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Abstract

Theoretical models, such as A-calculus, 7-calculus and linear logic, have shaped the way we under-
stand programming languages. Game semantics is a relatively recent approach to formal semantics, but
provides a powerful framework to for the interpretation of programs as interactive strategies, connecting
logic and computation. Despite its ever growing presence in the academic world, game semantics has
not yet been widely adopted in practical programming language design.

This dissertation presents Yuugil.ang, a minimal programming language designed as a tool for the
study of game semantics. The language is equipped with two layers, a payload layer, which provides
a simple functional programming environment based on the simply typed lambda calculus, and a process
layer, based on the session-typed 7-calculus, that provides constructs for the definition of interactive
processes. The payload layer is used to define data to be communicated, while the process layer enforces
structure communication over channels. Game semantics is used to provide a denotational semantics
for the process layer, interpreting session types as games and processes as strategies between two players.

The implementation is written in Rust. Programs are parsed from source code into an abstract syntax
tree, which is then type checked and evaluated by an interpreter that executes both layers.

While the system is not intended as a fully fledged programming language, it serves as a demonstration
of how abstract semantics can be applied to the construction of a programming language. We aim here
to provide a tool for the study of game semantics, concurrent programming and the implementation of
programming languages.



Resumo

Modelos teéricos, como o A-calculus, o 77-calculus e a ldgica linear, moldaram a forma como enten-
demos as linguagens de programacao. A semantica de jogos é uma abordagem relativamente recente
para a semantica formal, mas fornece um poderoso arcabougo para a interpretagdo de programas como
estratégias interativas, conectando logica e computagdo. Apesar de sua presenca cada vez maior no meio
académico, a semantica de jogos ainda nao foi amplamente adotada no design pratico de linguagens de
programagao.

Esta dissertagao apresenta YuugiLang, uma linguagem de programagdo minima concebida como
uma ferramenta para o estudo da semantica de jogos. A linguagem ¢ estruturada em duas camadas: uma
camada de dados, que oferece um ambiente funcional simples baseado no calculo lambda simplesmente
tipado, e uma camada de processos, baseada no 7-calculus tipado por sessdes, que prové construtores
para a defini¢do de processos interativos. A camada de dados é usada para definir a informagao a ser
comunicada, enquanto a camada de processos impde uma comunica¢do estruturada sobre canais.
A semantica de jogos ¢é utilizada para fornecer uma semantica denotacional para a camada de processos,
interpretando tipos de sessdo como jogos e processos como estratégias entre dois jogadores.

A implementagao foi desenvolvida em Rust. Programas sao analisados a partir do cédigo-fonte em
uma arvore sintatica abstrata, que é entdo verificada por tipos e avaliada através de um interpretador
que executa ambas as camadas.

Embora o sistema nao tenha sido concebido como uma linguagem de programacao completa, ele
serve como uma demonstra¢do de como a semantica abstrata pode ser aplicada a constru¢ao de uma
linguagem de programacao. Nosso objetivo ¢ fornecer uma ferramenta para o estudo da seméntica de
jogos, da teoria da programagédo concorrente e da implementagdo de linguagens de programagao.
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Chapter 1
Introduction

The field of programming languages is a rich and diverse area of study, with many different approaches
to the design and implementation of languages. Theoretical frameworks such as the A-calculus, the
m-calculus and linear logic have been the source of inspiration for the development of many modern
programming languages. However, it is often challenging to understand how these theoretical con-
cepts can be applied in practice, and how they can be used effectively implemented in a real-world
programming language.

In the last few decades, the field of game semantics has emerged as a fully abstract model for
functional programming languages, such as the case for programming computable functions (PCF)
(J. M. E. Hyland & C.-H. L. Ong, 2000) and a as a bridge between linear logic (LL) and the n-calculus
(Simon Castellan et al.,2020; John Laird, 2005; Kenta Sakayori & Nobuko Yoshida,[2017). It also has
applications in program analysis and verification (Dan R. Ghica, 2009), making it a powerful tool for
understanding the behavior of concurrent programs.

Although the theory of game semantics is ever evolving, there is still a lack of practical implementa-
tions of programming languages based on this framework. This work aims to fill this gap by exploring
the implementation of a concurrent programming language based on game semantics, serving as
a proof of concept for its real-world programming application, and to serve as an educational tool for
both those interested in game semantics and those interested in the design and implementation of
programming languages.

We call the language we implemented YuugiLang, name derived from the Japanese word “yagi”
(fERK), which means “game” or “play;” reflecting the game’s semantics foundation of the language. It is
built on two layers: a payload layer layer, which is a simple call-by-value functional language based on
simply typed A-calculus, with base types and references. These terms are used as the values that can be
exchanged between processes. The second layer is the process layer, which is based on a session-typed
m-calculus. It uses channels to to enforce structured communication between processes, and to ensure
that the communication follows a predefined protocol. This design choice is made mostly based on the
articles Castellan et al. (2020) and Sakayori and Yoshida (2017).

Game semantics is used to provide a denotational semantics for the process layer, where programs
are interpreted as strategies in a game between two players, with the session types serving as possible
moves in the game. This allows us to reason about the behavior of programs in a compositional way,
and to ensure that the communication between processes is well-structured and follows predetermined
protocols. By constructing a language and interpreter with these ideas, we can make abstract notions
of strategies, duality and interaction more concrete, and understand how they can be used in practice.

The implementation is written in Rust, a modern system programming language, and we use an
interpreter approach to execute YuugiLang programs. We parse programs into an abstract syntax tree
(AST), which is then type-checked, and finally evaluated. Rust, with its strong emphasis on safety and
concurrency, is a natural fit for this project, as it allows us to leverage its features to ensure that our

1



Chapter 1. Introduction 2

implementation is both safe and efficient, as Rust is known for being a high performance low-level
language comparable to C++ (Nikolay Ivanov, 2022).

SCOPE AND LIMITATIONS. This work does not aim to introduce new theoretical concepts or to prove new
results in the field of game semantics. Instead, it focuses on the practical implementation of a minimal
programming language based on existing theory. The system is not intended to be a full-featured
implementation, but rather a proof of concept that demonstrates the feasibility of using game semantics
as a foundation for a concurrent programming language. Its value lies in its ability to illustrate that
concepts of game semantics can be mapped step by step in a working language.

The hope is that this work will serve as a starting point for students and researchers interested in
both game sematics theory and the design and implementation of programming languages, and that it
will inspire further exploration and development in this area.

1.1 Outline

We begin in[Chapter 2]by providing the necessary theoretical background and context for understanding
game semantics and our implementation. We cover the basics of linear logic, the version of the 1-
calculus we use as the payload layer, and the session-typed 7z-calculus that composes the process layer.
The last section of this chapter presents a quick introduction to Rust and its key features, and why it
was chosen as the implementation language.

Next, in [Chapter 3} we introduce the main concepts of game semantics, including arenas, strategies,
and the interpretation of types and terms. We also discuss how game semantics can be used to model
concurrency and communication between processes, and how it relates to linear logic and the 7-
calculus.

The core of this work is presented in|Chapter 4{and [Chapter 5 In|Chapter 4, we present the syntax
and static semantics of Yuugilang, including the the rules for type-checking programs and the process
of parsing the source code. We discuss the design choices made in the language, and how they relate
to the underlying theory of game semantics. [Chapter 5|covers the dynamic semantics of YuugiLang,
including the evaluation rules and the implementation of the interpreter. Finally, in we
reflect of the lessons learned from this project, discuss its limitations, and suggest directions for future
extensions and improvements.

The source code for YuugiLang can be found in[Appendix A} and its latest version is also available
online at https://github.com/tarsobcaldas/yuugilang,
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Chapter 2
Driving Concepts

In this chapter we will present the main theoretical concepts that are the basis for understanding
the design and implementation of YuugiLang. Here, we will cover the simply-typed lambda calculus
(J. Roger Hindley, |1997), the foundation for the payload layer, linear logic (Jean-Yves Girard, 1987),
which relates to the resource management system of the language, and the session-typed n-calculus
(Robin Milner, 1999; Vasco T. Vasconcelos, 2009), that is the basis for the process layer and the
concurrency model. Finally, we will present a brief introduction to Rust, the implementation language
used for the interpreter of YuugiLang.

2.1 Simply typed 1-calculus

The A-calculus is a formal system for defining and manipulating functions. It is a foundation for
functional programming languages such as Haskell and OCaml, and it has deep connections to logic
and type theory through the Curry-Howard correspondence. In this section, we introduce the call-by-
value simply-typed A-calculus (STLC), which is the core computational model for the payload layer
of YuugilLang. This will later be extended into the ML (concurrent ML) language as presented by
Castellan et al. (2020), which adds mutable state, general recursion, constants and other features to
the base A-calculus. For a more detailed presentation of the A-calculus, we refer the reader to Henk P.
Barendregt (1984), but our presentation follows closely that of Mads Serensen and Piotr Urzyczyn
(2006).

2.1.1 Syntax

We express computation in the A-calculus through terms, which are built from variables, abstractions,
and applications. These can have different types, which classify the kinds of values that terms can take.
The syntax for types is

O, Tu=0—>T

jWe assign types to term using type assignments of the form M: o, where M is a term and o is its type.
A type assignment of the form M:o — 7 means that the term M is a function that takes an input of
type o and returns a value of type 7.

Definition 2.1 (Serensen & Urzyczyn, 2006, pp. 63-64).

i) Raw terms are defined by the following rules:

« every variable is a raw term;

o if M, N are raw terms, then (M N) is a raw term;

3
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o if x is a variable and M is a raw term, then (Ax:0.M) is a raw term;

ii) Free variables of a raw term M is defined by

fv(x) = {x}
fr(Ax:0.M) = fv(M) \ {x}
f(MN) = fv(M) U fv(N)

If tv(M) = @, then M is a closed term.
iii) A variable x is considered bound in the term Ax:.c.M.
Example 2.1.
o X isaraw term with fv(x) = {x}.
o If M = Ax:0.x then M is a raw term and fv(M) = @ (since x is bound).
o If M = (Ax:0.x)y then M is a raw term and fv(M) = {y}.

o If M = Ax:0.xy then fv(M) = {y} (x is bound, y is free).

We adopt the Barendregt convention (Barendregt, 1984, p. 26), which states that bound variables
are chosen to be different from free variables. This allows us to avoid renaming bound variables when
performing substitutions. We also omit parentheses whenever doing so does not lead to ambiguity —
Ax:o0.xYy is shorthand for (1x:0.(xy)).

Definition 2.2 (Serensen & Urzyczyn, 2006, p. 64). The substitution of a raw term N for a variable x
in M, written M{N/x}, is defined as follows:

x{N/x} =N
X'{N/x}=x', ifx' # x
(PQ){N/x} = P{N/x}Q{N/x}
(Ay:0.P){N/x} = Ay:0.P{N/x}, where y # x and y ¢ fv(N)

The condition y & fv(IN) in the last case is necessary to avoid variable capture, which occurs when
a free variable in N becomes bound after the substitution. If this condition is not met, we can rename y
to a fresh variable that does not appear in N or M before performing the substitution.

Example 2.2. Let M = Ax:0.xy and substitute y for Az:7.z:
(Ax:o.xyfAz:t.z/y} = Ax:0.x(Az:1.2).

No capture occurs since the substituted free variables do not coincide with x. o
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REDUCTION. A raw term M can be reduced to another raw term N by applying a reduction rule. The
most basic reduction rule is the beta-reduction.

Definition 2.3. The relation — g is defined as the smallest relation such that
(Ax:0.M)v — M{v/x},

satisfying the following rules:
i) If M —»g N, then Ax:0.M —g Ax:0.N

i) fM —g N, then MM’ -3 NM'
iii) If M -3 N, then M' M —g M'N
Example 2.3. Let M be the term (1x:0.xx)(Ay:0.y). Then, we have
M —g (Ay:o.y)(Ay:c.y).

Continuing, we get
Ay:o.y)(Ay:0.y) =g Ay:c.y,
in which no further reductions are possible. o

2.1.2 Typing Rules

Having a type system allows us to reason about the behavior of programs before executing, as well as
to detect errors early in the development process. We adopt a Church-style type system, where type
annotations are written explicitly on A-abstractions. This means that we do not require inference, as
the types are already provided in the syntax of the terms. In contrast, a Curry-style type system does
not require type annotations, and types are inferred from the structure of the terms. This choice is
motivated by the fact that our main goal is to provide a clear and formal account of the semantics of
the language, and not to focus on type inference algorithms.

A type judgement is of the form I' = M: o, where T', the context or type environment, is a map
{xy:01,...,%,:0,} from variables x, ..., X,, to types 0y, ..., 0y,. This means that x:c € T can be
understood as a function ' : dom(I') — rg(T"), where dom(T") = {x, ..., x,} and rg(T) = {0y, ..., oy, }.

If we have ' N I" = @, then we write I', I for the union of the two contexts, that is I' U I'". Notably,
I', x: o stands for I' U {x: o}, and is required that x does not appear in I" x & dom(T"). The typing rules

are presented in

Definition 2.4 (Serensen & Urzyczyn, 2006, p. 64). We say that M is a term of type o in I, and write
I'F M:o, whenT F M:0o can be derived using the rules in[Table 1]

Example 2.4 (Serensen & Urzyczyn, 2006, p. 57). Notable examples of A-abstractions are the combina-
tors I (identity), K (constant), and S (substitution):

I=A1Ax:0.x,
K =Ax:0.1y:1.x,
S=Ax:(c > 7> p)Ay:(c > 1).4z:0.x2(y2).
Their respective typing judgements are:
i) Fl.o—>o0o
ii) FKio>1t—>0

i) FS:(c>T1—->p)>(c—>1T)>0—>p
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Table 1
Typing rules for simply-typed A-calculus.

— VAR
ILx:okx:o
I''x:oc-M:1
I'Ax:o.M:oc >t
I'HM:.c—->1t 'EN.o
I'FMN:t

ABS

App

NORMALIZATION. A term M is said to be strongly normalizing if there are no infinite sequences of
reductions starting from M. In other words, every sequence of reductions starting from M eventually
reaches a normal form. A term is in normal form if it cannot be further reduced .

