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Abstract

A distributed system consists of various components working in coordination, usually fol-
lowing a specified protocol. Multiparty session types (MPST) are a typing discipline for distrib-
uted programming with message passing concurrency. The typing discipline provides a way to
describe communication protocols as global types governing the overall communication struc-
ture. From global types, local types are derived for describing the behaviour of an individual
component. This top-down design methodology provides a way to specify and implement
multiparty communication protocols correctly.

Communication protocols often contain constraints on payload data. While the original
MPST theory provides support for basic payload types and ensures the absence of payload
type mismatches, there is no way to capture data constraints using basic types. To address this
limitation, we propose to incorporate refinement types into multiparty session types. Refinement
types provide a lightweight way to describe and verify properties on data, and integrating re-
finement types into MPST allows properties and constraints on data to be specified and verified.

In this thesis, we introduce a theory of refined multiparty session types, and a toolchain,
SESSION*, for implementing refined protocols. On the theory side, we show that our extended
theory retains desirable properties of MPST while improving expressivity. On the practical
side, we target the F* programming language, and demonstrate a code generation approach
that guarantees safety by construction.
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The Biggest Problem in Communication Is the
Iusion That It Has Taken Place.

William H. Whyte (probably!)

1See https://quoteinvestigator.com/2014/08/31/illusion/.
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1 Introduction

1.1 Motivation and Goal

Starting from the beginning of the 215t century, computing becomes an important part of
daily life. Computing takes place in a wide variety of locations, ranging from personal devices
such as mobile phones and smart wearables, to large scale data centres and super computers.
Moreover, computing often takes place across locations in coordination: e.g. a weather service
may process complex weather models in a data centre, and then deliver the weather forecast,
the output from the models, to personal devices when requested.

This coordinative approach to computing reflects two interconnected concepts in modern
computing: distributed and concurrent computing. Distributed computing focuses on interac-
tions between various components (which may be located at difference places), and how the
entire system may still function in spite of failures of some components. Concurrent comput-
ing focuses on performing computations at an overlapping time period, where computations
may involve communications between themselves. Both concepts are widely applied for build-
ing robust and scalable software, and the modern era of computing has benefited much from
advancements in both areas.

Together with their benefits, distributed and concurrent computing also bring challenges, of
which correctness is a big one. Traditional techniques in (sequential) program verification may
not be directly applicable for concurrent programs, because concurrency may introduce non-
determinism, race conditions, or simply so many possible interleavings to explore to a point
where verification ceases to be feasible (also known as the state explosion problem).

Researchers tackle the challenges in different ways. Some choose to extend existing sequen-
tial program verification techniques to account for concurrency, e.g. separation logic [Rey02]
and concurrent separation logic [Bro07], Kleene algebra with tests [Koz97] and concurrent Kleene
algebra with tests [JM16]. Some choose to introduce paradigms or techniques for concurrent
programming, known as structured concurrency, so that the behaviour of concurrent programs
can be more easily reasoned about. This approach is adopted in many modern programming
languages. Notable examples are async and await keywords, allowing programs to be executed
in an asynchronous and non-blocking way. They appear in a number of modern programming
languages: C* F*, JAVASCRIPT, PYTHON, RUST, and many other!.

One of the techniques of (concurrent) program verification is type systems. Type systems
come in all shapes and forms with different guarantees, but their lightweight nature makes

ISee https://en.wikipedia.org/wiki/Async/await for a non-exhaustive list of programming languages with sup-
port for async and await.
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them popular and easy to adopt. In short, type systems assign types to terms. Types act like a
classification of the terms according to the nature of the terms, e.g. functions are distinguished
from numeric values due to their difference in applicability. The main benefit of type systems
is best summarised in a slogan by Milner [Mil78]:

Well-typed programs cannot ‘go wrong’.
(Milner [Mil78, p. 348])

When applying type systems in concurrency, the concept of behavioural types [ABB+16] is of
great relevance: types are assigned to reflect the observable behaviour of the term, whatever the
behaviour of interest may be. For example, in the context of message passing programs, we
are particularly interested in the communication behaviour: how a process sends and receives
messages can be reflected by their behaviour types.

Notably, the typing discipline of session types, proposed first in the seminal work by Honda
et al. [HVK98], is a stepping stone for applying type system techniques for structured concur-
rency. Processes communicate by exchanging messages, and session types describe behaviours
of communication channels used by those processes. Session type systems do not only ensure
the absence of communication errors, but also guarantee (under certain conditions) deadlock
freedom and liveness.

This thesis concerns a methodology for safe distributed programming with multiparty com-
munication, using structured concurrency, via a behavioural type system known as multiparty
session types. In this design methodology, a programmer first describes the overall communic-
ation behaviour of a system in a structured way, using global types. For the entire system to
function according to the description, each participant in the system must act accordingly, fol-
lowing their respective local types, which are derived from the prescribed global type. Similarly,
multiparty session types provide desirable safety and liveness guarantees. Moreover, the theory
is applied, and proved to be useful, in the context of distributed and concurrent programming,
as demonstrated by researchers [DHH+15; SDH+17; VCE+18; CHJ+19; VHE+21]. We provide a
technical background of multiparty session types in § 2.

As multiparty session types are being applied into distributed and concurrent program-
ming, the theory has shown potential for further extension. In practical programming scenarios,
not all communication protocols can be expressed as global types, sometimes due to a lack of
expressivity in the original multiparty session type theories. In particular, we are concerned
about the limitation that constraints on the data exchanged in the protocols cannot accurately
represented. For instance, we can specify in the protocol that the type of the payload data may
be one of int, string, or bool, yet there is no way to represent constraints such as the int must
be non-negative, the string must be of length between 6 and 18, or the bool must reflect the
result of some validation. Moreover, these constraints may involve multiple messages, e.g. the

int payloads must be increasing over time, to be used as a sequence number.
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The goal of this research is to extend the existing multiparty session type theory and prac-
tice, so that the aforementioned limitation on data constraints can be overcome. Fortunately,
a lightweight approach of predicating data types with constraints exists in sequential program
verification, known as refinement types, initially proposed by Freeman and Pfenning [FP91]. We
achieve this goal by incorporating this technique into multiparty session types, and create an
extension that benefits from the advantages of both.

1.2 Contributions

refine (verb)
1. to make something pure or improve something, especially by removing unwanted
material.

2. to improve an idea, method, system, etc. by making small changes.

(Cambridge Dictionary?)

The title of this thesis is ‘Refining Multiparty Session Types’, and we invite readers to inter-
pret the word ‘refine’ liberally. On one hand, we present a development of refined multiparty
session types, which incorporates refinement types into multiparty session types. On the other
hand, this new theory improves the expressivity of the typing discipline, and is thus a refinement
of the original theory in a general sense.

In this thesis, we develop the theory and practice of refined multiparty session types, an
extension of the original multiparty session types. This extension allows the communication
protocols to be described and implemented in a ‘refined” manner, with the ability to specify
and validate data and control flow constraints in communication protocols, which would not
be possible using the original theory.

Overview

We use a flavour of refinement types to allow predicates to be attached on data values [RKJ08].
For example, for an integer type int, a refined type may require an inhabitant x : int to be non-
negative x > 0, to form a refined type x:int{x > 0}. By doing so, the set of inhabited values
by the refined type is a subset of all possible values, and hence this is a refinement.

Moreover, we can describe predicates involving other data values: suppose we already have
a non-negative number x of the aforementioned refined type, we can describe numbers greater
than that number using the refined type y: int{y > x}. This empowers us to describe proper-
ties that may appear in communication protocols across different messages.

We present the theoretical developments in § 3, where we give the syntax and semantics of
refined multiparty session types, incorporating refinement types that express constraints on the

Zhttps:/ /dictionary.cambridge.org /dictionary /english /refine

3
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payload data. As mentioned, the refinement types are simple yet expressive, and allow us to
specify constraints not only on a single message, but also across different messages. Follow-
ing a top-down methodology, we show that global types and projected local types are related;
and thus the guarantees from the original multiparty session type theory, such as safety and
deadlock-freedom, are preserved.

We present the practical developments in § 4, where we show how refined multiparty pro-
tocols can be implemented. We demonstrate a toolchain, named SESSION™, to generate code
from a refined multiparty protocol in SCRIBBLE. We choose F* [SHK+16] to be our target lan-
guage, in order to utilise its refinement type system as well as its effect system. The refinement
type system in F* utilises a Satisfiability Modulo Theories (SMT) solver, which discharges proof
obligations on the refinements automatically, without the need for developers to manually con-
struct proofs themselves.

Finally, we present a toolchain for multiparty protocol, named vSCR?, in § 5. The toolchain,
written in OCAML, is designed to be extensible by multiparty session type researchers, with
the goal to allow them to implement their extensions as prototypes easily. As a case study,
we demonstrate how to extend vSCR to add the refinement type extensions, to implement the
theory in § 3. So far, we are glad to see ¥SCR being used in some recent works [GLS+22; CY23],
and we encourage researchers to implement more extensions in vSCR.

1.2.1 Publications

Publications produced during this PhD are listed below, with a short explanation for each
publication on the contribution made by the thesis author.

Publications with Corresponding Parts in This Thesis

[ZFH+20] Fangyi Zhou, Francisco Ferreira, Raymond Hu, Rumyana Neykova and Nobuko
Yoshida. ‘Statically Verified Refinements for Multiparty Protocols’. In: Proc. ACM Program.
Lang. 4.O0PSLA (Nov. 2020). DOI: 10.1145/3428216

Thesis Author’s Contribution: This paper presents theoretical and practical developments of
refined multiparty session types. The theoretical development was thesis author’s own work,
with supervision and advice from co-authors. The SCRIBBLE extension was largely Hu's work,
to which the thesis author also made contributions. The design of the generated code and the
implementation of the code generator were largely the thesis author’s own work, with super-
vision and advice from co-authors. §§ 3-7 of the paper were based on the thesis author’s own
writing with editing from co-authors; §§ 1-2 were based on drafts from co-authors, and the
thesis author contributed by editing.

3y is taken from Greek alphabet (nu), thus vSCR is alternatively written as NUSCR. The inspiration for this name
comes from the v binder (scope restriction) for communication channels in 7r-calculus.
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Corresponding Parts: § 3 of this thesis is based on the theoretical development of this paper,
but contains further improvements in expressivity. § 4 of this thesis is based on the practical
development of this paper.

[YZF21] Nobuko Yoshida, Fangyi Zhou and Francisco Ferreira. ‘Communicating Finite State
Machines and an Extensible Toolchain for Multiparty Session Types’. In: Fundamentals of Com-
putation Theory. Ed. by Evripidis Bampis and Aris Pagourtzis. Cham: Springer International
Publishing, 2021, pp. 18-35. ISBN: 978-3-030-86593-1. DOI: 10.1007/978-3-030-86593-1_2

Thesis Author’s Contribution: This paper summarises the connection between session types
and communicating finite state machines, and presents a new multiparty session type toolchain
VSCR. Ferreira and the thesis author designed the toolchain, and the implementation of the
toolchain was largely the thesis author’s own work, with assistance from Ferreira. §§ 2-5 of the

paper were based on the thesis author’s own writing with editing from co-authors.

Corresponding Parts: § 5 of this thesis describes the toolchain ¥SCR, and is based on the mater-

ial from this paper.

Publications without Corresponding Parts in This Thesis

[MFY+21] Anson Miu, Francisco Ferreira, Nobuko Yoshida and Fangyi Zhou. ‘Communica-
tion-Safe Web Programming in TypeScript with Routed Multiparty Session Types’. In: Pro-
ceedings of the 30th ACM SIGPLAN International Conference on Compiler Construction. CC 2021.
Virtual, Republic of Korea: Association for Computing Machinery, 2021, pp. 94-106. ISBN:
9781450383257. DOI: 160.1145/3446804.3446854

Thesis Author’s Contribution: This paper presents a theory of routed multiparty session types,
and an toolchain for communication-safe web applications in TYPESCRIPT. The thesis author
contributed to the theoretical and practical developments along with other co-authors, but ma-
jority of work was done by Miu. §§ 1-2 of the paper were based on the thesis author’s own writ-
ing with editing from co-authors; the rest of the paper were based on drafts from co-authors,
and the thesis author contributed by editing.

[BSY+22] Adam D. Barwell, Alceste Scalas, Nobuko Yoshida and Fangyi Zhou. ‘Generalised
Multiparty Session Types with Crash-Stop Failures’. In: 33rd International Conference on Con-
currency Theory (CONCUR 2022). Ed. by Bartek Klin, Stawomir Lasota and Anca Muscholl.
Vol. 243. Leibniz International Proceedings in Informatics (LIPIcs). Dagstuhl, Germany: Schloss
Dagstuhl — Leibniz-Zentrum fiir Informatik, 2022, 35:1-35:25. 1SBN: 978-3-95977-246-4. DOI:
10.4230/LIPIcs.CONCUR.2022.35

Thesis Author’s Contribution: This paper presents a generalised multiparty session type sys-
tem with crash-stop failures. The thesis author contributed to the development of the theory
and prototype implementation, but much of the work were done by Barwell and Scalas. § 1


https://doi.org/10.1007/978-3-030-86593-1_2
https://doi.org/10.1145/3446804.3446854
https://doi.org/10.4230/LIPIcs.CONCUR.2022.35
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was based on the thesis author’s own writing with editing from co-authors; the rest of the pa-
per were based on drafts from co-authors, and the thesis author contributed by editing.

[BHY+23] Adam D. Barwell, Ping Hou, Nobuko Yoshida and Fangyi Zhou. ‘Designing Asyn-
chronous Multiparty Protocols with Crash-Stop Failures’. In: 37th European Conference on Object-
Oriented Programming (ECOOP 2023). Ed. by Karim Ali and Guido Salvaneschi. Vol. 263. Leib-
niz International Proceedings in Informatics (LIPIcs). Dagstuhl, Germany: Schloss Dagstuhl —
Leibniz-Zentrum fiir Informatik, 2023, 1:1-1:30. ISBN: 978-3-95977-281-5. DOI: 16.4230/LIPIcs.
ECOOP.2023.1. URL: https://drops.dagstuhl.de/opus/volltexte/2023/18194

Thesis Author’s Contribution: This paper presents a multiparty session type system with
crash-stop failures, using the traditional top-down design approach; as well as a prototype
implementation to implement them in SCALA. The theory was jointly developed by Hou and
the thesis author. §§ 1, 3-5 were based on the thesis author’s own writing with editing from
co-authors; the rest of the paper were based on drafts from co-authors, and the thesis author
contributed by editing.

1.3 Structure of the Thesis

§2 gives a brief overview of the development of the theory of multiparty session types (MPST)
from the literature, on which the rest of the thesis is based.

§ 3 introduces a theory of refined multiparty session types (RMPST). We integrate refinement
types into the multiparty session type theory, and show how they can be used to specify multi-

party protocols with data and control flow constraints.

§ 4 describes how to implement refined multiparty protocols. We introduce a toolchain SESSION™,
for implementing multiparty protocols with refinements specified using the SCRIBBLE descrip-
tion language in the F* programming language.

§ 5 introduces an extensible toolchain, vSCR, for multiparty protocols. vSCR is designed for
researchers of MPST to implement their extensions easily, and we show how refinement type
extension is implemented in vSCR.

§ 6 concludes this thesis, where we summarise the contributions and propose future work.

1.4 Funding Acknowledgements

This PhD is funded by the following grants from the Engineering and Physical Sciences
Research Council (EPSRC):

¢ From Data Types to Session Types—A Basis for Concurrency and Distribution

Grant Number: EP/K034413/1
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e Turtles: Protocol-Based Foundations for Distributed Multiagent Systems

Grant Number: EP/N027833/1

The thesis author would like to kindly thank the EPSRC for their generous funding support
during this PhD.



2 Background: Multiparty Session Types

Multiparty Session Types (MPST) are originally proposed by Honda et al. [HYCO08], as a
typing discipline for distributed message-passing processes. The typing discipline has been
under active development since its initial publication, with simplifications, generalisations, and
extensions proposed.

We provide a technical background of a core MPST theory in this chapter, upon which the
rest of the thesis builds.

2.1 Intuitions of Session Types

Session types, as originally introduce by Honda et al. [HVK98], provide a way to describe
structured communication. A session describe a single unit of structured communication, e.g. an
interaction between a customer and a bank. In this typing discipline, session types are assigned
to channels, through which concurrent processes communicate; a session type describes how
the channel should be used, usually as a sequence of communication actions (e.g. sending an
integer, receiving a string).

Without going into too much details, the theory ensures well-typed processes enjoy desir-
able properties, which we summarise as the Session Theorems: type safety (processes commu-
nicate without errors), protocol conformance (also known as session fidelity, processes behave
according to their types), deadlock-freedom/progress (processes do not get stuck), and live-
ness (input/output actions eventually succeed).

A key concept in the session type theory is the duality of session types, i.e. the dual of a
sending action is a receiving action, and vice versa. Intuitively, when two ends of a channel
have dual types, the communication shall succeed without failures, nor would there be any
deadlocks. However, such guarantee often holds on the condition that there is only a single ses-
sion. When there are more sessions, the interleaving of actions may render progress impossible,
i.e. processes are unable to reduce while not reaching completion, e.g. in the case where all
processes are in a circular wait.

Suppose a group of n people (n > 2) sitting in a circle, where they are only permitted to
listen to the person to their left, and speak to the person to their right. This situation can be
modelled by n processes P;, and n sessions s; (i € {1..n}). For a process P;, it first receives via
s;, and then sends via s; 1 (with modular arithmetic). When we view the usage of a channel
from each end, i.e. the session type of s; from the view of P; and P;_;, they are indeed dual of
each other, since one side is sending and the other is receiving. However, when we view the
processes composing together, there is 1o progress, since everyone is waiting for the person on
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their left to say anything, and no one says anything.

In order to have progress, we can designate a conversation starter, who speaks to the person
to their right first, then listens to the person to their left. A special process P] (for some k €
{1..n}) sends via sy first, follows by receiving via si. This change does not affect duality, since
the actions performed on each channel do not change. Yet, we can see that the composition of
the special process P, and ordinary processes P; (for i € {1..n},i # k) has progress.

When there are more than two communicating processes, it is hard to avoid having more
than a single communication channel, which in turns invalidates single-session progress guar-
antees. The multiparty session type theory is introduced to overcome this deficiency, by effect-
ively expanding the concept of a session to include multiple participants.

A multiparty session describes the structured communication between a number of parti-
cipants, instead of two ends of a channel. The global communication pattern is described by
global types, from a bird’s-eye view. The concept of ‘session types’, describing the behaviour of
a single participant or endpoint, transforms to local types. A local type can be obtained via an
operation known as projection from a global type, following a top-down design methodology.

In the rest of this background chapter, we give the syntax and semantics of global and local
types, and show how they are related via projection.

2.2 Syntax of Global and Local Types

Many forms of syntax have been proposed for multiparty session types, with differences in
their expressivity. In this chapter, we present a syntax in a standard style used in many recent
works [SY19; CFG+21]. We base the main development of this thesis on this syntax.

Definition 2.1 (Global and Local Type Syntax). Let base types (also known as sorts) be ranged
over by S, which characterise the values being transmitted in messages. We use G, G’ to range
over global types, and L, L’ to range over local types, given by the following syntax:

S == int|bool]... Base Types
Global Types
P — q{/i(si).G/};,.; Message
ut.G/ Recursion
t | end Type Var., End
Local Types

P&{(i(Si)-Li}ier Receiving
PO{4i(Si)-Li}ier Sending

pt.L’ Recursion

t | end Type Var., End

h
L

where p, q are participants (also called roles) taken from a fixed set; ¢ are message labels taken from
a fixed set. 2
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We first discuss the constructors other than recursion and type variable:

® a transmission from a participant p to another participant ¢ (where p # q) is presented
in a global type as p — q{/i(s;).G/},.,
are available, each carrying a payload of base type S;. The labels must be mutually distinct

, where a non-empty, finite set of message labels ¢;

(¢; = ¢; iff i = j), and the global type continues as the corresponding continuation G;. When
there is only a single choice (i.e. |I| = 1), we omit the curly braces and write the global type
asp —q:{(s).G.

* asending action towards a participant p is presented in a local type as p&{/;(S;).L} }ic1; and
a receiving action from a participant p is presented in a local type as p&{¢;(S;).L!}ic1, where
similar restrictions on labels apply. When there is only a single choice (i.e. |I| = 1), we omit
the curly braces and write the local type as p®{(s).L" or p&{(s).L’.

* a terminated global type is presented as end, and a terminated local type as end, where no

actions remain to be taken.

We use p-types to represent recursions [Pie02, § 21.8] at the level of global and local types.
The operator u binds a type variable t in a type ;t.G, and usual definitions of free and bound

type variables arise.

Notation 2.2 (Omission of Terminated Types). The terminated types end (global) and end (local)
are sometimes omitted when appearing as a continuation where unambiguous. For example, a
global type A — B : Num(int).end may appear as A — B : Num(int). J

Notation 2.3 (Omission of Payload Types). Where the payload types S are not a topic of partic-
ular interest, we may omit the payload types for convenience and clarity. For example, a global
type A — B : Num(unit).end may appear as A — B : Num.end. 3

Notation 2.4 (Substitution). We write G[G' /1] to substitute free occurrences of the type variable
t for a global type G’ within a global type G; and L[L'/t| to substitute free occurrences of the
type variable t for a local type L’ within a local type L. J

2.21 Notes on Recursive Types

With regards to recursion, usually an equi-recursive interpretation [Pie02, § 20.1] is taken,
i.e. a recursive type jit.G’ is always considered equal to its unfolding (i.e. replacing the type vari-
able in the inner type with the entire recursive type) G'[;1t.G’ /], giving rise to an infinite type.
In order for a recursive type to be well-formed, the type needs to be contractive [Pie02, § 21.8],
i.e. successive unfoldings of a recursive type must give a constructor other than recursion. The
usual example of a non-contractive type is j.t.t, whose unfolding equals to itself. The require-
ment of contractivity is sometimes also known as guardedness [Mil80, § 5.4], in the sense that a
type variable must be appear guarded under a constructor [Nak00].

10
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Definition 2.5 (One-Time and Successive Unfoldings). For a global type G, we define the one-
time and successive unfoldings of G, written unf! (G) and unf(G) respectively, as:

G'ut.G'/t] if G = ut.G’ f(G'|ut.G'/t]) if G = ut.G’
unfl(G) _ (1 /Y i H unf(G) = unf(G'[p /Y]) i H
G otherwise G otherwise

unf! (L) and unf(L) is defined similarly for a local type L.
Furthermore, we define unf"(G) = unf' (unf”_1 (G)) (where n > 1) as the n-time unfolding
of G. Similar definitions also apply for local types L. J

Fact 2.6 (Contractivity and Unfolding). Fix a closed global type G (or a closed local type L,
equivalently). unf(G) is defined whenever there exists a number 1 > 0 such that unf"(G) is of
a constructor other than recursion jit.G or type variable t. Moreover, unf(G) is defined for any
contractive global type G by the definition of contractivity (cf. [Pie02, § 21.8]) a

The syntax of global and local types are sometimes represented in a coinductive way, as in-
finite trees, as done in [CFG+21; GJP+19; DGD23]. In general, recursive types using y-types can
be interpreted as regular infinite trees that have finitely many sub-trees [Pie02, §§ 21.7, 21.8].

Remark 2.7 (Degenerate Recursions). A recursive type can sometimes be represented in a more
‘canonical’ way with some recursion declarations removed, without modifying the substantive
recursion body. We refer to these recursions as degenerate.

A form of degenerate recursive type jit.G’ occurs when the type variable t does not appear
in the inner type G’. The type is equivalent to the type G’ without recursion.

In addition, a ‘nested’ recursive type pt.ut’.G’ is also considered degenerate. Nested recur-
sion can be merged into a single one, as the type ut'.G'[t' /], since both t and t’ recurse to the
same point. Some authors consider these forms of recursions as not guarded [vGHH21].

However, we do not consider a recursion as degenerate if it can be presented in a simplified
form, e.g. yt.A — B : (.A — B: (.t can be simplified into a more compact form put.A — B: (.t,
because they unfold to the same infinite tree. Such simplification does not involve the removal

of any recursion declarations. J

2.2.2 Participants in a Global Type

We write pts(G) as the set of participants in a global type G. A participant p participates in
G, if p occurs in a communication p — ¢ or q — p (for some (), we sometimes write p € G.

11
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Definition 2.8 (Participant Set). The set of participants of a global type G, written pts(G), is
defined as follows:

pts(end) = @
pts(t) = @

pts(p—>q{€i<si)-G,‘}i€1) = {p.a} UUjes pts(G))
pts(ut.G’) = pts(G').

Lemma 2.9 (Participant Set after Substitution). Substitution does not remove any participants, and
potentially adds participants in the global type that is substituted for: pts(G) C pts(G[G'/t]) C
pts(G) Upts(G). N

Proof. By induction on G:
* Case G = end:

end remains end after substitution, and pts(end) = @, trivial.
e Case G =t

If ' = t, then the type after substitution is G’. We then have pts(t[G'/t]) = pts(G’) C
pts(G) Upts(G’), as required. Moreover, pts(t') = @, which satisfies the left part.

If t' # t, then the type after substitution remains t’, and pts(t') = @, trivial.
e Case G = ut'.G"
If t' = t, then no substitution occurs, trivial.
If t' # t, then the type after substitution is yt'.G’[G’/t|. By definition pts(ut'.G") = pts(G’),
and the desired result follows from inductive hypothesis.
e Case G=p — q{/(s;).G'}:
By inductive hypothesis. O

Proposition 2.10 (One-Time Unfolding does not Change the Participant Set). pts(t.G’)
pts(G'[ut.G' /t]). 4

Proof. By definition, we know that pts(yt.G') = pts(G’).

By Lem. 2.9, we know that pts(G’) C pts(G/[ut.G'/t]) C pts(G') U pts(ut.G").

By expanding the definition and simplifications, we have that pts(G’) C pts(G/[ut.G'/t]) C
pts(G'), thus pts(G'[ut.G'/t]) = pts(G) = pts(ut.G’), as required. O

12
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Protocol Declarations P ::= global protocol p (role ry,...,role r,){G}
Protocol Constructs G = /(S) from r; to ry;G Single Message
| choice at r{Gj}or ... or {G,} Branches
| rec X{G'} | continue X Recursion / Var.
|  end (omitted in practice) Termination
| do p(ry,...,ry) Protocol Call
Base Types S = int|bool]...

Figure 2.1: Syntax of Core SCRIBBLE Language

2.2.3 Programmatic Representation in SCRIBBLE

We make a brief digression here from the theory, to introduce a protocol description lan-
guage SCRIBBLE [YHN+14; NY19]. The primary aim of SCRIBBLE is to describe choreograph-
ies in web services, in the form of high-level multiparty communication. The first version of
SCRIBBLE slightly predates the MPST theory [YHN+14, § 1], but later versions are largely based
on MPST and its extensions. In addition to protocol description, SCRIBBLE also provides a tool-
chain for multiparty protocols, allowing developers to implement the protocol via the top-down
methodology. We defer the description of the toolchain part to later sections.

We show the syntax of the core SCRIBBLE language in Fig. 2.1. A SCRIBBLE module (i.e. a
unit of compilation) consists of multiple protocol declarations P. In the syntax, protocol names
are represented by p, role names by r, label names by /, and recursion variable names by X. The
four kinds of names range over string identifiers.

We observe similarities between SCRIBBLE global protocols and global types (Def. 2.1), namely
recursion declarations rec X {G’} vs. uX.G’; recursion variables continue X vs. X; singleton
transmissions £(S) from r; to ry; G’ vs. r; — ry : £(S).G’; and the terminated type end vs. end.
Yet, we note that the plural (|I| > 1) form of message transmission r; — 2 {(;(S;).G/},_; is de-
noted by a choice at ri, where each branch is a single message /;(S;) from r; to ry;G.. On
the other hand, the choice construct in SCRIBBLE is more flexible, e.g. messages sent from the
same sender towards different receivers, and may not always have a corresponding global type
(as shown in Def. 2.1).

2.3 Projecting a Global Type

In the standard top-down methodology of multiparty session type theory, a protocol designer
only needs to define the global type, which governs the communication over all participants.
For a developer to implement a participant, they need to know the local type of that participant,

which is obtained via projection. If all the participants are implemented with regards to their

13
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projected local types, then the concurrent system is able to run autonomously (without a central
coordinator) and correctly.

Local types describe the behaviour from the perspective of a single participant. Fix a parti-
cipant r as our current role, and a global type G. The projection of G on r, written G [ r, describes
the actions to be taken by r in order to realise the protocol described by G. We give some intu-
ition of projection followed by its definition.

Intuition

Suppose a message is to be sent from a participant p to another participant ¢. The projection
of that interaction depends on the view of our current role r, i.e. the participant that we project
onto. In essence, projection of a global type onto a role r describes the relevant interactions
involving that role (and erases the irrelevant interactions).

If r is the sender (r = p), then the current role r shall send a message to q to play their part in
the global type, thus the projection on r is a sending action. Similarly, if r is the receiver (r = (),
then our current role r shall receive a message from p to play their part, thus the projection on r
is a receiving action.

The projection is more intriguing if our current role r is neither the sender p nor the receiver q,
sometimes called a non-choice participant. In the simple case, if the message from p to q does not
involve any choice (i.e. |I| = 1), then the initial message can be simply ignored. The projection
on r is the same as that of the continuation that follows after the message.

Otherwise, our current role r needs to ‘reconcile’ projections of a number of continuations
(since |I| > 1): this reconciliation is known as merging in the literature. It is not always possible
to merge local types, which makes the projection a partial function (i.e. not defined for all global
types). In the subsequent texts, we discuss two merge operators in the literature: the plain and
the full merge operator, and explains differences in expressivity.

We give formal definitions of projection and merging in Def. 2.11.

Definition 2.11 (Projection of Global Types, Merge Operator). Projection ([) is partial function
from a global type and a participant to a local type:

a®{ti(si).Litier ifr=p

(p - q{gi(si)-ci}iel) [r= p&{éi(si).Li}id ifr=gq (where Li = G; [r)
UierLi ifr¢ {p,q}
. ut.l! if L' # ]«li?.t (where L’ = G’ |'r, and ¥’ denotes
(ut.GH1r= ~ .
end ifL/ = ut't 0 or more type variables)
tfr=t
end [ r = end

where L is a merge operator defined on local types, and the notation U;c;L; is a shorthand for

14
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LiULyU...UL, where{1...n} =L
We define the plain merge operator as:

LUL=1L and undefined otherwise.

