Thus we have
C = (a[l](a1).Py | ... | a[k](ag). Py | alk], 0, 0)
Then by Rule [Inr] we have a reduction C — C’ = (vs)(P’, M?, (), where
P = (ys)Pl{S[l]/al} [ ... ] Pk.{s[k]/ak}
Moreover, by Def. 10.9:

k

k
Size(C) = Zsize@(a[i](ai).ﬂ-) =k+ ZsizeMg (P {sli]/ca;})
i=1

i=1
= k +sizepo (P') > sizepo (P') = Size(C')

By Point 1. there exists m < Size(C’) such that C’ |},,,. Letting n = m + 1, we
conclude that C |},, and n < Size(C).

O

F.2 Type System

Lemma 10.24 (Correctness of Saturation with Respect to OG(T')). Let G be a global
type such that |Part(G)| > 2, p be a participant, and ‘P be a set of participants such that
(1) P C Part(G), and (2) Part(G) \ P # 0. Then, OG(Spari(c) (G, P) | p) holds for every
p € Part(G) \ P.

Proof (see Page 265). By induction on the structure of G. The base cases are G = end
and G = t, which are vacuously true since |Part(end)| = |Part(t)] = 0. For the in-
ductive step we assume that the property holds for a global type G’ and prove the
statement for every type that contains G’ as a sub-expression. There are five inductive
cases.

Case (G = pause.GG':
SPart(G) (Ga 7)) f p= SPart(G) (pause-G/7 P) F p

1 , Assumption,
M = Py 145, 0) Pause Sruaier (G D) P fae ot
(2) Part(G)\P ={p1,...,pn} (Assumption,
Fig. 10.11)
VDi € P1, -, Pns-(P{1,n T<Sa®>'pause-s art(G’ (G/a@)sz
3 PSP Pl PO T D passe S (), @),
= 15;.pause.( part(c) (G, )1p) Fig. 10.12)
(4) OG(!S;.pause.(Spar(cy(G',0) [ p)) is true (Def. 10.23,

(3))
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Case G = tick.G": Analogous to the case above.
Case G = r1(S,II).G": There are two cases depending on whether r € P or not:

Caser ¢ P:
(1) By Def. 10.11,

Spart(G)(rT<S, H>.G/, P) = FT<S, H>'SPart(G) (Gl, 7) U {r‘})

(2) By IH, Vp € P.(OG(Spart(c) (G"s P) [ p))-
(3) By Def. 10.12, (2), and (1) OG(r 1 (S,II).Spar(c)(G',P U {r}) [ r) is
true.
Case r € P: By applying Fig. 10.11 to G, which adds an output for every r € P.

Case GG = watch ev do G’ else G”: Follows directly from the IH. By Def. 10.23, we
have that OG(<T1, T2>ev) = OG(Tl)

O

Lemma 10.33. If (Sx(G,P)Ip)la< (Sk(G,P)la)lp, P C P/, Part(G) C R C R/,
P CRand P' C R then (Sr/(G,P") | p)l g (Sr/(G,P’)] )| p

Proof (see Page 268). By induction on the structure of G. There are two base cases and
five inductive cases:

Base Cases: The cases are ¢ = end and G = t. We only show G = end, as the other
is similar. Let P, P/, R, and R’ be sets of participants satisfying satisfying the
following assumptions:

Case G = end:
(1) Part(G)CRCR (Assumption)
2) PCR (Assumption)
(3) P'CR (Assumption)
(4) (Sr(end,P)Ip)lara(Sr(end,P)la)lp (Assumption)
(5) PCP (Assumption)
Then, we distinguish cases depending on whether p, g belong to P’ or not.
(a) peP'andqe P (c) peP andqgP.
(b) pgP andq ¢ P'. (d) pg¢P andqe P

All the cases proceed similarly, hence we only show (a):
Sub-Case (a):

0 Vr € P.(Sg/(end, P")

i
= Sgr/(end, P') = r1 n} 1(Sq, 0).end

ny T (Sa, d =
('r{l, } 1S4 (Z&en p)la (Fig. 10.12,
(.Sd.end) q Sd end Flg 1016, (1>>
(ii1)  (Fguny 1 (SasD)end [ ) [ p = (1S4) [ p = Spend  (Fig. 10.12,
Fig. 10.16, (i))
(iv) 1S4.endp<!S,.end (Def. 10.30,
(i), (i)

(Fig. 10.11)
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Inductive Cases: There are five cases. As in the base cases, let P, P/, R, and R’ be
sets of participants satisfying satisfying the following assumptions:

(1) Part(G) CRCR (Assumption)
2) PCR (Assumption)
3) PCR (Assumption)
(4) (Sr(G.P)Ip)la(Sr(G,P)la)lp (Assumption)
(5) PCP (Assumption)

Then, we distinguish cases depending on the shape of G. The IH states that the
property holds for all the sub-terms G’ of type G.

Case G = r (S, 1I).G":

IH: (Sr(r1(S,10).G",P) [ p) [ av< (Sr(r1(S,11).G",P) | q) | pimplies that
(Sr/ (r1(S,1).G", P) [ p) [ a4 (S (r 1 (S,11).G", P’) [ a) [ p for every
R',P’'suchthat R C R' AP C P

We then further distinguish two cases depending on whether r € P or

rep:

Case r € P: By Fig.10.11, Sg(r 1 (S.II).G",P’) = r 1 (S,II).Sx(G',P U
{r}). We then further distinguish eight sub-cases depending on the
conditions satisfied by p and q:

Sub-case r = p A q € II: Then G = p?1(S,II).G":

® ~IS(en@ UG o (Fig 1012)

o PMSI).Sr(G,PU{p})Iplaq .

W isisr@ putpnpie 0
(iii) P9, I)-S (G, PU{p}) [al p (Fig. 10.12 and

=12(a,9)-(Sr(G",PU{pH)[a) [ P Fig. 10.16)

By (1) and (5), R € R’ and P C P’. Thus, we distinguish two

more sub-cases: p ¢ P’ and p € P:

Sub-case p ¢ P’: Notice that:
1) p (S ). SrA(G", P U{p}) [ P a =!S((Sr/(G",P" U {p})) |
p) [ gby Fig. 10.12 and Fig. 10.16. Also, by assumption, Fig. 10.12
and Fig. 10.16 we have (ii) p1(S,II).Sg/ (G, PU{p}) [ ql p =
2(9,5).((Sr(G',P"U{p})) I a) | p. Since by assumption we have
that:

((S=(G",PU{p})) Ip)[a< ((Sr(G',PU{p}))a)lp

and that R O R AP’ O P, we can apply the inductive hypoth-
esis to obtain (iii)

(Sr(G",P"U{p})) I p) I aa ((Sr (G, P U{p})) T a)lp

and then we can conclude by Def. 10.30.
Sub-case p € P’: Notice that (i) Sr(p T (S,II).G",P’') = riny T
(Sa,0).tick.p T (S,II).Spa(cr)(G', {r}) by Fig. 10.11. Then, we
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have that (ﬁ) r{1,n} T <Sd7 ®>'tiCk'pT<Sv H>'SPart(G/)(G/a {p}) f p=
tick.!S.(Spart(cr) (G, {p}) I p) by Fig. 10.12 and (iii):

tick.!S.(Spar(cr) (G, {P}) I P) [ q
= tick.!S.((Spart(c) (G, {P}) I P) T q

by Fig. 10.16 and Assumption. Also, by assumption, Fig. 10.12
and Fig. 10.16 we have (iv):

(riin 1(Sq,0).tick.p1 (S, II).Spar(c) (G', {p}) I P) [ q
= tiCk-?(p7 S)-((SPart(G’)(G/7 {p}) F q) f p