In the simply-typed A-calculus, all well-typed terms are strongly normalizing. This no longer holds
when we add features like general recursion or mutable state, as they can lead to non-terminating
computations, such as infinite loops, as we will see in the next section.

2.1.3 Concurrent ML

With the fundamentals of the STLC in place, we can now extend it in order to obtain a more practical
programming language. We will follow the presentation of Castellan et al. (2020), who defines ML,
(concurrent ML) as concurrent call-by-value language with integer references. The syntax is as shown

in [Table 2

Table 2
Grammar for ML,\. From Castellan et al. (2020, p. 3)

type 0,7#=+e |int|bool| alloc |0 » 7 value v==x|Ax:0.M|n| true | false |()

term M,N:==v|MN|Y | L | if MNN'|plus|equal| alloc | get | set

VALUES. Beyond types and terms, we now also include values, which are terms that are fully evaluated
and cannot be reduced further. Values include variables, 1-abstractions, numeric constants, boolean
constants (true, false), and the unit value (). Although we represent generic numeric constants as n
in the grammar, we will use standard natural numbers 0,1, 2, ... in examples for clarity.

TypEs. We now add new types to the language, namely the ¢ (unit type), int (integer type), bool
(boolean type), and alloc (reference type). The unit type has a single value, which is (), representing
the absence of a meaningful value. The integer type represents whole numbers, while the boolean type
represents truth values, true and false. The reference type is used to represent mutable state, allowing
us to create variables that can be updated.

TerMs. Along with application, abstraction, and variables — the last two being values — from the
STLC, we add several new terms to the language. These include:

« if MNN': a conditional expression that evaluates M and, if it returns true, evaluates N; other-
wise, it evaluates N'.

« Y: a fixed-point combinator that allows us to define recursive functions. It satisfies Y f =

fFQf).
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+ plus and equal: built-in functions for addition and equality comparison of integers, respectively.

« alloc, get, and set: terms for working with mutable references. alloc creates a new reference,
get retrieves the value stored in a reference, and set updates the value of a reference.

o L: represents a computation that does not terminate or results in an error.

The terms plus, equal, alloc, get, and set are treated as higher-order constants, meaning that they
can be applied to arguments like regular functions. We write M + N for plusM N and M = N for
equalM N. In the case of the mutable references, we write M := N for set, where M is a reference and
N is the new value to be set, while alloc and get are used as is. The typing rules for these terms follow

the same principles of[Section 2.1.2} and are presented in|Table 3

Table 3
Typing rules for ML)|. From Castellan et al. (2020, p. 4)

—— VAR ——  Bor
ILx:okx:0 '-_1:0
ILx:o-M:7 I'MM.oco—->t 'HN:.o
ABs App
I'Ax:o.M:oc—>T I'-MN:t
Fix BooL
rFY:((c—-1)-»>(@—-1)—>0-7 I' - true, false:bool
I'EM:bool I'Nj:o I'EN,:o
Ir — Num
PLus EqQuaL
I' - plus:int — int — int I' F equal:int — int — bool
——  UnNiIt ALLOC
F'E(Q:e I' - alloc:int — ref
GET SET
'k get: ref — int 'k set: ref > int —

We will not present the operational semantics of ML, here, as we need to first introduce the process

layer and the concurrency model in We will come back for these details in |Chapter 5}

where we present the full operational semantics of YuugiLang.

2.2 Linear Logic

Linear logic (LL) is a refinement of traditional logics, such as classical logic (CL) and intuitionistic
logic (IL), introduced by Girard (1987). It differs from these logics by its treatment of propositions as
resources, rather than as truths that can be used freely. This means that in LL, we cannot duplicate or
discard propositions without explicitly stating so. In this section, we will present the fragments of LL
that are relevant for connecting it to game semantics and the session-typed m-calculus. Our presentation
follows linear logic as described by Maribel Fernandez and Ian Mackie (2002) and Philip Wadler (1993).

2.2.1 Linear Logic vs. Traditional Logic

While both CL and IL focus on the notion of pursuing truth, LL emphasizes the management of
resources. This idea derives from the notion that not everything is free. For example, in traditional
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logic, we can reuse assumptions as many times as we want, and we can also discard them if we do not
need them anymore. When we use a fact to conclude another, we still have it available for future use.

Example 2.5. Wadler (1993, p. 1) Consider the case
A—->B,AFAXB.

We can read this as: given the assumption A — B and the assumption A, we can deduce A and B. Here,
we rely on the assumption A twice: once to deduce B and once to conclude the conjunction. o

We do not always have unlimited resources. If we are cooking and we have two recipes that both
require an egg, but we only have one egg, we cannot prepare both. The same is the case for real
computation, where resources such as memory and processing power are limited. Linear logic captures
this idea by tracking the usage of assumptions and ensuring that they are not duplicated or discarded
without explicit permission.

Proor SysTEMS. We usually use proof systems to derive the truth values of propositions. The two most
common proof systems are natural deduction and sequent calculus (Gerhard Gentzen,|1935). In both
systems, sequents are used to represent the relation between assumptions and conclusions, which are
composed of propositions.

A proposition is a formula built from propositional constants and logical connectives. We will
use the notation in Wadler (1993), where the logical connectives X, +, and — represent and, or, and
implies, respectively. Let A, B, C be propositions and X a propositional constant. Then, we can define
propositions by the following grammar:

A,B,C:::X)AXB ‘A+B‘A—>B

Definition 2.5. A sequent is a pair I' - A, where T', A are sequences of propositions. We understand
the sequent Ay, ..., Ay, F By, ..., B, as being equivalent to A; X --- X A, = By + -+ + By,

Sequents are taken to mean the provability of the formulae on the right-hand side given the formulae
on the left-hand side (usually called the context). In natural deduction, sequents are more commonly
referred to as judgements, and have the form I" - A (i.e., a single conclusion).

Definition 2.6. A proof rule is a representation of the form

LA - IL,FA,
' A

R,

where R is the rule that, when applied, allows us to build a proof of I'' A’ from the proofs of all
L F A

We can split the proof rules in three categories (Fernandez & Mackie, 2002, p. 18):

Identity group The AxioM (A F A) and CuT, which allows us to compose proofs. If we have a proof
of ' - A, A and a proof of I",A - A’, we can infer I, T" - A, A'.

Structural group Exchange (reordering), weakening (discarding), and contraction (duplication).

Logical group Introduction and elimination of logical connectives, such as X, +, and —.
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The main difference between LL and traditional logics lies in the treatment of the structural group.
In CL and IL, weakening and contraction are allowed freely, (with some restrictions in IL), while in LL,
they are only allowed for propositions marked with the exponential modalities (“of course” and “why
not”), considered as first-class logical rules (Fernandez & Mackie, 2002), which we will introduce later
in[Section 2.2.3

The absence of weakening and contraction forces profound changes in how logic connectives must
be handled. Implication now becomes a linear implication, written — (entails), which A — B can be
read as “consume A yielding B” (Wadler, {1993, p. 12). We are also required to differentiate between two
kinds of conjunctions and disjunctions, the ones that share resources and the ones that split them. We
call these additive and multiplicative connectives, respectively, and will be the next focus of discussion.

2.2.2 Multiplicative and Additive Connectives

In traditional logic, whether in the sequent calculus or natural deduction, we can freely manipulate
contexts in logical rules. For example, right introduction rule for conjuction (X) in the sequent calculus
can be presented in two different ways:

PHAA THBA PHAA T'FBA
IT'AXB,A add I,T' —AXB,A,A mult

The first rule shares the same contexts I', A on both premises, while the second splits them into separate
contexts, using I', A for the first premise and I'', A" for the second. In the additive version, these
shared contexts are merged when we conclude the conjunction, while in the multiplicative version, we
concatenate the contexts, keeping them separate.

With weakening and contraction available, these two forms are equivalent, as we can discard or
duplicate assumptions as needed. However, in LL, this is not the case, as we cannot use these rules
freely, so the distinction between additive and multiplicative connectives becomes essential (Fernandez
& Mackie, 2002, p. 36).

Therefore, linear logic introduces two pairs of connectives for conjunction and disjunction:

o additive connectives: & (with) and @ (plus);

o multiplicative connectives: @ (tensor) and ¥ (par).

Each connective has its corresponding unit, also separated into additive and multiplicative units. In
Table 4, we summarize the connectives and their units.

Table 4
Linear logic units and connectives

with &  top (additive true) T
plus @ nil (additive false) 0
tensor @ unit (multiplicative true) 1
par ¥  bottom (multiplicative false) L

RESOURCE INTERPRETATION. The rules for linear logic connectives can be understood in terms of
combinations of resources (Wadler, 1993, p. 13). For example, consider A as “I have 10 €”, B as “I have
a ticket to the cinema’, and C as “I have a popcorn”. Then

AFB AEC
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can be read as “I can exchange 10 € for a cinema ticket”, and “I can exchange 10 € for a popcorn”.
Combining these through the “tensor” connective, we have

AFB AFC
AAFB®C

®-1

which would mean “I can exchange 20 € for a cinema ticket and a popcorn”. Here, the contexts are
split, that is, each premise uses its own copy of the resource, so we must provide both of them. This
illustrates that ® requires the composition of resources.

For “with”, the same resource may reused in both premises:

AFB AFC
A F B&C

meaning “T can exchange 10 € for either a cinema ticket or a popcorn” The contexts are shared, that is,
we only need one copy of the resource, but we must choose which of the two propositions we want to
obtain. For this reason, & represents an external choice, where the environment decides which branch
to take.

Dually, the additive disjunction @ (plus) represents and internal choice, where the proof decides which
branch to take, committing to one of the options. In the example, this would mean that “I will choose
whether to buy a cinema ticket or a popcorn.” Finally, 2 (par) is the counterpart of @, corresponding to
a continuation, in which A%B means that we first consume A and then B, using independent resources
for each.

In summary, the multiplicative connectives (Q and ®) split resources into independent pairs, while
the additive connectives (& and @) share the same resource, but requires a decision to be made about
which proposition to pursue.

DuaLity. A key concept in linear logic is duality, also called linear negation, represented by the operator
()* (read as “perp”). (Fernandez & Mackie, 2002, p. 40). Every proposition A has a dual A*, which is
obtained by reversing the polarities of the connectives. If A is an action that consumes a resource, then
A% is an action that produces it. It is also an involutive operator, meaning that (4*)! = A. The duality
of connectives is defined as follows:

(AQ B)t = Al%BL (A&B)' =A@ B*
A8B)L =Al@Bt @AHlt=4
Tt=0 ot=T
1t=1 1t=1
The duality of propositions allows us to express the idea of complementary resources, where the
consumption of a resource in one proposition corresponds to the production of the same resource in

its dual. This concept is essential for understanding both the symmetry of communication in session
types and the interaction between players in game semantics, which we will explore in|Section 2.3.3

and |Chapter 3| respectively.

2.2.3 Exponentials and Linear Implication

As we have already mentioned, linear logic excludes the structural rules of weakening and contraction
in order to enforce strict control over resource usage. However, there are situations in which we may
want to allow for the duplication or discarding of resources. To accommodate this need, Girard (1987)
reintroduces these rules through the modalities !A (read as of course A) and ?A (read as why not A),
called exponentials.
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ExpoNENTIALS. The modal operator !(-) allows us to mark a proposition as reusable, meaning that
we can duplicate or discard it as needed. This reintroduces the structural rules of weakening and
contraction, but only for the formulas under !. The dual operator ?(-) satisfies

(1A)* = 2Ah)

and allows similar behavior for the dual side of the sequent. We can think of !A as “I have an unlimited
supply of A”, or as a persistent resource that can be used multiple times without being consumed. On
the other hand, ?A can be interpreted as “I may choose to use A zero or more times”, allowing for
optional usage.

The introduction of these modals forms a bridge between linear logic and traditional logics, and
permits us to recover familiar reasoning patterns when needed, and to embed classical and intuitionistic
logics within the linear logic framework (Wadler, 1993, p. 17).

In the linear sequent calculus, the rules of weakening and contraction are added to a new logical
group, called the exponential group, which also adds promotion and dereliction rules for introducing
and eliminating the exponentials.

Exponentials are also a source of inspiration for the notion of replication in the 7m-calculus
(Luis Caires et al., 2016, p. 367), as Milner (1999)) introduced the operator !P to represent pro-
cesses that can be spawned an unbounded number of times. We will explore this connection

further in

LINEAR IMPLICATION. Finally, we can define linear implication —o (entails), which is a resource-aware
version of the traditional implication —. It expresses that a resource A can be transformed into another
resource B, consuming it in the process. Linear implication can be defined in terms of the multiplicative
connectives as

A —B=A%B.

This is similar to the definition of implication in traditional logic, where A - B = —A + B.
Although — is not equivalent to —, we can recover the traditional implication by using the expo-
nential modality:
A—-B=(A)—«B

Meaning that if we have an unlimited supply of A, we can use it to derive B without consuming it.
With the addition of exponentials and linear implication, we can now present the full grammar of
linear logic propositions A, B, where X represents a propositional constant:

A,B:::X‘A@B)A’?B‘A&B‘A@B’A—oB’—|A‘!A‘?A‘T’O‘l‘ L

2.3 m-Calculus

The 7-calculus is a process calculus that was introduced by Milner et al. (1992) as a formalism for
describing concurrent systems. It is based on the idea of processes that can communicate with each
other through channels, which are represented as names.

Consider the existence of an infinite set V' of names, which are represented by lowercase letters.
Names can be channels, usually denoted by ¢, d, ..., or variables, denoted by X, y, z, ... — channels
can be considered as variables, so there will be cases where we will use the notation for variables as
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a channel. We also define action prefixes 7 as either sending or receiving a message, or making a silent
transition. This is done by the following grammar:

7 == c(x) receive x along c (input action)
¢(x) send x along c (output action)
T internal action.

Following this, we can define processes:

Definition 2.7 (Standard 7-calculus, Milner,|1999; p. 87). The set P of process expressions is defined by:

Pu=Y m.P | R|B | vxP | P,

iel

We call processes in the form Zie ; 7i-P; — for a finite index set I — summations or sums. A parallel
composition of processes B and P, is denoted by B | B, while vx P denotes the restriction of name x in
process P. Finally, |P represents the replication of process P.