We define the full merge operator as:

P&{(i(Si)-Litier U p&L{(;(S)).LT }ief =
P&{ £y (Sk)- (L U L) Yrerng U {4i(Si)-Li Fiepy U {gj(s})-L;‘/}jE]\I
where Vk € IN]: S, =S;;
P{4i(Si).Litier UPS{Li(Si)-L Hier = po{4i(S:)- (LU LY) bier
pt.L'Uptl” = pt(L'UL") tUt=t endUend=-end andundefined otherwise. _

We say a global type G is projectable onto a participant r, if the projection G | r is defined.
Usually, we consider global types G that are projectable onto all participants pts(G) as well-
formed. As a result, the partial projection function rules out unrealisable global types.

The substantive clauses of the definition follows the intuition: the sender and receiver of a
message gets a sending and receiving local type respectively. The more intriguing part is the
merge operator, where we give definition of plain merge and full merge.

Plain merge was proposed in the first MPST paper [HYCO08] (although not explicitly men-
tioned), where a non-choice participants must have a uniform behaviour regardless of the choice.
/1.C—B: Y,
(LC—B: b
order to realise such a global type, there must be a ‘covert’ channel between A and C to relay the

This is useful for ruling out unrealisable global types, suchas G = A — B n

choice of label ¢, or /.
Full merge was initially proposed in [YDB+10], introduced as mergeability and injection.

The mergeability relation states that two types are identical up to their branching
types where only branches with distinct labels are allowed to be different.

(Yoshida et al. [YDB+10, p. 136])

The mergeability relation induces the full merge operator, as shown in the formal definition.
As a consequence, a non-choice participant may behave differently if they are informed of that

choice indirectly. For example, taking a similar global type from the previous example, G’ =

6B—C:/
AB! T ' b, The participant C is able to learn the choice made by A via the relayed
£2.B —C: 62

message from B, giving them a receiving local type:

G' | € = B&/; LIB&{, = B& {?}
2

Note that the projection is not defined under plain merge.

15
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The expressivity of different merge operators is studied and compared in a recent work
by Stutz [Stu23, § 3]. In particular, they propose a modification of definition with regards to the
recursive type, to allow merging of recursive types with different type variables:

put.L' Upt' L = ut(L'UL"[t/1]).

The remaining definitions of projection are the administrative clauses: type variables t and
terminated global type end are converted to their local type counterparts t and end; recursions
1t.G" are converted inductively, but we need to take caution to ensure that the projected type
ut.(G' | r) remains contractive. Therefore, if the result of projection might be non-contractive:
either ut.t, or pt.ut).---.ut,.t, (which we collectively denote as pt.ut’ .t in the definition), a
terminated type end is produced instead of the non-contractive type!.

Projection plays an important role in the multiparty session type theory, as it enables a top-
down approach for protocol design and implementations. Here, projection is defined syntactic-
ally, but we will show later that projection also provides a connection between the semantics of
global and local types.

2.4 Semantics of Global and Local Types

In this section, we give semantics for global and local types, using Labelled Transition Sys-
tem (LTS) [Kel76]. When a global type is implemented by a collection of participants via their
projected local types, we would like to ensure that the behaviour of the projected collection
matches what we model using a global type. This result is often called operational correspond-
ence, and is crucial to correctness of the MPST theory.

We first introduce the definition of labelled transition systems, which we use to model se-

mantics of global and local types.

Definition 2.12 (Labelled Transition System). A labelled transition system is a tuple (S, A,J),
where S is a set of states, A is a set of labels, and é C S X A x S is a set of transitions.
For any state s,s’ € S, and any label « € A, we write s % s’ whenever (s,a,s') € 4. 2

Notation 2.13 (Related Reduction Notations). Fix a labelled transition system (S, A, ¢).

For any state s € S, and action @ € A, we write s i), whenever there exists a state s’ € S
such that s = §/; we write s 2+, whenever there exists no state s’ € S such thats — s’

For any state s € S, we write s —, whenever there exists an action « € A such that s L we
write s /+, whenever there exists no action « € A such that s 5.

We write —* as the reflexive and transitive closure of —. J

We introduce a synchronous (rendez-vous) semantics of global and local types: there are no
intermediate states for messages in transit, i.e. after the message is sent, before it is received.

n this definition, the projected type may contain degenerate recursion even if the global type does not contain
degenerate recursion.
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The alternative is an asynchronous (message passing) semantics, where messages are placed in an
intermediate buffer after sent. The asynchronous semantics and related results are presented by
Deniélou and Yoshida [DY13]. We opt to show a synchronous version for simplicity, adapted
from the asynchronous version. Similar adaptations can be found in [KY14; GJP+19].

Definition 2.14 (Transition Label). An action & € A is generated from the grammar « ::= p —

q:¢(s), where p # q.
The subjects of an action &, written subj(«), are defined as: subj(p — q: ¢(S)) = {p,q}.

We use a single form of action in the definition: this is due to the synchronous nature of our
semantics. Consequently, the subject of an action involves two participants, namely both the
sender and the receiver. In contrast, an asynchronous semantics, such as [DY13], uses separate
sending and receiving actions, and each has a single subject.

In subsequent subsections, we define the transitions for global types and local types respect-
ively, and explain the connection between them via projection.

24.1 Global Type Semantics

Definition 2.15 (Global Type Transition). The transition relation of global types (~) is induct-
ively defined as follows:

j €l [G-Pfx] G[‘HtG/t] i} G/

p—q:(;(S))
P — q{/i(5i).Gi}ic; - Gj ut.G LNyl

[G-Rec]

{p,q} Nsubj(a) =@ Viel:G = G
P — a{4i(Si)-Giticr = P = a{4i(51).G } e

[G-Cnt]

|

We define transitions on closed global types (with regards to type variables). If the global
type is a communication p — q{/;(S;).G; };-;, there are two possible rules that can engage: rule
[G-Ptx] for a reduction in the prefix position and rule [G-Cni] for a reduction in the continuation
position.

The rule [G-Ptx] concerns a reduction in the prefix position of the communication: sender p
communicates a message labelled /; with payload type S; to receiver q, provided that the mes-
sage is one of those prescribed by the global type. After that, the global type continues as the
selected continuation G;.

Alternatively, the rule [G-Cnt] concerns a reduction in the continuation position. If an action «
can be taken in all of the continuations, and the subjects of the action are disjoint from the prefix
participants, the reduction may happen under the prefix. This rule is alternatively known as the
‘permutation rule” [KY14], or the ‘pass rule’ [GLS+22]. The significance of this rule is to allow
non-causally-related reductions.
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It is important to note that the sequencing in global types are weak sequencing [RW94]. Take
a global type G = A — B : ¢,.C — D : {5.end. There is no causal relation between the message
from A to B labelled ¢, and the message from C to D labelled ¢5; therefore, the global type
reductions allow both to take place, via rules [G-Px] and [G-Cnt], respectively.

The final rule [G-Rec] is an administrative rule to unfold a recursive global type one time yt.G
into G[1t.G /t] before reduction (i.e. unf' (;tt.G)). We would not need this rule if we considered
global types as infinite trees [G]JP+19; CFG+21].

Proposition 2.16 (Reductions under Unfolding). Unfolding a global type G (one time or success-
ively) does not change its reductions:

1. G5 G ifand only if unf'(G) & G/; and,
2. G5 G ifand only if unf(G) % G 4
Proof. Apply or disapply rule [GRec] accordingly. O

We note that this transition relation (=) can be interpreted as a partial function, as is done
in [GJP+19]. Fix a transition label a and a global type G, there exists at most one G’ with G % G'.

Remark 2.17 (Parallel Global Types and Causality Analysis). In some MPST works [HYCOS8;
BHT+10], the global type syntax includes an additional form: G;,G, for parallel composition?.
Usually, the participants in G; and G; are required to be distinct, and there is no corresponding
parallel construct in local types (since a participant may only participate in one global type in
the parallel composition).

In those works, a global type G undergoes a linearity analysis [HYCO08, Def. 3.5] to check
causality of communication. A causality analysis [HYCO8, Fig. 5] is performed on a global type
to ensure the absence of weak sequencing.

Such analysis is dispensed with in later works [DY13], by the introduction of reduction-
under-prefix rules such as rule [G-Cnt]. In many recent works, the parallel composition constructs
are usually omitted in global types for simplicity (without much loss of expressivity), and we
follow the same approach in this thesis. J

Remark 2.18 (Infinite States of Global Type Transitions). Let R(G) be the set of reachable global
types (i.e. states) from G: R(G) = {G' | G —* G'}. We note that the reachable set may be
infinite due to recursive types.

We use a recursive form of the example we previously used to explain weak sequencing:
let G = utA — B: {,.C — D : {,.t, we can reduce the type G by either interactions between A
and B, or interactions between C and D. A possible sequence of reductions, consisting only of

2Some works [DY11; DY13] uses G1|G, in notation.
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interactions between A and B, is shown as follows:

utA —B:0,.C—D: (st
C—oD:lutA—B:0;.C—D: (st
C—oD:6C—D:lutA—B:0;.C—D:/lrt
C—oD:6,C—D:6,C—D:lutA—B:0;.C—D:/lrt

A*}BIZ']
-1
A*}BIZ']
-
AHBIK]
-

A—B:(4
—

Alternatively, another possible sequence of reductions, consisting only of interactions between
C and D, is shown as follows:

utA—-B:0,.C—D: /st
A—B:/l.utA—B:/0.C—D: /0t
A—B:/tA—B:liutA—B:01.C—D: /st
A—B:/+A—-B:/tA—B:/li.uytA—-B:0{,.C—>D: /00t

C%DIZz
=
C%DIZz
=
C%DIZz
=

C*>D252
2

It follows that the set R(G) can be infinite. J

Remark 2.19 (Inductive Transition Rules). 3 Consider the following type G:

G=putA—B {More't }

Done.C — D : Blah.end
The global type G describes a protocol between A and B where a (possibly empty) series of
More messages are communicated following a Done message; and, independently, between C
and D over an exchange of message Blah. Note that this global type G is not projectable on C (or
D): merging fails between t and D&Blah.end.

Due to weak sequencing, the communication of the message Blah may occur in the absence
of any other messages, following the spirit of rule [G-cntl. However, such an application cannot
be realised under an inductive setup, since the derivation would be circular.

We set « = C — D : Blah. To find the global type under reduction, we first observe that G is
a recursive type and we apply rule [G-Rec] to unfold it once:

More.t
More.ut.A — B
Done.C — D : Blah.end

Done.C — D : Blah.end

G[ut.G/tj=A —B

We note that the action does not match the prefix, therefore we need to engage rule [G-cnt],
where we have two subgoals, one for each branch. In the Done branch, the reduction is a

3With thanks to Keigo Imai for discussions regarding this remark.
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straightforward application of rule [G-Px]. However, in the More branch, we have encountered
the same goal as what we started with: the reduction of G over action «.

C—D:Blah {More.t

As a consequence, the reduction G ———— ut.A — B b d} is not derivable under
one.en

an inductive interpretation of the transition rules.
One may be tempted to interpret the reduction rules coinductively, so that the aforemen-
tioned reduction can be derived. However, interpreting the rules using coinduction directly

may include unintended transitions. For example, we can derive

ut.A — B : More.t CoDBah A B More.ut.A — B : More.t,

which would be absurd, because roles C and D do not participate in the global type. The coin-
ductive derivation is given as follows:

C—D:Blah

{A,B} n{C,D} =@ utA — B:Moret ——— A — B: More.ut.A — B : More.t
[G-Cnt]
A — B : More.ut.A — B : More.t L-DBah A B More.ut.A — B : More.t
[G-Rec]

ut.A — B : More.t DBl A B More.ut.A — B : More.t

The optimal solution may be achieved with a mixed interpretation, e.g. an inference system
using coaxioms by Dagnino [Dag19]: the rule [G-Pix] must appear in the coinductive derivation

at least once in order to remove vacuous transitions. J

We have given the transitions of global types in this subsection. An interesting property to
note is that a global type G that is not terminated (G # end) is always able to reduce by some
action (e.g. the first prefix after successive unfolding). This property is sometimes known as
progress, and it will be useful later when we demonstrate the connection between semantics of

global and local types.

2.4.2 Local Type Semantics

We give transitions of individual local types in Def. 2.20. Given the nature of communic-
ating systems, giving semantics of a single agent in the system is not sufficient. We then give
transitions of (closed) collections of local types (known as a configuration) in Def. 2.23.

20



CHAPTER 2. BACKGROUND: MULTIPARTY SESSION TYPES

Definition 2.20 (Local Type Transition). The transition relation of local types (<), from the view
point of a participant p, is inductively defined as follows:

€1 el

/ [L-Send] J [L-Recv]

p q%p:éj(s/‘)
qo{4i(si)-Litier —— Lj q&{li(s;).Litier —— L;

Llpt.L/t] & L/

ptL 5 L/ e

|

Compared to the transition relation of global types, the local type transitions are more
straightforward. The sequencing of actions is strong in local types, as there are no rules provid-
ing for reductions in continuations (cf. rule [G-Cnt]).

Remark 2.21 (Transition Actions in Local Types). We have used the same action labels in global
and local types for simplicity. For a more precise modelling, the action labels can be split into
sending and receiving, e.g. p — q : {j(S;) (where the underlined participant is sending) and
P — q: ((S;) (where the underlined participant is receiving). J

Proposition 2.22 (Reductions under Unfolding). Unfolding a local type L (one time or successively)
does not change its reductions:

1. L5 L' ifand only if unf'(L) 5 L'; and,
2. L5 L ifand only if unf(L) = L. 4
Proof. Apply or disapply rule [L-Rec] accordingly. O

Local types are collected together in a configuration, and we give definition of configurations
and their transitions.

Definition 2.23 (Configuration). A configuration 8§ = {L, | r € I} is a collection of local types,
indexable via participants from a fixed set IP.

We write 8(r) to denote the entry of participant r in the configuration 8.

We write dom(8) to denote the domain of the configuration 8, namely the fixed set IP. J

Intuitively, a configuration 8 reduces by an action a if the subjects of that action « reduce,
and all other participants remain unchanged.

Definition 2.24 (Configuration Transition). The transition relation of configurations (%) isbased

on the transition relation of local types. We define § = 8/, if:

1. dom(8) = dom(8’);

2. Vr € subj(a) : $(r) & 8/(r); and,

3. Vr € (dom(8) \ subj(a)) : 8(r) = 8'(r). N
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Remark 2.25 (Reactive Configuration Semantics). Our configuration reductions — are react-
ive [vGHH21, Fig. 3]. A sender does not need a t-transition (i.e. non-observation action) for
choosing the message to send before a communication:

I >1 kel
q@{éi.Lf}iel 5 qéBZkL;(

[L-Send-Choice]

Consequently, the configuration reductions under a non-reactive semantics require the sending
side to be a singleton without choices, since any choices must be made prior to the synchron-
ising communication.
Reactive semantics may hide certain undesirable behaviour. We reuse the example from van
Glabbeek et al. [vGHHZ21, Ex. 7]: let dom(8) = {A,B}, S(A) = B& {/4.end; (,.end} and §(B) =
A&/l;.end. Under a non-reactive semantics, the configuration would be stuck if A selects label
(5, i.e. a configuration 8 = 8’ £, where dom(8') = {A,B}, 8'(A) = B@®/,.end and §8'(B) =
A&/!q.end. Under a reactive semantics (as in Def. 2.24), only the reductions available to both of
the action subjects are considered, and the configuration § does not get stuck.
In this work, we focus on configurations associated with global types, and the interplay of
projection and subtyping (explained in § 2.4.3) ensures that no such mismatch can occur. J

We have given the transitions of local types and configurations in this subsection. Now that
we have given semantics for both global types and local types, we are ready to explain the
connection between them in the next subsection.

2.4.3 Relating Global Types and Configuration Semantics

Recall that MPST uses a top-down design methodology: global types govern the commu-
nication structure of processes. While we do not explicitly introduce a calculus for processes
and a typing system, the local types describe the possible behaviours of a process. In other
words, a global type provides an abstract model over a configuration, when each entry in the
configuration is related to the projection upon that participant. In such cases, we show that
there is an operational correspondence between the global type and the related configuration. As
a consequence of operational correspondence, configurations governed by global types can be
implemented independently and executed autonomously, while enjoying properties from their
corresponding global types. We explain this relation between semantics of global types and
configurations in this subsection.

Subtyping over Local Types and Configurations

Before explaining the relation between configurations and global types, we first introduce
a limited* form of subtyping over local types. In this presentation, we do not consider any

4See [GJP+19] for the precise subtyping relation.
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subtyping relations over the payload types (also known as subsorting®) when defining subtyping
over local types.

Definition 2.26 (Subtyping on Local Types). Subtyping (<) is a relation over closed local types,
coinductively defined over the following rules:

L'[utl’/t) <L L <L'[ut.L'/t
Esn— S = [S-Rec-UnfL] == [S-Rec-UnfR]
end < end (5-End] utl' <L “ L <utL “
Viel:L, <L/ Viel:L/ <L/
7 m [S-Send] ; m [S-Recv]
PB{Li(Si)-Litier < PB{4i(Si)-Li bier P&{(i(Si)-Li}ieruy < P&{4i(Si)-L] Yier ]

A local type can be understood as a declaration of required communication behaviours for a
given process: a receiving type p&{/;(S;).L’}ic| requires a process implementing this type to be
able to handle all messages labelled /; from p; a sending type p®{¢;(S;).L!}ics requires a process
implementing this type to be able to send one of messages labelled ¢; to p. In this sense, a local
type L is a subtype of L', if the subtype L declares no more behaviour than the supertype L'; as
a consequence, L poses no more requirements on implementing processes than L'.

Following this reasoning, the substantive rule [s-Recv], allows a receiving type in the super-
type position (with index set I) to have fewer branches than one in the subtype position (with
index set I U J).

The subtyping rules presented here are non-standard (cf. [GH05; GJP+19]) in the follow-
ing way: our rule [s-Send] requires an identical index set I on both sides, instead of allowing
fewer branches at the supertype position (as in standard subtyping relations). On this aspect,
our subtyping relation follows the subtyping relation defined in Deniélou and Yoshida [DY13,
Appendix § A.1].

We note two interesting properties of this subtyping relation. Suppose L < L/, all possible
behaviour of the supertype L’ are inhabited by the subtype L. The substantive rule for receiving
types [s-Recv] ensures all receiving actions at the supertype position are preserved by the subtype.
We note that this is also true for sending actions (rule [s-Send]), by not permitting additional be-
haviours at the supertype position, where we (following Deniélou and Yoshida [DY13]) depart
from the standard subtyping relation. The other property is that the merge for two local types (if
it exists), is a subtype of the local types being merged: take an index i € I, we have U;c;L; < L;.

Proposition 2.27 (Subtyping is Reflexive). For any closed local type L, L < L. a
Proof. Each of the subtyping rule can be applied in a reflexive manner. Inspect the constructor

of the local type L, and apply the rule matching the constructor accordingly. O

Lemma 2.28 (Subtyping Preserves Supertype Behaviour). If Ly < L, and L, - L), then there
exists L) such that Ly 5 L} and L} < L5. J

5Some authors use the word ‘sort’ for payload types, as opposed to ‘types’ that denote session types.
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Proof. We analyse each case of the subtyping relation L1 < Ly (Def. 2.26).

e Case [S-End]:

Vacuous. No reduction is available for end.

e (Case [S-Send]:

We have p&{/;(s;).L }ier < p®{¢;(Si).LY }icy with L) < LY for all i € I. The only reduction

—p:(;(S;
rule that applies is [L-send]. Take any j € I, we have p&{/;(s;).L! }ics m) L;.’.

. . . , q—p:4(s;)
Using the same index j € I, we have p@{/;(s;).L}}ic; ——

from premise of subtyping, as required.

L;, and we have L;« < L;«’

e Case [S-Recv]:
We have p&{/;(S;).Li}iciuy < P&{/i(S;).L! }icy with L} < L for all i € I. The only reduction

pP—q:(;(s;)
—

rule that applies is [L-Recv]. Take any j € I, we have p&{/;(s;).L! }ie; L;’ .

—q:(;(S;
Using the same index j € IU ], we have p&{/;(S;).L} }iciuy LJ(])) L;., and we have L;. <
L;.’ from premise of subtyping, as required.

e Case [S-Rec-UnfL]:
We have put.L’ < L with L'[ut.L' /t] < L. By Prop. 2.22, unfolding a local type one time does
not alter its reduction behaviour, i.e. L' [ut.L’ /] and L’ have identical behaviour. The required
result then follows from applying coinductive hypothesis on L'[ut.L' /t] < L.

e Case [S-Rec-UnfR]:

Similar to Case [S-Rec-UnfL]. O

Lemma 2.29 (Merging Respects Subtyping). If L = Ly ULy, then L < Lj and L < L. J

Proof. The case for plain merging is simple: it follows from the reflexivity of subtyping (Prop. 2.27).
The case for full merging is more involved. Let us consider each case of full merging
(Def. 2.11):

* When two receiving types are merged, namely p&{/¢;(S;).Li}ics U p&{ﬂj(s;).L}’}jej
P&l (51)-(Ly U L)) Yeerny U {6(50).LL iy U {zj(s;).L;f}je,\l, where Vk € IN]: 5, =S,
For simplicity, let us denote L; = p&{¢;(S;).L}}ic; and Linergea be the result of the merge.
Applying inductive hypothesis on L; L L} (for k € IN]), we have (L, L)) < L;.

To show Lyergeq < Ly, the rule [s-Recv] needs to be satisfied, where we need to show the fol-
lowing (dividing the index set I into two disjointsets I\ Jand IN]): (1) Vi e I\ J: L} < L}
and S; = S;, which follows from reflexivity of subtyping; and 2) Vk € INJ: (L, UL)) < L
and Sy = Si, which follows from inductive hypothesis and side condition of merging.
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¢ Other cases follow from applying inductive hypothesis and reflexivity of subtyping. O

We extend the subtyping relation over configurations via point-wise applications.

Definition 2.30 (Subtyping on Configurations). Subtyping over configurations 8§ < 8’ holds, if:
(1) dom(8) = dom(8'); and, (2) Vp € dom(8) : $(p) < 8'(p). N

We note that two configurations related by subtyping have identical reductions, due to asym-
metric nature of subtyping rules for sending and receiving types.

Lemma 2.31 (Configuration Subtyping Preserves Behaviour). Suppose 81 < 8».
1. If 8 L, 8!, then there exists 8} such that 8 LN 8] and 8] < 8);
2. If 8 = 8!, then there exists 8} such that 8y — 8, and 8} < 8. 4

Proof. Item 1 follows directly from Lem. 2.28.

The case for Item 2 is more interesting: a reduction with action « requires both of the subjects
to reduce with that action, namely the sender and the receiver. We first show the existence of a
reduction of 8, with action «, the other requirement can be proved easily.

Suppose &« = p — q : £(S), and further suppose 81 5 8} and 8, #. Since 81 < 8, we have
81(p) < 82(p). Since p is the sending rule, the substantive subtyping rule that applies to the
local type of p must be [s-Send], which does not add or remove any behaviour. Contradiction. [

Relating Configurations and Global Types

We can now define a relation, which we call association, between a configuration § and a
global type G.

Definition 2.32 (Association). A configuration 8 is associated to a global type G, written § < [G],
if:

1. pts(G) € dom(8); and,
2. ¥p € dom(8) : 8(p) < G [p. 3

We note that a configuration 8 can contain more participants than those of the global type G
(Item 1). This is to allow inactive participants (where p ¢ pts(G) and $(p) < end) to be present
in the configuration.

Finally, the operational correspondence theorem says associated global types and configura-
tions have the same reductions.

Theorem 2.33 (Operational Correspondence of Associated Global Types and Configurations).
Suppose 8§ < [G].

1. If G5 G/, then there exists 8' such that 8 = 8" and 8’ < [G'];

25



CHAPTER 2. BACKGROUND: MULTIPARTY SESSION TYPES

2. If 8 &y 8!, then there exists G' suchthat G % G' and §' < [G']. N

The theorem ensures that associated global types and configurations remain associated after
making reductions. There are two main consequences. (1) Using the top-down methodology,
we can use a global type to specify the communication structure of all participants, and obtain
a configuration via projection. The projected configuration is associated with the global type
initially, and will remain so along its possible reductions. (2) A global type is always able to
reduce, unless it is terminated end. Applying the theorem, any configuration associated with a
non-terminated global type is also always able to reduce — this is a property that is sometimes
known as deadlock freedom [Kob06; DP22a] or progress [DdY07; HYCOS; Pie02, § 8.3].

2.5 Summary and Concluding Remarks

In this chapter, we present one specific version of the multiparty session type theory, upon
which we develop the rest of the thesis. In our presentation, we focus on the semantics of global
and local types, and show their correspondence under projection and subtyping.

We decide not to include specifics of a session 7r-calculus, or a type system. Readers can
follow Scalas and Yoshida [SY19] for a variant of session 7r-calculus with delegation (i.e. channel
passing) and multiple sessions; or Ghilezan et al. [GJP+19] and Yoshida and Gheri [YG20] for a
simpler variant that describes only a single session and without delegation.

In this thesis, we would not indulge into details with regards to delegation (channel passing)
or session interleavings (i.e. a multi-session calculus). This is done based on anticipation on
practical aspects: we consider the simple single-session model of multiparty session types,
without channel passing to be more practically applicable, and thus we focus on the simple
model and leave any extensions as potential future work.
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3 A Theory of Refined Multiparty Session
Types

In this chapter, we introduce a theory of Refined Multiparty Session Types (RMPST). We first
motivate this development in § 3.1. Then, we give the syntax of types in § 3.2, extending original
multiparty session types (MPST) with refinement types. We give details of the refinement type
system that we use to type expressions in RMPST in § 3.3.

We follow the standard MPST top-down design methodology. Global types describe commu-
nication structures of many participants (also known as roles). Local types, describing communic-
ation structures of a single participant, can be obtained via projection (explained in § 3.4). These
local session types can then be used to implement each participant, which we will introduce as
the main topic of the next chapter (§ 4).

We give semantics of global types and local types in § 3.5, and show the relation of semantics
with respect to projection in § 3.6. In addition, we show how the refined global and local types
can be erased into basic global and local types in § 3.7. As a consequence, we can compose all
endpoint processes implementing local types projected from a given global type, to implement
that global type correctly.

3.1 Motivation

From § 2, we know that multiparty session types are able to provide safety and liveness
guarantees for a communication system. In particular, on the safety side, a configuration as-
sociated with a global type is free from communication mismatches of any payload type or
label. This property is especially useful for practical programming purposes: implementations
of communication channels in low-level programming usually use raw bytes, and thus are un-
typed. Without the safety guarantees, untyped data may be misinterpreted and cause errors,
e.g. an integer may be interpreted as a string, and a lack of the termination character (\e) may
subsequently cause a buffer overflow.

Building upon the existing MPST theory, we would like to extend the safety guarantees on
the value level. We do not only wish to say that the payload value types are correct, but also
talk about the properties about the payload values. The ability to describe value-level properties
is beneficial, since protocols often involve constraints (e.g. an integer must be non-negative),
currently unsupported by the existing MPST theory.

Our proposal, refined multiparty session types (RMPST), is to integrate refinement types [FP91;
RKJO08] in the existing MPST theory, replacing a simple value-level type system with a more
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powerful refinement type system. By doing so, we extend MPST with the ability to describe
value-level constraints using refinement types. Following the development of this chapter, we
show the guarantees from MPST are also extended to RMPST.

3.2 Syntax of Refined Global and Local Types

We define the syntax of refined multiparty session types (RMPST) in Def. 3.1.

Definition 3.1 (Syntax of Refined Multiparty Session Types). The syntax of base types S, refine-
ment types T, expressions E, global types G, and local types L are given as follows:

S o= int]bool]... Base Types
T == x:S{E} Refinement Types
E == «x|clopi E|Eopo E'  Expressions
G u= Global Types
| P —a{li(x;:T;).Gl},; Message
| ut(x®:=E:T).G' Recursion
| t(x:=E) | end Type Var., End
L == Local (Pre-)Types
| p&{li(x;:T;).Li}icr Receiving
| p®{li(x;:T;).Li}ier Sending
| L A{bi(xi:Ti).Li}ier Silent Prefix
|  ut(x¥:=E:T).L Recursion (Unrestricted)
| ut(x%:7).L Recursion (Irrelevant)
|

t(x:=E) | t | end  Type Var, End

We use different colours for different syntactical categories to help disambiguation, but the
syntax can be understood without colours. We use brown for global types, dark blue for local
types, blue for expressions, dark green for base and refinement types, indigo with sans serif
fonts for labels, and Teal with bold, sans serif fonts for participants (roles).

Participants are taken from a fixed set R. We use lower case letters p,q,r,... as meta-
variables (it is possible for two meta-variables to refer to the same concrete role); and upper
case letters A, B, C, . .. for concrete (distinct) roles taken from the set of defined roles. J

Value Types and Expressions

We use S for base types of values, ranging over integers, booleans, etc. We choose not to
fix a set of base types, as they can be extended in the future when necessary, provided that
values of the base types must be able to be transmitted. (For instance, a function is typically not

considered transmittable.)
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Expressions consist of variables x, constants ¢ (e.g. integer literals 11, boolean literals true and
false), and unary (op;) and binary (op2) operations. The choice of operators are also not fixed,
and open to extension when necessary, provided that they can be encoded a logical theory!. We
assume common arithmetic and logical operators are in scope, and use them in examples.

A refinement type is of the form (x:S{E}): the base type S is refined by a boolean expression,
acting as a predicate on the members of the base type. A value x of the type has base type S,
and is refined by a boolean expression E. The boolean expression E acts as a predicate on the
members x (possibly involving the variable x). For example, we can express natural numbers
as (x:int{x > 0}). We give more details on refinement type and the type system in § 3.3.

We use fv(-) to denote the free variables in refinement types, expressions, etc. We consider
variable x be bound in the refinement expression E, i.e. fv(x:S{E}) = fv(E) \ {x}.

Where there is no ambiguity, we use the base type S directly as an abbreviation of a refine-
ment type (x:S{true}), where x is a fresh variable, and true acts as a predicate that accepts all
values of base type S.