Finally, since {p} C P’ and the length of G’ has decreased we
can apply the IH and Def. 10.30 to show that duality holds.
Sub-case r = p A q ¢ II: This proof proceeds similarly as above, while
considering that q is not a receptor from the broadcast done by p.
Then, the case will conclude by Def. 10.30 and IH, since an output
can be dual to any type.
Sub-case r = g A p € II: Symmetrical to Caser =p Aq € IL
Sub-case r = g A p ¢ II: Symmetrical to Caser =p A q ¢ IL
Sub-case p € Il A q € 1I: In this case r # p A r # q, by Definition.
Notice also, that in this case both participants are receptors, and
hence, by Fig. 10.16, the input prefix obtained by Fig. 10.12 will
disappear, hence the case will conclude by the IH.
Sub-case p ¢ Il A g € 1I: Analogous to the case above.
Sub-case p € II A g ¢ 1I: Analogous to the case above.
Sub-case p ¢ Il A q ¢ 1I: Analogous to the case above.
Case r € P: We have that:

SR(FT <S, H>.G/, Pl) = r{1n} T <Sd, V)).tick.rT <S, H>.Spart(0/)(Gl, {r})

by Fig. 10.11. The proof proceeds as shown above, the only difference
being the fact that we are adding a tick to the global type by projection.
Hence, our IH will consider Part(G’) and {r} as parameters.

Case G = pause.G": This case is straightforward by applying the IH, since the
size of the parameters of the saturation function will only affect the pro-
jections up to the number of outputs, which are dual with any type.

Case G = ut.G": There are two cases, but they are straightforward by applying
the IH, notice that projections do not affect the recursion, so they only work
internally in the body of the recursive type.

Case GG = watch ev do G’ else G”: This case again is straightforward by apply-
ing the inductive hypothesis. Similarly to the recursive type, we have to
consider that the IH is applied to both the main body and alternative body.
In the alternative body, it is necessary to consider that the size of the pa-
rameters set will not affect duality.

O
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Proposition 10.34. Let G be a global type and p # q. Then (G| ,) [ a< (G| q) | p-
Proof (see Page 269). By induction on G. Let p, q € Part(G) and let Part(G) = R.

Case G = end:

(1) (end|p)[a=(Sr(end,0)[p)[q (Fig. 10.12,
Fig. 10.11)

(2) (end| q)Ip=(Sr(end,0)a)lp (Fig. 10.12 and
Fig. 10.11)

(3) Part(end) =R =10 (Definition of
Part(G))

(4) R\P=0 (algebra of sets)

(5) Sg(end,®) = Sy(end, ) = end (Fig. 10.11)

(6) (Sg(end,®)[p)la=(endp)la=end]g=end ((5), Fig.10.12,
Fig. 10.16)

(7) (Sp(end,0)Ta)[ p=(end[q)[p=end[p=-end ((5),Fig.10.12,
Fig. 10.16)

(8) endend (Def. 10.30)

Case G = t: As above.
Case G = r1(S,II).G’": We have that (G'| ,) | a (G'| q) | p by IH. Moreover,
(Seart(c (G',0) [ P) I a5 (Spar(any (G',0) [ a) [ p
by Fig. 10.12 and Fig. 10.11. Then, We distinguish cases depending on r and the

memberships of p, g in 1I. There are eight cases:
Caser =pAqé€Il: Then G =pt1(S,II).G"
(i) By Fig.10.11:

SPart(G)(pT <Sa H>~Gla (Z)) = pT <Sa H>-SPart(G) (Gla {p})

(11) BY Flg 10.12, pT<S7 H>'SPart(G) (Gl7 {p}> T p :'S(SPart(G) (le {p}) f p)
(iii) By Fig.10.16,1S.(Span(c)(G", {p}) I P) [ @ =LS.((Spart(c)(G', {p}) [ P) | @).
(iv) By Fig. 10.12:

T (S, I)-Spar(c) (G, {P}) I @ =7(P, S)-(Spart(c) (G', {P}) I 9)

(v) By Fig. 10.16, ?(p, S)-(Spart(c) (G, {P}) [ @) [ P =7S.((Spart(c)(G", {p}) |
Q) [ p)-
We conclude by Lem. 10.33 and IH that

(SPart(G’)(G/a 0) f p) f qX (SPart(G’)(G/7 Q)) f q) f P

implies !S.((Spart(c) (G, {P}) [ P) [ @) b ?S.((Spart(c) (G, {P}) [ @) [ p) which
is the same as saying Spai(c)(G”, {P}) > Spart(c) (G', {P})-

Caser =pAq¢Il: Then G = p1(S,II).G":
(i) By Fig. 10.11:

SPart(G)(pT <Sa H>~Gla (Z)) = pT <Sa H>-SPart(G) (Gla {p}>
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(ii) By Fig. 10.12, p1 (S, 11).Spart(c) (G", {P}) | P =!S.(Spar(c) (G", {P}) I P).
(iii) By Fig.10.16,!S.(Spart(c)(G", {P}) [ P) I @ =LS.((Spart(c)(G", {p}) [ P) I Q).
(iv) By Fig. 10.12, p1 (S, 11).Spar(c) (G”; {P}) I @ = Spar(c)(G', {P}) | a.

(v) By Fig. 10.16, (Spar(c)(G", {P}) [ @) [ P = (Spart(c) (G, {p}) [ a) I P.

We then conclude by Lem. 10.33 since
(SPart(G’)(G/a 0) ) p) [ qpa (SPart(G’)(G/7 @) I q) [p

implies

LS.((Spart(c) (G", {P}) I P) I 0) 51 ((Spart(c) (G”, {p}) T @) [ P)
which means that Sp,(6)(G”, {P}) > Spar(c) (G, {p}).
Case r = g A p € II: Symmetrical to Caser =p Aq e Il
Caser =qAp &II: Symmetrical to Caser =p A q & II.
Case p € Il A g € II: In this case r # p A r # g, hence:
(i) By Fig.10.11:

SPart(G)(rT <S, H>.Gl, (Z)) =rt <Sa H>-sPart(G) (Gla {r})

(11) BY Flg 10.12, SPart(G)(rT <Sa H>'G/7 Q)) =r? <Sv H>'SPart(G) (G,7 {r})
(iii) By Fig. 10.16, ?(r, S).(Spar(c)(G's{p}) | P) I @ = (Spare(c) (G’ {p}) I P) |

qg.

(iV) B)Y Flg 10.12, p T <Sa H>'SPart(G)(G/v {p}) F q :?(I", S)‘(SPart(G) (le {p}) [
q).

(V) By Flg 10.16, ?(p7 S)-(SPart(G) (GI7 {p}) T q) f p= (SPart(G) (Gl7 {p}) F q) f
p.

We then conclude by Lem. 10.33, since

(SPart(G/)(G/7 (Z)) f p) f q X (SPart(G’)(G/7 0) f q) f p

implies

((SPart(G)(G/? {r}) ) p) I CI) > ((SPart(G)(le {p}) [ q) f p)

which means that Sp, () (G”, {r}) > Spar(c)(G', {r}).
Case p ¢ II A g € 1I: Analogous to the case above — concludes by Lem. 10.33.
Case p € II A g € 1I: Analogous to the case above — concludes by Lem. 10.33.
Case p ¢ II A g € 1I: Analogous to the case above — concludes by Lem. 10.33.
Case (G = pause.(G':

(1) (pause.G’| )| q= (Sr(pause.G',0) [ p)[ q (Fig. 10.12,
Fig. 10.11)
(2) (pause.G'| q) | p = (Sr(pause.G',0) T q)[p (Fig. 10.12,

Fig. 10.11)
(3)  Spart(c)(pause.G’,0) = ryy 3 T(Sa, 0).pause.Spa(cy (G',0)  (Fig. 10.11)
We then distinguish cases depending on the presence of p,q in {ri,...r,}.
There are four cases:



Appendix F. Chapter 10 385

Case p,q € {ri,...ry}: This case follows from the Lem. 10.33.