In a sum, each action 7r; must occur before the process P;, and we say that P; is guarded by ;. We
consider 0 as the empty sum, and it is always the final process in a sequence of actions. For example,
c(x).d(x).0 is a process that receives a message x on channel ¢, then sends it on channel d, and then
does nothing else. For simplicity, we will omit the final O in processes, so the previous process can be
written as c(x).d(x).

A summation can be seen as an alternative between the processes that form it. For example, in the
process P = c(x).d(x) + c(y) we have a summation of two processes, one that receives a message x on
channel ¢ and then sends it on channel d — call it B, and another, that we will name as B, that sends
a message y on channel c. When executing P, we can either choose to execute F or B,.

When composing processes, we will adopt the following precedence rules, from highest to lowest:

o Replication (!P);

o Restriction (vx P);

o Prefix (7.P, where 7 is an input/output action);
« Parallel composition (P |Q);

e Summation (P + Q).

Prefix is considered as being right-associative, so P.Q.R is grouped as P.(Q.R), while summation and
parallel composition are associative. Parentheses may be used to override precedence. This all means
that a process like

c(x).vyP|c(z) + Q.IR

would be parsed as
((c(x).(vy P))[e(z)) + (Q.(!R))-

We should note as well that when dealing with the restriction of more than one name, it is possible
to write vx;X, -+ X,, P instead of vX; VX, -+ vx,, P, and also use X as a shorthand for x;, X5, ... , X,,, 5O
the previous process can also be written as VX P.

Names can be either free or bound. A name is bound if it is introduced either by an input action, or
by a restriction. For example, in the process vc c(x).P, both the names c and x are bound, and their
scope is limited to process P, that is, the process in the continuation. Any name that is not bound, is
considered free.



13 2.3. m-Calculus

Definition 2.8. The set of free names of a process P, denoted by fn(P), is recursively defined as follows:
« fn(0) = @;
o fn(c(x).P) = {c, x} U fn(P);
o fn(c(x).P) ={c}un(P)\ {x}
« (R |B) = fn(R) U n(B);
o fn(vx P) = fn(P) \ {x};
o fn(!P) = fn(P).
o fn(P + Q) = fn(P) U fn(Q)

2.3.1 Labelled Transition System

The behavior of processes in the 7r-calculus is typically represented via a labelled transition system

(LTS), where transitions are written as P — Q, meaning that process P can perform an action a and
evolve into process Q.

Definition 2.9. A labelled transition system (LTS) is a tuple (Q, Z, J"), where
o Qis a set of states (processes);
o XY isaset of actions, with T & %;

e arelation I C Q X X, X Q called transition relation, with 2, = X U 7;

The representation of a LTS is a directed graph, where the nodes are the states and the edges are the
transitions between states. While similar to a finite automaton, a LTS does not have neither an initial
state nor set of final states, as the processes can continue to evolve indefinitely.

Example 2.6. Consider the LTS in|Figure 1| with states P, Q, R and the transitions P ﬂ Q,P c—(x—)> R

and Q 5 R.

Figure 1
A simple LTS

We can understand this LTS as a program that is either waiting for a message on channel c or sending
a message on the same channel. If it sends a message, it will transition to state Q, and then it can
perform an internal (non-observable) action to transition to state R. If it receives a message, it will
transition directly to state R. o

It is important to consider when two LTS are equivalent, as they can exhibit the same observable
behavior, even if they are not structurally the same. This is done by understanding the notion of
simulation.
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Definition 2.10 (Strong Simulation). Let £, M be two LTS and § be a simulation relation between
their states. We say that £ strongly simulates M if, for every state p € Q in £, and for every action

aelifp 5 p’ in £, then there exists a state ¢ € Q" in M such that q 5 q inM and p'Sq’.

For two LTS to be equivalent, they must simulate each other. When that is the case, we call that
a bisimulation relation.

Definition 2.11 (Strong bisimulation, strong equivalence). We call the binary relation § a strong
bisimulation over two LTS £ and M if both £ and M strongly simulate each other. The states p € Q
and q € Q' are strongly equivalent or strongly bisimilar, written as p ~ q if there exists a strong
bisimulation relation 8 such that pSq.

In the case of we can see that the LTS £ on the left is not equivalent to M on the right.
Although we could simulate M with the £, by substituting both g, q; for p;, and q,, g3 for p,, ps,
respectively, there is no way to substitute the states of the LTS on the right to simulate the LTS on the
left, as both g, and q only have a single transition, while p; has two transitions. Thus, we say that £
simulates M, but not the other way around, and therefore they are not equivalent.

Figure 2
Two LTS that are not equivalent

Example 2.7 (Milner, [1999, p. 19). Consider the LTS in We can see that both LTS are
equivalent, as we have py ~ qq. This can be shown by the following relation:

8 ={(Po>90)> (Po> 42)> (P1, q1)> (P2> q1)}-

Figure 3
Equivalent LTS
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2.3.2 Reactions

In the A-calculus, we analyze the behavior of programs via reductions, the 7-calculus uses a similar
concept called reactions.

Example 2.8. For motivation, we will show informally how the process of reaction works before
defining it properly. Consider the process

P = ve (c(x).X(y)|&(d)) | d(z).Q.

In this example, we have a parallel composition of two processes, one that is inside a restriction and
another outside of it. The process inside the restriction is another parallel composition of two processes,
one that receives a message on channel ¢ and then sends it on the name X, and another that sends the
name d on channel c. The process outside of the restriction receives a message on channel d and then
continues as process Q.

FirsT sTEP. We handle the communication inside the restriction, that is, the process vc (c(x).?( Wi E(d)).
Here, we have the private channel ¢ with the bound name x in one side of the composition, and on the
other side, we have a subprocess that sends the name d through channel c. This means that we can
have an interaction between the two processes, and thus we can have a reaction P — P’, where

P’ = vc(d()]0)|d(z).Q.

This occurs because when we receive a message on channel ¢, we substitute the name that it carries, x,
with the name that was sent. In other terms, we have {d/x}, which is a substitution of the name x with
the name d.

SECOND sTEP. We can now do the communication in parallel through the channel d — in this case is
a public channel. Doing so, we have the reaction P’ — P”, with

P" =vc(0]0)|Q{y/z}.

Now we only have the process Q left with the substitution {y/z}, which means that any occurrence of z
should be replaced by y. This is the final step that we can do, as P” is now in a normal form, meaning
that it cannot be reduced any further. o

To define reactions, we also need the concept of a structural congruence relation. The latter also
requires us to define process context and process congruence.

Definition 2.12 (Milner, 1999, p. 89). Process contexts C are denoted by the grammar
c=[]|me+P|vxe|elp|Ple|te

Writing C[P] means the result of filling [ ] in context € with process P. We call .[ | + P,vx[ |, [ ]| P,
P|[ ]1and ![ | elementary contexts.

Example 2.9. Consider the process context € = c(x).[ || c(d). If we fill it with the process P = X(y),
we get C[P] = (c(x).f(y}) | c(d). With this, we have a reaction P — P’ of c receiving d, resulting in
the substitution {d/x}, which gives us P' = d(y)|0. If we otherwise simply fill the context with 0, we
would get C[0] = c(x).0|c(d), which results in a reaction C[0] — 0|0 with the same substitution as
before. o
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Definition 2.13 (Milner,|1999, p. 89). Let = be an equivalence relation over P. We say that = is a process
congruence if it is preserved by all elementary contexts. This means that, if P = Q, then

n.P+R~27m1.Q+R
vxP =vxQ
PIR=2Q|R
R|P = R|Q
1P =~ 1Q.

Definition 2.14 (Milner, 1999, p. 90). Two process expressions P, Q are structurally congruent, written
as P = Q, if we can convert one into the other by using the following transformations — in whichever
direction:

1. Change of bound names (a-conversion);
2. Reordering of terms in a summation;
3. P|J0O=P, PIQ=Q|P, P|(Q|R) = (P|Q)|R;

4. vx0=0,vxyP =vyxP,
vx (P|Q) = P|vx Qif x & fn(P);

5. 1P = P|IP.

Example 2.10. Revisiting the processes P, P, P in[Example 2.8} we can see that
a) P =d(z).Q|ve(c(x).X(y)|c(d));
b) P’ =d(y)|d(x).Q;

c) P" =Q{y/z}.
In[item 4] this follows from [transformation 3|in [Definition 2.14} For fitems bland [d, we can apply

[transformations 3|and[4]to eliminate both the restriction and the nil process, and in[item b} we also
applied transformation 1|to change the bound name z into x. °

Now that we have structural congruence, we can get processes to a standard form by applying the
transformations iteratively until we can perform them no more.

Definition 2.15 (Standard form, Milner, {1999, p. 91). A process expression is said to be in standard
form it it has the form
VX (Qul+ 1Quml!Ry [+ 'Ry,

where, for an index set I and i, j € I:
o each Q; is a non-empty sum Y, ek Tk-Prs
e eachR j is itself in standard form;
« in the case of m = n = 0, the process takes the shape X 0;

« if X is empty, then the restriction is omitted.

We finally have all we need to formally define reactions.
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Definition 2.16 (Reaction, Milner, 1999, p. 91). The relation — over the set of process expressions P
defined by the rules in|Table 5|is called the reaction relation:

Table 5
Rules of reaction

Rule Reaction

Tau T P+Q—>P
React  (c(x).P+M)|(c(y).Q + N) - {y/x}P|Q

Par P—>P
P|Q - P'|Q
REs P—-P

vXP — vx P’
StrRuct P > P’ ifP=QandP' =Q’

Q- Q'

In[Definition 2.16] the rule TAu states that a process that performs an internal action 7 can be reduced
to its continuation. The REACT rule, as seen in can occur between two processes that
communicate in parallel over a shared channel, in which case we substitute the name held by the
channel for the name that was sent.

The rules PAR and REs, express closure under composition: if a process can react on its own, then it
can also react when in parallel with another process, or when scoped to a name restriction, respectively.

Finally, the STRUCT rule permits reaction up to structural congruence, meaning that if two processes
are structurally congruent, and one of them reacts, then the other also reacts, and both resulting
processes remain structurally congruent.

2.3.3 Session types

The 7-calculus by itself provides untyped channels, where any process can communicate any name at
any time. While this provides a lot of flexibility and expression, it results in unsafe programs. We can
have mismatched arities or unexpected values, leading to deadlocks or runtime errors. To address this,
we introduce session types, which describe the structure of communication that a channel must follow.

Definition 2.17. Session types S are defined by the grammar:
S == 10.§ | 20.S | S|S | uX.S | X | end

Here, o represents a base type, such as integers or booleans. The constructs are interpreted as follows:

« 10.S prescribes the sending of a value of type o and continuing the session as S;
« ?70.S indicates the reception of a value of type o and continuing as S;

o S|T denotes parallel composition of independent sessions;

o uX.S allows recursive protocols, where X is a variable for calling the recursion;

« end signifies the end of a session.
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DuaLity. Each session type has a dual, which represents the complementary behavior in a communi-
cation.

(l0.5)* = 20.5t

(20.8)* = lo.5t

(S|T)* =s+|1t
end! = end

This feature ensures that two endpoints of a communication adhere to compatible protocols, that is,
if one end is sending a message, the other end must be ready to receive it, and vice versa.

RECURSIVE PROTOCOLS. Session types support recursion, allowing the definition of protocols that
can repeat certain patterns of communication. This is particularly useful for modeling long-lived
interactions, such as a server that continuously handles client requests.

We read uX.S as “the type S, where X can be replaced by the entire type itself” Whenever we
encounter uX.S, we unfold the recursion by replacing the variabale X with the entire type uX.S:

uX.S = S{uX.S/X}

It is required for recursive types to be guarded, meaning that the recursion variable X must appear
within a send or receive action. This prevents the definition of unproductive types, such as uX.X, which
would not correspond to any meaningful communication pattern. Duality is involutive and preserved
under recursion, that is, (S*)* = S and (uX.S)* = uX.S*.

Recursive session types can be unfolded as needed during type checking and process execution.
Each cycle corresponds to one unfolding step at runtime.

Example 2.11 (Stream). The type Stream = uX.!int.X describes an endpoint that repeatedly sends
integers. Its dual Stream’ = ©X.?int.X receives integers forever. Any finite run corresponds to a finite
number of unfoldings. °

TyPING RULES. To enforce session types in the 7r-calculus, we introduce a typing system, where we
extend the judgments of the untyped 7-calculus to include an environment I'. For instance, this is how
we can type a handshake between two processes executing in parallel:

I,c:lo.SEP T,c:?20.5tFQ
'+ ¢(v).P|c(x).Q

We need v to be of type 0. This rule enforces that the continuations P and Q respect the session contin-
uation types. In[Table 6| we present the complete set of typing rules for session types (Vasconcelos, 2009,
p. 163).

For values, we assume the typing system described before in where we have base types
such as int and bool.

In SEND-T, we assume a separate value typing that ensures the payload v has type o, that the channel
¢ has type !0.S in the context, and we also ensure that the continuation P respects the session type
S. For REs, we consider two endpoints of a session, ¢ and d, with dual types, and we ensure that the
process P respects both types in its context.

Example 2.12. Consider the type
S = lint.?bool.end,

and its dual
St = 2int.lbool.end.



19 2.3. m-Calculus

Table 6
Typing rules for session types

Rule Typing
NIL-T 'O
SEND-T 'tec:loS T"Fvioc T",c:SEHP

I,I,T" - &v).P
REeCEIVE-T 'kec:?2.S T',x:0,c:SHP

I,I' F c(x).P
PArR-T LEFP LEQ
I,L +P|Q
Res-T I,c:S,d:St+P
I' = ved P

A pair of processes typed with S and S+, respectively, will first exchange an integer, and then a boolean,
before terminating. An example of such processes would be:

P =¢(42).c(x).0
Q = c(x).c{true).0

o

CHoICE. Beyond simple send and receive actions, session types also support choice constructs, which
allow a processes to have branches of execution where one side of the communication can offer multiple
options, and the other side can select one of these. We extend the syntax of processes to include these
constructs (Vasconcelos, 2009, p. 169):

P=x=cp> {gi:Pi}iEI offer
c<é.P select P

When a process performs an offer on channel c, it provides multiple branches, each with a label ¢;
and a corresponding process P;. It will then wait until the other side selects one of these branches to
continue. Conversely, when a process selects a branch on channel ¢, it just indicates which label ¢; it
wants to proceed with, and then executes its own continuation P.