Global Types

Global types (or protocols) range over G, G', G;, ... Global types give an overview of the over-
all communication structure. We extend the standard global types (Def. 2.1) with refinement
types and variable bindings in message prefixes. Extensions to the syntax are shaded in the
following explanations.

p— q{ﬂi( 5 B Tl-).Gi}iel is a message from p to g (where p # ), which branches into one
or more continuations with label ¢;, carrying a payload variable x; with type T;. We omit the
curly braces when there is only one branch, like p — q : ¢(x:T).G'. The payload variable x; is
bound in the continuation global type G;, for all i € I. We sometimes omit the variable if it is
not used in the continuations or its refinement type. The free variables are defined as:

fv(p — q{li(x;: T;).Gi}iep) = U v(TH) U (v(Gi) \ {x:})

iel iel

We require that the index set I is finite and not empty, and all labels ¢; are distinct. To avoid
duplication, we write /(x:S{E}) instead of ¢(x: (x:S{E})), where the first x denotes a variable
in the message and binds any later continuations, and the second x represents member values
in the refinement type and binds the refined expression E.

We extend the construct of recursive protocols to include a variable carrying a value in the
inner protocol. In this way, we enhance the expressivity of the global types by allowing a re-
cursion variable to be maintained across iterations of global protocols. A recursive global type
pt (xP:=E:T) .G’ specifies a variable x (located in an non-empty set of participants IP) car-
rying type T in the recursive type, initialised with expression E. Participants in the set I’ will

n practice, Satisfiability Modulo Theories (SMT) solvers are usually used to implement refinement type systems.
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carry the variable x, and the variable x can be updated when unfolding the recursion (to be
introduced later).
Without loss of generality, we rule out degenerate forms of recursion:
(1) the inner type G’ must not also be a recursive type: otherwise, the inner type can be
merged with the outer type;
(2) the type variable t must appear in the inner type G": otherwise, the recursion can be
removed without effect.
The type variable t < w=IE > is annotated with an assignment of expression E to variable
x. The assignment updates the variable x in the current recursive protocol to expression E. The
free variables in recursive types and type variables are defined as:

fv(ut(x"=E:T).G") = fv(T)Uf(E)U (fv(G)\ {x})
fv(t(x:=E)) = f£v(E)

We require that recursive types are contractive [Pie02, §21], so that recursive protocols have at
least a message prefix, and protocols such as pt (x{A} .= E; : T).t (x:= E,) are not allowed. We
also require recursive types to be closed with respect to type variables, e.g. protocols such as
t (x:= E) alone are not allowed.

We write G[ut (xT : T).G/t]? to substitute all occurrences of type variables with expressions
t (x:=E) into ut (x := E: T).G (note that E is preserved). We assume bound variables inside the
global type G (the inner type) are refreshed during the substitution, so that there are different
from existing variables.

We write r € G to say a role r is a participating role in the global type G, i.e. r occurs in a

communication prefixr — p{---}orp —r{---}.

Notation 3.2 (No Variable Shadowing). For convenience, we assume that no variable in a given

global type G and a local type L shadows another variable in the same type. J

Example 3.3 (Substitution of Type Variables with Expressions). Let
Grec = ut (x{A' Bl.—0: int).Giper and Giyper = A — B Msg(y:int).t (x :=x+1)
When we unfold the recursion, we perform the substitution:

c (BB 0 G A — B: Msg(y:int).

imner 11 (¥ Hint) Ginner /1] = pt (x{AB—x 4+ 1:int) A — B: Msg(y :int).t (x:=x +1).
Note that the variable y inside recursion is refreshed to become 1/, and the type after substitution
is not closed (the doubly underlined x is a free variable), and we explain the motivation of this

behaviour when we introduce semantics. J

2The initial expression E of the replacement recursive global type yt (x* :=E: T).G is omitted in the substitution
notation. This is because the substitution operation would disregard any initial expression E in the replacement recursive
type, and use only the expression provided in the type variable (i.e. the update expression E’ in t (x := E’)) instead.
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Example 3.4 (Global Types). We give the following examples of global types.
1. Gi=A— B:Fst(x:int)B — C:Snd(y:int{x = y}).C — D: Trd(z:int{x = z}).end.

G1 describes a protocol where A sends an int x to B, and B relays an int y that is equal to
x to C, similarly for C to D. Note that we are allowed to write x = z in the refinement of z,

despite that x is not known to C (because x is transmitted between A and B).

Positive(unit{x > 0}).end
2. Go =A — B: Number(x:int).B — C<¢ Zero(unit{x = 0}).end
Negative(unit{x < 0}).end

G, describes a protocol where A sends an int x to B, and B tells C whether the int x is
Positive, Zero, or Negative. We omit the payload variables for the last message here, since it

is not used later in the continuation.

3. Gy =pt(try:=0:int{try > 0 A try < 3}).
A — B : Password(pwd : string).
Correct(unit).end
B — AJ Retry(unit{try < 3}).t (try:=try+1)
Denied(unit{try = 3}).end

G3 describes a protocol where A authenticates with B with maximum 3 tries. J

Local (Pre-)Types

Local types range over L, L', L;, ... Local types give a view of the communication structure of
an endpoint. We distinguish fypes and pre-types as follows: a local pre-type is generated from
the given syntax, whereas a local type is a local pre-type obtained from projecting a global type.
We are usually interested in studying the properties of local types, and most of the theorems are
concerned with local types (i.e. obtained via projection).

Taking the view point of the role q, the local type p&{¢;(x;: T;).L; } ;| describes that the role
g sends a message to the partner role p (p # q, similar thereafter) with label ¢; (where i is
selected from an index set I), carrying payload variable x; with type T;, and continues with L;.
It is also said that the role q takes an internal choice.

Dually, the local type p&{/;(x;: T;).L; };c; describes that the role q receives a message from
the partner role p. In this case, it is also said that the role q offers an external choice. We omit
curly braces when there is only a single branch (as is done for global messages).

We add a new syntax construct of }_ {¢;(x;: T;).L; }ics for silent local types. In the singleton
case of |I| = 1, we omit the summation sign and curly braces: ¢(x:T).L. We use this new
construct of silent prefix to represent ‘latent knowledge” obtained from the global protocol, but
not in the form of a message. Silent local types are useful to model variables obtained under
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irrelevant quantification [Pfe01; AS12]. These variables can be used in the construction of a
type, but cannot be used in that of an expression, as we explain later in § 3.3. We also show an
example of a silent local type later in Ex. 3.20, after we show how silent local types are used in
projection, the process of obtaining local types from a global type.

For recursive types, we use two variants of each constructs (recursion and type variables),
for unrestricted x and irrelevant x” recursion variables. The unrestricted forms of constructs
(ut (x“:=E:T).L' and t(x:=E)) are analogous to their global type counterparts, which are
used when the recursion variable is located at the current role (cf. the set IP in the global type
form). The irrelevant forms of constructs (ut (x*: T).L" and t) do not contain any expression E,
compared to the unrestricted form, since no such expression is needed when the variable is not
located at the current role. We define type variable substitutions in an analogous way to global

types (for the unrestricted form).

Remark 3.5 (Single Payload Variable). For simplicity and convenience, wherever a payload vari-
able occurs, the variable and its type are shown in a singleton form. We assume that multiple
payload variables can be encoded in a singular form using a (dependent) pair, and may use
them in examples.

In addition, we may also mix variables with different multiplicities in a local recursive type,
e.g. ut (x:=E:T,y":T').- - -, where the corresponding type variable only needs to supply ex-
pressions for variables declared under the restricted form w. a

In this section, we have given the syntax of various constructs in our refined MPST the-
ory. Before going into details about the communication aspects, we will continue with a brief

explanation of refinement types in the next section.

3.3 Typing Expressions with Refinement Types

We use E, E', E; to range over expressions. We build upon a refinement type system for
typing expressions, in the style of Rondon et al. [RKJ08]. We extend the typing contexts to
include extra annotations for encoding knowledge of each variable: i.e. whether a role knows the
value of the variable (currently or in the future).

Typing Contexts

We define two kinds of typing contexts, for use in handling global types and local types
respectively. For convenience, we assume that variable names in a single typing context are
mutually distinct.

=@ |r,x:7|r,z2": 7 Z:=0|2,x%T 0:=0]0|w

We annotate global and local typing context entries differently. For global contexts I', variables
carry the annotation of a set of roles IP C R, to denote the set of roles that have the knowledge
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of the value of the variables. In addition, we record two variants of variables in global con-
text T, the unrestricted variant x (for current knowledge) and hatted variant X (for prospective
knowledge), and we assume that at most one variant is present in a global context for the same
variable. For convenience, we may write X to denote either x or X. We explain the difference
marked by the two variants later in § 3.5 when we introduce semantics.

For local contexts X, variables carry an annotation of their multiplicity 6. A variable with
multiplicity 0 is an irrelevantly quantified variable (irrelevant variable for short), which must not
appear in the expression when typing (sometimes denoted as x + T in the literature [Pfe01;
AS12]). An irrelevant variable cannot appear in a value-level expression, and may only appear
in a type-level expression (i.e. in the predicate of refinement types). A variable with multiplicity
w is a variable without restriction. We sometimes omit the multiplicity w, and consider it as the
default multiplicity. A variable with multiplicity 0 is currently an irrelevantly quantified vari-
able, but may become an unrestricted variable in the future through reductions. This concept is
similar to the hatted variant in global contexts, and denotes a form of prospective knowledge.
We write 0 to range over multiplicities 0 or 0.

Notation 3.6 (Membership Notations for Typing Contexts). We write ¥ : T € T when there exist
I';,TysuchthatT =17, T, I';. We write x € T when there exists IP, T such that T eT;
and x ¢ I for its negation.

Analogously, we write x?: T € T when there exist 21,2y such that X = X, T, %, We
write x € ¥ when there exists 6, T such that x? : T € &, and x ¢ X for its negation. J

We define the expansion of typing contexts (I + x" : T; & + x? : T) in Def. 3.7.

Definition 3.7 (Typing Context Expansion). The expansion of a global typing context I' with an
entry 7 T, denoted I" + % T, is defined as follows:

r,«.T1 ifx¢T
T+x":T=r,,x":7,T, ifT =01, :T,T,

undefined otherwise

r,z°:T ifxgT

r+z":T={1,,3":7,1, ifIr=17,3":7,1,

undefined otherwise

The expansion of a local typing context ¥ with an entry x? : T, denoted X + x? : T, is defined
as follows:

>, xv:T ifx¢gXx
LA T =%, x:T,% fL=3,x:T,SorL=231,x0:T,%,

undefined otherwise
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2,20 T if x ¢ %
S4+20:T = 1,20 T, %, ifS=3,x0:T,%, (the multiplicity must be the same)
undefined otherwise )

Different from appending an new entry to a typing context, expansion ensures that the res-
ulting typing context does not only contain the new entry, but also includes no less information
in the typing context, in a way that is consistent according to annotations or multiplicities. This
definition will play an important role when we introduce semantics (§ 3.5). We explain the
intricate details as follows.

If the new entry to be added is not present in the original typing context, the new entry is
simply appended at the end. Otherwise, if an entry with identical annotation or multiplicity
is present, then no change takes place, since the desired new information is already present.
We now turn to the interesting cases, where prospective knowledge becomes promoted. If we
expand a global context I’ with an entry with current knowledge x" : T, and an entry with pro-
spective knowledge X" : T is present: if the two entries share the same type T and role set PP,
then the resulting context would contain a current knowledge entry, i.e. without hat (all other
entries unchanged). This is to be contrasted with the converse case being undefined, as con-
verting current knowledge into prospective knowledge would result in a loss of information,
current knowledge cannot become prospective knowledge.

Following a similar reasoning, a prospective irrelevant entry (i.e. with hat) 0 in a local
context X can be updated into x* when expanded, but not vice versa. An irrelevant entry
(i.e. without hat) x°, however, cannot be updated into x during expansion. This distinction
reflects that the multiplicity 0 denotes prospective knowledge, variables with that multiplicity
may be promoted into an unrestricted multiplicity w in the future.

Proposition 3.8 (Entry Present After Expansion). If " = T + X" : T is defined, then ¥ :T € T’;
if ¥ =%+ x%:T isdefined, then x%:T € &', g

Proof. Follows directly from the definition of expansion (Def. 3.7). O

Well-formedness

We need to define well-formedness judgements on refinement types (under a typing context)
for two reasons. The first is to ensure that variables occurring in a type are bound by the typing
context, so that an open type is not well-formed. The second is to ensure that the refinement
expression attached to the base type is a well-typed boolean expression, thus ruling out ill-
formed types such as x: int{42}.

Before giving the well-formedness judgements, we first give some auxiliary definitions.
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Definition 3.9 (Typing Context Promotion). We define I'" (resp. ) to be the promotion of a
global (resp. local) typing context I' (resp. X).

@" = o @" = o
T, 7.t = 1,27 (Z,x0:T)t = =T, x@:T §

We define typing context promotion in Def. 3.9. This concept is used in well-formed judge-
ment, for removing all restrictions on annotations or multiplicities for a given typing context.

We observe that each entry is promoted to the ‘least restricted” form. The promoted empty
context remains empty: @+t = @. For global typing contexts, all entries with hats have the
hat annotation removed, promoting all current or prospective knowledge to current: ¥ : T is
promoted to x* : T. For local typing contexts, all multiplicities (including irrelevant multiplicity
0) are promoted to become unrestricted: x? : T is promoted to x : T.

Lemma 3.10 (Promotion of Global Context Expansions). (I + %" :T)* =T+ +xF:T. 4

Proof. By case analysis of typing context expansions (Def. 3.7).

Suppose x ¢ I': we expand the left hand side to ([ + %" : T)* = (I',¥":T)* =T+ ,2":T,
and the right hand side toT" + xF: T =T" ,xF: T.

Suppose T € I': we have that T = I, T , 7, and thus the promoted context is
[t =11",x":T,T,". We proceed with case analyses over restrictions in the typing context
entry and the expanding entry:

® SupposeI' =T, xP: T, T5. There is one valid case for expansion, i.e. LHS =T+ %P T.
Before applying promotion on LHS, we have I' + x” : T =T, and thus LHS = I'*. On RHS,
wehave "+ x: T =TT,

e SupposeT = Ty,x" : T, T,. We first consider the case when the expanding entry has the same
multiplicity, i.e. LHS = T+ %" : T =T.

Before applying promotion on LHS, we have again I" + x":T =T, and thus LHS = T'". On
RHS, we have I't + a7 : T =T+,

e Suppose I' = Ty ,%":T,T,. We then consider the case when the expanding entry has a
different multiplicity, i.e. LHS =T + x": T =T.

Before applying promotion on LHS, we have I' +x": T =Ty, x": T, T, and therefore LHS =
(T+P:T)r =117 ,xP:T,I," =T*. OnRHS, we have I'" +xF: T =T+, O

The well-formedness judgement of a refinement type is of form X = T ty, stating the refine-
ment type T is well-formed under the local typing context 2. We show the well-formedness

rule [WF-Rty] below (there is only a single rule):

Yt ,x:S Fpaee E @ bool
YFx:s{E}ty

[WE-Rty]
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T = = :
ypeof(g) S (TE-Const] Typeof(opl) S1 =Sy ZFE S [TE Unog]
Yhc:(v:s{v=c}) Y kopy Ey: (v:Sp{v=o0p1 E1})

Typeof(opz) =S —>S—>S3 LFE:S9y XFE:S)

[TE-Binop]
Y+ Eyopy Ey: (v:S3{v=Ejops E2})
[TE-Var]
T, xY:(v:s{E}), Lo Fx: (v:S{EAx =10})
FE:(v: Vali
L E:(v:5{E}) Valid([Z]A[E] = [E2]) TESb]

YFE:(v:s{E})
Figure 3.1: Typing Rules for Expressions in a Local Typing Context

For a refinement type x : S{E} to be well-formed, the expression E must, under a base type sys-
tem without refinements (using only base types), have a boolean type under the promoted context
Y *, extended with variable x (representing the members of the type) with a base type . The
typing context £ promotes the irrelevant quantified variables x¥ into unrestricted variables
x, so that they can be used in the expression E inside the refinement type.

The well-formedness of a local typing context is defined inductively, requiring all refinement

types in the context to be well-formed. We omit the judgements for brevity.

Typing Expressions

We assign refinement type to expressions under local typing contexts, forming judgements
of form X = E : T, and show key typing rules in Fig. 3.1. In particular, we modify the typing
rules in a standard refinement type system [RK]J08; VSJ+14; VTC+17], to give considerations to
the multiplicities attached to variables [Pfe01].

Rule [TE-Const] assigns constant values a refinement type that only contains that constant
value, i.e. a singleton type affirming that the constant is of a type that has its own value. The
predicate Typeof(-) provides the base type of the constants, e.g. Typeof(42) = int. As a result,
the integer literal 42 can be assigned a refinement type v: int{v = 42}.

Rules [TE-Unop] and [TE-Binop] gives typing derivations for unary and binary operators, with
a corresponding refinement type that encodes the operation at type level. Again, the predic-
ate Typeof(-) provides the base function types of the operators. For example, the following
(specialised) rule gives typing derivations for the plus operator.

YFE;:int ZF Ey:int
YHE 4+ Ey: (viint{v=E; + E3})

[TE-Plus]
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We draw attention to the handling of variables (rule [TE-var]). An irrelevant variable in the
typing context cannot appear in an expression [Pfe01, Fig. 1], i.e. there is no derivation for
%1,x0:T, %y F x : T. These variables can only be used in an refinement type (rule [WF-Rty]).

One of the key features of refinement type systems is the use of a semantic subtyping rela-
tion [BGH+12], which we describe in rule [TE-sub]. The semantic subtyping relation is determined
by checking the validity of logical formulas that encode the refinement conditions: the predic-
ate Valid(-) queries a solver whether a formula is valid3. We write [E] to denote the encoding
of expression E into the underlying logic* as a formula. For encoding typing contexts [Z],
we inductively encode each typing context entry x’: (v:S{E}) by encoding the term E[x/7v],
i.e. substituting the variable v that represents all values in the refinement type with the variable
name x in the typing context entry.

We say a global type G (resp. a local type L) is closed under a global typing context I' (resp. a
local typing context X), if all free variables in the type are in the domain of the typing context.

Lemma 3.11 (Weakening (New Entry)). If 2+ E: T and L+ T’ ty, then £,x%:T'"-E:T. |
Proof. By induction on the typing rules of expressions (Fig. 3.1). O

Lemma 3.12 (Weakening (Multiplicities)). If ¥, X7 ,Xp b E: T, then the multiplicity of x in
the local typing context can be promoted, giving %1 ,x*:T,%, - E : T'. J

Proof. By induction on typing rules of expressions (Fig. 3.1). The notable case is [TE-var]: the
proposition holds vacuously, because there is no derivation as %1, x": T,y - x : T. O

Remark 3.13 (Empty Type). A refinement type may be empty (uninhabited), without any expres-
sion being able to be assigned that type.

We can construct such a type under the empty context @ as (x:S{false}) with any base
types S, since no value can satisfy the boolean expression of false. Another example is a re-
finement type for an integer that is both negative and positive (x:int{x > 0Ax < 0}), where
the refinement contains a contradiction. Similarly, under the typing context x* : int{x > 0}, the
refinement type (y:int{y <0Ay > x}) is empty. In these cases, the typing context with the
specified type becomes inconsistent, i.e. the encoding into the underlying logic entails falsity.

Moreover, an empty type can also occur without inconsistency. For instance, in a typing
context of x¥:int, the type (y:int{y > x}) is empty — it is not possible to produce such a
value without referring to the variable x (cf. [TE-Var])°. J

3Usually a Satisfiability Modulo Theories (SMT) solver is used, and the actual query to solver is a satisfiability query.
A validity query is converted to a satisfiability query via applying negation.

4We do not impose any restriction on the specific logic to use. However, the choice of the logic may affect decidability
and the availability of operators. For example, non-linear arithmetic operators, such as multiplication, may cause
undecidability.

5We consider int to be the set of integers in the mathematical sense, and thus there is no maximum integer. Arguably,
if int is the set of machine integers (e.g. 32-bit signed integers), then the type (y: int{y > x}) could be inhabited by the
maximum integer, without the need to refer to the variable x.
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Remark 3.14 (Empty Local Type). A local type L can be empty (uninhabited) because one of the
value types in the protocol is an empty type (cf. Rem. 3.13).

For example, the local type A@Ilmpossible(x:int{x > 0 A x < 0}).end cannot be implemen-
ted, since such an x cannot be provided due to inconsistency.

Without inconsistency, the local type Pos(x: int{x > 0}).A@Impossible(y:int{y > x}).end
cannot be implemented. When constructing a message Impossible to send, it is forbidden to use
the variable x. Therefore, an implementation would need to account for an arbitrary value of x.
There is no integer greater than all arbitrary values of x. J

Remark 3.15 (Implementable Local Types). Consider the following local type:

L = B&Num(x: int).B® {Pos(“nit{x > 0}).end }

Neg(unit{x < 0}).end

When the variable x has the value 0, neither of the choices Pos or Neg could be selected, as
the refinements are not satisfied. In this case, the local type L cannot be implemented, as the
sending type may not be implemented in a total way. J

In this section, we have introduced the value-level aspects of refined theory. We proceed
with the communciation aspects, first by introducing projection in the next section.

3.4 Projection of Typing Contexts and Types

In the methodology of multiparty session types, developers specify a global type, and obtain
local types for the participants via projection. In the original theory (§ 2.3), projection is a partial
function that takes a global type G and a participant p, and returns a local type L. The resulting
local type L describes the local communication behaviour for participant p in the global scen-
ario. Such workflow has the advantage that each endpoint can obtain a local type separately,
and thus implementations of participants can benefit from this modularity.

Projection is defined as a partial function, since only well-formed global types can be projected
to all participants. In this case, the partiality of projection arises from a local type compatibility
relation (1), to be explained later in Def. 3.18, requiring a non-choice participant not to be
‘confused’ by the progression of the global type. In original MPST theory, a partial merge operator
(Def. 2.11) is used to handle such situation. We motivate our deviations later in detail.

In RMPST, projection needs to be extended to include global typing contexts: a global type
may need an accompanying typing context to track information of variables (along side know-
ledge of each participant). We first define the projection of global typing contexts (Fig. 3.2),
and then define the projection of global types under a global typing context (Fig. 3.3). We use
expression typing judgements in the definition of projection, to type-check expressions (e.g. at
recursion definitions and type variables) against their prescribed types.
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P Tlp=2X eP Tlp==X )
[P-Empty] P < r P [P-Var-w] P r P ~ [P-Var-0]

olp=9o (T,xP: Ty p=X,x¥:T T, z0: T p=x,20:T

pgP Tlp=X

— 0 [P-Var-0]
T, x:T)[p=X,x":T

Figure 3.2: Projection Rules for Global Contexts |I' [ p = X

Projection of Global Typing Contexts

We define the judgement I' | p = X for the projection of a global typing context I' to a parti-
cipant p. The rules are given in Fig. 3.2. In the global context I', a variable x is annotated with
a set of participants P C R who know the value. We first consider whether the participant p
should know the variable, by validating p € IP. If the projected participant does not know the
variable, i.e. p ¢ IP, then rule [p-var0] gives an entry in local typing context with multiplicity 0.

Otherwise, if the projected participant p is in the set IP, then we need to examine whether the
entry in the global typing context has current or perspective knowledge (i.e. whether the entry
has a hat). Rule [p-var-w] is applied to obtain an unrestricted variable x* for an entry with current
knowledge (without hat); rule [p-var-0] is applied to obtain a perspective irrelevant variable 0 for

an entry with perspective knowledge (with hat).

Proposition 3.16 (Projection of Context Entries). Suppose I' [r = .

1. IfoP:TET and r € P, then x“:T € %;

2. IfEETP:TEF and r € P, then xO:TGZ;

3 X :TeT and v ¢ P, then x°:T € %

4. If x ¢ T, then x ¢ %. J
Proof. Follows directly from the definition of global typing context projection (Fig. 3.2). O

Lemma 3.17 (Projection of Expansions). Suppose I' [ p = X. The projection of global typing context
T expanded with x*:T or R : T onto p satisfies that:

S4+x9:T ifpelP

1. (F+x]P:T)[p:{
L+x0:T ifpelP

S+x0:T ifpelP

2. (F+?P:T)[p:{ ,
S+x0:T ifpeP |

Proof. By case analysis of typing context expansion (Def. 3.7).
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1. e CaseI'+ 2" :T=T,x":T, whenx ¢ T.

If p € P (resp. p ¢ ), we have the projection (T +x":T) [p = £, x%: T by rule [p-var-w]

(resp. (T +xT:T) [p=2,x%: T by rule (p-var-0]). Since x ¢ T and ' | p = %, we can apply

Prop. 3.16 (Item 4) to know x ¢ X. Then, we can apply expansion to get Z + x“: T =

2, xY: T (resp. Z + ¥W:T=%,x:7),as required.

e CaseT +xV:T=T1,x2":T,T, whenT = Fl,BEP:T,l"z.

IfpeP,wehave ([ +x":T)[p=2,x¥:T,%; by rule [p-varw], where T [ p = £; and

I, [ p = Xp. We consider two sub-cases depending on the annotation of x in I'.

- Ifx":T €T, sinceI' | p = £, we can apply Prop. 3.16 (Item 1) to know x* : T € ¥. Since
variables names are unique in a typing context, we have > = >, x“: T, X,. Then, we
can apply expansion togetX +x“:T =2%1,xY:T,%), as required.

— Otherwise, ¥ : T € T, since T | p = £, we can apply Prop. 3.16 (Item 2) to know 0T e
2. Since variables names are unique in a typing context, we have ¥ = %, W T, .
Then, we can apply expansion to get X + x“: T = X1, x“: T, Xy, as required.

Ifp ¢ P,wehave ([ +x":T) [p = 21,x°: T, %, by rule [p-var-0}, where Ty [ p = £; and

I [p = X. We have i':T elandT I p = X, so we can apply Prop. 3.16 (Item 3) to

know x°:T € . Since variables names are unique in a typing context, we have ¥ =

%1,x":T,%,. Then, we can apply expansion to get &+ x": T = £, x": T, %5, as required.

2. ¢ CaseT'+%:T=T,3":T, when x ¢ T.

Ifp € P (resp. p ¢ P), we have the projection (T +%":T) [p = £, x0: T by rule [p-var0]

(resp. (T +3":

Prop. 3.16 (Item 4) to know x ¢ X. Then, we can apply expansion to get X + T =

X, 0.7 (resp. £ + W:T=%,x%:T),as required.

e CaseI'+3":T=T1,,z":T,[, whenT =Ty,z": T, T,.

If p € P, we have (T + 7 T)[p=2, U ¥, by rule [p-var-0], where T'; [ p = X1 and

T|p =2y Wehave X' :T € T,and T [ p = Z, so we can apply can apply Prop. 3.16

T) Ip=2%,x": T by rule [p-var-0)). Since x ¢ Tand ' [ p = %, wecanapply

(Item 2) to know x0: T € . Since variables names are unique in a typing context, we have
% = %,,20:T,%,. Then, we can apply expansion to get ¥ + 0T = %1,20:T,5,, as
required.

If p ¢ P, we have (T + 7. T)[p=2%, W:T,%, by rule [p-var-0], where I'y [ p = X1 and
I [p =%, Wehave T elTandT [ p = X, so we can apply Prop. 3.16 (Item 3) to know
x": T € %. Since variables names are unique in a typing context, we have & = %, ,x%: T,
¥,. Then, we can apply expansion to get £ + x*: T = £, x0: T, %y, as required. O

Projection of Global Types

Before we give the rules for projection, we need another auxiliary definition. We define
(global) type variable contexts as ® ::= @ | @, t: (xT, T). We use type variable contexts to track
the recursion variable and its type at each type variable declaration.
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qo{4i(x;: T;).Li}ier ifr=p

P&{((x;: T).Litier ifr=q

YA{6(xi:Ty).Litier ifr&{p,q},Viel:re G and P<]icrL;
(P = a{{i(xi:T;).Gitiep) lo ¥ = end ifr¢ {p,qtandVicl:r¢G;

ifr ¢ {p, q} and (not P><Jie/L; or
EIi,jeI:reGiandréGj)

undefined

where L; = G; [¢ ¥

ut(x“:=E:T).L ifrePandreG
(it (X" =E:T).G) lor =< ut (x°:T).L ifrgPandre G

P e N

end ifL=pt/(---)torL=pt'(--- ).t (x:=E)

where L = G [g 4.0 1) ¥

t(x:=E) if®(t)=(xF,TYandreP
t if®(t) = (xF, T)and r ¢ P

end [ F = end

Figure 3.3: Projection Rules for Global Types| G [¢ p = L
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We write G [ r = L for projecting a global type G onto a role r, under the type variable
context @, resulting in a local type L (when projection is defined). Projection rules are shown in
Fig. 3.3. We now explain the projection rules in the following text.

If the prefix of G is a message from role p to role q, the projection onto role p (resp. q)
results in a local type with a send (resp. receive) prefix, similar to the original theory. For other
participating roles r (also known as a third role), the projection results in a local type with a
silent label, with a prefix ¢;(x; : T;). This follows the concept of a coordinated distributed system,
where all the participants follow a global protocol, and base assumptions of their local actions
on actions of participants roles not involving them. Noticeably, the projection defined in the
original MPST theory does not contain information for role r about a message between p and
q. We depart from the original theory, and use the silent prefix to retain such information,
especially the refinement type T of the payload.

When projecting upon a third role, we use a compatibility relation < defined over local
types, to characterise local types that can be safely combined without ‘causing confusion’. We
give the definition of the compatibility relation in Def. 3.18.

Definition 3.18 (Local Type Compatibility). Compatibility (<) is a relation over local types L,
such that:

Viel:Vje]: b #{ Viel:LixL
P&{4i(x;: T;).Litier > P&{4j(x;: Tj).L;}jey YAli(xi:Ti).Litier < L

We write jerL;, if foralli, j € I,i # jimplies L; > L; holds, i.e. each distinct pairs of local

types in the set are compatible. J

Used as a side condition for projection of a global type onto a third role, the compatibility
relation ensures the unigqueness of choice. (Note that [><];¢;L; for a singleton set holds vacuously.)
This will be explained in more detail when we introduce local type semantics in § 3.5. In essence,
the compatibility relation disregards silent prefixes in a local type, and requires two receiving
prefixes to have disjoint labels. If two receiving prefixes have non-disjoint labels, we would not
be able to uniquely determine which local type is engaged. We do not consider sending prefixes
to be compatible at all. Allowing two sending prefixes with identical labels would also make
it impossible to ascertain which local type is engaged; and sending prefixes with non-identical
labels are non-mergeable in the basic MPST theory (cf. Def. 2.11).