Casep € {ry,...rp,} Aa ¢ {ry,...r,}: This case follows from the Lem. 10.33.
Casep & {r1,...r,} Aq € {r1,...r,}: This case follows from the Lem. 10.33.
Casep,q & {ri,...ry}:

Case G = ut.G’: There are two cases, but they proceed straightforward by the IH.
Note that Part(ut.G') = Part(G’).

Case GG = watch ev do G’ else G”: This case follows by Lem. 10.33. This is because
the duality of a watch operator depends on the duality of its components.

O

E.3 Properties of the Type System

Lemma 10.35. IfT'+ (P, M,E)> (A< ©O) then '+ M 1> O.

Proof (see Page 272). By induction on the height of the typing derivation
I'-(P,M,E)>(AcO)
Base Cases:

Case |RVar|: By assumption, I' - (P, M, E) > (A ¢ ©) with Rule |RVar|. Then,
by inversion, we have I' - M > ©, concluding the proof.

Case |Inact|: By assumption, I' - (P, M, E) > (A ¢ ©) with Rule |Inact]. Then,
by inversion, we have I' - M > ©, concluding the proof.

Case |MlInrr|: By assumption, I' F (P, M, E)>(A¢©) with Rule [MInit|. Notice
that the memories are empty. Hence, the judgment I' = M > © holds by
Rule |[EmprYMEM| in Fig. 10.15.

Case |MAcc|: By assumption, I' = (P, M, E) > (A ¢ ©) with Rule [MAcc]|.
Notice that the memories are empty. Hence, the judgment I' = M > ©
holds by Rule |EmpryMEM| in Fig. 10.15.

Inductive Cases:

Case |WEak]: By assumption, I' - (P, M, E) > (A ¢ ©) with Rule | Weak|. By
inversion, I' - (P, M, E) > (A, c: end © ©). Then, by IH,I' - M > ©.

Case |Conrtr]: By assumption, I' - (P, M, E) > (A ¢ ©) with Rule |ConTr|. By
inversion, I' - (P, M, E) > (A \ ¢ : end © ©). Then, by IH,I" - M > ©.

Case |Conc]: By assumption, I' = (P,M,E) > (A ¢ ©) with Rule |Conc]|.
By inversion, P = P, | P, I' F (P, M,E) > (Aq,¢ : endo 0), and I" I-
(P, M,E)> (A1,c: endo©), with A = Ay, Ay. Then, by IH,I' - M > O,
concluding the proof.

Case |Emir|: By assumption, I' = (P, M, E) > (A ¢ ©) with Rule |Emir|. As
above, this case concludes by applying inversion and the IH.
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Case |Pause]: By assumption, I - (P, M, E) > (A ¢ O) with Rule |Pausg|. By
inversion, we have that I' - M > ©, which is what we wanted to prove.

Case |Rec|: By assumption, I" - (P, M, E) > (A ¢ ©) with Rule |Rec|. By inver-
sion, (1) T, X : pause.T - (P, M? () >(c: To©% and (2) T, X : pause.T -
(P,M,E)v (c:To0). Then, by applying the IH on (2), we conclude that
I' X : pause.T' = M > O. Since Xis not used in typing M it implies that
I' = M > ©, which allows us to conclude this case.

Case |SenpFirst|: By assumption, I' - (P, M, E) > (A ¢ ©O). From the rule it can
be deduced that M = M’ U s[p] : ¢, ©® = ©’, s[p] : void. Then, by inversion
ontheRule, (1) I' F (P, M’ Uslp] : (ds, D), E) > (s[p] : T ¢ O, s[p] : (S,0)).
From IH applied to (1), we have that (2) I' = M’ U s[p] : (ds,0) > ©', s[p] :
(S,0). Notice that the judgment in (2) can only be deduced from Rule
[MerceMewm | in Fig. 10.15, thus, by inversion we have that (3) I' - M'>©’.
Then, applying Rule | VoibMsc|, we have that (4) I' - s[p] : e > s[p] : void.
Thus, applying Rule |MerGeEMEM |, we can conclude that I' = M’ U s[p] :
e> 0O, s[p] : void, which concludes the proof.

Case |SENDMORE|, |RcvFirst|, |[RcvMore|, and |[RevNExt|: The proof for each
of these cases proceeds similarly as above, by using inversion, applying the
IH and using the rules in Fig. 10.15, to deduce that the memory is typable.

Case |WarcH|: By assumption, I' - (P, M, E) > (A ¢ ©) with
P =watchevdo Q:1{Q2}

and (A ¢ ©) = (T, *ev T, ¢ ©). By inversion on Rule | WatcH|, we have
thatI' F (Q1, M, E) > (s]p] : T, ¢ ©). Then, we can conclude by applying
theIHto'F (Q1, M, E) > (s[p] : Tg, © O).

Case |Ir|: By assumption, I' - (P, M, E) > (A ¢ ©) with Rule |Ir|. The proof
proceeds by inversion and applying the IH.

O

Lemma 10.41 (Subject Congruence). IfT' - C> (Ao O)and C = C' then T + C' >
(Ao 0O).

Proof (see Page 274). By induction on the structural congruence relation in Fig. 10.5.
There are two cases:

Case P=Q = (P,M,E) =(Q,M,E): Assume C = (P,M,FE) and C' = (Q, M, E).
We proceed by case analysis on the hypothesis P = Q. There are 4 rules by
which it may be deduced:

Case R | 0 = R. Suppose P = R |0 and Q = R. By assumption, we have that
I'F (P, M, E)> (A< 0). This judgment is necessarily deduced using Rule
|Conc]. By inversion, (i) I' - (R, M, E) > (A1 00), and (ii) T' - (0, M, E) >
(A2 ©0). Furthermore, the judgment in (ii) has to be necessarily deduced
using Rule |Inact|. Thus, applying inversion, (iv) Ay = A Thus,
we conclude by applying Rule |WEeak| to add A, in (i), obtaining I'
<R7 M,E> > <A1,A2 <>®>
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Let us now consider the inverse case, i.e., P = Rand Q = R | 0. By as-
sumption, we have I' + (R, M, E) > (A ¢ ©), and we have to prove that
I'-(R|0,M,E)>(A<0). By Lem. 10.35, (i) I' = M > ©. Then, observe
that Ay = 0§ implies that Ay = A°"@ by Def. 10.21. We may then apply
Rule |Inact], using Ag = 0 and (i) to derive I' F (0, M, E) > () © ©), and
subsequently apply Rule |Conc| to obtainI' - (R | 0, M, E) > (A ¢ O).

Case watchev do 0{R} = 0. Suppose P = watchev do 0{R} and Q = 0. By

assumption, I' - (P, M, E)> (A <+ ©). This judgement is deduced with Rule
|WarcH]|, hence A = {s[p] : Ty *¢y Tr}. By inversion on Rule |WarcH],
wehave (i) ' F MO and (i) I' - (0, M, E) > (s[p] : Tp ¢ ©). Since (ii) is
deduced by Rule |Inacrt], it must be Ty = end. Hence also Tj *¢, Tr = end
(cf. Def. 10.26), and we may conclude that " - (Q, M, E) > (A ¢ O).
Conversely, suppose P = 0 and () = watchev do 0{R}. By assumption,
I'F (0, M, E)> (A< ©). This judgment is deduced by Rule |Inact|. By in-
version we have (i) A = A°"?. Hence, we distinguish two cases: (1) A =
fand (2) A # 0. In Case (1), we apply Rule |WEak| to obtain I' +
(0, M,E) > (¢ : end o O). Then, we apply Rule |WatcH| to deduce I' -
(watchev do 0{ R}, M, E) > (s[p] : end ¢ ©). Finally, we apply Rule | CoNTr |
to conclude I' - (watch ev do 0{ R}, M, E) > ()  ©).
For Case (2), consider an arbitrary s[p] € dom(A). By (i), s[p] : end €
A. Then, using the contraction rule |Contr|, we may deduce (ii) I'
(0, M, E) 1 (s[p] : end o ©). We may now apply Rule | WarcH| to the judge-
ment (ii) to obtain I" - (watchev do 0{R}, M, E) > (s[p] : end ¢ ©). Then,
by iteratively applying Rule |WEeak] to add A \ s[p] : end to the session
environment, we finally obtain I' - (watch ev do 0{R}, M, E) > (A ¢ ©).