The corresponding session types are:

S u=&{#;:Si}ier | @ {¢i:Sitier

Intuitively, the select and offer types are duals of each other, that is, @ {£;: S; i, = & {¢;: S7-}ier and
&{6;:Sitier = ®16i: St ier-

Although the selecting process only chooses one branch, it must be prepared to handle any of the
offered branches, as it cannot know in advance which one will be selected. For this reason, both the
select and offer types include all possible branches. The typing rules are as follows:
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SeEL-T Fl—C:@{gi:Si}iGI FI,C:SJ'FP ]EI
T,T' Fc<é;.P
OFFER-T FI—C:&{gi:Si}ieI Ie:S;HP, Viel
r,r |_C[>{€i:Pi}i€I

Example 2.13 (Checkout). With choice, we can model a checkout in a market, where the client selects
a payment method or cancels the transaction, and the server offer these options, returning a boolean
indicating whether the payment was successful or not. The session type for the client would be:

Ceredit + !CreditCard.!int.?bool.end,
S = @1 €gebit - !'DebitCard.!int.?bool.end,

Ccancel : end
and the dual type for the server:

Ccredit - ?CreditCard.?int.!bool.end,
St = & lyepit : MDebitCard.?int.!bool.end,

Ccancel - end
A client that chooses to pay the amount of 100 with a credit card, would be represented by
C = ¢ < €regit-c{card).c(100).c(x).0,
where card is a value of type CreditCard. The server that can handle this request would be:

Ccredit © ¢(x).c(y).c(true).0,
S =c> {lqebit : c(x).c(y).c{true).0,
Ccancel - 0

If we compose the client and server in parallel, we get the following reaction sequence after the client
selects the credit card option:

C|S — c(card).c(100).c(x).0|c(x).c(y).c(true).0
— ¢(100).c(x).0]| c(y).c{true).0
- ¢(x).0|c{true).0
- 0|0

o

FORWARDING. Session types also allow for forwarding, also known as linking, which consists of con-
necting two channels such that communication on one endpoint is transparently relayed to the other.
Forwarding is useful in scenarios where communication must be delegated between processes, allow-
ing the interface of a service to be decoupled from its implementation and enabling more modular
communication structures.

An example of forwarding is a server that receives requests on one channel and delegates the
interaction to another process responsible for handling the session. Rather than explicitly mediating
all communication between both channels, forwarding allows them to behave as directly connected
endpoints.
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We represent forwarding in the 7r-calculus with a special process called a forwarder, written as ¢ < d.
Operationally, the forwarder behaves as an identity process, preserving the protocol structure between
both channels by relaying messages bidirectionally.

The typing rule for forwarding is given by:

I,e:S,d:StFceod

The channels must have dual session types, ensuring that the communication actions expected
on one endpoint are compatible with those provided by the other. This guarantees that forwarding
preserves session fidelity and protocol correctness.

CONNECTIONS TO LINEAR LOGIC AND GAME SEMANTICS. The relationship between the session-typed
m-calculus and linear logic is well-established, with session-types corresponding to propositions in
linear logic and processes corresponding to proofs (Wadler,[2012). This correspondence, known as
the propositions as sessions paradigm, provides a deep theoretical foundation for understanding the
behavior of concurrent processes and the structure of communication protocols.

Another strong connection to be made to the session-typed 7-calculus is with games and strategies.
In this setting, processes can be seen as strategies in a game where players (processes) interact according
to the rules defined by session types. This perspective allows us to analyze the behavior of concurrent
processes using game-theoretic concepts, such as winning strategies and equilibria, providing insights
into the design and analysis of communication protocols in concurrent systems. We will further explore

these connections in|Chapter 3

2.4 Rust

The implementation of YuugiLang is written in the Rust programming language. Rust is a is a modern
systems program language that aims to provide both high performance and memory safety. It is also
focused on concurrency, providing abstractions that make it easier to write safe concurrent code. In
this section, we provide a brief overview of Rust’s key features to motivate its use for this project.

2.4.1 Ownership and borrowing

One of Rust’s most distinctive features is its ownership model, which is designed to ensure memory
safety without a garbage collector. Every value has a single owner, and when the owner goes out of scope,
the value is automatically deallocated (Steve Klabnik & Carol Nichols, [2019). This model prevents
common memory errors such as dangling pointers and double frees, while also avoiding the overhead
of garbage collection.

Example 2.14. In the following code snippet, a string is created and owned by the variable s.

{
let s = String::from("hello"); // s is the owner of the string

// do something with s
}// s goes out of scope and the string is deallocated

While inside the scope, we can use the string s freely. However, once we exit the scope, s is no longer
valid, and the memory it occupied is automatically freed. o

There are two types of memory, stack and heap. Stack memory is used for storing values with
a known, fixed size at compile time, such as integers and booleans, while heap memory is used for
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values with a dynamic size, such as strings and vectors. Rust’s ownership model applies to both stack
and heap memory, ensuring that values are properly managed regardless of where they are stored.

Borrowing allows multiple references to a value without transferring ownership. There are two types
of borrowing: immutable and mutable. Immutable borrowing allows multiple references to a value,
but none of them can modify the value. Mutable borrowing only permits a single reference that can
modify the value. This ensures that data is not modified while it is being read. For a more detailed
explanation of ownership and borrowing, see Klabnik and Nichols (2019} Section 4).

2.4.2 Expressivity

The type system is very expressive, allowing for the definition of complex data structures and abstrac-
tions. It has suport for polymorphism, which allows for writing generic code that can work with
different types; pattern matching provides a powerful way to deconstruct and analyze data; and traits
enable defining shared behavior across different types. One notable feature is the , as it allows
for defining types that can take on multiple forms, similar to algebraic data types in functional pro-
gramming languages. This is particularly useful for modeling data that can have different variants, and
is crucial for implementing the abstract syntax tree of YuugilLang. Paired with pattern matching, it
provides a concise and expressive way to handle different cases based on the variant of the enum.

2.4.3 Error handling

A strong emphasis is placed on error handling, with a focus on distinguishing between recoverable and
unrecoverable errors. Recoverable errors are handled using the type, which is an enum that
can represent either a success (01) or an error (=rr). This encourages developers to explicitly handle
errors. Unrecoverable errors, on the other hand, are handled using the macro, which causes the
program to terminate. This distinction helps in writing robust code that can gracefully handle errors
when possible. The type is also used to represent values that may or may not be present, further
enhancing safety by avoiding null pointer dereferencing, as Rust does not have null values.

There is also a great incentive to create your own types for error handling, as the trait can
be implemented for custom error types, and we use this feature extensively in the implementation of
YuugiLang in order to provide meaningful error messages.

2.4.4 Concurrency

Ownership and borrowing rules extend to concurrent programming, making it easier to write
safe concurrent code. This ensures that data shared between threads is either imutable or pro-
tected by synchronization primitives. As we use session types to model communication between
concurrent processes in Yuugilang, this feature is particularly relevant. Data that needs to be
shared between threads uses smart pointers, such as (Atomic Reference Counted), which
allows multiple threads to own a value, and (Mutual Exclusion), that provides safe access
to shared data by guaranteeing that only one thread can access the data at a time. These are
some of the reasons why Rust concurrency model is called "fearless concurrency” (Klabnik &
Nichols, 2019, Section 16).

2.4.5 Ecosystem

Rust has a vibrant ecosystem with a rich set of libraries and tools. The package manager, Cargo,
simplifies dependency management and project setup. The Rust community is active and welcoming,
with a strong emphasis on documentation and best practices. This makes it easy to find resources and
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support when working with Rust. The Rust Book (Klabnik & Nichols, 2019) is an excellent resource for
learning Rust, and its documentation is comprehensive and well-maintained.

Overall, Rust’s combination of performance, safety, and expressivity makes it an excellent choice
for implementing a language like YuugiLang, which requires careful management of resources and
concurrent processes.



Page left blank intentionally.



Chapter 3
Game Semantics

Game semantics is a logic formalism to express the behaviour of programs as an interaction between
player and opponent. The Curry Howard isomorphism (Serensen & Urzyczyn, 2006), creates a corre-
spondence between logic and programming languages, where types relate to propositions and programs
relate to proofs. We can make a similar relation in game semantics, where we can interpret games and
strategies as event structures (ESs) (Castellan et al., 2017). In this chapter we will give a short introduction
to main concepts of game semantics, that will later be used as the basis for the implementation.

In this chapter, we will follow the presentation of concurrent games based on event structures
from Castellan et al. (2017) and show how session types and processes can be interpreted as arenas
and strategies, respectively, following Castellan et al. (2020). We first introduce event structures and
configurations, then we enrich then with polarity to define arenas. Then, we define strategies as
particular event structures labelled by arenas, and finally we show how session types and processes can
be interpreted as arenas and strategies.

3.1 Event Structures

When describing the evolution of a process, we can identify the observable actions as events, that is, if
we have a soda machine that has a button to dispense a soda, we can define as events, for example, the
insertion of a coin, the pressing of the button and the dispensing of the soda. The process of getting
a soda from this machine can be described by

coin.button.soda,

where coin and button are input actions (or events) and soda is an output action. The behaviour of the
machine in terms of input and output can be described by the following set:

SM = {g, coin, button, coin.button.soda}.

In this set, we have € representing the empty (or nil) action, the coin and button events, which can
happen in isolation, and the sequence of events that actually gets a soda, which is coin.button.soda.
The last one gives us the idea of a causal relation between the events, which means that one event
causes another event to happen. In the case of the soda machine, we can say that the insertion of a coin,
succeeded by pressing of the button, causes the dispensing of the soda, but not the other way around.

Example 3.1 (Adapted from Castellan et al., 2017, pp. 4-6). We can represent this relation as a directed
graph, as in [Figure 4} where the events are the nodes and the edges are the causal relations between
them, that is, if a node has an edge to another node, it means that the first event causes the second
event, and if more than one event has an edge to another event e, it means these events need to happen

25
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before e can happen. For that reason, we say that the causality in ES is conjunctive, in opposition to
disjunctive, because for an event to occur, all of its dependencies need to happen first.

In this example, the events coin and button are independent, as they can happen in any order, in
which case we say they are concurrent. This means that the machine can accept the coin and the button
press in any order, but both need to happen before the soda can be dispensed.

Soda

N

Coin Button

Figure 4
Representation of the soda machine events

o

Definition 3.1 (Event structure, Castellan et al., 2017, p. 5). An event structure (ES)isatuple (E, <g, Cg),
where E is a set of events, <g is a partial order of events, which we call causality, and Cf is a non-empty
set of finite subsets of E called consistency, such that

i) Ve e E,[e] ={e' € E| e < e}, is finite;
ii) Ve € E,{e} € C;
iii) VX € Cg,VY CX,Y € Cg;

iv) VX € Cp,Ve € X,Ve' <pe,XU{e'} € Cg

Item i|states that each event has finite number of causal predecessors. This can be understood as
every event having a finite history of events that enabled it. In if an event is part of an ES E, it is
consistent with itself. Consistency is down-closed, that is, if a set X of events is consistent, then any

subset Y of X is also consistent, as in And finally, tells us that if a consistent set C
contains an event e, then it also contains all causal predecessors of e.

Definition 3.2. We say that a set X C E of events in an ES E is consistent if X € Cp.

The states of an ES E are represented by configurations, and are the sets X C E that are both consistent
and down-closed . We write C(E) for the set of configurations of E.

Definition 3.3. Given an ES E = (E, <g, Cg), we say that two events e, e’ € E are in conflict, written
e#te’, if there is no configuration that contains both e and e’

In other words, we can understand conflict as the complementary of consistency: a set of events is
consistent when it has no conflicting pair of events.

A conflict relation # is minimal, written ~v, if for any e, e’ € E such that e#e’, there is no event
e" # e’ with e#e”, and no event e” # e with e”#e’. That is, they are the only conflicting pair in

[e]ue].

Example 3.2 (Adapted from Castellan et al,,[2017, p. 6). To exemplify configurations, the ES in[Figure 5
shows a soda machine where when a coin is inserted, we get nondeterministally either a Cola or

a Guarand. The configurations of this ES are {{@}, {coin}, {coin, cola}, {coin, guarand}}, and we cannot
get both sodas at the same time, so we have a conflict.
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N

Coin

Figure 5
Nondeterministic soda machine

We define immediate causality, denoted by e — €', as the relation where e <p €', with e # €', and
there is no e” such that e <p e” <p €. In diagrams, we will only draw edges representing immediate

causality or minimal conflicts, such as in|Figure 5

Example 3.3 (Adapted from Castellan et al.,[2017, p. 6). In[Figure 6, we have a machine with two
flavors of soda, Cola and Guarand, and different buttons to dispense each flavor. The events work
similarly to the previous examples, but as we have two conflicting options, we can get only one of them
per coin. If both buttons were pressed after inserting a coin, we would have a non-deterministic choice.

Cola "N\ NANANANANANANN- Guarana

S >\

Coin Buttong,, Buttongyarana

Figure 6
Representation of the soda machine events with conflicts

[e]

Another way to enrich the concept of ES is to add the possibility for events to have polarity, that is,
to be either input or output events. This is also what allows us to describe them as games with a Player
and an Opponent.

Definition 3.4. An arena is an ES (E, <, C) equipped with a polarity mapping p: e — {P,0}
(Player/Opponent). The dual arena A* keeps the same events, causality and consistency, but reverses
the polarity. We call events in A moves.

3.2 Strategies

A strategy describes the behaviour of a Player interacting with an Opponent inside an arena. Intuitively,
a strategy determines which Player moves may occur in response to the moves performed by the
Opponent.

Formally, a strategy is an event structure labelled by an arena, where the labelling specifies which
moves of the arena are represented by the events of the strategy.

Definition 3.5 (Strategy). A strategy on an arena A is an event structure with polarity S, together with
a map
g:S—>A
satisfying the following properties:
Consistency preservation If C € €(S), then o(C) € C(A).
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Local injectivity Foralls,s’ € C € €(S), if a(s) = o(s'), then s = 5.