Example 3.19 (Compatible and Incompatible Local Types). We show some examples of com-

patible and incompatible local types:

1. Let L = A&/q(int).end and L, = A&/, (int).end.
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We have L; > Ly, since the two local types are both receiving from A, and have distinct
labels.
Furthermore, let L} = ¢3(v1 :int).Ly and L} = £,(v; : int).Lo.

We have L) >1 L), since the compatibility relation ignores silent prefixes, and thus Ly > Ly.

2. Let L3 = A®/4(int).end and Ly = A®/;(int).end.

We have L3 14 Ly, since the compatibility relation is not defined over any send prefixes.

3. Let Ls = A& {4(int).end and Lg = A& l3(int).end .
lr(int).end lr(int).end

We have Ls b4 Ly, since both receive types have an overlapping label: /,°. J

Recall that we dinstinguish local types from local pre-types, by designating that local types
are those obtained via projection. This distinction is not in use for the original theory (§ 2), but
introduced in our extended theory, since there are local pre-types that are syntactically correct,
but not obtainable from projection of any global type. An example of a local pre-type, but not a

L1(int).A®l(int).end
lr(int). Adly(int).end }
This compatibility relation is reminiscent of the mergeability relation [YDB+10] (mentioned

local type, can arise from not satisfying the compatibility relation: )

in § 2.3), and we indeed draw inspiration from the early works. Our compatibility relation
may appear as restrictive in the sense that we require compatible local types to have completely
disjoint receive actions. However, it is important to note that we use this relation as a side
condition in projection, and the projection onto a third role is put together by a choice of silent
prefixes, and one may draw some relevance to the choice operator. In contrast, the original
theory uses a merge operator, and uses no silent prefixes — the choice is embedded and hoisted
in the merged type.

We now return to the remaining cases of projection. If the type under projection G is a re-
cursive type it (x* := E: T).G/, the projection preserves the recursion construct if the projected
role is in the inner protocol (i.e. r € G’). Moreover, depending on whether the projected role p
has knowledge of the recursion variable x (by checking whether p € IP), the resulting local type
would either take the unrestricted form ut (x* := E : T).L, or the irrelevant form ut (x°: T).L. For
roles that do not participate in the inner global type, or the cases where the projection would not
result in a contractive local type (cf. Def. 2.11, Page 16), projection results in end. (Tilde denotes
a possibly empty sequence of recursion declarations.)

If the type under projection G is a type variable t (x := E), projection also preserves the type
variable construct: we look up the type variable context ®, and produce a construct consistent
with the recursion declaration, namely t (x:=E) or t, by checking whether the projected role
has knowledge of the recursion variable. Note that the use of a type variable context ensures
that global types with unbound type variables are not projectable.

®In the original MPST theory, the (unrefined) local types are mergeable, despite the overlapping ¢, label. We motivate
the need of disjointness when we introduce semantics.
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Finally, the projection of a terminated global type end is a terminated local type end.
For convenience, we write (I'; G) [ r = (X; L) for the projection of a global context and type
(closed with regards to type variables) (I'; G),i.e. T [r=Xand G [5r = L.

Example 3.20 (Projection of Global Types of Ex. 3.4 (1)). We draw attention to the projection of
G to C, under the empty context @.

(D;G1) | €= (D;Fst(x:int).B&Snd(y: int{x = y}).D&Trd(z: int{x = z}).end) .

We note that the local type for C has a silent prefix Fst(x: int). The silent prefix binds the vari-
able x in the continuation, and adds its type to the ‘local knowledge’ of the role C, yet the actual
value of x is unknown (explained in detail later). g

Lemma 3.21 (Inversion of Projection). Let G [¢ p = L. If L is of form:

1. q&{l;(x;: T;).Li}ier, then G isof form p — q{{4;(x;:T;).G'}._,, and G!|ep =Ll

iel”

2. q&{{i(x;: T;).Li}ieq, then G isof form q — p{(i(x;:T;).G}},;, and G| e p = L};

[S¥)

Y AG(xi:Ti).Li}ier, then G isofform s — t{{i(x;:T)).G}},.,, P& {s,t}, and G/ lop=Lj;
4. ut(x“:=E:T).L, then G isofform ut(x":=E:T).G', peP, and G loe:cp,ry P=L"

5 ut(x0:T).L, then G isof form pt(x*:=E:T).G', p¢ P, and G | ey P =L" J
Proof. Follows directly from the definition of global type projection. (Fig. 3.3). O

Lemma 3.22 (Projection Commutes with Unfolding Recursion). If (ut(x":=E:T).G) [¢r =
ut (x:=E:T).L or (ut(x*=E:T).G) [pr = ut(x":T).L, then (Glut(x:T).G/t]) [p¥ =
L{ut(x:T).L/t]. 4

Proof. By induction on the definition of global type projection (Fig. 3.3). O

Well-formedness of Global Types

We now define the well-formedness of a global type G in Def. 3.23. In a nutshell, a well-
formed global type G must be projectable onto all participants pts(G) in the global type, as re-
quired in the original MPST theory (cf. § 2.3). Moreover, we use well-formedness judgements
of form ®;I" - G gty to say a global type G is syntactically well-formed under the type variable
context ¢ and the global typing context I'. The syntactic well-formedness judgements require
payload refinement types inside the given global type to be well-formed, and expressions for
recursion variables to be well-typed.
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Viel: Vre (Uigpts(GHU{p,q}): T FTity &T+xPU:T G gty

[G-WF-Comm)]
O;T - (p— q{ti(x;:T;).Gi}iep) gty
(T'lp) FTty P P
@+ TP Cpts(G VpelP: D, t: ,T),T :THGgt
# P C pts(G) p {G[mFE:T (x, T);T+x gty
[G-WF-Rec]
&;TF (ut(x¥=E:T).G) gty
()= (P, T VpelP: (T FE:T
[G-WEF-End] M) =T P< (Crp) [G-WEF-Var]

®;T' F end gty O;THt(x:=E)gty

Figure 3.4: Syntactic Well-formedness Rules for Global Types | ®;I' I G gty

Definition 3.23 (Well-formed Global Types). A global type G is well-formed under a typing
context I, i.e. (T; G) is well-formed, if:

1. well-formedness judgement holds under the empty type variable context and the promoted
global typing context: ;T " + G gty (given in Fig. 3.4); and,

2. for all roles in the global type r € G, the projection (I'; G) [ r is defined.
We say a global type G is well-formed, if (@; G) is well-formed. J

The syntactic well-formedness rules are defined inductively. Rule [G-wF-End] states all ter-
minated global types end are syntactically well-formed. Rule [G-WF-Comm] requires each branch
i € I in a communication p — q{/;(x;:T;).G; },.; have a well-formed refinement type T; under
the projected local typing context, as well as a well-formed continuation G; with the payload
variable x; added to the typing context.

Rule [G-WE-Rec| Tequires a recursive global type ut (x” := E: T).G to have a non-empty set IP,
while being a subset of the participants of the inner global type G. We require at least one role
(i.e. a non-empty set IP) to know the value of the recursion variable x, so that the expression
E is type-checked against the prescribed type T at least once. This requirement ensures that
we cannot inject an empty type T with an empty participant set IP. In addition, for each role
inside the set IP, the projected local typing context must be able to validate the well-formedness
of refinement type T, and assign that refinement type T to the initialisation expression E. By
doing so, we ensure that the initialisation expression E can be used safely by a projected local
type, in particular, the expression E does not involve any variable without current knowledge.
Finally, the inner global type G is also syntactically well-formed with the recursion variable x
added to the typing context, and type variable t added to the type variable context.

Rule [G-wF-var] imposes a similar check to a type variable t (x:=E). The recursion variable
entry is retrieved from the type variable context ®, and all roles in the set IP must have local

typing contexts that can assign the refinement type T to the update expression E.

45



CHAPTER 3. A THEORY OF REFINED MULTIPARTY SESSION TYPES

We show some examples of well-formed and ill-formed (i.e. not well-formed) global types.

Example 3.24 (Well-formed and Ill-formed Global Types).

1. Global types in Ex. 3.4 are all well-formed.

2. Let Gy = ut (x1AB}:=0:int). A — B: Msg(y:int).t/ (x:=x+1)

Gy is not well-formed, since the type variable t’ is not bound.

. Let G5 = ut (x?:=0:1int).t (x:=x + 1)

Gs is not well-formed, since the type is not contractive. Despite the recursion variable x is
updated at each unfold, there is no actionable prefix in the type.

. Let Gg = put (x1Ah:=0:int{x > 0}).A — B: Msg(y:int).t (x:=x+1)

Ge is not well-formed, since the initial value 0 for x does not carry the type x:int{x > 0}.
Let G, = ut (x{%:=0:int{x > 0}).A — B: Msg(y:int).t (x:=x +1)

Gy, is not well-formed, since the role C does not participate in the recursion.

Let G/ = ut (x?:=0:int{x > 0}).A — B: Msg(y:int).t (x:==x + 1)

G¢ is not well-formed, since the recursion variable x is not located in any role.

. Let Gy = ut (x{©:=0:int{x > 0}).A — B: Msg(y:int).B — C: Msg(z:int).t (x:=x +1)

Gy is not well-formed, since the role C does not know the value of x, yet C needs to use the
expression x + 1 in the recursion variable update.

LetGs—A B {Foo(x: int).C — D: Baz(z: int).end}

Bar(y:int).C — D: Baz(z:int).end

Gg is not well-formed, since projection onto role C and D are not defined (sending prefixes are
not compatible, see Item 2 of Ex. 3.19). The unrefined form of this global type is well-formed
under the original MPST theory.

F :int).end
LetGg:C—>D:Baz(z:int).A_>B{ 0o(x:int).en }

Bar(y:int).end
G is well-formed. This global type is isomorphic to Gg under the original MPST theory.
. Go=A — B:Foo(x:int).C — D: Baz(z:int{x}).end

Gog is not well-formed, since the refinement type of x is not well-formed (refinement expres-
sion should be a boolean expression). J

Lemma 3.25 (Weakening of Well-formedness). If ®;T I G gty, then ®;T,x":T F G gty. J

Proof. By induction on the derivation of well-formedness judgement (Fig. 3.4), using Lem. 3.11

where necessary. O
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Lemma 3.26 (Recursion Substitution Lemma of Well-formedness). If ®,t: (x¥,T);T I G gty
and &;T + put (x¥:=E:T).G' gty, then &;T + Gut(x:T).G'/t] gty. J

Proof. By induction on the derivation of well-formedness judgement ®,t: (x*, T);T I G gty
(Fig. 3.4). O

In this section, we have given the definitions of projection and well-formedness of global

types. We are now ready to give the semantics of refined global types in the next section.

3.5 Labelled Transition System Semantics of Global and Local
Types

Similar to the original MPST semantics (§ 2.4), we define a Labelled Transition System (LTS)
semantics of refined global and local types. In this section, we first show the semantics of global
types, followed by the semantics of local types. The relation between two semantics will follow
in the next section (§ 3.6).

Actions (Labels) of the Transition System

We define a synchronous (rendez-vous) semantics for our transition system: we define the
label in the LTS as « ::= p — q : ¢(x:T), a message from role p to q with label ¢ carrying a
value named x with type T. Due to the synchronous nature, we define subj(a) = {p, q} to be
the subjects of the action &, namely the two roles in the action.

When defining the labels and the semantics, we are more concerned with the refinement
types of the payloads — the refinement type T is included in the transition label «. In contrast,
we are not interested in the payload values (as long as they type-check against the prescribed
type) and leave this matter as an implementation detail (to be explained in § 4).

States of the Transition System

Different from the original LTS semantics [DY13] (Def. 2.15), we include a global typing con-
text I in the semantics along with the global type G, to keep track of variables and the know-
ledge of the variables. Therefore, the transitions will be given in the form of (I; G) = (I"; G').

3.5.1 Global Types Transitions

We give the transition rules of global types (along with global typing contexts) in Fig. 3.5.

Rule [G-Ptx] allows the reduction of an action in the prefix position of a message transmission
global type. An action &, matching the definition in set j € I defined in the prefix, allows
the correspondent continuation (with index j) to be selected: the global type after reduction
is the matching continuation G; and the global typing context I' is expanded to contain the
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jel
p—q:li(x;: T;) (G
(T;p — q{t(x;: T;).Gi} ) ———— <T + x]{"'q} :Tj; G]—>
{p, q} Nsubj(a) = <r rxlpat. T, c/> LN el
[G-Cnt]

(L;p—q:L(x:T).G)Y S (I;p—q:{(x:T).G")

(T+xP:T;Gut (x:T).G/t]) = (I';G')
(G;ut (xP=E:T).G) 5 (I';G")

[G-Rec]

Figure 3.5: Transition Rules for Global Types| (I; G) = (I';G)

entry x]{ Pa} . T; specified in the action «, indicating the sending role p and receiving role q have
knowledge of the variable after the transmission.

Rule [G-cnt] allows the reduction of an action « that is causally independent of the prefix action
in a message transmission global type. The subjects of this action & here must be disjoint from
the roles involved in the prefix of the global type. As is the case of the original MPST semantics,
if the continuation G’ of the global type can make a reduction of that action « to a global type
G”, then the same reduction can be made under the prefix.

However, we need to pay extra attention to the typing contexts. When reducing the con-
tinuation, we expand the global typing context with the variable of the prefix action, using the
hat variant P 9 : T to indicate persepective knowledge. This expansion ensures that relevant
information obtainable from the prefix message is not lost when performing reduction, signify-
ing that the roles would know the value in the future. When the communication of the prefix
message occurs, the corresponding entry would be expanded to become current knowledge, as
we show in Ex. 3.27. We use the resulting typing context after the reduction of continuation I'”
as the resulting typing context for the entire global type.

A notable change with respect to the original semantics is that this rule applies only when the
communication prefix is a singleton (i.e. |I| = 1). We will explain its implications in Rem. 3.28.

Rule [GRec] allows the reduction of a recursive type by unfolding the type once. Since the
global type after substituting the type variable is open (cf. Ex. 3.3), we add the recursion vari-
able entry x': T into the global context I'. Recall that we refresh all the variables inside the
recursion for a fresh name (cf. § 3.2, Page 30), this is to ensure that variables across different
iterations have distinct names, and no cross-iteration confusion can occur. Suppose the global
type in Item 2 of Ex. 3.4 is recursive, and we do keep the same variable name x for the number
across iterations. Suppose in one iteration, the number x is positive, the typing context would
contain an entry _j:unit{x > 0} (where _is a placeholder variable name for the payload in
the message), following a Positive message. Suppose we do not perform the refreshing of vari-
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ables, and in another iteration, the number x is negative (instead of using a refreshed name x'),
adding an entry _, :unit{x < 0} following a Negative message would cause a contradiction in
the typing context, due to confusion across different iterations of recursion.

Example 3.27 (Global Type Reductions). We demonstrate two reduction paths for a global type
G =A — B:Hello(x:int{x < 0}).C — D : Hola(y: int{y > x}).end.

Note that the two messages are not causally related (they have disjoint subjects). We have the
following two reduction paths of (2; G) (omitting payload in LTS actions for simplicity):

G)

(Gpy A Bello, <x{A B} int{x <0};C — D:Hola(y:int{y > x}).end>

(G-p) S22l <x{A B} int{x < 0},yt&P} int{y > x};end>

(@;G)

C—D:Hol, ~
—D:Hola X{A'B}

[G-Cnt] ——— int{x < 0},y{&P} rint{y > x};A — B : Hello(x: int{x < 0}).end>

(c-p) ABiHello, <x{A' B :int{x < 0},y{GP}:int{y > x};end>

In the second reduction path, we note that the action C — D : Hola fires before the prefix
action A — B : Hello. To keep the reference to the variable x in the type of y, we rely on the entry
of ¥ (under a hat) in the global typing context. Moreover, we observe that the entry is expanded
to have the hat removed after the transmission of the Hello message with the variable x. J

Remark 3.28 (Alternative for Rule [G-cnt]). For well-formed global types under typing contexts,
the following rule (as appeared in [ZFH+20], adapted), seemingly a generalisation of rule [G-Cnt],

is equivalent to rule [G-Cnt].
{p,q} Nsubj(a) =@ Viel: <1‘+fl{"'q}:Ti; G’> LNy el

<T2P — q{4(x;: Ti)-Gf}iel> = <F’;p = q{bi(xi: T")'GZ{/}Z'€I>

[G-Cnt-Alt]

Rule [G-cnt] does not restrict the top-level global type to be a singleton choice, but instead re-
quires all continuations to be reduced to a single global typing context. However, we note that
any global type matching the shape of rule [G-Cnt-Aly is only projectable when |I| = 1, since the
local type compatibility relation (Def. 3.18) does not have rules for sending prefixes, cf. Item 6

of Ex. 3.24. J
Lemma 3.29 (Deterministic Global Type Reductions). If (I;G) = (I'1;G;) and (T;G) =
<r2,' G2>, then <r1,'G1> = <r2; G2> |
Proof. By induction on global type reduction rules (Fig. 3.5). O
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Lemma 3.30 (Subjects are Participants). If (T;G) = (T;G'), then any subject of the action p €
subj(a) must be a participant p € G of the global type G. J

Proof. By induction on global type reduction rules (Fig. 3.5). O
Lemma 3.31 (Global Knowledge). Suppose (T;G) & (T';G').

1. IfQIP:T €T, then xU:T e’ when a = p—q:{l(x:T), otherwise . Ter;

2. If xXP:T €T, then 2. T eT;

3. Let a=p—q:L(x:T), then xP9:T €T’ 3

Proof. By induction on the derivation of global type reductions (Fig. 3.5), noting that + only
appends or updates an entry without removing. O

We show in Thm. 3.32 that well-formedness of global types is preserved under reductions.

Theorem 3.32 (Preservation of Well-formedness). If G is a well-formed global type under a global
typing context T ,and (T;G) = (T';G'), then the reductum (I';G') is also well-formed. N

Proof. By induction on the derivation of global type reductions (I'; G) = (I'; G') (Fig. 3.5).
e Case [G-Ptx]: We have

—

(T;p — a{£i(xi: T)-Gi}ier) T+ xfP 9. T; G )

withj € 1.
By inverting [G-WF-Comm], we have @; Tt + x]{p' a} . T F G; gty, as required by Item 1.
Forallr € {p,q}, orr € G; for some i € I, we know that the continuation L; is defined, and

given by G’ |4 1, as required by Item 2.

e Case [G-Cnt]: We have
(T;p—q:4(x:T).G") = (I';p—q: £(x:T).G")

with {p, q} N subj(a) = @ and <r rripar T G’> LNV ey
By inverting [G-WF-Comm], we have @; T+ 4 x{P 9} : T | G/ gty.
To invoke the inductive hypothesis, we need to show that <F +ztpal T ¢/ > is well-formed:

Item 1 is satisfied because (T + %P9} : T)+ = T+ 4 x{P. 9} : T (Lem. 3.10), and this is obtained
by inversion; Item 2 is satisfied by expanding the definition of projection.

Applying inductive hypothesis, we have that @; (T") "  G” gty (Item 1) and projectability of
G" (Item 2).
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Combined with other premises obtained from inverting the premise, we can apply [G-WF-Comm]
as required, hence Item 1 is satisfied.

For p and q, projectability of p — q : £(x: T).G” follows from the projectability of G”. For r ¢
{p, q}, the result follows from a similar reasoning, exploiting the fact that > holds trivially
with a singleton continuation. Hence Item 2 is satisfied.

e (Case [G-Rec]: We have
(Tt (P =E:7).6) % (I';G")

with (T + xP: T; G[ut (x: T).G/t]) = (I'; G').
Item 1: By inverting [G-wF-Rec], we have t : (x, T); (T +x:T) - G gty

Notice that we have ruled out degenerate forms of recursion (see Page 30), the form of the in-
ner type G must be a communication: Item (1) rules out immediate nested recursion, Item (2)
rules out end or t' (...) since the type variable t is not used; and contractiveness requirement
rules out t (...). By Lem. 3.26, we have @; T + T : T = G[ut (x: T).G/t] gty.

Item 2 follows from Lem. 3.22. I

Moreover, we show in Thm. 3.33 that non-terminated well-formed global types are always
reducible.

Theorem 3.33 (Global Reduction Progress). If G is a well-formed global type under a global typing
context T ,and G is not terminated G # end, then there exists (I';G') and a such that (T;G) =
(', G). a

Proof. We consider the form of the global type G.

If G is a communication, we can always reduce via [G-Ptx]. We note that the resulting typing
context I' + x]{P' at. T; must be defined, which we rely on the promoted typing context being
defined by inversion of well-formedness rule [G-WF-Comm].

If G is a recursion, then its unfolding must be well-formed (Lem. 3.26), and it must be a
communication (so that it can reduce via [G-Pfx] in the premise), and we can apply [G-Rec]. We
note that the resulting typing context I' + x* : T must be defined, which we rely on the promoted
typing context being defined by inversion of well-formedness rule [G-WF-Rec].

G cannot be a type variable on its own, since well-formedness required the type to be closed
with regards to type variables. O

3.5.2 Local Type Transitions

After defining semantics of global types, we now define the LTS semantics of local types.
Similar to what we do in global type semantics, we include local typing contexts X in the state
of the transition system. Therefore, the judgements of local LTS reductions have form (; L) *
(¥';L"). The transitions are shown in Fig. 3.6.
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St (= E:T).L) = (Z4 5 T Lt (x:T)L/) e

- 0 . 0 - [L-Pre-Rec-0]
(Zut (x0:T).L) ~ (Z+x": T, L[ut (x: T).L/t])

el
J < 0 [L-Pre-Sil]
(L {6(xi: T).Litiern) ~ (Z+x): Tj;Ly)
jel
[L-Send]
(Zae{6i(x;: Tp).Litier) ——— (L +x{: T;; L)
el
J < [L-Recv]

q—-p:6(x;: T;
—_—

)
(%;q&{¢;(x;: Ty).Litier) = (S+af T L)

<Z,‘L> ~ <Z”,‘ L//> <Z”; L//> ﬁ) <Z/; L/>
(L) & (2/; L)

[L-Pre]

Figure 3.6: Transition Rules for Local Types | (X;L) = (2/;L") | from the Perspective of Role p

and Silent Transition Rules for Local Types| (Z; L) ~» (£; L")
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Rules [L-Send] and [L-Recv] are the standard for local type transitions. Take the perspective of
a participant p, a sending (resp. receiving) local type towards (resp. from) a peer q is reduced
by an action of p — q : {(x;:T;) (resp. @ — p : {j(x;: T;)), where the label ¢;, variable x;,
refinement type T; are chosen among the available choices (j € I). After reduction, the local
typing context ¥ is expanded with an entry with unrestricted multiplicity x : T;.

The unusual aspect of the transitions is that we also use transitions of form (¥; L) ~~ (£/;L'),
which we call silent transitions. This form of transitions looks similar to T-transitions in pro-
cess algebra, and indeed both are meant to model non-observable actions. The difference is
that, in our semantics, the silent actions are not taken spontaneously, but reactively before an ob-
servable action in rule [L-Pre]. This semantics can also be understood as a variation of angelic
non-determinism’ [BW81], where we prefer a reduction path that leads to a desired outcome.

We write ~~* for the reflexive and transitive closure of the silent reduction relation ~~. We
explain the rules for silent actions as follows.

Rules [L-Pre-Rec-w] and [L-Pre-Rec-0] are responsible for unfolding recursive local types with both
multiplicities. When doing so, the local typing context is expanded with the recursion variable
with the appropriate multiplicity. These two rules, combined with [L-Pre], are similar to the un-
folding rule of recursive global types [G-Rec], but presented here in separate. In the syntax of
RMPST, we are no longer able identify recursive types and their unfoldings, since the recur-
sion constructs may contain different expressions at declarations and uses. Nonetheless, the
unfolding of a recursive type does not produce any observable communication action, and this
transition can take place spontaneously.

Rule [L-Pre-si] allows a choice in a silent prefix to be consumed, by expanding the local typing
context with the variable in the prefix in the irrelevant form x]o :T; (for j € I). This rule allows
participants to obtain the ‘latent’ knowledge from the non-participating interactions from the
given global type. Different from rules [L-Pre-Rec-w] and [L-Pre-Rec-0], the choice in a silent prefix is
not a spontaneous action, and only taken as necessary before an observable action. Allowing a
spontaneous action in silent prefixes may lead to stuck local types, when the wrong choice is
made. This is also what motivates the local type compatibility relation (Def. 3.18), where we
require each choice in a silent prefix to have distinct (receiving) actions to avoid wrong choices.

We note some interesting properties of silent transitions. Suppose (X;L) ~ (X/;L'), all re-
ducible actions of (¥/; L") are also reducible actions of (£; L), because of rule [L-Pre]. Therefore,
silent reductions can lead to some form of simulation [Mil71]. On the other hand, not all redu-
cible actions of (X; L) are reducible actions of (¥'; L), because of rule [L-Pre-sill. Once one of the
branches is committed when applying [L-Pre-sil], reductions arising from all other branches cease
to be available.

7With thanks to the examiners for pointing out this connection.
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Example 3.34 (Local Type Reductions). We project the global type defined in Ex. 3.27 onto the
roles A and C and show their corresponding reductions. Recall that

G =A — B:Hello(x:int{x < 0}).C — D : Hola(y: int{y > x}).end,

and there are two reductions paths for the global type G. We first project the global type G to
role A:
(2;G) |A= (@;BeHello(x:int{x < 0}).end).

We can use rule [L-Send] to reduce this local type (omitting payload in LTS actions for simplicity):

A—B:Hello
oS

(@;BeHello(x:int{x < 0}).end) (x“ int{x < 0};end).

We then project the global type G to C:
(2;G) €= (D;Hello(x:int{x < 0}).D&Hola(y: int{y > x}).end).

We can use rule [L-Pre] (With rules [L-Pre-sil] and [L-Send]) to reduce this local type (we explicitly write

the ~» transition here for extra clarity):

(@;Hello(x:int{x < 0}).D®Hola(y: int{y > x}).end)
~ (x%:int{x < 0};D@Hola(y: int{y > x}).end)
CoDiHola, (x%:int{x < 0},y°:int{y > x};end) g

Remark 3.35 (Reductions for Empty Local Types). Our semantics does not exclude empty local
types (Rem. 3.14). We consider emptiness of local types and reductions of local types as two
orthogonal issues; as a consequence, empty local types may still reduce, instead of getting stuck
whenever a value cannot provided for a given payload type.

This does not invalidate the safety properties of endpoints, since no endpoints can be imple-

mented for an empty local type. J
Lemma 3.36 (Local Knowledge). Suppose (X;L) % (X/;L') or (Z;L) ~ (X/;L').
LIfx%:Tex, then x°:T € ¥;
2.I1f X0:T €S, then x:T € X when a =p — q: {(x:T), otherwise x0:T € ¥';
3. If x“:Te€X, then x“:T € X

Moreover, suppose (; L) < (X/;L), and a =p — q: £(x:T), then x“:T € ¥/, N

Proof. By induction on the derivation of local type reductions (Fig. 3.6), noting that + only
appends or updates an entry without removing. O

Lemma 3.37 (Compatible Local Types Reduce Disjointly). If L1 > Ly, and (X4;Lq) 4 <Z’1 ; L2>,
then <22; L2> 7% J
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Proof. By induction on local type compatibility relation < (Def. 3.18).

e Base Case: Let Ly = p&{/(;(x;:T;).Li}ic;, and L, = p&{ﬁj’(x§ : Tj/)'L;’}jGIf where Vi € I :
Vie]: 4 # KJ{ . Since the labels ¢; and éjf are disjoint, the reducible actions for (¥1;L;) are
a; =q — p:¥4i(x;: T;), and none of &; is a reducible action for (¥; Lp).

e Inductive Cases: We prove one of the symmetric cases here. Let Ly = Y {¢(x;:T;).L} }icy,
where Vi € I : Ll 1 L,. By inductive hypothesis, for any i € I, we know that L} has disjoint
actions from L,. Since L; can only reduce via rule [L-Pre], the reducible actions of L is the
union of reducible actions of L}, and the required result follows. O

Lemma 3.38 (Deterministic Local Type Reductions). If (X;L) % (X1;Ly) and (Z;L) = (Zp; L),
then (¥q;Lq) = (Xp; Lp). 2

Proof. By induction on local type reduction rules (Fig. 3.6).

Rules [L-send] and [L-Recv] are deterministic, since the action a dictates the reduction outcome.
The interesting case is [L-Pre], where we need to examine each silent transitions: rules [L-Pre-Rec-w]
and [L-PreRec-0] are deterministic, but rule [L-Pre-sil] is only deterministic when the index set is a
singleton (i.e. |I| = 1). In the case where there are multiple options for the silent transitions in
rule [L-Pre-sil], we exploit the property that they reduce disjointly (Lem. 3.37). O

Lemma 3.39. (X +x“:T;L) and <Z +20:T; L> have the same reductions. 3

Proof. First, we observe that possible reducible actions are determined only by the local type L,
which is identical here for the two local types under typing contexts.

Second, whether an action can be taken further depends on whether the typing context
expansion is defined (Def. 3.7). In the reduction rules (Fig. 3.6), the two forms of expansions
used are of multiplicity 0 (in rules [L-Pre-Sil] and [L-Pre-Rec-0]) OF w (in rules [L-Send], [L-Recv], and [L-Pre-
rec-w]). The possible difference here is when the entry x of differing multiplicity 0 or w is being
expanded: it is not possible to expand with multiplicity 0, and expanding with multiplicity w

would reach the same result of multiplicity w. O

In this section, we have given the semantics of refined global and local types using labelled
transition systems (LTS). We show that well-formedness of global types are preserved under re-
ductions, and well-formed global types enjoy progress properties. We continue next by showing
the relation of global and local type semantics.

3.6 Relating Semantics of Global and Local Types

For the top-down design methodology to work, we must show the relation between re-
ductions of global types and collections of projected local types (known as configurations). The
relation entails that a given global type matches the behaviour of local types projected from that

global type, and this connection is preserved under all possible reductions.
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As explained previously in § 2.4.3, the main idea of this correspondence is that: if a global
type G reduces with an action « to G/, a configuration 8 associated to G must also be able to
reduce with the same action « to 8/, and the reductum configuration 8’ and the reductum global
type G’ remain associated; and vice versa for reductions of the configuration 8.

We show that global type reductions are matched by configuration reductions, and leave
the other direction as a conjecture. Since our refinement type extensions do not change the
communication structure, but only refines the payload types, we can erase the refinements to
obtain global and local types using only basic types, and rely on the original MPST for these
properties, which we explain in § 3.7.