Case R1 | R2 = Ry | Ri. The proof of this case is straightforward by inversion,
since the hypothesesI' - (Ry, M, E)>(A;00) and I' - (Ra, M, E)>(A200)
are not ordered in Rule |Conc]|.

Case (R1 | R2) | Rs = Ry | (R2 | R3). Again, the proof is straightforward by in-
version, considering that
(dom(Ay)Ndom(Az)) Ndom(As) = () if and only if dom (A1) N (dom(Az) N
dom(Az)) = 0.

Case C; = Cy = (vs)Cy = (vs)Ca: Suppose that C = (vs)C; and C” = (vs)Chy. By
assumption, I' - C'> () o (). This judgment is derived with Rule |CRes|. Then,
by inversion, I' - C; > (A ¢ ©) and Co (A ¢ ©). By inductionT' - Cy > (A ¢ 01),
and we can apply Rule |CREs] to this statement and to Co (A; ¢ ©1) to obtain
'k (vs)Ca> (0o 0), namely T' + C' > (0 o 0), which is what we wanted to prove.

O

Lemma 10.42 (Substitution Lemma). If T,z : S+ C> (Ao ©)and '+ v : S then
I'EC{Yz}> (A< 0O).

Proof (see Page 274). By induction on the height of the type derivation. The base cases
are rules |Inact| and [Minit|. The thesis is easily derived observing that = does not
occur free neither in 0 nor in the initiator.



Appendix F. Chapter 10 388

For the inductive cases, the interesting ones are those of rules |SENDFIrst| and
|SenpMore|. All other cases follow by the fact that the process under consideration
either do not contain free occurrences of x or the conclusion follows by a direct ap-
plication of the inductive hypothesis.

Let us consider the case of rule |SenDFirst| (the treatment for rule | SENDMORE|
will be the same). We know that:

T,z :SE (s[p]l{e).P, M Us[p]: ¢, E) > (s[p] :!S.T ¢ 0, s[p] : void)

By inversion we have: (1) 'z : S+ e : Sand (2) ',z : S = (P,M Usp] :
(ds,0), E) > (s[p] : T 0O, s[p] : (S,0)).

By an easy induction on the height of the type derivation of expressions, Fig. 10.14,
and from (1) we deduce I', v : S+ e{¥z} : S. From (2), by inductive hypothesis we
conclude T',v : S+ (P{V/z}, M Usp| : (ds,0), E) > (s[p] : T ¢ O, s[p] : (S,0)).

Finally using rule | SENDFirsT| we conclude this case obtaining:

D,v:SF ((sp]ie).P){¥z}, M Uslp] : €, E) > (s[p] :1S.T o ©, s[p] : void)
O

Lemma 10.43 (Reduction Lemma). Let I' = (P, M, E) > (A ¢ O) and (P,M,E) —
(P',M', E') via some reduction rule different from [Cont] and [Struct]. Then

(Ao®) = (A 0@

and T'+= (P',M', E') > (A" o ©"). Moreover, if (A, Ag o ©, Oy) is coherent, then (A, Ay ©
©’,0y) is coherent.

Proof (see Page 274). By induction on length of the reduction
<P7M7E> — <P/7M/7E/>

with a case analysis on the last applied rule. Notice that Case [Init] is not consid-
ered here, as we are only interested in reductions that affect the processes inside a
reachable non initial configuration.

Case [Out] : Let P = s[p]!(e).P’,and M = M" U {s[p] : ¢} for some M". P is typed
with rule |SenpFirst| and by hypothesis we have: e | v, M’ = M" U {s[p] :
(v,0)}, A = s[p] :!S.T and © = ©" s[p| : void.

By inversion on rule |SenDFirst| we know thatI' - e : SandI' - (P/,M" U
{slp] : (ds,0)}, E) > (slp] : T 0 O, s[p] : (S,0)).
Now since I' - e : S'and e | v we know that ' - v : S. Hence we can conclude
that

CE(P,M" U{slp]: (v,0)}, E) > (s[p] : T O",s[p] : (S,0))

and by using item 1 of Def. (Def. 10.36) we have that
(sp] 1S.T o O", s[p] : void) = (s[p] : T'oO", sp] : (S,0))

Finally by assumption we have, Co (s[p] :!1S.T,Ag ¢ ©”,s[p] : void, ). We
know that Co (s[p] : T, Ago©", {s[p] : (S,0),O0}). We only have to consider the
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Case

Case

Case

Case

impact of s[p] as the other members of the environment are unchanged. Since
slp] € vdom(©”, s[p] : (S,0),©y) Condition 1 of Def. 10.32 holds. For Condition
2, duality is preserved, as the generalized type of s[p] in A will lift the necessary
output from © to re-construct the correct type.

[In]: Let P = s[a]?(p,z).P” for some P” and M = M" U {s[p] : (v,II)} for
some M" v, Il such that q ¢ II.

P is typed with rule |RcvFirst|. By hypothesis we have: P’ = P"{V/z}, M' =
M'" U {s[p] : (v,IIUQ)}, A = s[q] :?(p,S).T and © = O, s[p] : (S,II).

By inversion on |RcvFirst| we know that

Loz SEPY,M" U slp]: (v,TTU{a}), E) > (s[a] : T o 0", {s[p] : (S, 11U {a})})
Now by Lem. 10.42 we can conclude that

T (P"{v/x}, M" U sp] : (v,TTU{a}), B} > (s[a] : T« ©", {sp] : (S, TTU {a})})
and by item 2 in Def. 10.36

(sld] :?(p, S). T ©" s[p] : (S,11)) = (s[q]: T >O", s[p]: (S, TTU{q}))

Finally, we prove Co(s[q] : T,Ag ¢ ©”,sp] : (S,II),0). Let us check the
first condition for coherence; notice that Co (A, Ay ¢ ©,0) implies that ei-
ther s[q] € vdom(©,0) or OG(?(p,.S).T"). In both cases coherence holds by
assumption. Now, to check duality, let Ay = A(, s[p] : 7" and we know that
slp] = (S,II) € ©. Hence, by assumption (A, Ay ¢ ©,00)(s[a]) =?(p, S).T and
(A, Ag © O,00)(slp]) =!5.17". Furthermore, ?(p,S).T > 1S.T" implies T > T’
by Def. 10.30 and therefore, T' b« !s.T”, which in turn, ensures that duality is
preserved in (A’ Ay ¢ ©', Oy).

[Emit]: Immediate, since this rule does not change the memory nor the config-
uration environment.

[Watch]: Let P = watchev do P'{Q}. By assumption we know
(P,M,E) — (watchev do P'{Q}, M, E')

and I' + (P, M, E) > (Tp *ev T © ©) . By inversion on rule | WarcH| we have
Tk (P,M,E)>(Tp ¢0),TF(Q,M’ E)>(Tgo0" and OG(Ty). By inductive
hypothesis we have I' - (P',M', E"Y > (ITp ¢ ©") and (Tp ©0) = (T} ©©O').
Hence, by item 3 in Def. 10.36 we conclude

(Tpr *ep T 0 ©) = (Th *ev T 0 ©).

Finally, assume Co (Tps *e, Tp, Ag © ©, Op). This implies Co (T'p/, Ag ¢ O, Op)
and hence, by inductive hypothesis we have Co (T}, Ago©’, ©¢), which in turn
implies Co (T *ev T, Ao © ©', Og).