Polarity preservation Foralls € S,
pa(a(s)) = ps(s).

Receptivity For every configuration C € C(S), if an Opponent move s’ € A is enabled in o(C), then
there exists a unique s € S such that o(s) = s'.

Determinism If C € G(S) and s, s’ are Player moves enabled at C, then

as)=0o(s') = s=5.

Courtesy If s — s’ and p(s) = P, then p(s’) = O.

Consistency preservation means that if a set of events is consistent in the strategy, then the cor-
responding moves in the arena are also consistent. Local injectivity ensures that the strategy does
not identify different events with the same move in the arena, which would make it impossible to
distinguish between distinct occurrences of that move.

Polarity preservation states that the strategy preserves the polarity of moves, that is, if an event in the
strategy is a Player move, then the corresponding move in the arena is also a Player move, and similarly
for Opponent moves.

Receptivity ensures that whenever an Opponent move is enabled in the current configuration of
the arena, the strategy is prepared to accept it. Moreover, there is a unique event in the strategy
corresponding to that Opponent move.

Determinism indicates that if two Player events are enabled at the same configuration, then they
must correspond to different moves in the arena. This guarantees that the strategy has no ambiguity in
its responses to Opponent actions.

Finally, courtesy ensures that causal dependencies respect the interaction between Player and Op-
ponent. In particular, if a Player move causally enables another move, then the enabled move must
be an Opponent move. Thus, the strategy cannot internally generate chains of Player moves without
interaction from the Opponent.

Example 3.4. Consider an arena where the Opponent may ask for a soda by performing the move
coin, after which the Player may respond with either cola or guarana.

A strategy for this arena may choose always to dispense Cola. In this case, whenever the Opponent
performs the move coin, the strategy responds with the Player move cola, while never enabling the
move guarana.

This strategy is deterministic, since the Player has a unique response to each Opponent move, and
receptive, since it always accepts the Opponent move coin. o

3.2.1 Interaction of Strategies

Given two strategies
o:S—=A and :T — AL,

their interaction describes the synchronization of matching Player and Opponent moves.
Since the polarities of A and A* are opposite, events with matching labels may interact. The interac-
tion combines the causal structures of both strategies into a joint event structure, written

OAT. SAT -5 A,

where compatible events are synchronized.
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Example 3.5. Suppose one strategy expects the Opponent to perform the move coin, while another
strategy produces the corresponding Player move coin. During interaction, these matching moves
synchronize and become internal to the composed strategy.

Operationally, this resembles communication in the session 7-calculus, where an output action
synchronizes with a matching input action. o

A notable example of a strategy is the copycat strategy. Intuitively, the copycat strategy behaves
as an identity process between two dual arenas by reproducing moves from one side onto the other.
Whenever the Opponent performs a move in one arena, the copycat strategy responds by performing
the corresponding move in the opposite arena, preserving the causal structure of the interaction.

Example 3.6. Consider the forwarding process
X<y,

which connects two session channels x and y. Whenever a message is received on one channel, it is
immediately forwarded to the other.

Under the game-semantic interpretation, this process corresponds to the copycat strategy, where
moves performed on one side of the arena are reproduced on the opposite side. o

The copycat strategy plays a central role in game semantics, as it acts as the identity morphism under
composition of strategies. Operationally, it resembles forwarding in the session 7z-calculus (discussed
in|Section 2.3.3)), where communication received on one channel is transparently relayed to another.

3.3 From session types to arenas, and processes to strategies

We interpret session types as arenas and well-typed processes as strategies. Intuitively:

« asend/receive action corresponds to a question-answer pair on a move labelled by the payload
types

« selection/offer corresponds to a labelled branching in the arena;

« recursion in session types corresponds to recursive arena structure (guarded by polarity).

Formally, we give a compositional interpretation [o] on session types:

[end] = the empty arena,
[X] = the arena variable X,
[!x.S] = an arena where an Player move labelled send, enables the continuation [S],
?x.S]| = an arena where an Opponent move labelled recv; enables the continuation [S],
pp
[ {¢;:Si}icr] = P chooses one of the initial moves ¢; then continues with [S;],
[&{¢;:Si}ier] = O chooses one of the ¢; then continues with [S;],
[uX.S] = the least fixpoint arena of the functor X +— [S].

Duality of session types matches arena dual: [S1] = [S]*. The use of dual arenas reflects the
interaction between a process and its environment: inputs expected by the process correspond to
outputs provided by the environment, and conversely.
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Example 3.7. Consider the session type
I7.70.end,

describing a protocol where a value of type 7 is first sent, then a value of type o is received, after which
the session terminates.
Its associated arena consists of:

« a Player move labelled send_,
« followed by an Opponent move labelled recvy,

« followed by termination.

o

TYPING = WELL-FORMEDNESS OF STRATEGIES. Session fidelity and linearity ensure that [P] satisfies
receptivity (never blocks an @O-move offered by the environment) and determinism (no ambiguous P
responses). Courtesy follows from the causal structure induced by the interpretation, where Player
moves cannot internally justify other Player moves without an intervening Opponent move.

Restriction vc P corresponds to the strategies interacting on the restricted channel followed by
hiding, that is, removing the internal communication on the restricted channel from the external
interface of the strategy. Parallel composition of processes corresponds to the interaction of strategies;
selection/offer become the labelled branch/merge in [o].

A well-typed process judgment

'-P:A

is interpreted as a strategy

(71 - [[is41 — |[is1,
c:.Ser c:SeA
where the interface of the process is given by the parallel composition of the arenas associated with the
session types appearing in the typing contexts.

Session fidelity and linearity ensure that [[P] satisfies receptivity and determinism. Courtesy follows
from the causal structure induced by the interpretation, where Player moves cannot causally justify
other Player moves without an intervening Opponent move.

Restriction vc P corresponds to composing strategies interacting on the restricted channel and
then hiding the resulting internal communication from the external interface. Parallel composition of
processes corresponds to the interaction of the associated arenas and strategies, while selection and
offer correspond to labelled branching in the arena structure.

This interpretation provides a semantic view of session-typed processes as interactive behaviours,
where communication corresponds to the exchange of moves between strategies and protocol correct-
ness follows from the structure of the arena and the properties of strategies.
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Static Semantics

The syntax of the language is divided into two layers, the first is defined by Concurrent ML (ML)
and the second is 7 a session-typed 7r-calculus with linear session-types. The first layer is used
for data-level computation, that is, expressions, references, functions, arithmentc operations etc. The
second layer is used for process-level computation, that is, concurrency communication and channel
structures. We can understand the first layer as a payload, which is the data that will be carried through
the channels defined in the second layer. In this chapter we will explore the syntax of both layers, and
in the next chapter we talk about the evaluation and execution of the language.

4.1 Abstract syntax of the payload layer

As previously discussed, the first layer of our language is ML,|, a simply-typed functional language with

references. We assume the syntax and typing rules defined in|Section 2.1
We disguinish between values, which are terms that are fully evaluated, and pure terms, which are

terms that can be evaluated further. We define them by using two , and

VALUES. For values, we have the following grammar:

v:::x|ﬂ) true | false |/1x:a.M|€|c‘()

This is adapted in the implementation as an with the variants:
. , represents a variable x, storing its name as a string;
. , is an integer literal, storing its value as an ;
. , a boolean literal, storing its value as a ;
. , the unit literal, storing no additional data;
. , represents a function abstraction, optionally storing the parameter name, its type,

the body of the function, and an optional name for recursive functions;
. , is the label € used in branching session types, storing its name as a string;

. , the channel value, which wraps a , that stores information about the
channel, such as its name, queue of messages, protocol machine, etc. (detailed in|Section 4.2)

In the concrete syntax of YuugiLang, most of these values are identified by their lexical structure.
For example, integer literals are sequences of digits, boolean literals are given by the keywords true
and false, and the unit literal is represented by the keyword unit. Variables are identifiers that do not
match reserved keywords.

31
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Function abstractions are introduced by the keyword fun, followed by a typed parameter, an explicit
return type indicated by the arrow “—”, and a body written between braces. Labels are identifiers used
in branching constructs such as selection and offering. Channels are introduced dynamically through
session constructs, typically using the new construct to create fresh endpoints.

Although not enforced by the parser, we recommend starting variable names with lowercase letters
and channel names with uppercase letters to improve readability. The parser translates these surface
forms into the corresponding abstract syntax tree representation used internally by the interpreter and
type checker.

Table 7
Examples of concrete syntax and their corresponding AST representations

Concrete syntax AST representation
42 (42)
true (true)
unit
X (((X)))

(
fun(x: int) — int { parameter = X,
type = int,
} body = ---

)

Label(ok) (“ok”)
Channel (-+)

Example 4.1. Consider the following function abstraction in YuugiLang:

fun(x: int) -> int {
x + 1

}

This defines a function that takes an integer x and returns the result of adding 1 to it.

In the abstract syntax tree, this expression is represented as a value storing the parameter
name X, its type int, and the function body. The body itself is represented by an node whose left
operand is the variable x and whose right operand is the integer literal 1. °

ExPRESSIONS. Expressions extend values with constructs that can be evaluated further. Their grammar
is given by

Mu=v|if M then M else M|M==M)M+M|MM|ref M|get M(set MM|Fix x:oM

In the concrete syntax of YuugiLang, these constructs use familiar programming-language notation.
Conditional expressions are written using the keywords if, then, and else; arithmetic operations
use infix notation; and function application is written by juxtaposition. References are manipulated
through the keywords ref, get, and set. Recursive definitions are introduced with the keyword fix,
while type annotations are written using the symbol :.

The parser translates these surface forms into the corresponding variants of the abstract
syntax tree.

This grammar is adapted in the implementation as the enum , with the following variants:
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. , which wraps a , representing a value;

1, represents a conditional expression, storing the condition term, the then branch, and the
else branch;

. , compares two expressions for equality, storing the left and right operands;

. , represents integer addition, storing the left and right operands;

. , represents function application, storing the function expression and the argument expres-
sion;

. , creates a new reference, storing the expression whose value will be allocated;

. , dereferences a reference, storing the expression expected to evaluate to a reference;

. , updates the value stored in a reference, storing both the reference expression and the new

value expression;

. , defines a recursive function, storing the function name, its type, and the body of the
A-abstraction;

. , represents a type annotation, storing the annotated expression and its type.
Concrete syntax AST representation
x + 1 ()
if x == 0 then {

true
} else { (...)
false
}
f x (...)
ref U2 (...)
get r ()
set r 10 (...)

fix fact: int — int {
fun(x: int) — int {

(...)

Table 8
Examples of concrete syntax and their corresponding expression AST representations

By structuring programs in this way, the AST makes explicit many conventions that are implicit
in the surface syntax. Function applications are stored in a left-associative manner, so that a chain of
applications is systematically represented as nested nodes. Conditionals always contain both branches,
avoiding ambiguities such as dangling else constructs.

Arithmetic and comparison operators are represented by dedicated AST nodes, meaning that
precedence and associativity are resolved during parsing and no longer need to be considered during
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later compilation phases. The representation of references separates allocation, dereferencing, and
updating into distinct forms, allowing the type checker to enforce the intended typing discipline.

Function abstractions and fixpoints carry explicit binding information, making variable scope
explicit and avoiding accidental capture during substitution and evaluation.

This organization of the AST also provides the interface between the payload and process layers.
Payload expressions such as integers, functions, labels, and channels may be communicated as messages
in session interactions. By preserving type annotations, source spans, and binding information, the
AST serves not only as the basis for type checking, but also as the foundation for evaluation and precise
error reporting.

4.2 Abstract syntax of session layer

The second layer of YuugiLang is based on 7, a session-typed 7r-calculus with linear session types.
While the payload layer is responsible for ordinary computation over values, the session layer describes
concurrent processes and communication protocols.

The grammar of session processes is given by

P,Q:==0
vx P
co(M).pP
c(x).P
cd¢.P
c> {6 1 P}
PlQ
P
X
uX.pP
ced

4.2.1 Session terms

As with the payload layer, session processes are represented in the implementation using an abstract
syntax tree encoded as a Rust . Each constructor of the grammar corresponds to a variant of the
enum representing session terms.

The main variants are:

. , which creates a fresh channel and stores its name together with the continuation process;
. , representing c¢(v).P, storing the channel, the payload value, and the continuation;
. , representing c(x).P, storing the channel, the bound variable, and the continuation;

. , representing labelled selection, storing the channel, the selected label, and the continua-
tion;

. , representing branching behaviour, storing a mapping from labels to continuation pro-
cesses;

. , representing parallel composition of two processes;
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. , representing a replicated process that may serve multiple sessions;

. , representing recursive processes, storing the recursion variable and the process bodys;
. , representing recursion variables;

. , representing forwarding (linking) between two channels;

. , representing the terminated process.

In the concrete syntax of Yuugilang, session constructs are introduced through dedicated commu-
nication keywords. Sending is written using send, receiving with recv, labelled selection with select,
and branching with offer. Parallel composition is written using the operator |, while recursion is
introduced with the keyword rec. New channels are created using new, which binds a fresh channel
name inside a process scope.

Example 4.2. The process

send c 42;
recv c as Xx;
end

first sends the integer 42 on channel ¢, then receives a value from the same channel and stores it in the
variable x.

In the abstract syntax tree, this process is represented as a nested sequence of and
nodes, terminated by . o

4.2.2 Channel internal

Channels are represented internally by the structure , which stores the information
required to associate runtime channels with their session protocols.
Conceptually, the structure connects three aspects of communication:

1. the identity of the channel;
2. the protocol currently associated with the channel;

3. metadata used to determine whether the channel behaves linearly or unrestrictedly.
The structure stores:

o the channel name;

o the protocol machine associated with the channel;

« aflag indicating whether the channel is linear;

« aflag indicating whether the channel has been linked (composed) with another channel;

« areference to the linked channel when composition occurs.
The implementation provides several constructors for creating channels with different protocol

configurations. The function creates a fresh channel from a name, while initializes
a channel with a given session state. The constructors and
create linear channels associated with restricted sessions.
Communication primitives such as , , , ,and
implement the protocol-level operations associated with session communication.
Finally, auxiliary functions such as and are used to record

channel composition and verify that a session terminates in a valid protocol state.
Additional runtime information associated with channels and their execution behaviour will be

discussed in
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4.2.3 Session actions

The runtime representation of session protocols is given by the . Each value of
this enum corresponds to one stage of a session communication protocol.
The possible actions are:

. , representing recursive protocol variables;

. , indicating that a value of a given type must be sent;

. , indicating that a value of a given type is expected;
. , representing labelled selection;

. , representing labelled branching;

. , representing recursive session behaviour;

. , representing protocol termination.