We extend the Labelled Transition System (LTS) semantics to a collection of local types. We
first define configurations in Def. 3.40, and then reductions of configurations in Def. 3.41.

Definition 3.40 (Configuration). A configuration 8 = {(Xy; Ly) }rep is a collection of local types
under typing contexts, indexable via participants.

We write 8(r) to denote the entry of role r in the configuration 8. We write dom(8) to denote
the domain of the configuration 8, namely a fixed set of roles IP. J

Definition 3.41 (Configuration Reductions). The concrete configuration reduction relation § <
8, wherea = p — q: ¢(x:T), holds if

1. dom(8) = dom(8’),

2. 8(p) & 8'(p) and 8(q) = 8'(q), and

3. 8(r) = 8'(r) forallr € (dom(8) \ {p, q}). N

We define the semantics in a synchronous fashion, i.e. sending and receiving actions are not
separated. The configuration 8 reduces with an action « = p — q : ¢(x:T), if the entries for
roles p and q both reduce with that action &, and all other entries must remain unchanged.

Another key component is the association between global types and configurations. Be-
fore we give the formal definitions, we use an example to demonstrate potential challenges for
defining the association.

Example 3.42. We extend the global type in Ex. 3.27 by adding more messages, and let

A — B : Hello(x:int{x < 0}).C — D : Hola(y:int{y > x}).
A — B:Bye(x':int{x’ > 0}).C — D : Adios(y’:int{y’ < x’}).end.

We can see that there are two disjoint sequences of reductions of the global type G that can be
interleaved freely: one involving roles A and B conversing in English, and another one involving
roles C and D conversing in Spanish.

Suppose the Spanish speakers make the first move, and let

, A—B:Hello(x:int{x < 0})
G = A—B:B /.5 / . 1 /. / /
: Bye(x':int{x’ > 0}).C — D : Adios(y’ : int{y’ < x’}).end.
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We have the global type reduction (using rule [G-Cnt]):

(@; G) L2bHola, <y{A'B} sint{x <0}, y{& int{y > x}; G’>.

The challenge here is to relate the projections of G and G’ onto the English speakers:

. /. Ba@Hello(x:int{x < 0}).Hola(y: int{y > x}).
(@:6) 1A= <®' B®Bye(x':int{x’ > 0}).end >

7(AB} i fx < 0}, o) 1A 20:int{x <0}, B@Hello(x:int{x < 0}).
y{C: D} . int{y > x} ’ B YO int{y > x} ’ B®Bye(x':int{x’ > 0}).end

Since the message Hola is consumed by the global type reduction, the appropriate silent prefix
in the projection disappears after the reduction. While we see an example in Ex. 3.34 where a
silent prefix is removed in a silent transition ~~, no silent transition is available here.

A slightly different situation arises when we relate the projections of G and G’ onto the
Spanish speakers:

(@,6)1C= <®” Bye(x:int{x’ > 0}).D@Adios(y : int{y’ > x'}).

< Q{A’B}:int{x < 0}, 'G’> C= < Oiint{x <0}, Hello(x: int{x < 0}). >

: ; , ; Bye(x':int{x’ > 0}).
{C,D} . w .
ymantly > YA > adios(y’ s int{y! < x'}).end

Hello(x: int{x < 0}).D&Hola(y: int{y > x}). >

When we reduce the local type of C with the Hola message, we obtain:

~ Hello(x:int{x < 0}).D@Hola(y: int{y > x}).
" Bye(x':int{x’ > 0}).D@Adios(y’: int{y’ < x'}).
0 .
C—D:Hola x”rint{x < 0}, .
— ; Bye(x':int{x’ > 0}).D®Adios(y : int{y’ < x}).
<y“’:int{y>x} ye(x':int{x’ > 0}).D@Adios(y": int{y’ < x'}) >
This time, we need to apply a silent transition from the projection of G’ to equate the local type
after reduction, since the silent prefix Hola is consumed during the local type reduction. J

Recall that in the original MPST theory (§ 2.4.3), the association involves projection and
subtyping. In the context of our refined MPST theory, we have not developed a good definition
of subtyping relation; in particular, a subtyping relation that goes beyond the natural extension
of the subtyping relation over non-refined local types, and takes into consideration the silent
prefixes. We leave this as a possible direction of future work. Instead of subtyping, we use a
converging relation for local types under typing contexts.

The motivation for this relation is demonstrated in Ex. 3.42, where we need to relate the

two local types under typing contexts obtained via projection onto role A. These situations
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arise when the global type reduction uses rule [G-Cnt], which has the characteristic that the prefix
action of the global type (and also of the local type by projection) is a singleton. We can see
a common sequence of unique reductions for both local types under typing contexts, with the
help of a silent transition, for the one local type under a typing context to converge to the other,
as we show in Ex. 3.43. As previously stated, the silent transitions can be extended to some
form of simulation®. The converging relation can be considered as an extended form of silent

transitions, where we accept common unique reductions before silent transitions.

Example 3.43 (Path to Convergence). We show a path to convergence for the two local types
under typing contexts for role A in Ex. 3.42. For the first one (projection from (@; G)):

o B@Hello(x:int{x < 0}).Hola(y: int{y > x}).
" B@Bye(x':int{x’ > 0}).end

A—B:Hello

_—

x“:int{x < 0};
< it J B®Bye(x':int{x’ > 0}).end

W . 5
» xO : 1nt{x < 0}/ ;B@Bye<xl:int{x/ > O})'end
yiint{y > x}

Hola(y: int{y > x}). >

For the second one (projection from (@; G) after reduction of C — D : Hola):

20 int{x < 0}, ~ BoHello(x:int{x < 0}).

y0:int{y > x} ~ B®Bye(x':int{x’ > 0}).end
A—B:Hello < x¢int{x < 0},
-

;BOB "+int{x’ > 0}).end
P int{y > x} ®Bye(x’:int{x })en>

We observe that the two local types under typing contexts converge after a common reduction
sequence (which may possibly include silent transitions in the end). J

To formalise this idea of converging local types under typing contexts, we first need some
auxiliary definitions. We extend the reduction relations from a single action to a (possibly-
empty) sequence of actions in Def. 3.44, known as traces. In addition, we distinguish unique
reductions in Def. 3.45, where there is only a single action to reduce.

Definition 3.44 (Trace). A trace, ranged over by o, is a sequence of actions ¢ = &1 - ap - - - &y, for
some natural number n € IN. We write e for an empty trace (i.e. n = 0).

We extend the reductions naturally to traces: (Zg;Lo) — (Xy;Ly) for a trace ¢ = aj -
ay- -y, ifforalli € {1.n} : (Zi_1;Li_1) = (i L;). (In particular, (Zo; Lo) < (o; Lo).)

The subjects of a trace ¢ = a7 - ay - - - &, are the union of subjects of actions in the trace:
subj(0) = Uie 1.y subj(a;).

Global type reduction via a trace ¢ is defined analogously (I'g; Go) < (T'y; G,,), using (T';; G;)
in place of (X;; L;) respectively. a

8The subtyping relation in the original MPST (Def. 2.26) is a simulation.
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Definition 3.45 (Unique Reduction). If (¥; L) % (¥';L'), and the action a is unique for the local
!/

type under a typing context (X; L), i.e. for any action &/, we have (X; L) *+ implies « = a’, then

we write (X; L) SN (¥/; L) to denote this unique reduction of (X;L).

We extend the unique reductions naturally to traces: (Xo; Lo) EA (Xy;Ly) for a trace o =

aqap -y, ifforalli € {1.n}: (X;_1;L; 1) i, (X5 L;). (In particular, (Xo; Lo) L (X0; Lo).)
Analogously, we define unique silent reduction . If for all (24; L)) and (X; L)) with (5; L) ~
(X4; L)) and (%; L) ~ (X4; L), we have (X; L) = (¥); L)), then the silent transition is unique,

| 1 i
written (X; L) ~~ <Z’l ; L’1> We write ~~* for the reflexive and transitive closures of ~. _|

It is important to note that (concrete) local type reductions are deterministic (Lem. 3.38).
Therefore, when a local type under a typing context reduces uniquely, the reduction would
be totally deterministic. Similarly, when a local type under a typing context has unique silent
transitions, the silent reduction would be deterministic.

Lemma 3.46. If (%;L) ~* (XL} and (S;L) % (X7, L") , then (L) % (25 L"), J

Proof. We analyse the rule used for (X; L) & (X”; L") (Fig. 3.6).

If rules [L-Send] OF [L-Recv] are used, then there is no silent transition available, thus (X;L) =
(¥'; L"), and the required result follows.

If rule [L-Pre] is used, then the silent transition is unique, and we can apply inductive hypo-
thesis on the premise. O

We introduce the converging relation in Def. 3.47.

Definition 3.47 (Converging Local Types Under Typing Contexts). We define a converging rela-
tion <., parameterised by a trace o, over local types under typing contexts.

The converging relation (X1;L1) S¢ (X2; Lo) holds, if there exist local types under typing
contexts (¥; L') such that (£1; L1) LA (¥; L"), and (Xy; Lp) 0, 5o (x/;L').

We write (£1; L1) < (Xp; Lp), if there exists a trace ¢ such that (£1; L) <S¢ (Xp; Lp) holds. &

For two local types under typing contexts to be converging, we allow each local type under
its typing context to follow a common trace of unique reductions, then the local type under its
typing context on the left hand side is permitted to make any silent transitions, and the one on
the right hand side is permitted to make any unigue silent transitions, for both to converge on
the same local type under the same typing context. We can see the two local types under typing
contexts in Ex. 3.43 satisfy this converging relation.

Lemma 3.48 (Converging Relation is a Simulation). Given (Xq;L1) < (Zo;L0). If (Zo;L,) &

(Zh; 1Y), then there exists (X4; L)) suchthat (£q;Ly) = (X4; L)), and (Z;L1) S (ZhLY). o
Proof. Suppose (X1;L1) <o (Xp; Lp). We consider different cases of possible trace o.

e Case o = ¢ in this case, we have (X1; L1) ~* (£/; L"), and (£;; L) ~~* (£/; L"). Any reduction
of (£y; Lp) must be a reduction of (¥/; L’), and thus can be matched by (¥1; L1) via rule [L-Pre],
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and the result will be identical. It is easy to see < is reflexive, by taking an empty trace ¢,
followed by no silent transitions.

e Case 0 = - ¢’: by definition of unique reduction (Def. 3.45), the action « must appear at the
beginning of the trace ¢. The required result then follows from taking the unique reduction
of (Xq;Lq) (since it is unique), and converging relation still holds by taking the remaining
trace of common unique reductions ¢”’. O

Lemma 3.49 (Converging Relation is Transitive). If (£1;L1) S (Zp; Lp) and (3o;Ly) S (X35 L3),
then (¥q;L1) < (X3;L3). J

Proof. Suppose (X1;L1) So (Xo;Lo) and (Xp;Ly) <o (X3;L3). Furthermore, by expanding
the definition, suppose (X1; L) LAV (2; L), (£p; La) LA (¥/; L") from the first relation,
and (¥; Ly) LA (X L"), (¥3;L3) LR (X";L") from the second relation. We show
(X1;Ly) LA (X, L") for the transitive relation to hold.

From (¥p; Lp) AV (¥/; L") and (2p; L) LAV (X, L"), we notice that the traces ¢ and ¢’
are both unique reductions arising from (X; L,). Without loss of generality, we assume ¢ is a
prefix of 0/, and let o’ = o - 0.

We have (X,; L) LV (X/; L") and (Xp; Lp) LA (x"; L""). We can decompose both of
the reduction sequences into (Xp; Lp) S (x"; L e (2/; L"), and (£y; L) EA ("1 LAV
(X"; L"), since local type reductions are deterministic (Lem. 3.38).

To complete the proof, we need to find a way to compose the reduction (X1;L;) s

1"
(¥'; L") with the reduction (£"; L") RN (L.
If 0" = ¢, then we have (X";L"") ~~* (£";L"”). Note that previously, we have from the
decomposition that (~"; L") ot (¥/;L'). It must be the case that (X;Lq) EANN (X L) ~*

!
(X; L"), which satisfies the requirement since ~~* is a subset of ~~*.

*

-0’ !
Otherwise, if 0"’ = a - ¢””’. We decompose (Z"; L") ZZs~s* (2", L") into (Z"; L") =

"
(=L RGO (X";L"). Since we have (¥"; L") o (¥';L'), and we can apply Lem. 3.46
"
to obtain (¥/; L) EN (X, L"), We conclude with (¥q; Ly) LAV (x5 L) EN (XL st

(=L, O

We continue to define the association of global types and configurations in Def. 3.50, using
the converging relation that we previously defined.

Definition 3.50 (Association of Global Types and Configurations). Let (I'; G) be a global type
under a typing context. A configuration 8 is associated to (T'; G), if:

1. all participating roles in G are present in the configuration 8: pts(G) C dom(8);

2. (a) for any participating role r € G: the entry must converge with its projection from the
global type 8(r) < (I;G) [ r; and
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(b) for any non-participating role r € (dom(8) \ pts(G)), the local type in the entry must be
end: 8(r) = (X; end) for some local typing context X.

We write 8§ < (T'; G) if the configuration 8 is associated to (I'; G). g

We show in Thm. 3.51 that a reduction step of a global type is matched by an associated
configuration, and the global type and configuration after reduction remain associated.

Theorem 3.51 (Global Type Reduction Matched by Associated Configuration). Given associated
configuration and global types: 8 < (T;G). If (T;G) & (I’;G'), then there exists 8’ such that
8§58 and 8" & (T;G'); J

Proof. By induction on the derivation of global type reductions (I'; G) = (I'; G') (Fig. 3.5).

* Case [Grix]: Wehave G = p — q{/;(x;:T;).G;},;, and the reduction step:

> a:p%qu(‘(]T]) <

(T;p — qbi(x;: T).Gi} ey F+x]{p'q}:Tj;Gj>

with j € 1. We have subj(a) = {p, q}, and we first consider these entries and update the

configuration 8.

For p and q, the projected local types under typing contexts are:

(T;p— q{li(x;: T;)-Gi}icp) 1P = (Zp; qD{ i (xi: Ty) Lp i }ier)
(Tp = a{li(x;: T;).Gi}iep) 19 = (Zq; P&{4i(xi: T;).Lq i Yier) »

whereXp =T [pand Zq =T [q;and foralli € I: G; [p p = Lp;and G; [ q = Lq;.

We can apply [L-Send] on p (resp. [L-Recv] ON ()

p—=q:li(x;: T;)

(Zp; Q{6 (x;: T}).Lpitier) ——— (Zp+x": Tj; Ly,

p—q:li(x;: T;)

<Zq,‘ p&{ﬁi(xi . Ti)-Lq,i}ieI> #) <Zq + JC](“} . T]',‘ Lq’]'> .
By Lem. 3.17, we have that (I' + x]{p,q} :T)Ip = Xp+x:Tjand (T + x]{p,q} T Iq =
From 8 < (I'; G), we have 8(p) < (I;G) [ pand 8(q) < (T; G) [ . We update the configura-
tion entries to be the local types under typing contexts after reduction 8'(p) = (Zp + x§* : Tj; Ly ;)
and 8'(q) = (Zp + x§": Tj; Lg,;)-
We have shown that 8'(p) and 8/(q) are projections of <T + x]{P,q} L Tj; G/>, so < holds by
reflexivity. Furthermore, we have $(p) < 8'(p) and $(q) = 8'(q) by Lem. 3.48.
Now we turn to non-active roles r € (dom(8) \ subj(a)). There are two cases to consider,
depending on whether r is participating. The case where r is non-participating is trivial,

since its projection will be end and there are no possible actions.
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We focus on the case where r is participating. By Def. 3.41, we have 8'(r) = 8(r). We are then
left to show 8/(r) < <F + x]{p,q} :Tj; Gj> I'r, given that 8(r) S (I;G) [r.

We use the transitivity of < (Lem. 3.49), and show (I'; G) [ r < <F + x]{Pv q} . T;; G/> Ir.

For r the projected local type under a typing context is:

<F,'p — q{fi(xi : Ti).Gj}l-EI> r= <er2{€ (xl ) Lr1}161>

where Xy =T'[r,and foralli € I: G; [p ¥ = Ly ;.
We can apply [L-rresil on F: (S Y {6i(x;: T;).Ly i Fier) ~ (Zr + x :Tj; Ly,j).
By Lem. 3.17, we have that (I’ + x]{p,q} : T]) [r=2X,+ x]O :Tj.

Case [G-Cnt: Wehave G =p — q: £(x:T).G', and the reduction step:

(Tip—q:0(x:T).G") it (I';p—q:£(x:T).G")

14

with {p, q} Nsubj(a) = @ and <F +xipat. T, G’> = (T";G").
We first construct a configuration 8" < <F ULl PYel >, in order to invoke the inductive
hypothesis on (T + %P9 :T;G') % (I'; G").

We first consider the prefix roles {p, q}, the projected local types under typing contexts are:

(ip—q:0(x:T).G") I p=(Zp;qdl(x >

(T;p—q:L(x:T).G") 1 q = (Zq; p&l(x >
whereXp =T [pand Zq =T [q;and G [ p = L and G’ [¢ q = Lg.
From 8 < (I'; G), we have 8(p) < (I, G) [pand 8(q) < (T5G) [ q.

Since the projected local types for p and q both contain a singleton choice, the common re-
duction sequence of convergence must either be empty, or begin with the actiona’ = p — q :
{(x:T). In either case, we have 8§(p) ~* (I'; G) [ pand 8(q) ~* (I;G) [ q.

We set 8" (p) = <Zp +x0:T1; 1 > and 8”(q) = <Zq +x0.T; L > and they are projections of
<F—|—§{p'q} :T; G’>.

For other non-prefix roles r € (dom(8) \ {p,q}), we set 8"(r) = 8(r). We use a similar
argument as the case of [G-pfx]. The projection onto r is

(T;p—=q:l(x:T).G") [r=(Zpl(x:T).Ly)
where X, =T [r,and G’ [ r = L;. We can apply [L-Presil] for
(S l(x:T).Ly) ~ <Z.— +20:T; L:,> ,
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which corresponds to the projection of <F +xtPal. T, ¢ >

Applying the inductive hypothesis, we obtain a configuration 8"’ with 8” % 8 and 8" <

(I'; G").

We now construct a configuration 8’ with § = 8/, by setting 8'(r) = 8"/(r) for r € subj(a),
since 8(r) = 8”(r) and 8" (r) = 8"(r); and §'(r) = 8(r) for r € (dom(8) \ subj(a)).

We are left to show 8’ < (I”;p — q : £(x: T).G").

We begin with the prefix roles {p, q}, which we show the case for role p, and the case for role
q is similar. We have 8" (p) < (I”; G”) | p, where 8" (p) = 8" (p) = <Zp +x0:T; L;,>; and
we need to show 8'(p) <(I";p — q: £(x:T).G") | p.

We compute the projection (I';p — q: £(x:T).G") [ p = (Zp;q®l(x:T).Ly), where ) =
I'[pand Ly = G" [ p.

Expanding the definition of < and applying equality on 8" (p) < (I';G”) | p, we have

lo 1o

(Zp+20: T L) e (T Ly) and (TG [P = (s L) 5 (T L.

We note that <Z§, ;qB(x: T).L;,’> has a singleton choice, and thus has a unique reduction
Ip—q:l(x:T)

(Zp;q®l(x:T).Ly)

the same unique reduction (Xp; q®¢(x: T).L

(Xp 4+ x“:T;Ly); and the projection of (I'; G) onto p have
! L(x:

) 2T s T L),

As a prerequisite for the upcoming step, we show that X, + 0T = X;: the local typing

context X, is projected from I, which is obtained from <T +xtpal. TG > 5 (I”;G"). Since

subj(a) N {p, q} = @, we apply Lem. 3.31 to know that (P9} : T € T’, and thus x0: T € )} by

Prop. 3.16. Therefore, the expansion does not vary the local typing context, and two typing

contexts are the same.
p—q:l(x:T)o
—>

*

Applying Lem. 3.39 and combining existing results, we have (I';G) [ p

! A(x:T)-
<Z;,’; L;,“) and I";p —q: 4(x:T).G") |'p Mw’a* <Z’p’; L',;’), to establish the conver-

gence relation (I;G) [p < (I';p — q: £(x:T).G") | p. This can be combined with 8(p) <
(T; G) | p from the premise via transitivity to obtain the required result.

For non-prefix participating roles, the projection onto r is
(T;p—q:(x:T).G") Ir=(Z; {(x:T).Ly)

where £, = I’ [r, and G” [ r = L{. Since the silent prefix is a singleton, we can apply

[L-Pre-sil] for a unique reduction

<Z§;€(x:T).L{.’> RS <Z:-+x° : T;L’r’>,

Using a similar reasoning, we show that £} 4+ x0: T = ¥/: the local typing context £} is projec-
ted from I/, which is obtained from <T +xPat.T; G/> % (I'; G"). Since subj(a) N {p, q} =
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@, we apply Lem. 3.31 to know that %P9} : T € I7, and thus x°: T € £} by Prop. 3.16. There-
fore, the expansion does not vary the local typing context, and two local typing contexts are
the same.

Using the previous result, we have (I";p — q: {(x:T).G") | r NS (I’;G"”) 'r, and we can
conclude (I"; G") [r S(I';p — q : £(x:T).G”) [ r, by taking the empty reduction sequence
g, and allowing the right hand side to take one unique silent transition to reach the left hand
side. This can be combined with the result obtained in the inductive hypothesis, 8"/ (r) <
(I"; G”) I r via transitivity, and noting that 8"”’(r) = 8/(r) for r € subj(a); and 8" (r) =
8"(r) = 8(r) = 8/(r) otherwise, to obtain the required result.

e Case [G-Recl: We have G = pt (x”:= E: T).G, and the reduction step:
<F; ut (xF ::E:T).G’> S (1,6
14

with (T +xP: T;G'[ut (x: T).G'/t]) = (I’;G"). To show the required result, we need to
invoke the inductive hypothesis on 8 < (I +x¥: T; G'[ut (x: T).G' /1]).

For each participating role r € G/, the projection of G will be either ut (x“:=E:T).L or
pt (x0:T).L', where G' [, +» 1) ¥ = L', which means we can apply silent transition rules [L-Pre-

Rec-w] and [L-Pre-Rec-0] respectively. O

We conjecture the other direction to also hold. We first prove some properties for reductions
of a single local type, and then demonstrate the challenges.

Recall that previously we mentioned that local types are strongly sequenced (§ 2.4.2, Page 21),
and global types are weakly sequenced (§ 2.4.1, Page 18). We show, in the following lemma,
that a local type reduction can be matched by a unique trace of reductions’ on the global type,

without using weakly-sequenced reductions.

Lemma 3.52. If (I;G) [r= (X;L) % (X/;L'), then there exists (I';G') and a unique trace o such
that (T;G) &% (I';G') and (I’;G') [ r = (¥';L'). Moreover, the role current role r does not appear
in the trace o preceding the action w: r ¢ subj(c), and the reduction does not involve rule [G-Cntl.

Proof. By induction on the derivation of local type reductions (X; L) < (¥/;L') (Fig. 3.6).
e Case [L-Send]: We have the reduction

r—q:f(x;: T))

(X q@{f(x;: Ti).Li}ier) (Z+x":Tj; L)

with j € I'and I' [r = X. By inversion of projection (Lem. 3.21), the global type G =
r—q {Ei(xi : T,)Gl} where G; [pr =L, fori € I.

Note that a unique trace of reductions is different from a trace of unique reductions. The latter further requires that
no branching occurs.
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We take o = ¢ (thus subj(c) = @), and the global type can reduce using rule [G-Px]:

Li(xi: T
(T5r = q {£(x;: T)).Gr}) = Fa0 D), <

T+x"9:T; Gj>

and T+ x]{"'q} :Ti[r=X+x{":T;by Lem. 3.17.
Case [L-Recv]: This case is similar to [L-send]. We have the reduction

qar:Zj (XJ : T/)
_

(%;q&{¢;(x;: Ty).Litier) (Z+ %7 Tj; Ly)

with j € I and I' [r = X. By inversion of projection (Lem. 3.21), the global type G =
q-— r{Zi(xi : Tl)Gl} where G; [pr = L; fori € I.

We take o = ¢ (thus subj(c) = @), and the global type can reduce using rule [G-Px]:

q—rl(x;i:T;)
(Ta = F{6(xi:T) Gi}) ———5 (T+ /%" T;G;)
and T+ x{%™: T [ r =X+ x:T;by Lem. 3.17.

o

Case [L-Prel: We have (X; L) ~» (£”;L") and (X"; L") — (¥/;L"). We perform a case analysis
on the silent reduction, and invoke the inductive hypothesis on the concrete reduction.

— Sub-Case [L-Pre-sil]: We have the silent reduction
(T2 A6(xi: Ty)-Li}ier) ~ <Z +x):Tj; L]->

withjeTandT [r=X.

By inversion of projection (Lem. 3.21), the global type G = p — q {/;(x;:T;).G;} where
Gilpr=L;fori€l,andr ¢ {p, q}.

We take 0 = p — q : {j(x;: T}), and the global type can reduce using rule [G-Pix:

Li(x;: T;
(T:p — q {6(xi: T,).G}y 22T, (

r+ x]{p'q} : T]‘; G]>
and I' + x]{p' a} . T;i v = £+ x):T; by Lem. 3.17. We note that this trace is unique due to
the fact projected silent prefixes reduce disjointly (Lem. 3.37).

Invoking the inductive hypothesis on (£ + x{ : Tj; L;) < (X/; L) gives (I'; G') and a trace
o’ with (T +x{P9): T G; ) % (I';G') and (I"; G') [r = (X;L).
pHQéJ(X]T,)U/IX

We can combine the global type reduction to obtain (I'; G) (I"; G"). Note

thatr ¢ {p, q}, so the side condition on the trace is preserved.
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— Sub-Case [L-Pre-Rec-w]: We have the silent reduction
(Zyut (xY=E:T).L) ~ (X +x“:T;L[ut (x:T).L/t])

By inversion of projection (Lem. 3.21), the global type G = put (x":=E:T).G/, where
G'loeprryP =L andp € P.

We invoke the inductive hypothesis on (X + x¢: T; L[ut (x:T).L/t]) = (Z/;L'), using a
global type under a typing context (I +x": T; G[ut (x: T).G/t]). This is a consequence
of G[ut(x:T).G/t] [z p = L[ut(x:T).L/t] (Lem. 322), and T+ :Tp = 4+ x“:T
(Lem. 3.17,p € P).

The inductive hypothesis gives (I’; G') and a trace o’ with (I + x: T; G[ut (x: T).G/t]) LA
(I";G"y and (I"; G') | r = (¥/; L"). We can then take the first reduction of the trace ¢’ - a as
the premise of rule [G-rec, and obtain (T; ut (x” :=E: T).G') LALN (T; G').

— Sub-Case [L-Pre-Rec-w]: This case is similar to [L-Pre-Rec-0]. We have the silent reduction
<2,- ut (20 T).L> - <2 + 20 T; Lt (x: T).L/t]>

By inversion of projection (Lem. 3.21), the global type G = ut(x":=E:T).G', where
G' lge(ry P =L and p ¢ P.
Then we can follow the same step as the the previous case to obtain the required result. [
Then, we prove an inversion lemma for local type reductions.
Lemma 3.53 (Inversion of Local Type Reductions). Fix an action « =p — q: {(x:T).
1. If (T;G) [ p = (X', L"), then one of the following holds:
({1) G= p— q{ﬁi(x,' : Ti)'Gl(}iEI’
() G=s—t:0(x:T).G withp & {s,t};
(c) G=ut(x*=E:T).G;

and there exists j € I with {;=1{, x;=x, and T; =T;

2. If (T;G) 1 q = (Z/; L), then one of the following holds:

(@) G=p— q{li(x;:T;).G/},_,, and thereexists j € I with {;=/{, x; =x, and T; =T;

iel’
(b) G=s >t li(x;:T;).G; with q ¢ {s, t};

{J(J i) J}jel q¢{st}
(c) G=ut(x":=E:T).G. g

Proof. By inversion of the local type reduction (Fig. 3.6), along with inversion of projection
(Lem. 3.21).
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1. Case (a) corresponds to rule [L-Send], case (b) corresponds to rule [L-Pre] with the silent transition
rule [L-Pre-sil], case (c) corresponds to rule [L-Pre] with the silent transition rule [L-Pre-Rec-w] OF rule

[L-Pre-Rec-0].

We draw some attention to case (b), in particular, the restriction that the global type must
be a singleton branch. This is due to the compatibility relation () (Def. 3.18). There is no
rule for two sending local types to be compatible, so the only way for a sending local type to
reduce in such a situation is when the branch in the global is a singleton (cf. Ex. 3.19, Item 2).

2. Similar to the previous case, except the restriction on case (b) no longer applies. O

The challenge with proving that configuration reductions are matched by global type reduc-
tions lies in the convergence relation <. In particular, the usual proof technique in MPST relies
on configuration entries being a subtype of the projection, whereas in our case, the configura-
tion entries and the projection are related by silent transitions and a convergence sequence.

Moreover, our configuration reduction semantics is defined in a way where non-active entries
are unchanged, which leads to a gap between the global type governing the configuration, and
the global type that is used to produce the projections, as we demonstrate with the following
example Ex. 3.54.

Example 3.54 (Configuration Reductions). We use the global type in Ex. 3.4, Item 1.
G=A—B:Fst(x:int)B— C:Snd(y:int{x =y}).C — D: Trd(z:int{x = z}).end.
We construct a configuration using by projecting the global type onto all roles.

A: (Q;B@Fst(x:int).end)

B: (0;A&Fst(x:int).CaSnd(y: int{x = y}).end)

C: (@;Fst(x:int).B&Snd(y:int{x = y}).D@Trd(z: int{x = z}).end)
D: (@;Fst(x:int).Snd(y:int{x = y}).C&Trd(z: int{x = z}).end)

The configuration § can make the following reduction:

S
A: (x“:int;end)
A—B:Fst B: (x“:int;CpSNd(y: int{x = y}).end)
C: (Q;Fst(x:int).B&Snd(y:int{x = y}).DETrd(z: int{x = z}).end)
D:(

@; Fst(x:int).Snd(y: int{x = y}).C&Trd(z: int{x = z}).end)

We can see that entries of C and D remain to be their projection of G, despite the progression of
the overall global type after the message Fst from A to B. J
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To prove the conjecture, we need a tighter relation between configuration entries and the
projection of the governing global type, or between the global type that projects to the config-
uration and the governing local type.