[Rec]: The proof proceeds as above by using the inductive hypothesis.
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Lemma 10.44 (Tick Reduction of Configuration Environments Preserves Duality).
If(Ao®) np (A'0Q) then A" = [A]g, dom(A') C dom(A) and ©' = ©°. Moreover, if
(A< ®) satisfies duality then also (A’ ©©") satisfies duality and for any s[p], s[a] € dom(A’),
ifslp] : T, € A and s[q] : Tq € A, then (A o O)(s[p]) | a1 (A o O)(s[a]) | p if and only if
[To]ela > [Toe T p.

Proof (see Page 275). By induction on the definition of ~. There is only one basic
case, corresponding to Rule (Pause).

Case (Pause): In this case (A ©©) ~ g (A’ ©’') is deduced by Rule 1. of Def. 10.37
and we have A = pause(A’), E = , A’ = [A]g and © = 6. Moreover
dom(A") = dom(A).

Assume now sp] : T, € A and s[q] : Ty € A. Then, letting 7 = [T]z and
T, = [Ty) g, we have:

T, = pause. Ty,  Ty=pauseT,  s[p]:T e A" slq]: T, € A’

We want to prove the duality of (A’ o ©%) assuming the duality of (A o ©).
Note that (A’ o ©%)(s[p]) = Ty and (A" o 0% (s[q]) = T;. On the other hand,
there are two possibilities for (A ¢ ©)(s[p]): either (A ¢ ©)(s[p]) = T}, in case
slp] ¢ vdom(0), or (A ¢ ©)(s[p]) =15,.Tp, in case s[p| : (Sp,II;) € ©. Similarly,
either (A ¢ ©)(s[q) = T, or (A ¢ ©)(s]q]) =15¢.1,.

Letnow 7, = T}, [ q, 7q = Ty [ p,and 75 = T}, [ q, 7, = T, | p. Since projection

preserves pause, we have 7, = pause.7; and 7, = pause.7,. Then:

(Aol (spl)la=Tyla=7, (A o@")(sld))[p=TjIp=1,

Moreover, we have:

either (Ao©O)(s[p)fa=7 or (AoO)(s[p])a="5.7p
either (AoO)(s[a)[p=7q or (AoO)(s[a])|p="57q

We want to show 7, > 7;. By assumption duality holds for (A ¢ ©), so we are

in one of the four cases:

T, D Tq ie. pause.7, DJ pause.T,

: / /

1Sp.Tp DA Tq ie. !S,.pause.r; > pause.7,
T D 1S4 ie. pause.7, > !S;.pause.ry
: !/ /
1Sp.7  x 1Sq.1q ie. !Sy.pause.r; > 1S,.pause.r,

Now, it is easy to see that any of the four statements on the right-hand side im-
plies 7/ > 7/. Hence we have shown duality of ([A] ;©©") and more specifically
that (A ¢ ©)(s[p]) [ ax (Ao O)(s[a]) | pifand only if [T, [ g > [Ty]e | p.

Case (Tick): Analogous to the previous case.

Case (In): This case is vacuously true, since A = s[q] :7(p, 5).T and hence it does
not have any other type to be compared to.
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Case (Par): In this case (A ¢ ©) ~ g (A’ ¢ ©’) is deduced by Rule 4. of Def. 10.37.
Therefore A = (A1, Az) and (A;00) ~ g, (ALo©), fori = 1,2. By induction
Al = [Aj]g, dom(A]) C dom(A;) and ©' = 6. Now, suppose (A;, Ay o O)
satisfies duality. We want to show that also ([A1, As]p ¢ 0%) = ([A]g,, [As]g o
0") satisfies duality. Note that since the A; have disjoint domains, the duality
of (A1, Ay 0 ©) entails the duality of each (A; ¢ ©). Then by induction also each
([Aj] g © ©Y) satisfies duality. Hence, to check duality of ([A1] g, [A2]z ¢ ©7) we
only have to look at pairs s[p1], s[p2] such that s[p1] € dom([A4]g) and s[p2] €
dom([A2] k), because the other cases (i.e., when pairs belong to only one single
A;) conclude by IH. Let s[p1], s[p2] be such a pair. Recalling that dom([A;]g) C
dom(A;), this means that for each i = 1, 2, there exists T; such that s[p;] : T; €
A,;. By definition this implies s[p;] : [Ti]g € [Ai]g. Let T) = [T;]g,. Thus we
have:

([A1, D) 0 ©%)(s[pa]) = T ([A1, A2]p 0 ©)(s[pa]) = T3
As regards (A1, Ay ¢ ©)(s]p;]), we have:

either (A1,A200)(s[p;]) =T;  if s[p;] ¢ vdom(O)
or <A1,A2 <>®>(s[pz]) = 'Ssz if s[pz} : (S“HZ) €O

Letnow ry =Ty [ peand 72 = To | pyand 7{ = T | pe and 75 = T35 | p;. We
need to prove that 7 >1 75 implies 7{ > 75. There are then 4 cases to analyze:

1T X T
!51.7'1 X Ta

T1 > !SQ.TQ
!Sl.’Tl > !SQ.TQ

this proceeds as follows:

Case 71 > 72: We need to apply induction on the structure of 7, base case is
71 = end:

Caser; =endV 7 =tV =187 V7 =257 Let 7, = pt.7f and » =
pause.ry . Then, the statement is vacuously true, since duality does not
hold, and for the other case, duality proceeds simply by assumption,
since the types do not change.

Case 71 = pause.7{: Now, we apply a case analysis on 7»:

Case 7, = pause.7y: In this case we have that pause.7;’ 1 pause.7) .

Then we also can say that [pause.7{'|z = 71’ and [pause.™y/ ]z = 74
Moreover, since we know that 7} = [T;] g, then we know that 71’ =
71 and 75 = 73, and hence it is clear that 7{ > 75 by Def. 10.30. All
the other cases are vacuously true.

"
1

Case 71 = ut.7{' : We can only proceed for the case when 71 = ut'.7}/, other
cases are vacuously true. In this case, we proceed by applying the IH,
since we are looking at the bodies of the recursive types.
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Case 71 = (1, 91)¢ For this case we only need to look at 75 = (@2, 2)°,
all the other cases are vacuously true. For this case we have to consider

two sub-cases depending on whether e € Eore ¢ E:

Sub-case e € E: In this case, by assumption, we have that (1, 11)¢
(p2,12)°. Also, by Def. 10.38 we have that [(p1,%1)°]r = ¥1 and
[(2,92)°]E = 9, hence 7{ = 91 and 7, = 1». Notice that by
Def. 10.30, (¢1,11)° b< (@2, 92)¢ implies @i >4 @9 and 17 1 109 and
therefore, we conclude by assumption.

Sub-case e ¢ I: This case concludes by applying the IH hypothesis,
since the reconditioning is applied to the first part of the watch
type.

Case !S.7; > 73: As above, we apply induction on the structure of 7; and ob-
tain the same cases. This is possible if we consider the fact that the duality
of 1S.71 > 73 implies the duality of 71 < 7o.

Case 11 <!S.19: As above.

Case !1S7; 11S".75: As above, notice that the reasoning is: By Def. 10.30,
1571 ><1S.mo implies 7 >1S.79, which in turn implies IS > 75 and from
here on, the reasoning is as the above mentioned cases.

Case (Watch): In this case (A¢©O) ~ g (A’c©')is deduced by Rule 6. of Def. 10.37.
Then A = Ajx¢, Ag. There are two cases two consider, depending on the result
of the composition operator in Def. 10.26:

Case A; = A®™; This case is vacuously true since there is no reduction for a
terminated environment.