Operationally, session actions act as runtime counterparts of session types. As communication
progresses, channels transition between actions according to the structure of the protocol.

Several auxiliary operations are defined over session actions. The function computes the dual
of an action, exchanging sends with receives and selections with branches. The predicate
checks whether two actions are compatible communication partners.

Protocol progression is described by , which computes the continuation of a session after
a communication step. Recursive behaviour is handled through and R
which implement guarded unfolding of recursive actions.

Additional helper functions such as , ,and provide

validation of payload types and branching behaviour.
Together, session actions provide the connection between the static session type system and the
operational behaviour of communicating processes.

4.2.4 Protocol machine

To ensure that runtime communication follows the session discipline, each channel is associated with
a protocol machine. This component tracks the current session action and validates the evolution of the
protocol as communication occurs.

The protocol machine stores:

« the current session action;
« astack used for recursive unfolding;

« ahistory of previously executed protocol actions.

Whenever a communication step is performed, the protocol machine checks whether the requested
operation is compatible with the current session state. If the transition is valid, the machine advances
to the next protocol state.

The constructor initializes a protocol machine from an initial session action. The function
checks whether a communication action is compatible with the current protocol

state, while computes the next protocol action and updates the machine accordingly.
The operations and implement protocol evolution for ordinary

and linked channels respectively.
Additional validation functions ensure protocol consistency. The predicate
checks whether a continuation process matches the expected session state, while
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verifies that two protocol machines may be safely composed by checking that their current actions are
dual.

Together, session actions and protocol machines provide the runtime representation of session
protocols and ensure that communication remains consistent with the guarantees established by the
static type system.

4.3 Type checking

Having fixed the abstract syntax for both payload expressions and processes, we now describe the
type checking phase. Its role is to traverse the abstract syntax tree and decide whether a program is
well-typed, that is, whether its payload expressions are consistent with the simply typed A-calculus of
[Section 2.1|and whether its processes respect the discipline of session types introduced in[Section 2.3.3|
When a program is accepted, type checking also annotates each node of the AST with its type, so that
later phases (such as evaluation and runtime execution) do not need to recompute typing information.

4.3.1 Environments

The implementation maintains two typing environments during type checking.

The first environment, written I', stores payload-level variables and their associated types. It is
implemented as a stack of hash maps, allowing nested scopes to be introduced and removed during
traversal of the abstract syntax tree. Entering the body of a function, conditional, or receive construct
pushes a new scope onto the stack, while leaving the construct removes it.

The second environment stores session variables used in recursive session types. It is written ~ and
is also implemented as a stack of hash maps. This environment is used to resolve recursive session
variables introduced by recursive session definitions.

Formally, the checker maintains:

Fr:x—-o and A:X—>S.

The payload environment is manipulated through the operations , ,

and , while the session environment uses the analogous operations ,
,and .

Unlike the declarative system presented in the implementation does not explicitly
compute residual linear environments. Instead, linearity is enforced operationally through the protocol
structure attached to channels and by checking that session actions follow the expected communication
discipline.

4.3.2 Algorithmic type checking

The type checker is implemented as a recursive traversal of the abstract syntax tree. The implementation
is divided into two mutually recursive functions:

for payload expressions, and

for session processes.
Each function either returns the type of the term or produces a typing error explaining why the term
is invalid.
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PAYLOAD EXPRESSIONS. For payload expressions, the checker follows the structure of the simply-typed
A-calculus.

Variables are resolved through lookup in I'. Integer, boolean, and unit literals return their corre-
sponding base types directly.

For function abstractions, the checker requires an explicit parameter annotation. A new scope is
introduced containing the parameter type, the body is checked recursively, and the resulting func-
tion type

o = 0,

is returned.
Function application first checks the type of the function expression. If the resulting type is a function

g1 — 0Oy,

then the argument expression must have type o;. Otherwise, the checker reports a function type
mismatch.

Conditionals require the condition to have boolean type and both branches to return the same type.
Arithmetic and equality operators require integer operands.

Reference operations are checked structurally:

. constructs a reference type;
. requires a reference value;
. checks that the assigned value matches the reference contents.
Recursive functions are checked using the constructor. The checker temporarily inserts the

recursive function type into I' before checking the body.

SESSION PROCESSES. Session processes are checked by inspecting the session structure attached to
channels.

A channel value has type
c:S,

where S is represented internally as a . Communication primitives verify that the
current protocol action associated with the channel matches the operation being performed.
For a send process,
c(v).P,
the checker:

1. verifies that ¢ has a session type beginning with a send action;
2. checks that the payload value has the expected type;

3. recursively checks the continuation P.

Receive processes are checked dually. The checker verifies that the channel expects a receive action,
introduces the received variable into a fresh payload scope, and recursively checks the continuation.
Selection and offering inspect the branch structure stored in the session action:

. verifies that the selected label exists in the protocol;

. verifies that all required labels are provided and recursively checks each branch.
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Parallel composition recursively checks both subprocesses. Replication recursively checks the
replicated process body.

Recursive session processes introduce a session variable into Z, allowing recursive occurrences to be
resolved through environment lookup.

Channel linking checks that the two channels carry dual session types. This is done using the helper
function , which compares the corresponding structures recursively.

The terminal process always has type e.

Example 4.3. Consider a simple client-server interaction in which one process sends an integer and
another receives it. The session type associated with the sending endpoint is

S = lint.end,
while the receiving endpoint carries the dual type
St = 2int.end.
The corresponding processes are
C =1¢(42).0 and S = &(x).0.

When checking the client process C, the type checker first verifies that the channel ¢ has a session
type beginning with a send action. It then checks the payload expression 42, which has type int. Since
this matches the type expected by the session action, the continuation 0 is checked recursively.

For the server process S, the checker verifies that the channel ¢ expects a receive action carrying an
integer. A fresh scope is introduced into the payload environment:

I',x : int,

and the continuation 0 is checked under this extended environment.
Finally, when the channels are linked through restriction,

veC || S,

the checker verifies that the session types associated with ¢ and ¢ are dual. Since one endpoint sends an
integer and the other receives it, the composition is accepted. o

Example 4.4. Consider a server that offers two options for payment, either by credit or by debit card,
and a client that selects one of them. The session types are

A = ®{lregit : Card.end, €yepir : !Card.end},

Al = &{lreqit : ?Card.end, €yepi : ?Card.end}.

The client process
¢ < €regit-c{card).0

is checked by verifying that the chosen label €(,qj; is among the possibilities, and then ensuring that
the payload card has type Card. The server process

¢ {Ccredit - €(%).0 | Cyepit = ¢(¥).0}

is checked by verifying that all required branches are present and well-typed. Together, the processes
form a safe interaction: whichever branch the client selects, the server has a matching continuation. o
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4.3.3 Error reporting

When type checking fails, the system produces diagnostic messages anchored to the source span of the
offending AST node. Typical errors include mismatches between expected and actual payload types at
communication points, attempts to reuse a linear channel after it has been consumed, unoffered labels
in an offer construct, or unconsumed channels left at the end of a process. By maintaining both I and
A explicitly during traversal, the checker is able to give precise feedback to the programmer about the
source and nature of each violation.

4.4 Parsing

The static semantics operates on the AST of the language, rather than on the raw source code. In this
section we will explore the concrete syntax of YuugilLang, the grammar and the parsing process that
transforms source code into an AST.

4.4.1 Concrete syntax vs. abstract syntax

While the programmer interacts with the language through its concrete syntax, we have to translate it
to the abstract syntax that we defined in the previous sections. The AST is a tree representation of the
structure of the source code, where each node represents a construct in the language. As previously
discussed, the AST is divided in two layers:

+ ML, terms (pure expressions or payloads): variables, abstractions, aplications, integers, booleans,
etc.

« Session terms (processes): channel creation, send, receive, select, offer, etc.

Each AST node stores a span, which is a range of bytes in the source code that corresponds to the
construct it represents. In the case of key nodes, like channel creation, send and receive, we also store
a token that represents the construct.

4.4.2 Lexical structure

The lexical structure of YuugiLang is defined by the following elements:

Identifiers: names for variables and channels. They must start with ASCII letters or underscores, but
can contain digits as well. Examples: x, my_var, _channell.

Although not enforced by the parser, we recommend starting variable names with lowercase
letters and channel names with uppercase letters to improve code readability.

Keywords: a few keywords are reserved for special constructs in the language (such as if, then, else,
fix, send, recv, select, etc.) and cannot be used as identifiers. For the full list of keywords,

see
Literals: integer (e.g., 42), boolean (true, false), and the unit literal ().

Punctuation: symbols used to structure the code, such as parentheses ( ), braces { }, commas ,
(used for argument/operand separator), semicolons ; (independed sequencing), dots . (binded
sequencing), pipes | (choice separation).

Operators: symbols used for operations, such as plus +, equal ==, parallel ||, etc.
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Comments: single-line comments start with // and extend to the end of the line; multi-line comments
are enclosed between /* and */ and can span multiple lines. It is not attached to any node in
the AST and is ignored during parsing.

In we present the complete grammar for YuugiLangin the extended Backus-Naur form
(EBNF). We can observe in two main parts: one that concerns to ML, and one related session terms.
The grammar is designed to be unambiguous and to respect operator precedence and associativity.

Table 9

Grammar for YuugiLang.
Id u= [a-zA-Z_][a-zA-Z20-9_](*)
Value =#=1Id | n| true | false | () | fun (Id: Type) — Type { Expr } | Label | Channel
Type u=int | bool | unit | ref<Type> | Type — Type | Chan<Action>

if Expr then Expr else Expr | Expr == Expr | Expr + Expr | Expr Expr | ref Expr |

Expr get Expr | set Expr=Expr | fix (Id: Type — Type) Expr | Expr : Type | Value | (Expr)
new Id: Action; Session | send Expr, Expr; Session | recv Expr, Id; Session |
Session == select Expr, Label; Session | offer Expr { Branch (| Branch)(*) } | Session || Session | !Session

rec RecVar.Session | link (Expr, Expr) ; Session | end | RecVar | (Session)
Branch == Label = Session
send<Type>; Action | recv<Type>; Action | select { Label : Action (| Label : Action)(*) } |
offer { Label : Action (| Label : Action)(*) } | rec RecVar.Action | end | RecVar | (Action)
Label ==1d
RecVar == Id

Action ==

The grammar above describes the concrete syntax accepted by the parser. Internally, parsing produces
the AST structures introduced in the previous section, where precedence and associativity are made
explicit through the nesting of nodes.

4.4.3 Parsing strategy

We use a two-phase parsing strategy to transform source code into the AST. In the first phase, a lexer
(or tokenizer) scans the source code and converts it into a sequence of tokens, which are the basic
building blocks of the language (keywords, identifiers, literals, operators, etc.). In the second phase,
a parser takes the sequence of tokens and constructs the AST

PURE LAYER. For infix operators, that is + and ==, and left-associtive application we use the precedence-
climbing algorithm. This checks the tokens created by the lexer and builds the AST respecting the
precedence and associativity of the operators. The other constructs are parsed using a recursive descent
approach, where each non-terminal in the grammar corresponds to a function in the parser.

The precedence levels we use are:

1. Function application, left associative (highest precedence).
2. Unary operators: ref, get.
3. Addition (+), left associative.

4. Equality (==), non-associative.

5. Conditional (if ... then ... else), right associative (lowest precedence).
To respect this precedence, when we call the function, we pass the lexer to the
minimium precedence, that is, we go through a function called , which checks if the next

token is if, and if so, it parses the condition, then the then branch, and finally the else branch. If the
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next token is not if, it calls , which does the same step for the equality operator, next we
go to , which checks for addition, and finally we reach ,
which handles function application and type annotations. This function calls , which

handles the atomic constructs, such as literals, variables, abstractions, parentheses, fixpoints, ref, get,
set operation.

After getting an atom, we check if we have a colon, indicating a type annotation, which if we do, we
parse the type and return the annotated term. If there is no annotation, we loop through the tokens,
breaking if the next token is not an atom (there is no token), and if it is, we parse the next atom, create
an application node with the current term and the new atom, and continue the loop.

The atoms are parsed using recursive-descent, where each construct matches a pattern of tokens.
This means that we recursively traverse the lexer tokens and match them against the expected patterns
.For example, if the next token is fun, we expect left parenthesis, then an identifier, a colon, a type,
a right parenthesis, an arrow, a left brace, a new term, and finaly a right brace, creating an abstraction
node with the parsed components.

SESSION LAYER. The session layer is parsed using a recursive-descent approach as well. We call

, which passes the lexer to . This function checks for
a replication, which can be either a ! followed by another replication or a primary session term. After
getting a replication, we check if the next token is ||, indicating a parallel composition, and if so, we
parse the next replication and create a parallel node with the current term and the new replication,
continuing the loop until there are no more || tokens. What this shows is that the session layer folows
the following precedence:

« () groups.
« Replication (!), which binds the most tightly.

o Parallel composition (|[).

As the continuation of session terms is always explicit, we do not need to handle precedence for the
other constructs, which are all parsed in

4.4.4 Error handling

During parsing, we also store a cursor that indicates the current position in the source code. Whenever
the parser encounters an unexpected token or an invalid construct, it generates a descriptive error
message that includes the the file, line and column number where the error occurred. This information
is crucial for debugging, as it helps the programmer quickly locate and fix issues in their code.

The error handling mechanism is implemented using Rust’s type, which is represented by
a pair of types: , which indicates a successful operation returning a value of type T, and ,
which indicates an error occurred, returning an error value of type e. We create a custom error type
implementing the trait, , that encapsulates the error message and the span where the
error occurred.
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Dynamic Semantics

In this chapter we will present the dynamic semantics of YuugiLang, which is composed by the evaluation
process and the runtime system. The evaluation process is responsible for transforming a program into
a result, while the runtime system is responsible for managing the execution of the program, including
memory management and handling of side effects.