In the next section, we demonstrate how to erase the refined global and local types to basic
global and local types without refinements. While we have not been able to show operational
correspondence in both directions here, we can recover a weaker form of the operational cor-
respondence property from the original MPST theory.

3.7 Erasing Refinements

In this section, we show how refined global and local types can be erased into basic (i.e. without
refinement types) global and local types. The erasure process converts the syntax of refined
MPST (Def. 3.1) to the original MPST (Def. 2.1).

We use "Giefined ' = Grasic and " Lyefined | = Luasic to denote the erasure of refined type
Grefined (€8P. Lyefined) into the basic type Gpusic (resp. Lygsic), and give the full definition in
Def. 3.55. Note that the refined types inside the erasure operator follow the syntax in Def. 3.1,
and the basic types on the right hand side follow the syntax in Def. 2.1.

Definition 3.55 (Erasure of Global and Local Types). We define the erasure of a refined global
type G, denoted "G, as follows:

P a{li(xi:SH{E}) .G}, = P—a{li(si) G}

Tut(xP:=E:T).G'" = ut G
Tt(x:=E)7 = t
Tend? = end

We define the erasure of a refined local type L, denoted "L, as follows:

"p&{li(xi:Si{Ei}) Li}ier" = P&{4i(Si)."Li Yier
"pO{li(xi:SH{E}) Li}ier' = PO{4(Si). L] ier
"CA{4(xi: Ty Litier' = Uiel"Li"
Tut (x“:=E:T).L'"7 = wut"L"7
Tut(x:T).L'"7 = pt"L7
Tt(x=E)7 = t
o=t
Tend? = end
U is the full merge operator defined in Def. 2.11. J

In addition, we show that erasure commutes with projection in Thm. 3.56.
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Theorem 3.56 (Erasure Commutes with Projection). If a refined global type G projects onto r as a
local type L: G [ ¥ = L, then the erased global type " G projects onto ¥ as the erased local type "L™:
"G'lr="TL" 2

Proof. By induction on global type projection G [¢ r = L (Fig. 3.3).

* Case (p — q{/4;(x;: Si{Ei})'G;}ieI) o
Erasing LHS gives "(p — q{{i(x;:S{E;}).G/},c)" =P — q{i(x;:5).7G "}

— Sub-Case r = p: Refined projection gives q®{/;(x;:S;{E;}).L;}ic1, where G/ [¢ r = L;.
Erasing RHS gives Tq{l;(x;:Si{E;i})-Litic; " = q®{¥4;(S;)."L; }ier-
Basic projection p — q{/;(x;:S;)."G[},_; I T = q®{/;(S;)."L; "} i1 holds by applying in-
ductive hypothesis on G/ [¢ r = L;.

— Sub-Case r = q: similar to the previous case.

- Sub-Caser ¢ {p,q},Vi € I:r e G/ and D<]c/L;:
Refined projection gives Y- {/i(x;:S;{E;}).L;}ic;, where G/ [ ¥ = L;.
Erasing RHS gives "Y_ {{;(x; : Si{E;i}).Li}ie ' = Uier"Li
Basic projection p — q{¢;(x;:S;)."G/"},_; I T = Uje;" L; " holds by applying inductive hy-
pothesis on G/ [¢ r = L.

- Sub-Caser ¢ {p,q}andVic I:r ¢ G
Refined projection gives end, which erases to end.
Basic projection gives U;crL;. Since Vi € I : r ¢ G/, the erased projection gives "G/ [¢ ™ =
"end ' = end, and merging ends gives end.

e Case (ut(x":=E:T).G) g
Erasing LHS gives "yt (x* :=E:T).G'7 = ut."G'".

- Sub-Caser € Pandr € G
Refined projection gives ut (x:=E:T).L', where L' = G' [ y.(,» 1y I-
Erasing RHS gives "ut (x“:=E:T).L' 7 = ut."L'".
Applying inductive hypothesis on G’ [ e:(xP, ) ¥ = L', and utilising r € G, we know the
erased type L' is not of form ut'.t.
Therefore, the basic projection gives jt."G' ' | r = ut."L'", as required.
- Sub-Caser € Pandr ¢ G
Refined projection gives ut (x°: T).L, where L' = G’ [®,: (22,1 Y-
Erasing RHS gives "ut (x°: T).L7 = ut."L'".
Applying inductive hypothesis on G’ [, ) ¥ = L', and utilising r € G/, we know the
erased type L' is not of form put'.t.

Therefore, the basic projection gives ut."G'" [ r = ut."L'™, as required.
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—_~— e/~

— Sub-Case L' = G’ [ .(x» 1y ¥, and either L' = pt/(- - - ).t or L' = pt/(- - - ).t (x:=E')
Refined projection gives end, which erases to end.

Applying inductive hypothesis on G’ [@, 62,1y ¥ = L’. For either case of L/, the erased type

is of form "ut/(- - - )47 = Tut/(- - - ).t (x:= E’) 7 = pt’.t, which corresponds to the case in the
basic projection to give end.
e Caset(x:=E) [gpr:

Erasing LHS gives "t (x := E) ' = t, and basic projection has only one case thatt [ r = t.

— Sub-Case ®(t) = (x,T) and r € P:
Refined projection gives t (x := E), which erases to t, as required.
— Sub-Case ®(t) = (xF, T)and r ¢ IP:

Refined projection gives t, which erases to t, as required.

e Caseend [¢F = end:
Erasing LHS gives "end™ = end, and erasing RHS gives "end™ = end.

Basic projection end [ r = end holds. O

Erasure is a useful tool to retain properties of original MPST without refinement types,
e.g. operational correspondence (Thm. 2.33). A global type can be specified and validated us-
ing refined MPST, while an implementation may apply erasure and operate at the level of basic
MPST. We conclude the technical development of our refined multiparty session type theory
here, and discuss related work in the next section.

3.8 Related Work

We first give a summary of related work that applies refinement types for verification and
reasoning, and then summarise related session type that makes use of refinement types, de-

pendent types, or other techniques to express extra constraints.

Refinement Types for Verification and Reasoning

Refinement types are initially introduced to allow recursive data structures to be specified
in more details using predicates [FP91]. Many subsequent works on this topic [BBF+11; VSJ+14;
SK16; VIC+17] utilise Satisfiability Modulo Theories (SMT) solvers, such as Z3 [DB08], to aid
the type system deciding a subtyping relation using SMT encodings. A recent tutorial by Jhala
and Vazou [JV21] covers development in this topic in great depth.

Refinement types have been applied to a number of different application domains, such
as resource usage analysis [HVH19; KWR+20], information security [BFG10; BBF+11; SCF+13;
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BCE+15; PSY+20; LKB+21], theorem proving [SHK+16; VTC+17], and verifying machine learn-
ing models [KKK+20; GLL+22] and smart contracts [NSC+22; TML+22]. In this chapter, we
show how to use refinement types to specify and verify distributed protocols, by combining
refinement and multiparty session types in a single framework.

Session Types with Refinement Types or Dependent Types

Bhargavan et al. [BCD+09] use refinement types to implement a limited form of multiparty
session types. Session types are encoded in refinement types. The specification language they
use, albeit similar to MPST, has limited expressive power. Only patterns of interactions where
participants alternate between sending and receiving are permitted. Moreover, they do not
study data dependencies in protocols, hence they can neither specify, nor verify constraints on
payloads or recursions.

Bocchi et al. [BHT+10] propose a multiparty session 7r-calculus with logical assertions, where
global and local types are extended to include assertions. A type system ensures that the asser-
tion at type level must hold. While their work does not use refinement types or dependent
types, we include it in the discussion here due to similarity in nature. Both our work and their
work enable data constraints to be specified, but we choose a framework that is more type-
based (i.e. using refinement types), instead of logic-based (i.e. using assertions). When project-
ing global types, we use silent prefixes to simplify projection, without the need to introduce
existential quantifications, as is necessary in their work. In addition, in their work, a global pro-
tocol with assertions must be well-asserted [BHT+10, § 3.1]. In particular, the history sensitivity
requirement states:

A predicate guaranteed by a participant p can only contain those interaction vari-
ables that p knows.

Bocchi et al. [BHT+10, p. 166]

Our theory lifts this restriction by allowing variables unknown to a sending role to be used in the
global or local type, whereas such variables cannot be used in the implementation. For example,
Item 1 in Ex. 3.4 fails the well-asserted requirement in [BHT+10]. In the refinement x = z for
variable z (for message label Trd), the variable x is not known to C, hence the protocol would
not be well-asserted. In our setup, such protocol is permitted, the endpoint implementation for
C can provide the value y received from B to satisfy the refinement type.

The subsequent extension by Bocchi et al. [BDY13] incorporates virtual states in the global
type specifications. Each participant in a session keeps some variables in its virtual state, and
may update the values at interactions with other participants. Our theory does not support the
virtual states, yet the recursion variables can be considered as a limited form of such. However,
their extension [BDY13] retains the limitation of history sensitivity from [BHT+10].

Toninho and Yoshida [TY17] extend MPST with value dependent types. Refinement types

and value dependent types are also closely related concepts, both providing extra expressivity

71



CHAPTER 3. A THEORY OF REFINED MULTIPARTY SESSION TYPES

over a basic type system. In their work, the dependent type system verifies properties on values
using witnesses in the form of proof objects, which need to be constructed manually. In our
work, the refinement type system utilises an SMT solver, and thus dispenses with the need to
construct proof objects manually. It is also worth noting that their work also retains some form
of history sensitivity [BHT+10].

De Muijnck-Hughes et al. [dMBV19] propose an Embedded Domain Specific Language
(EDSL) approach of implementing multiparty sessions in IDRIS. They use value dependent
types in IDRIS to define combinators, with options to specify data dependencies. As a con-
sequence, their work also requires construction of proof objects. This approach forms an ex-
ample of a wider, resource dependent EDSL framework [dMBV20, § 4.3], where (communication)
channels are the resources to be tracked.

Gheri et al. [GLS+22] propose a framework for designing multiparty protocols with asser-
tions using an extended form of choreography automata. Choreography automata (initially pro-
posed by Barbanera et al. [BLT20]) are an alternative way to describe multiparty protocols, us-
ing finite state machines under well-formedness conditions of well-branched and well-sequenced.
The extended form supports assertions, and thus allows data and control flow constraints to
be specified. In addition, they describe a technique to encode global type (with non-directed
choices, i.e. p — q;{- - - },.;, where q; can be different) using choreography automata. To our
knowledge, there has been no comparison of expressivity of (asserted) choreography automata
and (refined) global types.

Jongmans and van den Bos [JvdB22] focus on functional correctness of choreography pro-
gramming using Hoare logic style predicate transformers. Choreography programming (ini-
tially proposed by Carbone and Montesi [CM13]) incorporates the implementation (i.e. pro-
cesses, including the values of payload) at the global level, whereas global types merely describe
the types of payload. While our system can mimic choreography programming by specifying a
very specific refinement type on the payload, such that the required payload is enforced by the
refinement type, their theory contains additional control flow constructs such as while loops
and if conditionals, which we do not support directly.

In the setting of binary session types, Das and Pfenning [DP20] extend session types with
arithmetic refinements, with applications to cost analysis for computing upper bounds of work
for a given session type [DP22b]. Hinrichsen et al. [HBK19; HBK22] combine binary session
types with concurrent separation logic, allowing reasoning about mixed-paradigm concurrent
programs. They also plan to extend the framework to MPST. In a similar fashion, Swamy et al.
[SRF+20] and Fromherz et al. [FRS+21] provide a framework of concurrent separation logic in
F*, and demonstrate its expressivity by showing how (dependent) binary session types can be
represented in the logic and used for verification and reasoning.
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3.9 Summary and Concluding Remarks

In this chapter, we present a theory of refined multiparty session types, where we integrate
refinement types into multiparty session types, in order to express data constraints in commu-
nication protocols. We show that the theory retains the guarantees of communication safety
and liveness, and we will show in the next chapter how the theory can be implemented in a
programming language.

The semantics we have given for the refined multiparty session types is synchronous, but
we believe that the semantics can be extended to support asynchronous communication (with
buffered communication, as in Communicating Finite State Machine (CFSM) [BZ83]) with the
same operational correspondence result. There are two reasons to support this belief: (1) our
extension does not add new behaviour of global and local types from the communication aspect,
and thus the semantics'® and the relation we have shown in this section can be adapted by
separating send actions and receive actions, in the style of [DY13]; (2) the refinement types can
be erased into base types, and we can then rely on the results from the original (asynchronous)
multiparty session types from [DY13].

10For example, in global type reductions, a sending action gives full knowledge to the sending role, whereas the
receiving role has perspective knowledge only — which requires changes in global typing contexts.
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4 Implementing Refined Protocols in F*

In this chapter, we demonstrate how to practically implement refined protocols, based on
the theory we introduced in § 3. For this, we propose a toolchain, named SESSION*, where
we generate a callback-styled, refinement-typed Application Programming Interface (API) for
implementing communication endpoints in F* [SHK+16].

We first introduce the workflow of our toolchain with an overview in § 4.1, as well as the
running example we use throughout this chapter. In § 4.2, we provide a brief introduction and
summarise the key features of F*, especially those we utilise for our generated code. Using
our running example, we explain the generated APIs in F* in § 4.3, and how to implement
endpoints in § 4.4. We outline the function we generate for executing the endpoint in § 4.5. We
evaluate the performance of our generated code in § 4.6 with experiments.

The toolchain, SESSION*, was submitted as an accompanying artifact of [ZFH+20], and eval-
uated to be functional, reusable, and available. The artifact contains the source code of the tool-
chain, with examples and benchmarks used for the evaluation. The artifact is in the form of a
Docker image, and is deposited at https://zenodo.org/record/3970760. The source files used
for creating the artifact are available at https://github.com/sessionstar/oopslaze-artifact.

4.1 Toolchain Overview

Before introducing the toolchain, let us have a brief recap of the top-down design method-
ology of multiparty session types. The global protocol, describing the overall communication
among participants, is first designed; and then projected into local types, which are used for
implementing the individual endpoints.

The toolchain we propose in this chapter, SESSION*, follows this methodology. We present
an overview of our toolchain in Fig. 4.1, where we distinguish user provided input by de-

********** hl
‘.

velopers in , from generated code or toolchain internals in [dashed boxes !

Development begins with specifying a protocol using an extended SCRIBBLE protocol de-
scription language. SCRIBBLE is closely associated with the MPST theory [Hul?7; NY19], and
provides a user-friendly syntax for multiparty protocols. We have briefly introduced SCRIBBLE
in § 2.2.3. We extend the SCRIBBLE toolchain! to support RMPST, allowing refinements to be
added via annotations. The extended SCRIBBLE toolchain (as part of SESSION*) validates the
well-formedness of the protocol, and produces a representation in the form of a Communicating
Finite State Machine (CFSM) [BZ83] for a given participant.

1The SCRIBBLE part of the toolchain is mainly implemented by Raymond Hu, not the thesis author.
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SCRIBBLE Protocol Endpoint Implementation (§ 4.4)

global protocol HigherLower
(role A, role B, role C) {
start(no:int) from A to B;

let callbacks = ...

let connection = ...

let () =

} run callbacks connection

User Input

3 Extracted |
 OCAML Program !

Projection
via SCRIBBLE
I

Implements

| |
e e | type state = ...

I type callbacks = ...
|

|

! I
OG- (St
|

!

program.ml

|
l
let run callbacks conn = I L

,,,,,,,,,,,,,,,,

CFSM Representation F* API (§ 4.3)

Figure 4.1: Overview of Toolchain

For each participant, we then use a code generator (also as part of SESSION*) to generate
F* APIs from the CFSM, utilising a number of advanced type system features available in F*
(explained in § 4.2). The generated APIs, described in detail in § 4.3, consist of various type
definitions, and an entry point function taking callbacks (i.e. how to handle received data and
how to provide data for sending) and connections (i.e. communication primitives) as arguments.

In our API design, we separate the concern of communication and program logic. The callbacks,
corresponding to program logic, do not involve communication primitives — they are invoked
to prompt a value to be sent, or to process a received value. Separately, developers provide a
connection, which takes care of communication, allowing base types to be serialised / deserialised
and transmitted to/from other participants. Developers implement the endpoint by providing
both callbacks and connections, which will be explained in § 4.4, according to the generated
refinement typed APIs.

Our generated entry point provides the gluing code to invoke the correct callbacks and com-
munication primitives according to the local type. Thus, the developer can run the protocol by
invoking the generated entry point. The F* source files can be verified using the F* compiler,

and extracted to an OCAML program (or other supported targets) for efficient execution.

41.1 Running Example: A Number Guessing Game ‘HigherLower’

We use a multiparty number guessing game, ‘HigherLower’, as our running example for
demonstrating our toolchain. We describe this game in a SCRIBBLE protocol, a protocol de-
scription language that is closely related to multiparty session types (see § 2.2.3). The SCRIBBLE
protocol of the game is shown in Fig. 4.2.

We first invite the reader to disregard annotations (strings after the @ sign in blue colour) for
the moment being, while we introduce the communication structure. The game involves three

75
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1 global protocol HigherLower(role A, role B, role C) {

2 // A tells B a secret number ‘ne‘,

3 // and the number ‘te‘ of attempts that C has to guess it

4 start(ne:int) from A to B; @' 0<=ne<100’

5 limit(te:int) from A to B; ?'o<to’

6 do Aux(A, B, C); @’'Blno, to]’ 1}

7 aux global protocol Aux(role A, role B, role C) @'B[n:int{e<=n<100}, t:int{e<t}]’ {

8 guess(x:int) from C to B; Q' 0<=x<100" // Next guess by C

9 choice at B { higher() from B to C; Q'n>x &6 t>1’ // Secret is higher
10 higher() from B to A;

11 do Aux(A, B, C); @’'B[n, t-1]’

12 }or {  win() from B to C; @'n=x’ // C wins, A loses

13 lose() from B to A;

14 } or { lower() from B to C; @'n<x §& t>1’ // Secret is lower

15 lower() from B to A;

16 do Aux(A, B, C); @'Bln, t-11"'

17 } or { lose() from B to C; @A'nl=x &§§ t=1' // A wins, C loses
18 win() from B to A;

v} }

Figure 4.2: A Refined SCRIBBLE Global Protocol for a HigherLower Game

participants: A to setup the game, B to conduct the game, and C to play the guessing game. The
game begins with A setting up the game by selecting a number ne to be guessed (in a start
message to B, Line 4), and the number of guesses available to (in a 1imit message to B, Line 5).

To win the guessing game, the player C needs to guess the number supplied by A correctly
within the specified rounds. To make a guess, the player C sends a number to the conductor
B in a guess message (Line 8). The conductor B inspects the number and provides a response:
win (Line 12), in the case that the player C has made the correct guess and wins the game; lose
(Line 17), in the case that the player C has used up all the chances and loses. In these two cases,
the game concludes. Otherwise, the conductor B provides a hint before allowing the player C to
make another guess: higher (Line 9), in case that the secret is higher than the previous guess;
lower (Line 14), in case that the secret is lower than the previous guess. In these two cases, the
player C can make another guess and the game continues.

In this snippet, recursive protocols are declared as auxiliary protocols using the keyword aux
(e.g. Line 7), and invoked by the keyword do (e.g. Lines 6 and 11); whereas we have used the
keywords rec and continue in § 2.2.3.

Now we draw attention to the annotations that contain the refinements and recursion vari-
ables. We want to be able to describe the guessing game in finer details, in particular, by im-

posing constraints on data values and control flow using refinements. For example, the number
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to be guessed is refined to be an integer between 0 (inclusive) and 100 (exclusive), as specified
by the refinement e<=ne<1e0e (Line 8). Additionally, the number of rounds of guesses must be a
positive integer, as specified by the refinement e<to (Line 5).

In the auxiliary protocol, we see two recursion variables located at B, n for the correct num-
ber to be guessed, and t for the round of guesses. When calling the auxiliary protocol initially,
these two variables are set to be the values provided by messages from A (Line 6).

The refinements on a message can also impose a restriction at a choice in the protocol: when
the conductor B responds to a guess by the player C. We see that the higher message carries
a refinement n>x &§& t>1 (Line 9), which requires the correct answer n to be greater than the
guess x, and there are more than 1 guess remaining t>1. If the refinement cannot be satisfied,
then the choice cannot be selected, thus acting as a control-flow constraint on the protocol. In a
subsequent recursive call to the auxiliary protocol (Line 11), the number of remaining guesses
is decremented to be t-1. The rest of the choices, lower, win, and lose, are refined similarly.

In the remainder of this chapter, we will use this running example to illustrate how we
generate APIs for each endpoint, and how a develop can use our generated API to implement
this protocol. But before that, we first give a brief introduction of our target programming

language F* in the next section.

4.2 Targeting the F* Language for Implementation

F* [SHK+16] is a verification-oriented, ML-like functional programming language with a
rich set of type system features. We choose F* as our target programming language due to its
advanced type system. In this section, we give a brief overview of features of F* that we utilise,
and explain the outline of our generated APIs.

In our generated API, we utilise the F* features explained as follows (along with reference
to relevant part of the tutorial). For other features, interested readers can follow a more com-

prehensive (official) tutorial of F* at https://www.fstar-lang.org/tutorial/.

Refinement Types A refinement type? in F* has the form x: t{e}, where t is a base type (e.g. int),
x is a variable that stands for values of this type, and e is a boolean expression® for refinement,
possibly containing x. In short, the values of this refinement type are the subset of values of t
such that the (boolean) refinement expression e evaluates to true. For example, natural num-

bers can be defined as x:int{x>o0}.

In F*, type-checking refinement types is done with the assistance of the Z3 SMT solver [DB08].
Refinements are encoded into SMT formulae and the solver decides the satisfiability of SMT
formulae during type-checking. This feature enables automation in reasoning and saves the

need for manual proofs in many scenarios.

2https://www.fstar-lang.org/tutorial/book/parti/parti_getting_off_the_ground.html#
boolean-refinement-types
3The refinement expression e must be pure, total computation (to be explained later).
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Dependent Functions with Effects A (dependent) function* in F* has a type of the form
(x:t1) = E ty,

where t; is the argument type, E describes the effect of the function, and t; is the result type,

which may also refer to the argument x. For example, a function taking an integer and returning

an integer greater than the argument can be assigned the type:
(x:int) — Tot y:int{y>x}.
The effect Tot in the type indicates the function is total®. In fact, Tot is the default effect, for

terminating and side-effect free computations.

On the permissive end is the arbitrary effect ML (corresponds to all possible effects in an ML

language), which permits state mutation, non-terminating recursion, I/O, exceptions, etc.

Code Extraction Being a verification-oriented programming language, F* provides function-
alities to prove properties about programs. Moreover, verified F* code, after successful type-
checking, can be extracted into a different programming language for execution®. In our case, we
extract verified F* programs into OCAML for execution. Additionally, F* supports extraction to
F* and C [PZR+17].

The Ghost Effect and erased Types A type can be marked erased’ in F*, so that values of such
types are not available for computation (after extraction), but only for proof purposes (during
type-checking).

The type constructor erased is accompanied with the ghost effect to mark computationally
irrelevant code. The type system prevents the use of erased values in computationally relevant
code, so that the values can be indeed safely erased.

In the following snippet, we quickly demonstrate this feature: the effect GTot stands for ghost
and total, and cannot be mixed with the default pure effect Tot (i.e. the function not_allowed
does not type-check).

] ‘

(* the field ‘x1‘ is a normal integer and ‘x2‘ is an erased integer =)

type t = { xa: int; x2: erased int; }

(* Signature of ‘reveal’ in standard library =)

val reveal: erased 'a — GTot 'a

(* Accessing an erased value at value level is not allowed =*)
let not_allowed (o: t) = reveal 0.x2

(* Accessing at type level is allowed x)

val allowed: (o: t{reveal o0.x2 > 0}) — int

4https://www.fstar-lang.org/tutorial/book/parti/parti_getting off_the_ground.html#functions
Shttps://www.fstar-lang.org/tutorial/book/parts/parts_computation_types_and_tot.html
®https://www.fstar-lang.org/tutorial/book/parti/parti_execution.html
“https://www.fstar-lang.org/tutorial/book/parts4/parts_ghost.html

78


https://www.fstar-lang.org/tutorial/book/part1/part1_getting_off_the_ground.html#functions
https://www.fstar-lang.org/tutorial/book/part4/part4_computation_types_and_tot.html
https://www.fstar-lang.org/tutorial/book/part1/part1_execution.html
https://www.fstar-lang.org/tutorial/book/part4/part4_ghost.html

CHAPTER 4. IMPLEMENTING REFINED PROTOCOLS IN F*

In our case, we use the erased types to mark variables unknown to an endpoint, whose values
are not known due to not being a party of the message interaction. For example, in our running
example (Fig. 4.2), the player C does not know the value of the number to be guessed ne, but
nonetheless knowns its type from the protocol.

Now that we have introduced the key features of F*, we are ready to give a brief overview
of our generated code. We follow the code generation approach using Communicating Finite
State Machine (CFSM) [HY16]. To implement an endpoint for a participant, our generated code
(as shown in Fig. 4.1, F* API) consists of:

State Types: Allowing developers to access variables known at a given state.

Callbacks: A record type consisting of functions that correspond to CFSMs transitions. These

functions implement program logic.

Connections: A record type consisting of functions for sending/receiving base values to/from
other participants. These functions handle the communication aspects.

Entry Point: A generated function that takes callbacks and connections as arguments, and ex-

ecutes the endpoint CFSM by invoking provided callback functions and connection functions.

To implement an endpoint, a developer needs to provide implementations of the generated
callback and connection types, by providing appropriate functions to handle program logic
and communication aspects. The F* compiler checks whether the implemented functions type-
check against the prescribed types. Passing the callback and connection record to the generated
entry point function, the endpoint is implemented. In the subsequent sections, we explain the

design of the API in detail, and how a developer can use these APIs to implement an endpoint.

4.3 Projection and F* Callback API Generation

After the protocol is specified in SCRIBBLE, the next step of the workflow (Fig. 4.1) is to
project the refined global protocol onto each role. Although all endpoints together must comply
to global protocol, projection allows each endpoint to be separately implemented and verified, a
key requirement for practical distributed programming. The formal definition of projection has
been given in § 3.4, so we won't repeat the details here.

Here, we use our running example of HigherLower (Fig. 4.2), and focus on the conductor role
B, and the player role C to explain how we generate the APIs in F*. We use a Communicating
Finite State Machine (CFSM)-based code generation approach, following [HY16]. The connec-
tion between local types and CFSMs has been studied by Deniélou and Yoshida [DY13]. While
we have not formally extended this connection with refinement types, the connection is helpful

for us to design and generated refined APIs.
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A?start(ng){0<np<100}

A'higher
(n:==mn,t:=t-1 (B)Lthigher{n>xt>1}

A?limit(tg){0<to}
(n:=mng, t:=1ty)

Al'lose

windn =
C?guess(x){0<x <100} Clwin{n=x}

Cllose{n#x ANt=1}
n{0<n <100},
tH{o<t}

Alwin

Allower

Cllower{n<xAt>1}
(n:=mn,t=t-1)

(a) CFSM Representation

Generated F* API
State Transition Generated Callback Type type siCases (s:s4) =
1 A?start s1 — (n:int{e<n<1e0}) — ML unit | s4_lower of
2 A?limit s2 — (t:int{e<t}) — ML unit unit{s.n<s.x A s.t>1}
3 C?guess s3 — (x:int{e<x}) — ML unit | s4_lose of
4 [multiple] (s:s4) — ML (suCases s) unit{s.n#s.x A s.t=1}
5 Athigher s5 — ML unit | s4_win of unit{s.n=s.x}
6 Allower s6 — ML unit | su_higher of
7 Allose s7 — ML unit unit{s.n>s.x A s.t>1}
8 Alwin s8 — ML unit

(c) Generated Sum Type for the

(b) Generated I/O Callback Types Internal Choice at State 4

Figure 4.3: CFSM Representation and F* API Generation for the Conductor B in HigherLower

Projection onto the Conductor B

We first look at the projection of the protocol onto the conductor B: it is unique among all
participants, because the conductor B is involved in every interaction of the protocol, and (con-
sequently) B has explicit knowledge of the value of every payload variable during execution. We
take advantage of this unique circumstance to take away the consideration of multiplicities for
the moment being. Handling implicit knowledge will be demonstrated later when we consider
the player C.

We show in Fig. 4.3a the representation of local type used in our toolchain based on Com-
munication Finite State Machines (CFSMs) [BZ83]. The transitions of the CFSMs are commu-
nication actions, where ! stands for output actions (i.e. sending), and ? stands for input actions
(i.e. receiving). For example, A?start(rn(){0 < np < 100} is an input action of a start message
from A, with an int payload 1y with refinement 0 < ny < 100. Similarly, Cthigher{n > x At > 1}
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expresses a refinement on an output action of a higher message to C. For brevity, we omit the
payload data types in the CFSM transitions, as this example features only int s; we omit empty
payloads () likewise.

We show the recursion variables (declared on Line 7 of Fig. 4.2) on the corresponding CFSM
state (shaded in grey, with an arrow to the state).

Refined API Generation for the Conductor B

CFSMs offer an intuitive understanding of the semantics of local types, and we use them
as the basis for code generation, a technique commonly used in recent work [HY16; NHY+18;
CHJ+19]. We highlight a novel and crucial development: we exploit the approach of type gen-
eration to produce functional-style callback-based APIs that internalise all of the actual commu-
nication channels and I/O actions.

In short, the transitions of the CFSM are rendered as a set of transition-specific function types
to be implemented by the user — each of these functions take and return only the user-level data
related to I/O actions and the running of the protocol. The transition functions of the CFSM
are embedded into a generated entry point, exporting a clean interface to execute the protocol
by calling the appropriate user-supplied functions according to the current CFSM state and I/O
event occurrences.

We continue with our example, Fig. 4.3b lists the callback function types for B, detailed as
follows. Note, a key characteristic of MPST-based CFSMs is that each non-terminal state (i.e. a
state with outgoing transitions) is either input-only or output-only.

State Types For each state, we generate a separate type (named by enumerating the states,
by default). Each state type is defined as a record type containing previously known payload
values and any recursion variables, or unit if none. For example, the state type for state 3 is

given as follows:

type s3 = { ne: int{e<ne<ieoe}; te: int{e<te}; n: int{e<n<iee}; t: int{e<t} }

Basic I/O Callbacks We explain how we generate callback function types for input (i.e. receiv-
ing) transitions and singleton output (i.e. sending) transitions. The generation of multiple output
transitions (i.e. an internal choice) will be explained afterwards.