Case A; # A°"?: In this case, again we have two cases to consider, depending
on whether ev € E or not:

Case ev € E: In this case, we have by Def. 10.38 that [A1 %, Aol = Ay,
since by assumption ev € E, also, by assumption we have that A’ =
Ay, hence A" = [A; %, As]g, and applying the IH we have that (A o
0) ~p (A’ o 0P, thus proving the first part of the lemma. Notice
also that by Def. 10.26 we have that dom(A;) = dom(A3) or the func-
tion would be undefined and hence dom(A’) C dom(A). Now, let us
assume that (A x., Ay ¢ O) satisfies duality, we need to prove that
([A1 *ew Do) © OF) also satisfies duality. For this we consider two ar-
bitrary s(p] : Tp, s[a] : Ty € A. This means then that, as above we have
two possibilities for each participant-type pair:

(A1 %y N2 0 O)(s[p]) = Tp V (A1 *epy Ag 0 O)(s]p]) =!5.T,
(A1 e B2 0 O)(5[a]) = Ty V (A1 5w Az 0 O)(sa]) =157,

Then, let 7, [ q = 7, and Ty | p = 74, then, as above, we have the
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following cases:

T, DI Tq
1907y X Ty
To > 1S5.7g

1Sp.7p X !Sél.Tq

Lastly, the proof proceeds as above by cases. Notice, however, that
by Def. 10.26, one has that for all ¢ : T' € A the type T' = (T}, T5)°".
Furthermore, since duality for the watch type is defined pairwise (cf.
Def. 10.30) and considering the fact that the reconditioning in the
presence of ev does not change the environment A,, we can conclude
that (As ¢ ©) preserves duality, concluding this case.

Case ev ¢ E: This case proceeds with a reasoning similar to the Case 7, =
ut.7{" above: by IH and case analysis. We need to consider the full
environment, and check only A, since A, remains untouched.

O

Lemma 10.45 (Suspension Lemma). Let (P, M, E)fand T+ (P, M, E)>(A<¢©). Then
we have that (A o ©) ~ ([A]lg 0% and T+ ([P]g, M, 0) > ([A] g © ©%). Moreover, if
(A © ©) is coherent then ([A]g o ©) is coherent.

Proof (see Page 275). By induction on the definition of (P, M, E)}. The basic cases cor-
respond to the suspension rules (pause), (outs), (ins) and (in?), and the inductive
cases to rules (pars), (watchs) and (recs). We start with the basic cases.

Case (pause): Assume P = pause.P’. Hence [P]p = P’. By assumption I'
(P,M,E) > (A o ©). This judgement is derived by Rule |Pausk|, hence A =
pause.T and [A]g = T. By inversion on Rule |Pause| we have I' - M > ©,
OG(T), and T F (P', M" () > (T o @%). The latter is the required judgement
I'F ([P]g, M?,0)r ([pause.T]| 5 ©"). Moreover, (pause.T©0) ~ ([pause.T]go
0% = (T 8% by Clause 1. of Def. 10.37. Assume now that (A ¢ ©) is coher-
ent. Then ([A] o ©Y) is coherent, since Condition 1. of Def. 10.32 follows from
OG(T') and Condition 2. of Def. 10.32 follows from Lem. 10.44.

Case (outs): Assume P = s[p]!{e).P’ and M = My U {s[p] : (w,II)}. By assumption
I' v (P,M,E) > (A ¢ ©). This judgement is deduced by Rule |SENDMORE|,
therefore, assuming e | v, Fv: SandI'F w: S, it has the form:

' (s[p]!(e).P", Mo U {s[p] : (w,II)}, E) > (s[p] : tick.!S.T'¢ O, s[p] : (15", 11))

where A = sp] : tick.!S.T'and © = Oy, s[p] : (15’,II). By reconditioning P and
A we obtain [P|g = P = s[p]!(e).P’ and [A]g = s[p| :!S.T. By inversion on Rule
|SeNDMORE | we have T' - (P, MY U s[p] : (v,0),0) > (s[p] : T o O Us[p] : (S,0)),
where I' = M > ©g. This is the premise we need to apply Rule | SENDFirst| to
(sp]!(e).P", MY U s[p] : €,0) = ([P]g, M?,0). By this rule we deduce:

I+ (s[p]!(e).P", MZs[p] : €,0) > (s[p] :!1S.T > OL, s[p] : void)



Appendix F. Chapter 10 394

thatis, I' - ([P]g, M?, 0)>([A] go©?), given that M? = MJUs[p] : ¢, [A]lg = s[p] :
15.7 and ©° = @Y, s[p] : void (the latter follows from © = Oy, s[p] : (15’,11)).
Again, we have (A00) ~ ([A]po6?) by Clause 1. of Def. 10.37. What is left to
show is coherence of ([A]z ¢ @%). It is easy to see that Condition 1. is satisfied,
because OG(!S.T) implies OG([A!*¢]z). As for Condition 2., it follows again
from Lem. 10.44.

Case (ins): Here P = s[q|?(p,x).P’ and M = M, U s[p] : e. By assumption I" -
(P, M, E)r(A<0O). This judgement is deduced by Rule | RcvNext|, hence it has
the form:

'+ (s[q)?(p,x).P', My U s[p] : €, E) > (s[a] :?(p, S).T © O, s[p| : void)

We will call the derivation tree obtained by the previous hypothesis D;.
Through reconditioning we obtain: [P]g = P = s[q]?(p, «).P’ and we show that
'+ (P, M’ E)>(A’0"). Thisjudgement is again deduced by Rule | RevNEexr |,
hence it has the form:

L+ (s[q]?(p,x).P", M® U s[p] : e, E) > (s[q] :?(p, S).T" ¢ ©°, s[p] : void)

By inversion we have T - (P’, M? U s[p] : (v, {q}),0) > (s[q] : T" o s[p] : (S, {q}))
andT' F v : S. Wealso have that T - M09, by applying the Rules in Fig. 10.15.
The previously obtained derivation tree will be called D,. We now proceed by
induction on the structure of P": we will prove that 7" = trm(T)[{) e

Case P’ = 0: By using Rule |Inact| we obtain T' - (0, M? U s[p] : (v, {q}),0) >

(s[a] : endos[p] : (S, {q})) and by Fig. 10.19 we have that end = tr‘m(end)?p}.

Case P’ = a[n] or P’ = alp](«).P": This case is vacuously true as we are
considering single session processes. Hence, there cannot be session initi-
ations in a continuation.

Case P’ = s[q]!(e).P": We distinguish the following two cases, depending on
the memory M:

Case My (s[q]) # e: We have that on D; we will have that 7' = tick.!S;.77,
since this derivation is obtained by using Rule |SENDMogrg|. For the
D; we need to show then that 7" = trm(T"){,,; for this is enough to

observe that 7" = trm(T)({)p} =15,.11, by Fig.10.19, and hence, we can
apply Rule |SenpFirst|. Finally, we can conclude by IH.

Case My(s[qg]) = e: We have that on D, we will have that T" =!5,.7}, since
this derivation is obtained by using Rule | SENDFirst|. By inversion we

obtain:
=P, MjUs[q]: (v',0)Us[p] : (v,{a}), E)

> (s[a] : Ty © O, s[p] : (v, {q},s[q] : (S1,0))

with My = MjUs[q] : (v/,0) and © = ©', s[q] : (S, 0).
Notice now that on D, we have that the judgment is also deduced by
Rule |SenpFirst|, hence, by inversion: T' - (P', MY U s[q] : (v/,0) U
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o] ¢ (v, {a}),0) > (sfa] = 77 0 ©%,s[a] : (S10),5lp] : (S.{q}), with
M = MPUs[q]: (v/,0) and ©° = 69, s[q] : (S10).