5.1 Evaluation

The evaluation process is divided into two main parts: expression evaluation and game evaluation.
The first one is responsible for evaluating expressions of ML,|, while the second one is responsible for
evaluating game constructs, which is done through the communication between channels.

5.1.1 Expression Evaluation

Expression evaluation is done by the recurive call of the function , which takes an ML, term,
an environment and a memory unit as input and returns , that can be either a Or an error.
We define the function through a pattern matching on the term for each term in the

defined in[Section 4.11

VaLugs. For this case, the function simply returns the value itself, since values are already in their
evaluated form. The only exception is in the case of a variable, where we call the function

to find its value in the environment, returning an error if the variable is not found. In|Listing I|we show
the code for the first three cases of value matching pattern.

AppLicaTIONS. For function applications, we first call on both the function and the argu-
ment. If the function evaluates to an abstraction ( ), we create a new scope by cloning the
current environment and then inserting the value of the argument via . Finally,
we call on the body of the abstraction with the new environment. The code for this case

can be seen in|Listing 2

FixpoINT. Here, we define a new abstraction that uses the variable name and body of the fixpoint term.
We then insert a variable on the environment with the name of the fixpoint term and the abstraction as
a value. Finally, we evaluate the body of the fixpoint term with the new environment. This can be seen
in

ConbiITIONALS. This case simply evaluates the conditional term, and if the value is a boolean, it evaluates
the first branch if the value is true, or the second branch if the value is false.

SuMMING. We evaluate each side of the summing terms. If both sides evaluate to integers, we return
the sum of both integers as a value.

43
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val(v) = match v {
Var(name) = {
let var = lookup_var(env, name);
if let Some(var) = var {
Ok(var)
} else {
Err(Box ::new(UndefinedVariable(name.clone())))
}
}

Lambda {

name: self_name,

param,

param_type,

body,
} = Ok(Lambda {

name: self_name.clone(),

param: param.clone(),

param_type: param_type.clone(),

body: body.clone(),
B,
Int(i) = Ok(Int(xi)),
Bool(b) = Ok(Bool(*b)),
Channel(internal) = Ok(Channel(internal.clone())),
Unit = 0k(Unit),
Address(addr) = Ok(Address(*addr)),
Label(label) = Ok(Label(label.clone())),

i

Listing 1
Evaluation of values.

App(f, arg) = {
let f_val = eval_pure(f, env, memory)?;
let arg_val = eval_pure(arg, env, memory)?;
if let Lambda { name, param, body, .. } = f_val {
let mut new_env = env.clone();
if let Some(self_name) = name {
let self_val = Lambda {
name: Some(self_name.clone()),
param: param.clone(),
param_type: None,
body: body.clone(),
5
insert_at_new_scope(&mut new_env, self_name, self_val);
} else {
insert_at_new_scope(&mut new_env, param.clone(), arg_val.clone());
}

insert_var(&mut new_env, param.clone(), arg_val);
eval_pure(&body, &new_env, memory)

} else {
Err(Box:: new(ExpectedFunction))

}

Listing 2
Evaluation of applications.
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Fix(f, _annot, body) = match body.as_ref() {
Val(Lambda{param, param_type, body, ..}) = Ok(Lambda {
name: Some(f.clone()),
param: param.clone(),
param_type: param_type.clone(),
body: body.clone(),
B,
_ = Err(Box::new(ExpectedRecursiveLambda)),
h
Listing 3

Evaluation of fixpoints.

EquaLlTy. Similar to summing, we evaluate both sides of the equality term. We then simply do the
comparison using the == operator from Rust, then returns the result as a boolean value.

MEMoORY. For memory operations, we have three cases: allocation, retrieval and update. For allocation,

we evaluate the term to be stored in memory, then we call the function

, and return the address

as a value. For retrieval, we call the evaluation, if it corresponds to an address, we call the function

to return the value stored at that address. For update, we first evaluate the term that corresponds to the
address, if it is in fact an address, we then evaluate the term to be stored in memory, call set to update
the value at that address, and return this value. We show the code for these cases in[Listing 4]

Ref(t) = {
let t_val = eval_pure(t, env, memory)?;
let addr = memory.alloc(t_val);

Ok(Address(addr))
}
Get(t) = {
let addr_val = eval_pure(t, env, memory)?;
if let Address(addr) = addr_val {
let value = memory.get(addr)?.clone();
Ok(Cvalue)
} else {
Err(Box::new(ExpectedReference))
}
}

Set(tl, t2) = {
let addr_val = eval_pure(tl, env, memory)?;
if let Address(addr) = addr_val {
let value = eval_pure(t2, env, memory)?;
memory .set(addr, value.clone())?;

Ok(value)
} else {
Err(Box :: new(ExpectedReference))
}
}
Listing 4

Evaluation of memory operations.

5.1.2 Game Evaluation

The evaluation of a game corresponds to the creation of an arena, which is a directed acyclic graph
(DAG) that represents the flow of the game. Each node in the arena represents a state of the game,
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while the edges are the possible transitions (the moves or events) between states. The arena is built
through communication between channels, where each represents a player (either a proponent or an
oponent) in the game.

We define the to represent the two types of players in the game: and

. Another important type is the , which represents the possible moves that can be
made in the game. These events correspond to the session terms, and can be: the creating of a new
channel, sending a value through a channel, receiving a value from a channel, or offering a choice
in a channel, selecting a choice in a channel, linking two channels, unfolding a recursive session, or
terminating a session.

Next, we define the , which represents a node in the arena. Each node contains an
identifier, the event that led to it, the player who made the move, the justification (the previous node),
and a list of child nodes (the possible next states of the game). The arena itself is defined by the

, which contains two vectors: one of nodes, and one of the edges (a pair of integers identifying
the parent and the child).

We need a few helper functions to manage the arena. The function adds a new node to
the arena, this is done by creating a new and pushing it to the vector of nodes in the arena.
If this node has a justification (a parent node), we also add an edge pair to the vector of edges in
the arena. The function merges two arenas by appending the nodes and edges of the second
arena to the first one, adjusting the identifiers of the nodes in the second arena to avoid conflicts.
The function serves to check if a node’s justification is valid, i.e., if the
justification node exists in the arena and if the player making the move is different from the player who
made the justification move. We also have the function to visualize the arena structure,
which is useful for debugging purposes and for understanding the flow of the game.

The last constructor we need for evaluating games is the . Each process is formed
by a session term, an environment, a memory, the node identifier where the process is currently at, and
the causal context, which is a vector of node identifiers representing the history of moves leading to the
current state.

We can now define the function , which takes a process and an arena as input, and returns
a result, either a pair containing a value (which is always for game evaluation) and the updated
arena, or an error. With we define this function through a pattern that recurively evaluates

each session term defined in[Section 4.2

New CHANNEL. For this case, we create a new node in the arena with the event , the player
as , the justification as the current node of the process, and no children. Then, we create
a restricted channel internal, using the new name and the node identifier of the newly created node.
We also insert the new channel in the environment of the process. Finally, we update the process to
have the new node identifier and the term as the continuation of the new channel, and call

to continue the evaluation. The code for this case can be seen in|Listing 5|

SEND. Here, we first call to evaluate both the name and the message to be sent. If the name

evaluates to a channel, we add a new node from the proponent perspective, copying the last causal

context node of the current process as justification. We call the function of the channel internal

to send the message value, update the entry of the internal, and update the process to

have the new node identifier and the term as the continuation of the send operation. At last, we call
again to continue the process. We show the code for this case in

RECEIVE. This case is similar to send, but from the opponent perspective. We evaluate the name, if it is

a channel, we call the function of the channel internal to get the message value. We then add
a new node from the opponent perspective, using the of the internal as justification.
We update the entry of the internal, and update the process to have the new node

identifier, the term as the continuation of the receive operation, and insert the received message in the
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367 SessionTerm:: NewChannel(name, opt_proto, body) = {
368 let fresh_name = name.to_string();
369 let parent = process.causal_context.last().copied();
370 let node_id = add_node_sync(
371 arena,
372 Event :: NewChannel(fresh_name.clone()),
373 Player::Proponent,
374 parent,
375 );
376 process.current_node = Some(node_id);
377
378 let internal = match opt_proto.as_ref() {
379 Some(s) = ChannelInternal::restricted_with_action(&fresh_name, s.clone(), node_id),
380 None => ChannelInternal::restricted(&fresh_name, node_id),
381 }
382 let channel = Value::Channel(Arc::new(Mutex::new(internal)));
383
384 let mut next = process.with_causal_node(node_id);
385 insert_var(&mut next.env, name.clone(), channel.clone());
386 next.term = *body;
387 eval_game(&mut next, arena)
388 }
Listing 5

Evaluation of new channel.

390 SessionTerm::Send(channel_term, message_term, cont) = {
391 let channel_val = eval_pure(&channel_term, &process.env, memory)?;
392 let message_val = eval_pure(&message_term, &process.env, memory)?;
393
394 if let Value::Channel(arc_channel) = channel_val {
395 let ch_name = { arc_channel.lock().unwrap().name.clone() };
396 let parent = process.causal_context.last().copied();
397 let node_id = add_node_sync(arena, Event::Send(ch_name), Player::Proponent, parent);
398
399 ChannellInternal::send(&arc_channel, message_val)?;
400
401 {
402 let mut ¢ = arc_channel.lock().unwrap();
403 if let Some(peer_w) = &c.linked_to {
404 if let Some(peer) = peer_w.upgrade() {
405 peer.lock().unwrap().last_send_node = Some(node_id);
406 } else {
407 c.last_send_node = Some(node_id);
408 }
409 } else {
410 c.last_send_node = Some(node_id);
411 }
412 }
413
414 let mut next = process.with_causal_node(node_id);
415 next.current_node = Some(node_id);
416
417 next.term = *cont;
418 return eval_game(&mut next, arena);
419 }
420
421 Err(Box :: new(ExpectedChannel))
422 }
Listing 6

Evaluation of send.
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environment. We end by calling on the continuation.

SELECT. For this term, we evaluate both the channel name and the label to be selected. If we have
a channel, we add a new node from the proponent perspective, using the last causal context node of
the current process as justification. The next step is to push the new node to the causal context, and

call the function of the channel internal to perform the selection on the opponent side.
As select also has a continuation term, the function updates the process term for it, so
we just need to call again on the process.
OFFER. We create a vector of processes, that we will call , one for each label in the
offer term. We evaluate each label individually, and for each one we add a pair to the vector, containing
the label value and the correspoding continuation body. After this we call the function
of the channel internal, which will wait for the proponent to make a selection, and then update the
process term to the corresponding continuation. Finally, we call on this updated process.
This is shown in

479 SessionTerm::O0ffer(channel_term, branches) = {

480 let channel_val = eval_pure(&channel_term, &process.env, memory)?;

481

482 if let Value::Channel(arc_channel) = channel_val {

483 let ch_name = { arc_channel.lock().unwrap().name.clone() };

484 let parent = process.anchor_parent();

485 let node_id = add_node_sync(arena, Event::O0ffer(ch_name), Player::Opponent, parent);

486 let mut next = process.with_causal_node(node_id);

487

488 let mut payload_branches = Vec::with_capacity(branches.len());

489 for (label, body) in branches {

490 let memory = &mut next.memory;

491 let label_val = eval_pure(&label, &next.env, memory)?;

492 payload_branches.push((label_val, *body));

493 }

494

495 let _chosen =

496 ChannelInternal:: handle_offer(&arc_channel, payload_branches, &mut next)?;

497

498 next.current_node = Some(node_id);

499 return eval_game(&mut next, arena);

500 }

501

502 Err(Box:: new(ExpectedChannel))

503 }
Listing 7

Evaluation of offer.

PARALLEL CoMPOSITION. For this case, we create two new processes, one for each session term in
the parallel composition. We then call on both processes, obtaining two arenas, which
we merge using the function. At last, we add a new node with the event , executed by the
proponent. The value returned is always , as parallel composition does not produce a value.

REPLICATE. We create two processes with the same session term, evaluate both using , merge
the resulting arenas, and return the merged arena along with result of the evaluation.

LiNk. We evaluate both channel names, if they are channels, we add a new node with the event s
executed by the proponent. We then call the function from the first channel internal,
passing the second channel internal as an argument. The value returned is always
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RECURSION UNFOLDING. We add a new node with the event , executed by the proponent. We
then update the process to have the body of the recursive session as the new term, and call
again.

TERMINATION. We add a new node with the event ¢, executed by the proponent. The value returned
is always

5.2 Runtime System

The runtime system of YuugiLang is responsible for the execution of the session programs, synchronizing
endpoints, and producing the observable behavior of the program, represented by the arena.

5.2.1 Architecture

The runtime is executed in two layers:

o a pure evaluator for ML), terms, with a per-process memory and environment;

« a session executor that manages the channel handshakes, and records the events in a shared
arena.

Each process carries the current session term being evaluated, a memory and environment for the
pure evaluation, causal pointers ( , a stack of , and an optional parallel
anchor, used to for the parental relationship between cross-endpoint interactions).

5.2.2 Execution and concurrency

When executing the program, we check for parallel composition or replication session terms. In these
cases, we run the function twice, which takes as argument a process and a parent
node, and returns a new process. We then spawn two threads, one for each process, and evaluate
both using . After both threads finish, we add a new node with the event , executed
by the proponent, with the parent node as justification. The value returned is always , as parallel
composition and replication do not produce a value.

5.2.3 Shared Arena

The runtime system is composed by a shared arena, which is a wrapper around a protected
by an to ensure safe concurrent access when executing multiple processes in parallel. The
helper function locks the arena, safely adds the node, pushes the edge (parent — id)

when it exists, and then unlocks it. This ensures thread-safe, linearizable updates to the arena.