For each input transition we generate a function type:
st — x:t — ML unit

where st is the predecessor state type, and x: t is the refined payload type received. The return
type is unit and the function can perform any side effects (under the permissive ML effect), so
that the input handling callback is able to modify global state, interact with the console, instead
of merely pure computation. However, it is not recommended to interfere with the control
flow when implementing the callbacks (e.g. using exceptions or call/cc), as such effects may
invalidate the guarantees about communication safety.
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If an input transition is fired during execution, the generated entry point function will invoke a
user-supplied function of this type with a value of the state type st, and the received payload
value. Note that refinements in protocols are embedded into the refinement types of the payload
variables, and stored under the appropriate state type.

Similarly, for each output state with a single outgoing transition, we generate a function type:
st - ML t

for the output providing callback, where st is the predecessor state type, t is the refined type
for the output payload. If an output state with a single outgoing transition is reached during
execution, the generated entry point function will invoke a user-supplied function of this type
with a value of the state type st. The return value is used to fire an output transition. Note that
output states with multiple output transitions are handled differently, explained below.

Internal Choices For each output state with more than one outgoing transition, we generate an
additional sum type with the cases of the choice, e.g. Fig. 4.3c for state 4 of the CFSM. This sum
type s4Cases is indexed by a value s of the corresponding state type s4 to make variables inside
the state type available refinements of each case. The constructors of the sum type corresponds
to each label of the internal choice.

We then generate a single function type for this state for the output providing callback:
(s:st) — ML (stCases s)

where st is the predecessor state type, and stCases is the generated sum type for this output
state. Recall that the generated case is indexed by the predecessor state, so we need to provide
one in the type. The user-supplied function of that type makes the internal choice by returning
a corresponding constructor. The constructors in the sum type incorporate the payload values,
which need to satisfy refinements (if any). For example, when the player C provides a correct
guess, we would have s.n=s.x, thus only a s4_win value can be constructed, since the refine-
ments of all other constructors cannot be satisfied.

If an output state with a single outgoing transition is reached during execution, the generated
entry point function will invoke a user-supplied function of this type with a value of the state
type st. The return value is used to fire an output transition, and the state machine is advanced

according to the constructor of the returned value.

Projection and API Generation for the Player C

The implementation for the player C raises an interesting question relating to the treatment
of refinement: how should we handle refinements on variables that the target role does not itself
know? The player C does not (and should not) know the value of the secret n (otherwise this
game would be trivial), but they do know that related information exists in the protocol and is
subject to the specified refinement. We have explained how we model these ‘latent” information

with silent prefixes in § 3.4, and now we need to model multiplicities of variables.
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n:erased int{0<n <100}, B?higher{n>x At>1}

t:erased int{0<t} B?win{n=x}

B!guess(x){0<x <100}

B?lower{n<xAt>1
B?lose{n£xAt=1}

(a) CFSM Representation

State Transition Generated Callback Type Example Implementation
1 Blguess s1 — ML (x:int{e<x<1e00}) fun _ — l!next (* Deref. next =*)
2 B?higher s2 — unit{"n>xA"t>1} — ML unit fun s — next := s.x + 1
B?lower s2 — unit{"n<xA"t>1} — ML unit fun s — next := s.x - 1
B?win s2 — unit{*n=x} — ML unit fun _ — ()
B?lose s2 — unit{"n#xA"t=1} — ML unit fun _ — ()

where " is a shorthand notation for reveal, which extracts an erased value, and the mutable global refer-
ence next is defined as:
(+ ‘ref' indicates a reference type, and ‘alloc‘ create a new reference =)

let next: ref (x:int{e<x<100}) = alloc 50

(b) Generated I/0 Callback Types and Example Implementation

Figure 4.4: CFSM Representation and F* API Generation for the Player C in HigherLower

We utilise erased variables in F* (described briefly in § 4.2) to retain the latent information,
as illustrated by the annotation on state 1 in Fig. 4.4a. As mentioned earlier, the type-checker can
still take advantage of the refined types of erased variables during type-checking for proving
desired properties. Moreover, the type-checker will prevent the usage of erased variables in the
implementation.

We show the generated callback types in Fig. 4.4b. The example implementation is to be
explained in the next section, and readers can ignore the implementation for now. The callback
type generation process is largely the same as before, yet we need to inject calls to the standard
library reveal (noted as * for brevity) when describing the refinements. Again, erased variables
can only be used at the type level, and we can safely do so in the generated callback types.

After explaining generated callback types, we show next how to use these generated APIs
to implement an endpoint participant in the next section.

4.4 Implementation Via Generated Refinement-Typed APIs

We show how to use the generated APIs to implement the endpoint processes. As men-
tioned previously, we generate callback types for users to implement the program logic, and
the user implements them as callback functions of the generated types. These functions are
supplied to the generated entry point, along with primitives for communicating with other
peers (i.e. connections).
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Connection APIs

We have previously introduced the generation for callback APIs, but not the connection
APIs. The connection APIs provide the communication primitives to interact with peers.

The connection type is a record type with functions for sending and receiving base types. The
primitives for communications are collected in a record with fields as follows (S is ranged over

by base types int, bool, unit, etc.):
send_S:(P) — (S) — ML unit recv_S:(P) — unit — ML (S)

where () is a generated sum type for other peers and (S) is the data type for the base type
S in F*. The communication primitives do not use refinement types in the type signature. We
can safely do so by exploiting the property that refinements can be erased at runtime after static
type-checking.

Generated Entry Point

The generated entry point (named run), takes the callbacks and connections to run the CFSM
for the endpoint. We demonstrate here how to use it without explaining its internals (which we
defer to § 4.5). The usage of the generated entry point is demonstrated by the code snippet
in Fig. 4.5a, which bootstraps a player C endpoint. First, we establish a connection with the
conductor B (note that the player does not need to communicate with role A), using Trans-
mission Control Protocol (TCP). Then, we use a helper function mk_conn to convert the TCP
connection to the communication primitives needed by the generated entry point. Assuming a
record callbacks containing the required functions (static typing ensures all are covered), the
entry point is invoked with both parameters, which will run the CFSM. The API takes care of
endpoint execution by monitoring the channels, and calling the appropriate callback and com-
munication primitives, based on the current state and I/O event occurrences.

Example Implementations of Callbacks

For example, a minimal, well-typed implementation of the conductor B could comprise the
internal choice callback in Fig. 4.5b (cf. state 4 of Fig. 4.3b), and an empty function for all other
callbacks (i.e. fun _ — ()). We can highlight how protocol violations are ruled out by static
refinement type-checking, which is ultimately the practical purpose of our work. In the above
callback implementation, changing, for instance, the condition for the lose case to s.t=o (as
an example of an off-by-one error) would violate the refinement on the s4_lose constructor,
cf. Fig. 4.3c. Alternatively, omitting the lose case altogether would break both the lower and
higher cases, as the type-checker would not be able to prove s.t>1 as required by the sub-
sequent constructors.
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let main () =

(* connect to B via TCP =) (* Signature (s:s4) — ML (ssCases s) *)
let server_B = connect ip_B port_B  fun (s:s4) —

in (* Win if guessed number is correct =)
(% Setup connection from TCP =) if s.x=s.n then s4_win ()
let conn = mk_conn server_B in (% Lose if running out of attempts x)
(* Invoke the Entry Point ‘run‘ =) else if s.t=1 then s4_lose ()
let () = run callbacks conn in (* Otherwise give hints accordingly =*)
(% Close TCP connection =) else if s.n>s.x then s4_higher ()
close server_B else s4_lower ()

(a) Running the Player C (b) Implementing the Internal Choice for the Conductor B

Figure 4.5: Selected Snippets of Endpoint Implementation

For another example, Fig. 4.4b provides an example implementation for the player C. This
implementation guesses the secret by a simple search, since we know the target value lies within
the specified interval. We declare a global mutable reference next, initialised to 50, which will
be updated on receiving any higher or lower hints.

In the input callback for higher, we increase the next value by 1. In order for the update of
next to type-check, the new value must satisfy the refinement on its type (i.e. greater or equal
to 0 and less than 100). Given that the value being assigned is one more than the existing value,
it might have been the case that the new value falls out of the range (i.e. if next is 99), hence
violating the prescribed type. Despite that the value of n is unknown, we have known from
the refinement attached to the transition that “n>x holds, hence it must have been the case that
our last guess x is strictly less than the secret n, which rules out the possibility that x can be
99 (the maximal value of n). Had the refinement and the erased variable not been present, the
type-checker would not be able to accept this implementation, and it demonstrates that our
encoding allows such reasoning with latent information from the protocol.

Moreover, the type and effect system of F* prevents the erased variables from being used
in the callbacks, since the callbacks are computationally relevant. On one hand, int and erased
int types are not compatible, because they are not the same type. This prevents an erased vari-
able from being used in place of a concrete variable. On the other hand, the function reveal can
convert a value of erased 'a to a value of 'a with GTot effect. A function with GTot effect cannot
be mixed with a function with ML effect (as in the case of our callbacks), so erased variables
cannot be revealed in the callback implementation.

We invite interested readers to try the running example out with our accompanying artifact.
In the artifact, we propose a few modifications on the implementation code and the protocol,
and invite readers to observe errors being raised when implementations no longer conform to

the prescribed protocol.
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In the next section, we give inner working details of the generated entry point, and explain
how it executes the CFSM.

4.5 Executing the Communicating Finite State Machine in the

Generated Entry Point

As mentioned earlier, our API design separates the concern of program logic (with callbacks)
and communication (with connections). A crucial piece of the generated code, the entry point,
involves threading the two parts together: the execution function performs the communications
actions and invokes the appropriate callbacks for handling. In this way, we do not expose expli-
cit communication channels, so channel linearity (i.e. a communication channel is used exactly
once) can be achieved with ease by construction in our generated code.

The entry point function, named run, takes callbacks and connections as arguments, and
executes the CFSM for the specified endpoint. The signature uses the permissive ML effect, since
communicating with the external world performs side effects. We traverse the states (denoted
Q) in the CFSM and generate appropriate code depending on the nature of the state and its
outgoing transitions.

Internally, we define mutually recursive functions for each state ¢ € Q, named run;. Each
function takes the state record (g ) as argument, (where (¢ stands for the state type for a given
state g), and performs the required actions at that state g. The run state function for a state g
either (1) invokes callbacks and communication primitives for the correct transition, then calls
the run state function for a successor state g’; or, (2) terminates if g is a terminal state (without
outgoing transitions). Then, the generated entry point invokes the run function for the initial
state qo, to start the finite state machine.

The internal run state functions are not exposed to the developer, hence it is not possible
to tamper with the internal state with usual means of programming. This allows us to guar-
antee linearity of communication channels by construction. We outline how to run each state,
depending on whether the state is a sending state or a receiving state. Note that CFSMs con-
structed from local types do not have mixed states [DY13, Prop. 3.1]. We show the template for
generating the run functions in Fig. 4.6. In this template, we assume the callbacks are provided
by the variable callbacks, and connections are provided by the variable comm; and the state

type (g) is represented as stateq (as seen in the argument of the run functions).

4.5.1 Running the CFSM at a Sending State

We give a template for the run function for a sending state in Fig. 4.6a. For a sending state g €
Q, the developer makes an internal choice on how the protocol proceeds via the callback, among
the possible outgoing transitions. This is done by invoking the sending callback stateg_send

with the current state record st, to obtain the choice made by the developer along with the
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let rec run_gq (st: stateq) =

let choice = let rec run_g (st: stateq) =
callbacks.stateq_send st let label = comm.recv_string p () in
in match label with
match choice with | "4 —
| Choiceql; payload — let payload = comm.recv_S; p () in
comm.send_string p "¢4"; assume E;;
comm.send_S; p payload; callbacks.stateq_receive_ﬁi st payload;
Repeat <
let st = e . let st =
foriel
{ ---; x;=payload } { --+; x;=payload }
in in
run_q st run_q; st
(a) Template for Running a Sending State g (b) Template for Running Receiving State g

Figure 4.6: Template for Run State Function run,

associated payload. We pattern match on the constructor with the label ¢; of the message, and
find the corresponding successor state 4;.

The label ¢; itself is encoded as a string (we discuss the encoding options later in § 4.5.3) and
sent via the sending primitive send_string to the communication partner p. It is followed by
the payload specified in the return value of the callback, via corresponding sending primitive
send_S; for the base type S;. The sending primitive operates on the base types, and does not
concern the refinement on the payload.

We then construct a state record of (q’) from the existing record (g, adding the new field
x; returned from the callback in the choice constructor. In the case of recursive protocols, we
also update the recursion variable according to the definition in the protocol when constructing
(4;). Finally, we call the run state function run q to continue the CFSM, effectively making the

transition to state g..

4.5.2 Running the CFSM at a Receiving State

We give a template for the run function for a receiving state in Fig. 4.6b. For a receiving
state g € Q, how the protocol proceeds is determined by an external choice, among the possible
outgoing actions. To know what choice is made by the other party, we first receive a string and
decode it into a label ¢;, via the receiving primitive for string recv_string.

Subsequently, according to the label ¢;, we look up the label in the possible transitions,
and find the corresponding successor state q;. By invoking the appropriate receiving primit-
ive recv_S;, we obtain the payload value. We note that the receiving primitive has a return type
without refinements, therefore the value would not type-check against the prescribed refinement
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type, due to the absence of refinements. We assume that the refinements have been validated
on the sending side, following the procedure described in § 4.5.1. Therefore, we use the F*
built-in assume® to reinstate the refinements according to the protocol before using the value:
the built-in function assume allows the type-checker to admit the given boolean expression to be
valid without verifying.

According the label ¢; received, we can now call the receiving callback stateq_receive_¢;
with the received value payload. This allows the developer to process the received value and
perform any relevant program logic. The same procedure for constructing the state record for
the next state g/ is followed, and then the run function for the next state g} is invoked to trans-
ition to the successor state.

4.5.3 Discussion: Encoding Message Labels

Encoding the message label ¢ and transmitting it as a string can be seen as a generalisa-
tion of the approach used by Pucella and Tov [PT08]. In [PT08, § 3], communication of binary
choices (i.e. a choice of left and right), in binary session types, is encoded via a bool value being
exchanged in the underlying channel. The unusual effect of the (unexposed) bool message is
that it can affect the usage of the channel, since the choice, encoded as a bool, determines the
continuation. Similarly, in our setup, the label ¢ of a message is encoded a string, and can
determine the appropriate continuation.

A potential optimisation is whether we can safely omit the transmission of labels in the
case of a singleton choice, as in done in [PT08] for the binary session type. Unfortunately, the
question must be answered in negative due to the merging behaviour: consider a global type G
as follows (omitting payloads for simplicity):

G=A_>B E1a.B‘>C:€1b )
gza.B —C: €2b

We note that the sending types for B with regards to labels ¢, and ¢}, are indeed singletons.
According to the global type, the participant B is instructed to send the appropriate label ac-
cording to what they have received. The picture is different from the receiving side at C, where
they have two cases to consider: namely labels ¢, and /,,. This would cause a mismatch in the
communication and we have an unsafe use of the communication channel. This merging beha-
viour is tricky to handle, and poses interesting challenges for implementing MPST in practical
programming (cf. [BHY+23, § 6.3])

As a consequence, we may not safely omit the transmission of the message labels in the
general case. Failing so, we also note that encoding the labels as int locally at each choice,
e.g. by numbering each choice in order, is also potentially unsafe, as it suffers from the same
caveat. However, it is possible to do so globally by mapping all the labels in a given global type

8https://www.fstar-lang.org/tutorial/book/parti/parti_prop_assertions.html#assumptions
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to ints instead of using them as strings directly.

To be on the safe side, our implementation encodes the label as a string and transmits the
label with the payload at all times. For a possible optimisation, the labels can indeed be omitted
for both when the receiving side is a singleton choice, where no mismatch would occur. In
addition, all the labels in a global type can undergo a translation process into ints during code
generation, in order to reduce the actual amount of data transferable.

4.6 Performance Evaluation

We evaluate the performance of our toolchain SESSION*. We describe the methodology and
setup (§ 4.6.1), and comment on the compilation time (§ 4.6.2) and the execution time (§ 4.6.3).
The source files of the benchmarks used in this section are included in our artifact, along with a
script to reproduce the results.

4.6.1 Methodology and Setup

We measure the time to generate the CFSM representation from a SCRIBBLE protocol (CFSM),
and the time to generate F* code from the CFSM representation (F* APIs). Since the generated
APIs in F* need to be type-checked before use, we also measure the type-checking time for the
generated code (Gen. Code). Finally, we provide a simple implementation of the callbacks and
measure the type-checking time for the callbacks against the generated type (Callbacks).

To execute the protocols, we need a network transport to connect the participants by provid-
ing appropriate sending and receiving primitives. In our experiment setup, we use the stand-
ard library module FStar.Tcp to establish TCP connections between participants, and provide
a simple serialisation/de-serialisation module for base types. Due to the small size of our pay-
loads, we set TCP_NODELAY to avoid the delays introduced by the congestion control algorithm®.
Since our entry point to execute the protocol is parameterised by the connection/transport type,
an implementation may use other connections if developers wish, e.g. an in-memory queue for
local setups. We measure the execution time of the protocol (Execution Time).

To measure the execution overhead of our generated code, we compare the callback-based
implementation against an implementation of the protocol without session types or refinement
types, which we call bare implementation. In the bare implementation, we use the same sending
and receiving primitives (i.e. connection) as in the generated code. The bare implementation
uses a series of direct calls of sending and receiving primitives, for the same communication
pattern, but does not use any generated callback APIs.

We use a Ping Pong protocol (Fig. 4.7), parameterised by the protocol length, i.e. the number
of Ping Pong messages n in a protocol iteration. When the protocol length 7 increases, the
number of CFSM states increases linearly, which gives rise to longer generated code and larger

9https: / /en.wikipedia.org/wiki/Nagle%27s_algorithm
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global protocol PingPong,(role A, role B) {

choice at A {

or {

Ping(xi:int) from
Pong(yq:int) from
Ping(xp:int) from
Pong(yy:int) from

Ping(x,:int) from A

A

B
A
B

Pong(y,:int) from B

to B;

to A; @"y1>x1"
to B; @"xp>y1"
to A; @"ya>xp"

to B; @"Xp>yu-1"

to A; @"yu>xp"

do PingPong,(A, B); }

Bye() from A to B;

Bye() from B to A; } }

Figure 4.7: Ping Pong Protocol (Parameterised by Protocol Length )

Table 4.1: Time Measurements for Ping Pong Protocol

Protocol | Generation Time | Type Checking Time Execution Time
Length (n) | CFSM | F* APIs | Gen. Code | Callbacks | (100 000 ping-pongs)
bare n/a n/a n/a n/a 28.79s
1 0.38s 0.01s 1.28s 0.34s 28.75s
5 0.48s 0.01s 3.81s 1.12s 28.82s
10 0.55s 0.01s 14.83s 1.34s 28.84s
15 0.61s 0.01s 42.78s 1.78s n/a
20 0.69s 0.02s 98.35s 2.54s 28.81s
25 0.78s 0.02s 206.82s 3.87s 28.76s

generated types. In each Ping Pong message, we include payload of increasing numbers, and

encode the constraints as protocol refinements.

We study its effect on the compilation time (§ 4.6.2) and the execution time (§ 4.6.3). We
run the experiment on varying sizes of n, up to 25. Unfortunately, larger sizes of n leads to

unreasonably large resource usage during type-checking in F*. Table 4.1 reports the results for

the Ping Pong protocol in Fig. 4.7.

We run the experiments under a network of latency of 0.340ms (64 bytes ping), and repeat
each experiment 30 times. Measurements are taken using a machine with Intel i7-7700K CPU
(4.20 GHz, 4 cores, 8 threads), 16 GiB RAM, operating system Ubuntu 18.04, OCAML compiler

version 4.08.1, F* compiler commit 8e40e34a, Z3 version 4.8.5.
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4.6.2 Compilation Time
CFSM and F* Generation Time

We measure the time taken for SCRIBBLE to generate the CFSM from the protocol in Fig. 4.7,
and for the code generation tool to convert the CFSM to F* APIs. We observe from Table 4.1
that the generation time for CFSMs and F* APIs is short. It takes less than 1 second to complete
the generation phase for each case.

Type-checking Time of Generated Code and Callbacks

We measure the time taken for the generated APIs to type-check in F*. We provide a simple
F* implementation of the callbacks following the generated APIs, and measure the time taken
to type-check the callbacks.

The increase of type-checking time is non-linear with regard to the protocol length. We
encode CFSM states as records corresponding to local typing contexts. In this case, the size of
local typing contexts and the number of type definitions grows linearly, giving rise to a non-
linear increase. Moreover, the entry point function also is likely to cause non-linear increases in
the type-checking time.

The long type-checking time of the generated code could be avoided, if the developer chooses
to trust our toolchain to always generate well-typed F* code for the entry point. The entry point
would be available in an interface file that defines the signatures of functions, with the actual im-
plementation is provided in OCAML instead of F*!°. There would otherwise be no changes in
the development workflow.

The type-checking time of the callback implementation does not fit a linear pattern either,

yet it remains within a reasonable time frame.

4.6.3 Runtime Performance (Execution Time)

We measure the execution time taken for an exchange of 100,000 ping pongs for the gen-
erated code and bare implementation under the experiment network. The execution time is
dominated by network communication, since there is little computation to be performed at
each endpoint.

We provide a bare implementation using a series of direct invocations of sending and receiv-
ing primitives, in a compatible way to communicate with generated APIs. The bare implement-
ation does not use callbacks, which we anticipate to run faster, since the bare implementation
involves handling fewer function pointers when calling callbacks. Moreover, the bare imple-
mentation does not construct state records, which record a backlog of the communication, as the

19Defining signatures in an interface file, and then providing an implementation in the target language OCAML
makes the F* compiler to assume the implementation is correct, as the compiler cannot verify the implementation in
the target language. This technique is used frequently in the standard library of F*. This is not to be confused with
implementing the endpoints in OCAML instead of F*, as that would bypass the F* type-checking.
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protocol progresses. To measure the performance impact of book-keeping of callback and state
records, we run the Ping Pong protocol from Fig. 4.7 for a protocol of increasing size (number
of states and generated types), i.e. for increasing values of n. All implementations, including
bare are run until 100,000 ping pong messages in total are exchanged!!.

We summarise the results in Table 4.1. Despite the different protocol lengths, there are no
significant changes in execution time. Since the execution is dominated by time spent on com-
munication, the measurements are subject to network fluctuations, which are difficult to avoid
during the experiments. We conclude that our generated code does not impose a large overhead

on the execution time.

4.7 Related Work

We begin with the most closely related work: Session Type Provider (STP) by Neykova et al.
[NHY+18]. They implement MPST with assertions using the SCRIBBLE toolchain targeting F*.
Their main contribution is to use type providers [PGS16], a language feature of F¥ for compile-
time code generation, for implementing multiparty protocols in SCRIBBLE. Additionally, they
extend SCRIBBLE to allow interaction refinements in protocols for better expressivity, which
makes their work closely related to ours.

Their implementation, the Session Type Provider (STP), relies on code generation of fluent
(class-based) APIs, following the technique described by Hu and Yoshida [HY16]: each protocol
state is implemented as a class, with methods corresponding to the possible transitions from
that state. Fluent APIs encourage a programming style that does not only rely extensively on
method chaining, but also requires dynamic checks to ensure the linearity of channel usage.
and fits the workflow of MPST implementation neatly.

Our work differs from STP in multiple ways: (1) We extend the SCRIBBLE toolchain to sup-
port recursion variables, allowing refinements on recursions, hence improving expressivity. In
this way, developers can specify dependencies across recursive calls, which is not supported in
STP. (2) We depart from the class-based API generation, and generate a callback-based API. Our
approach has the advantage that the linear usage of channels is ensured by construction, saving
dynamic checks for channels. (3) We use refinement types in F* to verify refinements static-
ally. In contrast, STP performs dynamic evaluations to validate assertions in protocols. (4) The
metatheory of session types extended with refinements was not developed in their work.

Several other MPST works follow a similar technique of class-based API generation to over-
come limitations of the type system in the target language, e.g. GO [CHJ+19], and C [NCY15].
The class-based API generation techniques suffer from the same limitation: they detect linearity
violations at runtime, and offer limited static alternative.

For programming languages with more advances features, researchers utilise these features

1¥or n = 1, we run 100,000 iterations of recursion; for n = 10, we run 10,000 iterations, etc. Total number of ping
pong messages exchanged by the two parties remain the same.
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to implement MPST in novel techniques. Imai et al. [INY+20] provide an MPST implementation
in OCAML that statically checks linearity violation, where global protocols are described using
combinators. Their combinators can used in conjunction with an OCAML Preprocessor Extension
(PPX) to ensure linearity at compilation time. The affine type system in RUST is also of partic-
ular interest with regards to implementing MPST [CYV22; LNY22], because affinity ensures a
channel cannot be duplicated. To ensure a channel is actually used, Cutner et al. [CYV22] utilise
visibility modifiers to require the user to construct a value End that can only be obtained by using
channel as prescribed; and Lagaillardie et al. [LNY22] use a compiler annotation #[must_use]
to require channels to be used.

In a broader picture, the majority of MPST implementation is based on Communicating
Finite State Machine (CFSM), including our work, thanks to the connection between local types
and CFSMs. Cledou et al. [CE]J+22] summarise the code generation technique based on CFSMs,
and propose a new style of API using Set of Pomsets (SOP), utilising match types [BBK+22] in
SCALA 3. SOP provides a more compact representation in the case of concurrent sub-protocols,
and their generated APIs would not suffer from state explosions.

Our work proposes code generation using a callback-styled API. The callback style ensures
linear channel usage by construction, by removing the need to expose manual channel manage-
ment. Although our target language is F*, the callback-styled API code generation technique is
applicable to other programming language. This approach is followed by Miu et al. [MFY+21]
and Gheri et al. [GLS+22] for implementing MPST in TYPESCRIPT, and by Castro-Perez and
Yoshida [CY23] for implementing MPST in GO; and also inspires the work by Viering et al.
[VHE+21] for implementing fault-tolerant protocols using an event-driven style in SCALA.

4.8 Summary and Concluding Remarks

In this chapter, we present a toolchain, SESSION*, to apply our theory into practice. Our
toolchain allows refined multiparty protocols to be specified using the extended SCRIBBLE lan-
guage, and implemented using generated refinement-typed F* APIs. We demonstrated with
our running example, HigherLower, how to implement a refined multiparty protocol with our
toolchain SESSION™.

We use the usual CFSM-based technique to generate APIs from a multiparty protocol, but we
present two novel changes. On one hand, the generated APIs contain refinement types, so that
we can benefit from the advanced F* type system to verify refinements in the protocol statically.
On the other hand, we use a callback-based style for generating APIs, through which we achieve
the separation of program logic and communication. Moreover, the need to dynamically enforce
linearity of communication channels is removed through our generated entry point.

We empirically evaluate our generated code by measuring execution time with experiments.
While we impose negligible overhead on the execution time of protocol implementations, we
notice possible scalability issues on the compilation time (for type-checking generated code)
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when a protocol becomes more complex. The scalability issues can be addressed with some
workarounds, yet we left the search for an improved API design to address scalability as future
work.
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5 vSCR: An Extensible Toolchain for Mul-
tiparty Protocols

In this chapter, we introduce vSCR (alternatively written as NUSCR), an extensible toolchain
for multiparty protocols, and highlight the correspondence to the multiparty session type the-
ory. The name vSCR comes from the SCRIBBLE protocol description language, which we have
introduced in § 2.2.3, combined with Greek letter v, used as the symbol for the channel restric-
tion operator in 7r-calculus.

VSCR is written in OCAML, implementing the core part of the SCRIBBLE language [YHN+14],
with various extensions to the original Multiparty Session Types (MPST). vSCR also provides
an interactive web interface (https://nuscr.dev/), so that users can perform quick prototyping
in browsers, saving the need for installation. We show a screenshot! for the web interface in
Fig. 5.1.

We introduce our motivation for this new toolchain in § 5.1, and give a brief description of
the code layout in § 5.2. To demonstrate the extensibility of vSCR, we use the refinement type
extension, the main topic of this thesis, as a case study in § 5.3.

The source code of vSCR is hosted on GitHub at https://github.com/nuscr/nuscr. vSCR is
open source software under the GNU General Public License (GPL) Version 3.

5.1 Motivation and Overview

The original SCRIBBLE toolchain [YHN+14] has been the traditional choice for multiparty
session type practitioners. What we call SCRIBBLE is not only a protocol description language,
but also a toolchain for code generation. Moreover, the entire SCRIBBLE project engages closely
with the industry, with the goal of making multiparty protocol design and implementation
easy to use for all. Over time, the SCRIBBLE toolchain has been used by many researchers, and
has resulted in numerous works [NYH13; DHH+15; HY16; HY17; SDH+17; NHY+18; KNY19;
CHJ+19; VDG20; ZFH+20; HFD+21; MFY+21; LNY22] (the list is not exhaustive).

The inventors of SCRIBBLE designed the toolchain in a way to promote adoption of mul-
tiparty session types for industrial uses. In the meantime, researchers may find it difficult to
build their research prototypes, i.e. their extensions of MPST, upon this industrial-grade tool-
chain. There exists a need to provide a toolchain with MPST practitioners as target users, so that
they build their prototype MPST implementations easily. We take the modern core of MPST the-
ory and the core of SCRIBBLE language, to create a brand new toolchain vSCR. vSCR is designed

IThe logo for ¥SCR, as shown on the top left corner of the screenshot, is designed by Francisco Ferreira.
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CHAPTER 5. vSCR: AN EXTENSIBLE TOOLCHAIN FOR MULTIPARTY PROTOCOLS

g vScr live

Global protocol

global protocol Adder(role C, role S)
{ choice at C
{ add(int) from C to S;
add(int) from C to S;
sum(int) from S to C;
do Adder(C, S); }
or
{ bye() from C to S;
bye() from S to C; } }

Local types

o C@Adder [ Project][FSM]
e S@Adder [ Project][FSM]

Projected on to CaAdder :
rec _ Adder_C_S {
choice at C {
add(int) to S;
add(int) to S;

sum(int) from S;

continue _ Adder_C_S;
}or {

bye() to S;

bye() from S;

end

examples/annot/Adder.scr v Analyse

Figure 5.1: A Screenshot of the vYSCR Web Interface, Showing an Adder Protocol

to be extensible, so that researchers working on MPST theories can find it easy to implement
their extensions upon the code base of VSCR.