We know by Fig.10.19 that T’ = trm(T)f{)p} =I57.T]. We need then to
show that T} = trm(Tl)}p} ; this is done by induction on P":

Case P” = 0: In this case again, by Rule |Inact| on D; we obtain
that T' + (0, M? U s[q] = (v/,0) U s[p] : (v,{p}),d) > (s[q] : end o
0%, s[a] : (S10), s[p] : (S, {p})) and since by Fig. 10.19, we have that
trm(end)%p} = end, then we can conclude in Dy with Rule |INacT].

Case P” = a[n] or P’ = alp](«).P": This case is vacuously true as we
are considering single session processes. Hence, there cannot be
session initiations in a continuation.

Case P” = s[q]!{e).P": In this case, on D; we use Rule | SENDMORE|,
therefore, we have that T} = tick.!S,.75 and since trm(Tl)}p} =

Ty = tick.!S2.T5 we have, by Fig.10.19, that 7] = trm(Tl)%p}.
Therefore, we can conclude D5 by applying Rule | SENDMoRE | and
the TH.

Case P = s[q]?(r, z).P": In this case, on D; we need to distinguish
cases depending on r:

Case r € {p}: In this case we have that r = p and therefore,
the judgment om D, is deduced from Rule |[RcvMore|, which
means that 77 = tick.?(p, S2).T5. Hence,

T = trm(tick.?(p,Sg).Tg)}p} = tick.?(p, S2).T»

We can then conclude by applying IH.
Caser ¢ {p}: In this case we need to distinguish cases depending
on the memory M:

Case My(s[r]) = e In this case we have that on D; the judg-
ment is deduced from Rule |RcvFirst| and therefore T} =
?(r,S2).T; and T{ =7(r, S2).T4. By IH and Fig. 10.19 we have
that T = trm(7)y, ., and therefore, 77 = trm(?(r, S2).T2){,,
which is what we wanted to prove.

Case My(s[r]) # e: In this case we apply Rule | RcvMore| on
D; and therefore Ty = tick.?(r, S2).T». Observe then that in
D, we will apply Rule |[RevFirst| and 77 =7(r, S2).T4. Finally
by IH and Fig. 10.19 we have that trm(Tl)%p} =7(r,S2). Ty and
Ty = T5, hence concluding the proof.

Case P = rec X . P"": This case concludes by inversion on Rule
|Rec| and applying the IH on the premises.

Case P"” = pause. P"’: Note that since, by Fig.10.19, function
trm(pause.T)ip} = pause.T, the case is straightforward by IH.
Case P = P" | Q, P" = if ethen P else Q, P" = emitev. P"”
and P” = watchev do P”{Q}: Again, these cases conclude by

applying the IH on the premises of the Rules, obtained by in-
version.
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Case P’ = s[q]?(r,z).P"”: We distinguish cases depending on r:
Case r € {p}: This case proceeds as above, by considering that in D; and

Dy we apply |RcvMore|. The equality is preserved, since this type is
not changed by function trm(T)({’p}.

Case r € {p}: We distinguish cases depending on the memory Mj:
Case My (s[r]) = e: This case concludes by applying the IH, since we
have that function trm(-)({)p)r} is applied recursively on the contin-
uation 7.
Case My(s[r]) # e: This case concludes as Case r € {p}, since the
judgment on D, is deduced from |RcvMOoRE]|.
Case P’ = rec X . P”: This case proceeds by applying the IH on the premises
obtained by inversion Rule |Rec]|.

Case P’ = pause. P": This case proceeds straightforward because trm(-)? o}
does not change type T' = pause.T; and both D1, D, use Rule |Pausk| and
conclude by IH.

Cases: P = P" | Q, P’ = if e then P" else Q, P’ = emitev. P”, and P’ =
watchev do P”{Q}. These three cases are concluded by applying the IH

on the premises obtained by inversion in each of the respective Rules (i.e.,
|Conc], |I|,|Emit], | WaTCH]).

Note that once more, we have (A¢0) ~ ([A]go©?) by Clause 3. of Def. 10.37.
Moreover, ([A]g ¢ ©°) is coherent: Condition 1. holds since, assuming that
(A©©) is coherent since, by assumption OG(?(p, S)).T is true, and Condition 2.
follows from Lem. 10.44.

Case (in2): Here P = s[q)?(p,z).P’ and M = M, U {s[p] : (w,I)} with q € II
By assumption I' = (P, M, E) > (A ¢ ©). This judgment is deduced by Rule
| RevMore|, hence it has the form:

I =(s[q]?(p,x).P’, My U sp] : (w,1I), E)
> (s[q] : pause.?(p, S).T ¢ O, s[p] : (S, 1))

Through reconditioning we obtain: [P]g = P = s[q|?(p, z).P’ and [A]g = s[p] :
?(p,S).T. By inversion on Rule |[RcvMore| wehaveq € ILT Fv: S, T Fw: S,
I+ My»0y, OG(T),and T,z : S+ (P', MY Us|p] : (v, {q}), 0)>(s[q] : ToOY, s[p] :
(S, {a}))-

These statements may now be used as premises for applying Rule |RcvNExT|
to the configuration

([P]g, M, 0) = (s[q]?(p,z).P’", MY U s[p] : €, ). By this Rule we obtain:

T+ (s[q)?(p, z).P', M? Uslp] : €, 0) & (s[a] :?(p, S).T o OF, s[p] : void)

This is the required judgment I' - ([P]z, M?,0) > ([A]z o ©%). Note that once
more, we have (A ¢ ©) ~ ([A]g ¢ %) by Clause 1. of Def. 10.37. Moreover,
([A]g ¢ ©%) is coherent: Condition 1. holds because OG(T’), and Condition 2.
follows from Lem. 10.44.

We now turn to the inductive cases, corresponding to rules (pars ), (watchs) and
(recs):
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Case

Case

(pars): Here P = Py | P», and (Py | P2, M, E)} is deduced from (P, M, E)f
and (P, M, E)I. Notice that the two components P, and P; are run in the same
memory M and set of events E. By assumption I" - (P, M, E) > (A ¢ ©). This
judgment is deduced by Rule |Conc|, with My = My = M and E; = E; = E,
hence the deduction has the form:

'+ <Pi7M7E>l><A7;<>9>7 1=1,2
'k <P1 | P27M7E> > <A17A20®>

By induction, (P;, M, E)tand T F (P;, M, E)>(A;00) imply I' - ([Pi] g, M?, )
([Ai]g o O for i = 1,2. Moreover, (A; ¢ ©) ~ ([A;]p o ©%) and coher-
ence of (A; o ©) implies coherence of ([A;]r o ©%). We want to show that
L' ([P, | Ps]g, M?,0) > ([A1, As]p © ©%), and that coherence of (A}, Ay o ©)
implies coherence of ([A;, Ay]g ¢ ©%). From Fig. 10.15, we have that ' - M? >
©". We may then apply Rule [Conc]| to the premises T' - M? > 0% and '
([P, M?,0) > ([Ai]g © O fori = 1,2, to deduce T + ([P1]g | [P2]r, M?, 0) >
([A1], [A2] g, 0 O). By definition of reconditioning, [Py | P|g = [Pi]g | [P
and ([A1, Ag]p 0 0% = ([A1]g, [As] g © ©%). Hence we have the required judg-
ment I' - ([P | Po]g, MY, 0) > ([A1, As]g,©©%). Let us check now coherence
preservation. Assuming C'o (A1, As ¢ ©), we want to show Co ([Aq, Ag]g o @U)).
To prove Condition 1., observe that Co (A1, Ay 0 ©) implies Co (A, ¢ ©) for each
i = 1,2. Then by induction we have Co ([A;] ¢ @Y).

This implies OG([Al"¢] ;) for each i, from which we deduce that
0G([A}*] . [A4"] )
holds, which implies OG([A%ve, ALve] ).
Moreover, from (A; 0 ©) ~ ([Ai]p o ©?) fori = 1,2 we deduce (A1, Ay o

0) ~ ([A1,A]g ¢ ©%) by Def. 10.37(Rule 4.). Then we may use Lem. 10.44
again to obtain Condition 2.