To control different language extensions, we take inspiration from the HASKELL program-
ming language and its compiler Glasgow HASKELL Compiler (GHC). A language pragma® ap-
pears at the beginning of an input file, and controls the set of enabled language features. We
use a similar design in vSCR to allow users to selectively enable different features in their mul-
tiparty protocols. This design has a practical benefit that various extensions are implemented
in the same vSCR toolchain, which saves a user the need to download different versions of the
toolchain for different extensions. More broadly speaking, we invite researchers to think vSCR
as a ‘kitchen sink’ or a playground for MPST, and encourage researchers to implement their
prototypes and contribute new extensions to vSCR.

Multiparty protocols in the core SCRIBBLE description language are accepted by vSCR, and
then converted into an MPST global type. From a global type, vSCR is able to project upon
a specified participant to obtain their local type, and subsequently obtain the corresponding

2https://wiki.haskell.org/Language_Pragmas
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Communicating Finite State Machine (CFSM). Moreover, vSCR is able to generate code for im-
plementing the participant in various programming languages, from their local type or CFSM.
We bear modularity in mind in the design of vSCR, so that each stage in the aforementioned
workflow can be customisable. Moreover, YSCR can be used either as a standalone command
line application, or as an OCAML library for manipulating multiparty protocols.

Currently, VSCR contains two major language extensions: nested protoc0133 [DH12], imple-
mented by Echarren Serrano [Ech20] (with a code generation back-end for GO), and refinement
types (with a code generation back-end for F*), which we use as a case study later in § 5.3.

5.2 Code Layout

The code base of ¥SCR can be briefly split into 4 major components: parsing and the con-
crete syntax tree (syntaxtree), multiparty session types (mpst), code generation (codegen) and

utilities (utils). We introduce the components in detail.

5.2.1 Utilities (utils)

We first introduce the the utils component, which contains miscellaneous modules ful-
filling various utility functions. While this component mainly plays a supportive role, there are
a few concepts that need some introduction, as they would be relevant in other components.

* The Names module defines separated namespaces (as modules) for all kinds of identifiers that
may appear throughout the code base, e.g. payload type names (PayloadTypeName), payload
label names (LabelName), type variable names (TypeVariableName).

Each namespace uses a distinct type, in order to prevent namespace mixing, e.g. using a label
name (of type LabelName.t) as a type variable (of type TypeVariableName.t) would result
in a type error. Only explicit conversions across namespaces are allowed (via the function

of_other_name).

e The Pragma module defines language pragmas, and contains other configuration options.
Language pragmas appear at the beginning of an input file as a special comment (*# #x),
and may control which extensions are enabled when processing the input file. We give more
details when we demonstrate how we extend vSCR in § 5.3.

5.2.2 Parsing and the Concrete Syntax Tree (syntaxtree)

The first stage of processing the input SCRIBBLE protocol is parsing the input into a concrete
syntax tree, which is handled by the syntaxtree component. This component contains the

3This work has subsequently lead to the development of dynamically updatable MPST by Castro-Perez and Yoshida
[CY23]. Their implementation is based on vSCR, but has been not merged into the main branch of vScRr.
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global protocol Adder(role C, role S)
{ choice at C
{ add(int) from C to S;
add(int) from C to S;
sum(int) from S to C;

add(int).
C — S:add(int).
S — C:sum(int).

G =utC—S t;
do Adder(cC, S); } Adder =
or bye().
S — C: bye().
{ bye() from C to S; ’
en
bye() from S to C; } }
(a) Adder Protocol in SCRIBBLE (b) Global Type of Adder Protocol

Figure 5.2: Adder Protocol and its Corresponding Global Type

syntax trees of the SCRIBBLE protocol description language, the core part of which was shown
in Fig. 2.1 (in § 2.2.3); as well as the lexing and parsing rules for the SCRIBBLE syntax.

As indicated previously, we support a core part of the SCRIBBLE language, covering the pro-
tocol description aspects. The full SCRIBBLE language, as implemented in the SCRIBBLE tool-
chain, covers some declarations for engineering considerations. For example, each input file
must contain a module declaration (analogous to a package declaration in JAVA at the beginning
of a file); and all payload types must be mapped into a type in the target programming language
using a type declaration. We make the design choice not to support these constructs, as our focus
is to allow easy prototyping for researchers, instead of providing an industrial-grade toolchain.

We implement lexing and parsing using generators. The lexer is implemented using the
SEDLEX* package. The parser is generated using the MENHIR® package, a popular choice
among OCAML programmers. The input SCRIBBLE file is parsed into a concrete syntax tree
as a SCRIBBLE module, and can be processed by later stages.

As a simple running example, we show a simple SCRIBBLE protocol describing an Adder
protocol in Fig. 5.2a, where a Client is able to make various requests to add two ints, before they
decide to finish the protocol with a bye message. Notice that the SCRIBBLE protocol here uses
do constructs for recursion (Line 6), which is not included in the core syntax given in Fig. 2.1.
However, do constructs can be converted to recursive p-types after expansion®, which takes

place in later stages.

4https://github.com/ocaml-community/sedlex

Shttp://cambium.inria.fr/~fpottier/menhir/

®In fact, do constructs can be more versatile, the list of roles in the protocol call does not need to be the same as
the declared roles: suppose the client and server wish to swap role after each computation, this can be expressed via
do Adder(S, C), which expands the Adder protocol with roles swapped.
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global protocol NonDirected (role A, role B, role C)
{ choice at A // A sends to either B or to C in this choice
{ Foo() from A to B; // either send to B
Bar() from A to C; }
or { Bar() from A to C; // or send to C
Foo() from A to B; } }

Figure 5.3: Non-directed Choice in SCRIBBLE

5.2.3 Multiparty Session Types (mpst)

After an input file is parsed into a concrete syntax tree, the concrete syntax tree can be re-
duced into an abstract syntax tree for further processing. This is implemented inside the mpst
component, as well as other operations implementing the MPST theory.

Each global protocol in the concrete syntax tree can be converted into a global type (as an
abstract syntax tree, defined in the Gtype module). During this process, we perform validation
and transformation on the concrete syntax tree, e.g. ensuring there are no unbound names, and
converting the do constructs into rec /continue constructs that map to y-types. For our running
example, the Adder global protocol can be converted into the global type shown in Fig. 5.2b.

It is important to note that, syntactically correct protocols may fall out of the expressivity
of the original MPST theory. For example, the protocol shown in Fig. 5.3 uses a non-directed
choice. The role A makes an internal choice of either sending Foo to B first, or sending Bar to C
first. These non-directed choices in global types are not supported by the original MPST theory
(cf. Def. 2.1). This is a consequence of the original SCRIBBLE language design, and many recent
works [CDG19; vGHH21; MMS+21; LSW+23] extend MPST to support non-directed choices.

Keeping extensibility in mind, we make the design decision to keep the choice constructs as
is in the abstract syntax of global types. In the meantime, we provide another module named
LiteratureSyntax for the literature syntax of constructs in the original MPST, using the connec-
tion between the SCRIBBLE language and the original MPST [NY19]. If a developer prefers the
syntax used in the literature, the abstract syntax of global type (as defined in Gtype module) can
be converted into the literature syntax, and used for further processing.

Subsequently, given a specific role, a global type can be projected into a local type (defined
in Ltype module). Additionally, we can construct a corresponding Communicating Finite State
Machine (CFSM) (defined in Efsm module, which stands for endpoint finite state machine) for the
local type, using the technique described by Deniélou and Yoshida [DY13]. We use the graph
library OCAMLGRAPH’ [CFS07], to represent the CFSM as a directed graph.

“http://ocamlgraph.lri.fr/index.en.html
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add(int).
Sdadd(int).
S&sum(int).

Lc = ut.So® t; C

bye().
S&bye().
end

S?sum(int)

Sladd(int)

S?bye()
(a) Local Type for Role C (b) CFSM for role C

Figure 5.4: Local Type and CFSM for Role C in the Adder Protocol

As a bonus, VSCR supports exporting global and local types in multiple formats, including
S-expressions, IATEX (using macros from mpstmacros®), and MPsTK® [SY19].

For our running example Adder, we show the local type for Client in Fig. 5.4a, and its cor-
responding CFSM in Fig. 5.4b. Both local types and CFSMs can be used for code generation
purposes, which will be introduced in the next.

5.2.4 Code Generation (codegen)

As the name suggests, the codegen component concerns generating code for implementing
multiparty protocols using the MPST theory. Following the usual top-down design method-
ology, code generation follows from the projected local type (or their equivalent CFSMs), and
ensures that implementations using the generated code will be correct by construction.

Currently, vSCR supports code generation in 3 different target programming languages:
OCAaML, GO (with the nested protocol extension [Ech20]), and F* (with the refinement type ex-
tension, to be explained later in § 5.3). Moreover, VSCR can export the CFSM in the GRAPHVIZ
DOT format!®, and other tools may use the exported CFSM to perform their own code gen-
eration, independent of ¥SCR. ¥SCR has been used in this way to support code generation in
RusT [CY21; CYV22], TYPESCRIPT [MFY+21; GLS+22]. In the subsequent text, we briefly de-
scribe the code generation technique for OCAML. The overall approach is similar to what we
describe in § 4.3, saving the need for considering any refinements.

To generate code in OCAML, we use a CFSM-based generation technique, as proposed by Hu
and Yoshida [HY16]; however, we do not use class-based APIs, i.e. states in the CFSMs are
classes, and state transitions are methods on classes. While it would be possible to implement a
similar object oriented approach in OCAML, it does not fit well in the functional programming
paradigm. vSCR uses a callback-based approach (as described in § 4.3) for API generation. We
generate functions for CFSM transitions, and maintain the state internally in a CFSM runner.

8https://github.com/fangyi-zhou/mpstmacros
https://github.com/alcestes/mpstk
Ohttps://graphviz.org/doc/info/lang.html
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module type Callbacks = sig

type t (* An abstract type for user-maintained state =)

(* Sending callbacks return the state and a labelled value to send *)
val stateiSend : t — t * [‘bye of unit | ‘add of int]
val state2Send : t — t * [‘add of int]

(* Receiving callbacks take received value as arguments,
* and return the state *)
val state3Receivesum : t — int — t
val statesReceivebye : t — unit — t
end

Figure 5.5: Generated Module Type in OCAML for role C

Callback API Style for OCAML

The generated API separates the program logic and communication aspects of the endpoint
program. We generate type signatures of callback functions, corresponding to state transitions in
the CFSM, for handling the program logic. The signatures are collected in the form of a module
type, named Callbacks. We show the generated module signature in Fig. 5.5, for the Client role
of the Adder protocol (Fig. 5.4b). Since we use a graph representation for CFSMs, the generation
process is done by iterating through the edges of the graph (i.e. the transitions of the CFSM).

For a complete endpoint implementation, we generate an OCAML functor!! taking a mod-
ule of type Callbacks to return an implementation module. The module exposes a runner,
which executes the CFSM when provided connections to other communicating roles. The run-
ner handles the communication with other roles, so that the callback module does not need to

involve any sending and receiving primitives.

Optional Monadic APIs

We optionally generate monadic OCAML function types for communication primitives and
callback functions. This monadic API allows users to implement the endpoint program with
popular asynchronous execution libraries in OCAML that provide monadic interfaces, such as
LwT!2 or ASYNC!3, for better performance.

A functor in OCAML is a module that is parameterised by another module.
2https://ocsigen.org/lwt/latest/manual/manual
Bhttps://github.com/janestreet/async
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(*# RefinementTypes #x)

global protocol HigherLower(role A, role B, role C)
{ start(n:int{e <= n &5 n < 100}) from A to B;
limit(te:int{e < te}) from A to B;
rec Loop [t<B>: (t: int{e < t}) = to]
{ guess(x:int{e <= x &§& x < 100}) from C to B;
choice at B
{ higher(ignore:unit{n > x §& t > 1}) from B to C;
higher() from B to A;
continue Loop [t - 1]; }
or { win(ignore:unit{n = x}) from B to C;
lose() from B to A; }
or { lower(ignore:unit{n < x §& t > 1}) from B to C;
lower() from B to A;
continue Loop [t - 1]; }
or { lose(ignore:unit{n < >x §& t = 1}) from B to C;
win() from B to A; } } }

Figure 5.6: HigherLower Protocol in vSCR with refinement type extension

5.3 Extending vSCR

We design vSCR in a modular way to allow extensions of the MPST theory to be implemen-
ted easily. The language pragmas, implemented as a special comment at the beginning of an
input file, control which extensions are enabled when processing the protocols. So far, two ma-
jor extensions have been added to vSCR: nested protocols (implemented by Echarren Serrano
[Ech20]), and refinement types.

We use the refinement type extension as a case study, to demonstrate how an extension can
be implemented in vSCR. The refined MPST theory has been introduced in § 3 of the thesis, and
we have presented a toolchain, SESSION*, to implement the theory in § 4. While SESSION™ uses
the SCRIBBLE toolchain for parsing the input protocol, projecting a global protocol to a local
type, and generate the CFSM representation of the local type, the code generation back-end
is implemented separately from the SCRIBBLE toolchain in OCAML. Thus, we implement the
earlier stages for the refinement type extension as an interesting exercise, and port the existing
code generator to VSCR. Again, we use the HigherLower game (cf. § 4.1.1) as our example, as

shown in Fig. 5.6.
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5.3.1 Using Pragmas to Control the Extension

Despite describing the same protocol, the syntax in Fig. 5.6 looks quite different from Fig. 4.2.
Noticeably, the first line of Fig. 5.6 enables the refinement type extension using the language
pragma RefinementTypes (wrapped in a special comment'® (x# ... #x)).

Pragmas appear on the first line of the input file, and are parsed before the rest of the file.
Pragmas are handled by the Pragma module in the utils component, and can toggle different
extensions. Each extension is tracked by a flag in the global configuration, and can be toggled
and queried using appropriate setter and getter functions. To add a new pragma, we create a
constructor for the new pragma, and a flag for the corresponding extension in the global con-
figuration, and provide the getter and setter functions for the extension. An implementer may
wish to check for conflicting pragmas/extensions when processing all pragmas at the begin-
ning, so that incompatible extensions are not enabled at the same time. For our case, we add the
RefinementTypes pragma, and a corresponding function refinement_types_enabled for query-
ing whether the extension is enabled.

In order to preserve the program behaviour when the extension is not enabled, it is essen-
tial that subsequent implementations of the extension should query whether the extension is
enabled before proceeding.

5.3.2 Extending the Syntax Tree and Parser

The HigherLower protocol in Fig. 5.6 uses a number of syntactic constructs added by the re-
finement type extension. The biggest extensions are the refinement types themselves, appearing
in the position of payload types; in contrast, refinements are attached as annotations in Fig. 4.2.
Moreover, the recursion variable declarations (Line 6) and updates look closer (Line 11) to the
RMPST syntax in Def. 3.1.

To implement these syntactic changes, we extend the syntaxtree component. We need to
update the concrete syntax tree (in the Syntax module) and add new lexing and parsing rules
(in the Lexer module and the Parser module respectively).

Recall that our parser is generated using the MENHIR library. Generated parsers are easier
to maintain in general, as a developer only needs to maintain the grammar and leaves the rest
to the generator. Compared with a hand-crafted parser, our generated parser does not have a
flexibility that a specific grammar rule cannot be enabled or disabled on the fly.

In an ideal situation, we would want the new parsing rules introduced by an extension to be
enabled only when the corresponding pragma is set. For example, without the RefinementTypes
pragma, the protocol in Fig. 5.6 would result in a parse error. This is unfortunately difficult to
achieve with parser generators, yet it could be done with hand-crafted parsers, which would in

turn be more difficult to maintain.

4 As a vSCR syntax extension, we support ML style comments: ( ... *).
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As a consequence, we make the design decision to use a single parser regardless of the
pragmas enabled. Instead, we check whether an extension is enabled during the conversion
from the concrete syntax tree to the abstract syntax. Using the same example, without the
RefinementTypes pragma, the protocol in Fig. 5.6 will still be parsed, but raises an error that

new constructs relating to refinement types can only be used with the pragma set.

5.3.3 Implementing the MPST Theory Extension

The crucial part of the extension is to implement the extended theory in the mpst component,
where global and local types are defined. Within the component, global (resp. local) types are
defined using the OCAML type Gtype.t (resp. Ltype.t). In addition, extending the global and
local types does not complete the picture, an implementer needs to connect the concrete syntax
obtained from parsing to the abstract syntax of global types.

For the refinement type extensions, one of the major changes is to incorporate refinement
types and payload variables in the global and local types. There is no new constructor to be
added for global types, but we need to modify constructors concerning recursive types, in order
to add recursion variable declarations and updates. For local types, we need to perform similar
modifications for recursion constructs, and add a new constructor SilentL for silent prefixes.

For converting the abstract syntax from the concrete syntax tree, we modify the extraction
function defined at Gtype.of_protocol. When processing the new syntactic constructs added
by our extension, we must remember to call Pragma.refinement_types_enabled (which will
return true when the pragma is set) to avoid adding unwanted behaviour when the extension
is not enabled.

We do not dive into details about how to implement the actual theory extensions. The
major changes usually take place in the implementation of projection, which is defined at
Ltype.project.

5.3.4 Extending the Code Generation

Lastly, we extend the code generation in the in the codegen component. In general, a code
generation back-end is free to choose any representation in the mpst component, so an imple-
menter may pick whichever representation that suits best their code generation approach. As
described in § 4.3, we opt for a traditional CFSM-based approach for code generation.

When generating code for refined protocols, we require additional information to be present
(for handling recursion variables and their updates). To do so, we need to enrich the CFSM rep-
resentation in the Efsm module, and update the conversion process from local types to CFSMs,
which is defined at Efsm.of_local_type.

We have previously introduced the API generation process in § 4.3, so we will not repeat
here. As mentioned previously, the code generator part of SESSION™ is written in OCAML, and
takes the CFSM output from the extended SCRIBBLE as the input for the code generator. The
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(*# RefinementTypes, ValidateRefinementSatisfiability, ValidateRefinementProgress #x)

global protocol Problematic(role A, role B)
{ Num(x: int{x >= e}) from A to B;
choice at B // This choice has a progress issue when x = o
{ Pos(ignore: unit{x > o}) from B to A; }
or { // this branch has unsatisfiable conditions

Neg(ignore: unit{x < o}) from B to A; } }

Figure 5.7: A Problematic Protocol with Satisfiability and Progress Issues

code generator is now ported to vSCR, taking the CFSM produced by vSCR directly, without the
intermediate step to export the CFSM in a DOT graph format.

5.3.5 Implementing Selective Checks on Protocols

Up to this point, we have described how the refinement type extension is implemented in
VSCR, which is enabled via the RefinementTypes pragma. On top of that extension, we use some
additional pragmas for enabling selective checks on refined protocols, taking inspiration from
the Session Type Provider (STP) [NHY+18].

When defining semantics of refined global and local types, we do not consider whether the
refinement type in the message payload is empty (see Rem. 3.35). For practical implementa-
tions, it would be beneficial to identify protocols that cannot be implemented (i.e. empty types)
at an early stage. We implement a satisfiability check for refined multiparty protocols, as is done
in STP [NHY+18, § 3]). This check can be enabled via the ValidateRefinementSatisfiability
pragma, and validates that all global typing contexts are satisfiable, using an Satisfiability Mod-
ulo Theories (SMT) solver. We show a problematic protocol in Fig. 5.7: when given an initial
non-negative integer x in a Num message, the Neg branch has unsatisfiable conditions and cannot
be selected.

As explained in Rem. 3.13, lacking variable knowledge can also lead to empty types; how-
ever, such empty types cannot be detected via a satisfiability check. Therefore, the satisfiability
check can only act as a best effort check to exclude unimplementable protocols.

In addition to satisfiability checks, we also implement a progress check to ensure a choice is
not stuck, which is enabled via the ValidateRefinementProgress pragma. This check relates to
implementability issues described in Rem. 3.15, and is also implemented by STP [NHY+18, § 3].
For the problematic protocol shown in Fig. 5.7, we notice that the choice for B gets stuck when
the number x is zero, since neither branch has satisfiable conditions.

In § 4, we have described a code generation technique targeting F* for static verification of
the refinements. Instead of static verification, refinements can be evaluated dynamically, as is
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done by STP for the F¥ language [NHY+18, § 5.2]. To ensure a refinement is evaluable, the role
that needs to evaluate the refinement expression must know all the variables (cf. history sens-
itivity [BHT+10], discussed on Page 71). We implement optional checks to ensure the sending
(resp. receiving) side of each message is able to evaluate the refinements, which is enabled via

the SendervalidateRefinements (resp. ReceiverValidateRefinements) pragma.

5.4 Related Work

We summarise tools for analysing or implementing multiparty session types. As we have
mentioned in § 5.1, the SCRIBBLE toolchain has been highly influential in the tooling area. We
begin with some tools that are not based on the SCRIBBLE toolchain, and continue with different
extensions of the SCRIBBLE toolchain.

Scalas and Yoshida [SY19] introduce a generalised multiparty session type theory, where the
type system is parameterised on a safety property. As an accompanying artifact, they imple-
ment a toolkit, named MPSTK, for analysing (synchronous) multiparty protocols. The toolkit
uses a model checker (MCRL2 [BGK+19]) to decide whether the desired safety property holds.
This toolkit is later extended to include a model of crash-stop failures by Barwell et al. [BSY+22].

Imai et al. [INY+20] implement multiparty session types in OCAML with protocol combinat-
ors, as we have previously discussed in § 4.7. Their tool uses language features such as variant
and object types in OCAML to encode external and internal choices in the local types, and sup-
ports session delegation.

Majumdar et al. [MMS+21] introduce a new generalised projection for MPST with non-directed
choices. Their improved projection involves a causality analysis of messages, and expands the
expressivity of MPST. The study of the projection is continued by Li et al. [LSW+23], where an
automata-based approach is proposed. Both works provide a prototype implementation of the
new projection algorithms.

Jongmans and Ferreira [JF23] propose a theory of synthetic MPST, where they introduce a
flexible regular syntax of global and local types, and propose synthetic typing rules based on op-
erational semantics. The accompanying tool, named OVEN, implements their synthetic MPST
theory, as well as a code generation back-end targeting SCALA.

As previously introduced, the SCRIBBLE toolchain provides a language-agnostic descrip-
tion language for multiparty protocols, and, through various extensions, generates code target-
ing a variety of programming languages: GO [CHJ+19], JavAa [HY16], PURESCRIPT [KNY19],
RusT [LNY22], SCALA [SDH+17], etc. In addition, the SCRIBBLE toolchain incorporates a num-
ber of MPST extensions, e.g. explicit connections [HY17], and interruptible protocols [DHH+15].
Moreover, the SCRIBBLE toolchain uses other validation techniques (e.g. checking multiparty
compatibility [DY13]) to verify the safety of the multiparty protocol for extra expressivity.

Based on the SCRIBBLE toolchain, Voinea et al. [VDG20] provide a tool, named STMUNGO,
to translate a SCRIBBLE multiparty protocol to a type-state specification in JAVA. The type-
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state specification can be checked via MUNGO, a static type-checker for type-states in JAVA.
Developers can use the generated type-state APIs to implement the multiparty protocol safely.
Harvey et al. [HFD+21] use the SCRIBBLE toolchain with explicit connections [HY17] to develop
a tool, named ENSEMBLES, to implement multiparty session types within an actor language
with adaptations.

5.5 Summary and Concluding Remarks

In this chapter, we have presented a new toolchain, named vSCR, designed for multiparty
session type researchers. The toolchain is designed with extensibility in mind, and uses lan-
guage pragmas for controlling different language extensions. We use the refinement type ex-
tension as a case study, to walk through the process of implementing a new extension.

We invite researcher to use ¥SCR as a basis to implement their MPST theory extensions,
and we already see some works doing so [GLS+22; CY23]. In the future, we would like to
integrate more development of MPST into vSCR, e.g. explicit connections [HY17], automata-
based projection [LSW+23], as well as adding more code generation back-ends.
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6 Conclusion

We conclude this thesis by summarising the contributions, and proposing possible directions
for future work.

6.1 Summary of Contributions

The title of this thesis is ‘Refining Multiparty Session Types’. As explained in the introduc-
tion (§ 1), the overall goal is to improve the expressivity of multiparty session types, and to
allow developers to describe and implement multiparty protocols in finer details. In particular,
we aimed to support specifying constraints on payload data in protocols, and verifying these
properties in the protocol implementations.

To achieve this goal, we integrate multiparty session types with refinement types. On the
theoretical side, we propose a theory of refined multiparty session types (§ 3), allowing value-
level properties to be specified using refinement types; on the practical side, we propose a
toolchain, SESSION*, for implementing refined multiparty protocols in F* (§ 4), enabling the
verification of these properties in protocol implementations with the help of the F* compiler.

The theory of refined multiparty session (§ 3) incorporates refinement types in the type of
message payloads. Using refinement types, data and control flow constraints can be expressed
in a global type, including constraints across different messages (e.g. the number payload in the
second message is greater than the first one). We extend the semantics of global and local types
to include typing contexts that model knowledge of variables available to each participant. We
show the relation between the semantics of the global type and projected local types, which is
important in the framework of top-down multiparty protocol design.

The toolchain, SESSION*, addresses the practical side of protocol implementations. We
choose F* as the target language, in order to utilise its refinement type system for validating pro-
tocol implementations. We use a code generation approach, using a callback-styled Application
Programming Interface (API), to generate F* code for a given refined multiparty protocol. De-
velopers can use the generated APIs to implement a participant by providing callback functions
handling relevant program logic. Protocols implemented using our toolchain can benefit from
the safety guarantees of the multiparty session type theory, i.e. correctness-by-construction.

In addition to the main goal, we present an extensible toolchain for multiparty protocols,
named vSCR, in § 5. The ambition for VSCR is to enable researchers of multiparty session types
to implement their extensions easily. We take inspiration from other programming languages,
and use language pragmas in vSCR to control different extensions. As a case study, we show

how to implement the refinement type extension in the toolchain.
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6.2 Future Work

In addition to proposals of future work at the end of each chapter, we propose some addi-

tional streams of further investigation.

6.2.1 Subtyping over Refined Local Types

In the background chapter, we introduced a subtyping relation over local types in § 2.4.3, yet
we have not introduced a similar relation over refined local types. By studying the subtyping
relation more carefully, we may be able to strengthen the results obtained from associating
global types and configurations, and thus allow more expressivity in our refined global types.
We briefly discuss some technical challenges involved in defining such a relation.

Firstly, we can incorporate the subtyping relation over refinement types into the subtyping
of local types. However, a natural lifting of the subtyping relation over refinement types (as
shown in [RK]J08, Fig. 3]) onto the local types requires a typing context, in order to capture type
information about variables. As a consequence, the subtyping relation over refined local types
would also need a context.

Secondly, branches with uninhabited payload types may sometimes be ignored safely. If a
refinement type T is uninhabited under a given typing context, and that type T is used as a
payload in a sending prefix, then that branch can be omitted. For example, under the empty
Something(x:int).end

Nothing(x:int{false}).end
of A@Something(x:int).end, since the Nothing branch contains an uninhabited payload type.

typing context, a local type A@{ } can be considered a subtype

This idea is captured by a subtyping relation in a call-by-push-value system in [LDD+22, Fig. 3,
Rule ©Sub]. While their work does not involve session types directly, there is sufficient connec-
tion between variant record types and internal choices (both represented as @), and between

record types and external choices (both represented as &).

6.2.2 Interaction between Refined and Non-Refined Participants

In § 3, we presented an implementation of refined multiparty session types in F*, a program-
ming language designed for verification. Researchers have implemented refinement type exten-
sions to general-purpose programming languages, e.g. HASKELL [VS]+14], TYPESCRIPT [VC]16],
RUBY [KVB+18], RUST [LGV+23]. While we can utilise those extensions to integrate with ex-
isting MPST implementations as a future work itself, we achieve better usability if we allow
a mixture of implementations: how ‘refined” participants (i.e. those implemented using a type
system supporting refinement types) can interact with ‘non-refined” participants (i.e. those im-
plemented otherwise), without loss of correctness guarantees.

A simple starting point would be to remove the generated assume expressions (see § 4.5.2)
from refined participants whenever they receive from non-refined participants. The original
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assumptions are justified because the refinements would be validated by sender, so there would
be no need to validate them again. When receiving non-refined participants, the assumptions
are no longer justified, and the (refined) receiver of the message must perform validations.

For a more theoretically-based approach, we can take inspirations from gradual typing, es-
pecially from gradual refinement types [LT17]. A recent piece of work on this topic proposes
dynamic assertion generation [HKS23], where dynamic validations can be generated automat-

ically whenever a best-effort type system cannot validate some refinements.

6.2.3 Endpoint Calculi and Type Systems

In § 3, we have given the syntax and semantics of global and local session types, without
introducing any endpoint calculi and/or type systems. The boundary between local types and
processes are often blurred, and several recent works [vGHH21; DGD23] describe only one
instead of establishing a connection between the two. A simplistic single-session endpoint cal-
culus, can be derived in a similar fashion as demonstrated in works such as [GJP+19; YG20].
However, given that our local typing contexts incorporates multiplicities (cf. § 3.3), the typing
system for endpoint calculus needs to support them, on top of supporting refinement types.

A more complex endpoint calculus, e.g. with support for multiple sessions (a la Scalas and
Yoshida [SY19]), would require advanced handling of multiplicities, e.g. using quantitative type
theory [Atk18]: In [SY19], the endpoint calculus does not include data values (i.e. only channel
endpoints are communicated), the typing system is thus completely linear. To incorporate a
refinement layer in the endpoint calculus, it would be less meaningful if no data values are
modelled, and thus the type system would require the handling of linear multiplicity (for the
channels), as well as irrelevant (0) and unrestricted (w) multiplicities for the data values.

6.2.4 Incorporating Failure Models in Semantics

We have used the standard communication model in the semantics of global and local types
(§ 3.5), which assumes perfect environment where processes and communication links never
fail. In contrast, a key feature of distributed programming is fault tolerance, requiring a system
to continue to operate in spite of some failures.

The global and local type semantics can be extended to incorporate various failure mod-
els [CGR11, §§ 2.2 and 2.7], in order to capture different failures in real-world distributed sys-
tems. In particular, we have explored crash-stop failures in the context of (basic) multiparty ses-
sion types, in publications not included in this thesis [BSY+22; BHY+23], which can be incorpor-
ated to refined MPST easily. Incorporating failure models in semantics can further extend the
applicability of the refined multiparty session types into practical distributed programming.
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