(watch_s): Here P = watchev do Pi{P,} and (watchev do P{P:}, M, E)} is
deduced from (P;, M, E)f. The judgmentI' - (P, M, E) > (A ¢ ©) is deduced
by Rule | WatcH| and has the form:

'k (watchevdo Pi{Po}, M, E) > (s[p] : T} %en T2 ¢ O)

By inversion on rule | WatcH| we obtainI' - (P, M, E) > (s[p] : 11 © O), as well
as T '+ (Py, M E) > (sp] : To o ©”) and OG(A,). Note that it is not the case
that 77 = end because in this case the configuration (watchev do Pi{P,}, M, E)
would be terminated and not suspended.

Now, the form of [P]g and [A]g will depend on the presence or absence of ev
in £, namely:

1. If ev € E then [Pl = P, and [s[p] : T1 *ev T2]g = s[p] : Tb; in this
case, by inversion on rule | Warch| we obtain the required judgement I" -
(Py, M? E) > (s[p] : Ty o ©"). Now, assume Co (A o ©). We want to show
Co (s[p] : Ty o ©Y). Condition 1. follows immediately from OG(T3). As for
Condition 2., notice that it follows from Lem. 10.44.
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2. Ifev ¢ E, then [P|p = watchevdo [Pi|g{ P>} and [s]p] : T1 *ev T2]E = s[p] :
[T1] g *ev T2. By inversion on Rule |WarcH| we get I' = (P, M, E) > (s[p] :
Ty ©©), and by applying the IH, we can obtain thatI' - (P, M, E) > (s[p] :
[T] r6”) and we can use this hypothesis to conclude using Rule | WarcH .
Now, for the second part, assume Co (s[p] : T1 *¢, T2 ©©), we want to show
that Co (s[p] : [T1]E *ev T2 © O). By inversion and IH we know then that
Co{[s[p] : Ti] g ©©") and since T} = end we also have that OG(T%). Hence,
it is true that Co (s[p] : [T1]E *ev T2 © ®@>, satisfying Condition 1.. The
second condition follows directly from Lem. 10.44.

Case (recy): Here P = (rec X .P’)and ((rec X .P’), M, E){ is deduced from
(P'{pause.rec X . P//X}), M, E)t

The judgement I' - (P, M, E) > (s[p] : T ¢ ©) is obtained from Rule |Rec| and is
as follows:
'k {((rec X.P),M,E)>(s[p] : T ©)

by inversion, we have that T, X : pause.T - (P, M’  E)w (s[p] : T > ©") and then
by IH we have that I', X : pause.T - (P, M? E) > ([s]p] : T]g © ©%). Then, it is
enough to apply Rule |Rec| with the previous hypothesis used twice to obtain:

L+ ((rec X.P),M° E)v> ([s[p] : T]g o ©%)

to proof the first part of the theorem. Supposing then Co (A ¢ ©) and that (A ¢
0) ~ {[A]go6?) then ([A]g ¢ 6?) is coherent. This follows directly by IH and
Lem. 10.44 as the proof is reduced to checking each type inside A.

O

Theorem 10.46 (Subject Reduction). Let C be a reachable configuration and C ~+ C".
IFTECr(AoO)thenT - C' > (A 0O and (Ao BO) =>*(A" o ©') for some A, ©'.
Moreover if (A  ©) is coherent then (A" o ©) is coherent.

Proof (see Page 275). By induction on the length n of the reduction sequence ~ .

Case n = 1: We distinguish two more cases, depending on whether C' is an initial
configuration or not.

(a) C = (P, M, E) isinitial. In this case
C = (a[l](a1).Py | ... | a[n](aw,).P, | @[n], 0, 0)
and C' ~ (" is a reduction deduced by Rule [Init]. Hence:
' = )Py | ... | Pu{sll/a,}, M2, 0)

Moreover, the type judgment I' = C > (A ¢ ©) is deduced using Rules
[MInrr |, [MAcc] and [Conc| and thus it has the form (i) I' F C' > (0 o ().
From (i), using inversion on Rules |Conc| and |[MAcc| we obtain (ii) I"
(P{slil/a;}, M?,0) > (s[i] : G;] ;0 ©Y). By applying Rule |Conc| to (ii)
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(b)

we deduce (iii) T' F (P {s[/ar} | ... | Po{5[0)/an}, M?,0) > (A ©%). By
Prop. 10.34 we get (iv) Co(A o ©?). We may then apply |Res| to (iii) and
(iv) to get T' = (ve) (P {s[Wai} | ... | P.{s[/an}, M?,0) > () o 0). Since

(A 0©) = (Ao ©O) we trivially have (A ¢ ©) =>*(A’ ¢ ©') and there is
nothing to prove about coherence.

C = (vs){(P,M,E) and C' ~ (' is either a reduction deduced by Rule
[Restr], or a tick transition deduced by Rule (tick). In both cases C’ has
the form ¢’ = (vs)(P’, M', E’) by Prop. 10.5. In the first case C — C’
is deduced by Rule [Restr] from (P, M, E) — (P', M',E’) and we get
the result by Lem. 10.43 (reduction lemma). In the second case C' —p
(" is deduced by Rule (tick) from (P, M, E)f, and we get the result by
Lem. 10.45 (suspension lemma).

Casen > 1: Let

(CM(VS)<P17 M17E1>M' s (VS)<Pn71a Mnfh En71>
~ (vs)(Pl, My, E,) = C’

By inductionT' - (P,,_1, My,,—1, E;—1) > (A, _100,_1) and (AcO) =>*(A,_1¢

O,

1). Moreover if (A¢©) is coherent then (A,,_;©0,,_1) is coherent. Consider

now the last reduction:

(V5)<PT),—17M7L—17 En—1> ~ (V5)<Pn7Mn7En>

There are two possibilities:

(1)

(2)

~» =<3 . In this case:
(V3)(Pa—t, My, 1) > (v8){[Pat]im, MO_1,0) = (v5)(Pa, Mo, En)
Since (vs){(Py,—1, My,—1, Ey—1)1 if and only if (P,—1, M, _1, E,—1)f and

T (Py1,My_1,Ep_1)5 (Ap_1060,_1)

by Lem. 10.45 we deduce I' - ([P, _1] g
(Ap_100n-1) g

n71erQL)—1a@>D<[An*1]En710@9L—1>/
s ([Anci]p, , ©©%) and Co ([A]g, , ©©7).

~» = —>. In this case (vs)(P,—1, Mp—1,E,—1) — (vs)(Pp, M, E,), and
this reduction is deduced by Rule [Res] from (P,_1,M,_1,E,_1) —
(P, M,, E,), which in turn is deduced by the contextual Rules [CoNT]
and [Strucr] from a reduction (Q, M,,_1, E,_1) — (Q’, M,,, E,,) that is
deduced by the computational rules only, where P,_; = £[Q] and P, =
£]Q’] for some evaluation context £. This means that:

n—1

(V5)<Pn—1a My _1, En—1> = (Z/S)<(€[Q], M1, En—1>
Then, assuming

'+ <Q, Mnfl, En,1> > <AQ <& @Q>
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and I' b (£]0], My,—1, E—1) > (A © ©"), by the typing rules [Conc] and
[CRes] we have A,,_; = (Ag,A”)and ©,,_1 = (0g,0").

Since the reduction (Q, M,,—1, E,—1) — (Q’, M, E,,) is deduced by com-
putational rules only, by Lem. 10.43 we have (Ag ©Oq) = (Aj 0 ©Op)
and I' = (Q', My, E,) > (A © Og). Moreover, the same lemma states that
if (Ag, A”00Oq, ©") is coherent, then (A, A" 0O, ©") is coherent. From
this we deduce that if (A,,_; © ©,,_1) is coherent then also (A’ ¢ ') is co-
herent.

O
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