5.2.4 Channels and handshakes

Each channel tracks the expected next action through its protocol machine, a link to its peer channel,
and the causal pointers of the last send and receive actions. When a process performs a send, it stores
the node identifier in the field of the channel internal, which is used as justification
for the next receive action on the peer channel. This ensures that the causal relationship between send
and receive actions is maintained in the arena.
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5.2.5 Pure memory management

Each process has its own memory, which is a simple key-value store mapping addresses to values.
Whenever a process forks, it clones its memory, ensuring that each process has its own independent
memory space. This is important to prevent side-eftects interfering between processes, as each process
can modify its own memory without affecting the others.

5.2.6 Validation of moves

To ensure the correctness of the arena, we have the function , which checks if:

« every node’s parent exists in the arena;
« the player making the move is different from the player who made the justification move.

o each receive/select event is justified by the corresponding send/offer event.

This function is called whenever a new node is added to the arena, and if any of these conditions are
not met, an error is returned, indicating a violation of the game semantics.

5.2.7 Errors and diagnostics

The runtime system is designed to handle errors gracefully, providing meaningful diagnostics to help
identify and fix issues in the session programs. Errors can be categorized into:

o Parsing errors, which occur when the input program does not conform to the syntax of Yuugi-
Lang.

o Typing errors, which are detected during the parsing and type-checking phases before execution.

o Memory errors, such as accessing an uninitialized address or attempting to update a non-existent
address.

o Session errors, such as attempting to perform an action that is not allowed by the current protocol
state, or mismatched send/receive actions.

o Arena errors, which are detected by the function, indicating violations
of the game semantics.

Errors that occur during the execution of parallel/replicate terms are propagated at the join. For
this reason, any function that returns a propagated at runtime must have the error type as
dyn . If we did not have to move errors through threads, having dyn
would suffice, which propagates any error that implements the trait, but for sharing

errors between threads, we need to ensure that the error also has and traits.

When an error occurs, the runtime system captures the error and provides a detailed message,
including the type of error, a description of the issue, and the location in the source code where the
error occurred.

For debugging purposes, the runtime system includes a function to print the current state of the
arena in a DOT format (graph description language), which can be useful for understanding the flow
of the game and identifying any issues with the session interactions.
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5.2.8 Program execution

The execution steps of a YuugiLang program are as follows:

1.
2.
3.

The program is parsed to create an abstract syntax tree (AST).
The AST is type-checked to ensure that the program adheres to the type rules of YuugiLang.

If the program is well-typed, we execute the function from the struct, which
initializes the shared arena and creates the initial process with the main session term, an empty
environment and memory, and the initial node identifier and causal context.

The function is called on the initial process, which evaluates the session term, man-
aging the communication between processes through channels, and building the arena with the
events that occur during the execution.

Once the evaluation is complete, the final arena is validated using the
function to ensure that it adheres to the game semantics.

If the arena is valid, it is returned as the result of the program execution, along with a value,
indicating successful completion.
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Chapter 6
Considerations

This last chapter reflects on the development of YuugiLang, considering its educational value, limitations,
lessons learned during the implementation, and possible directions that can be explored in future work.

6.1 Educational value

The primary goal of this work was to create a minimal programming language that demonstrates the
core concepts of game semantics in a practical setting. By developing a minimal interpreter, we were
able to concretely illustrate how the abstract notions of strategies, duality and interaction can be built
into a working language.

By showing how the theoretical concepts can be mapped into a concrete interpreter, this work serves
as a resource for students to understand not only the theory of game semantics, but also A-calculus,
linear logic, and the 7r-calculus, specifically the session-typed variant. The implementation provides
a hands-on experience that complements the theoretical study, making the concepts more accessible
and easier to grasp.

6.2 Limitations

While YuugiLang successfully demonstrates the core ideas of game semantics, it is important to ac-
knowledge its limitations. The language is intentionally minimal, and as such, it lacks many features that
would be expected in a full-fledged programming language. For instance, it does not include features
such as polymorphism, algebraic data types, or advanced control structures. The process layer is also
quite basic, and does not support advanced concurrency primitives or sophisticated communication
patterns, like multi-party sessions. The ML, implementation is also quite simple, and does not yet
supports the concurrency on the expression layer, which is a key aspect of the 7-calculus.

The set of features of Rust was not fully utilized. For instance, Rust’s powerful macro system
could be used to create more ergonomic syntax for defining processes and types. Leveraging the
traits system could also allow for more flexible code, enabling polymorphism and code reuse. Rust’s
async/await syntax could be used to model asynchronous communication more naturally, improving
the expressiveness of the process layer.

Additionaly, the implementation is a interpreter, rather than a compiler, which limits its performance
and scalability. The focus was on clarity, rather than efficiency or optimization. If the goal was to
create a production-ready language, many additional areas would need to be improved, such as error
handling, debugging support, and tooling.

Finally, we did not explore the full range of theoretical results in game semantics, such as full
abstraction or the relationship with other semantic models. The focus was on providing a practical
implementation, rather than a comprehensive theoretical treatment.

53



Chapter 6. Considerations 54

6.3 Lessons learned

Developing YuugiLang has provided several valuable insights and lessons. One of the challenges was
balancing the need for simplicity with the desire to accurately represent the theoretical concepts. It was
important to carefully choose which features to include, and which to leave out, in order to maintain
clarity without oversimplifying the ideas.

From the implementation side, working with Rust was a positive experience. Its strong type system
and ownership model echo the principles of linear logic, making it a suitable choice for this project.
However, the strictness of Rust’s borrow checker sometimes made it difficult to implement rescursive
or cyclic structures, requiring refactoring frequently to satisfy the compiler.

On the theoretical side, the project reinforced the importance of understanding the foundational
concepts of game semantics, linear logic, and the 7z-calculus. It highlighted the connections between
these areas, and how they can be integrated into a coherent framework for reasoning about computation
and interaction.

Opverall, the experience of developing YuugiLang has been both challenging and rewarding, pro-
viding a deeper understanding of both the theoretical and practical aspects of game semantics and
programming language design.

6.4 Future work

Although we went for a minimal implementation, there are several directions that could be explored in
future work to enhance and extend YuugiLang.

o Language features: both the payload and process layers could be enriched with additional features.
For instance, adding polymorphism, algebraic data types, and more advanced control structures
to the payload layer would increase its expressiveness. On the process layer, introducing more
sophisticated concurrency primitives, such as multi-party sessions, could allow for more complex
communication patterns.

» Compilation: developing a compiler for YuugilLang could improve its performance and scalabil-
ity. This would involve translating the high-level constructs into lower-level representations,
potentially targeting an intermediate language or even machine code. This would also open up
opportunities for optimization and better resource management.

o Verification: integrating formal verification techniques could enhance the reliability of the
language. This would involve model checking or theorem proving to ensure that programs
adhere to specified properties, such as deadlock-freedom or type safety. It is also an avenue to
explore game semantics for automated program analysis.

6.5 Closing toughts

YuugiLang is a small system, but it serves as a proof of concept that game semantics can be effectively
integrated into a programming language. Its main contribution is educational, providing a concrete
illustration of the abstract concepts of game semantics. While it has limitations, it opens up several
interesting avenues for future exploration and development.

By continuing to build on this foundation, we can further explore the potential of game semantics as
a framework for understanding and designing programming languages, ultimately contributing to the
broader field of programming language theory and practice. We hope that this work can flourish into
a more complete system, and that it inspires others to explore the rich interplay between games, logic,
and computation.
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Appendix A
Implementation

This appendix provides the source code of the implementation of Yuugilang, as described in chapters
[Chapter 4/and [Chapter 5| The code is divided into the following files:

¢ syntax.rs: the abstract syntax tree of YuugiLang;

« channel.rs: the structure of channels;

« parser.rs: implementation of the parser, from source code to AST;

« game_semantics.rs: the evaluation process, implementing the dynamic semantics;
« runtime.rs: the type checking and runtime execution structs and functions;

« error.rs: error handling;

o main.rs: the main file, which ties everything together and provides the command line interface.

1.1 Syntax
1 use crate::{
2 channel:: {ChannelInternal, SessionAction},
3 error::MemoryError:: {self, =*},
4}
5 use std::{
6 collections::HashMap,
7 fmt :: {Display, Formatter},
8 sync:: {Arc, Mutex},
9 1
10
11 #{derive(Debug, Clone, PartialEq)]
12 pub enum Type {
13 Unit,
14 Int,
15 Bool,
16 RefType(Box<Type>),
17 Function(Box<Type>, Box<Type>),
18 Channel(Box<Type>),
19 Session(Box<SessionAction>),
20 Rec(String, Box<Type>),
21}
22
23 impl std::fmt::Display for Type {
24 fn fmt(&self, f: &mut std::fmt::Formatter<'_>) -> std::fmt::Result {
25 use Type::*;
26 match self {
27 Unit = write!(f, "0"),
28 Int = write!(f, "Int"),
29 Bool = write!(f, "Bool"),
30 RefType(t) = write!(f, "Ref<{t}>"),
31 Function(tl, t2) = write!(f, "({tl} —> {t2})"),
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Channel(t) = write!(f, "Channel<{t}>"),

Session(a) = write!(f, "Session({a:?})"),
Rec(var, t) = write!(f, "rec {var}. {t}"),

}

# derive(Debug, Clone)]

pub enum Value {
Unit,
Var(String),
Lambda {

name: Option<String>,

param: String,

param_type: Option<Type>,
body: Box<CmlTerm>,

i

Int(ieu),
Address(usize),
Bool(bool),
Label(String),

Channel(Arc<Mutex<ChannelInternal>>),

}

impl PartialEq for Value {

fn eq(&self, other:
use Value::*;

&Self) —> bool {

match (self, other) {
(Unit, Unit) = true,
(Var(nl), Var(n2)) = nl == n2,

Lambda

{

name: sl,
param: pl,

param_type:

t1,

body: bl,

Lémbda

{

name: s2,
param: p2,

param_type:

t2,

body: b2,

1
) = {
if let
sl
} else
sl
}

}

(Some(tl), Some(t2)) = (t1, t2) {
== s2 & pl == p2 & t1 == t2 & bl

{

== s2 && pl == p2 & bl ==

(Int(il), Int(i2)) = il == i2,
(Address(al), Address(a2)) = al == a2,

(Bool(b1),
(Label(11),

(Channel(cl), Channel(c2)) = Arc::ptr_eq(cl, c2),

= false,

}

impl Display for Value

fn fmt(&self, f: &mut Formatter<'_>) -> std::fmt::Result {

use Value::*;
match self {

Bool(b2)) = bl == b2,
Label(12)) = 11 == 12,

{

Var(name) = write!(f, "{name}"),

Lambda {

name: self_name,

param,

b2

b2
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100 param_type,

101 body,

102 =1

103 if let Some(name) = self_name {

104 if let Some(param_type) = param_type {

105 write!(f, "A {name}: ({param} -> {param_type}). ({body})")
106 } else {

107 write!(f, "A {name}: ({param}). ({body})")
108 }

109 } else if let Some(param_type) = param_type {

110 write!(f, "A ({param}: {param_type}). ({body})")
111 } else {

112 write!(f, "A ({param}). ({body})")

113 }

114 }

115 Address(addr) = write!(f, "Addr({addr})"),

116 Int(i) = write!(f, "{i}"),

117 Bool(b) = write!(f, "{b}"),

118 Unit = write!(f, "O"),

119 Channel(internal) = write!(f, "Channel({})", internal.lock().unwrap().name),
120 Label(label) = {

121 write!(f, "Label({label})",)

122 }

123 }

124 }

125}

126

127 #{derive(Debug, Clone, PartialEq)]
128 pub enum CmlTerm {

129 Bottom,

130 Val(value),

131 App(Box<CmlTerm>, Box<CmlTerm>),

132 Fix(String, Option<(Type, Type)>, Box<CmlTerm>),
133 If(Box<CmlTerm>, Box<CmlTerm>, Box<CmlTerm>),
134 Add(Box<CmlTerm>, Box<CmlTerm>),

135 Equal(Box<CmlTerm>, Box<CmlTerm>),

136 Get(Box<CmlTerm>),

137 Set(Box<CmlTerm>, Box<CmlTerm>),

138 Ref(Box<CmlTerm>),

139 Annot(Box<CmlTerm>, Type),

140 }

141

142  # derive(Debug, Clone, PartialEq)]
143 pub enum SessionTerm {

144 NewChannel(String, Option<SessionAction>, Box<SessionTerm>),
145 Send(CmlTerm, CmlTerm, Box<SessionTerm>),

146 Receive(CmlTerm, String, Box<SessionTerm>),

147 Select(CmlTerm, CmlTerm, Box<SessionTerm>),

148 Offer(CmlTerm, Vec<(CmlTerm, Box<SessionTerm>)>),

149 Parallel(Box<SessionTerm>, Box<SessionTerm>),

150 SVar(String),

151 Replicate(Box<SessionTerm>),

152 Rec(String, Box<SessionTerm>),

153 Link(CmlTerm, CmlTerm, Box<SessionTerm>),

154 End,

155}

156

157 impl Display for CmlTerm {

158 fn fmt(&self, fmt: &mut Formatter<'_>) -> std::fmt::Result {
159 use CmlTerm:: *;

160 match self {

161 Val(v) = write!(fmt, "{vi}™),

162 App(tl, t2) = write!(fmt, "apply ({t1}) ({t2})"),
163 Fix(var, opt_type, body) = {

164 if let Some((param_type, ret_type)) = opt_type {
165 write!(fmt, "fix {var}: ({param_type} -> {ret_type}). ({body})")
166 } else {

167 write!(fmt, "fix {var}. ({body})")
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}

}
}
Bottom = write!(fmt, "O"),
If(cond, t, f) = write!(fmt, "if ({cond}) then ({t}) else ({f})"),
Add(lhs, rhs) = write!(fmt, "({lhs}) + ({rhs})"),
Equal(lhs, rhs) = write!(fmt, "({lhs}) == ({rhs})"),
Get(t) = write!(fmt, "get ({t})"),
Set(tl, t2) = write!(fmt, "set ({t1}) ({t2})"),
Ref(t) = write!(fmt, "ref ({t}d"),
Annot(t, ty) = write!(fmt, "({t} : {ty})"),

impl Display for SessionTerm {

pub

pub

pub

pub

fn fmt(&self, fmt: &mut Formatter<'_>) -> std::fmt::Result {
use SessionTerm:: *;
match self {
NewChannel(name, opt_sa, body) = {
if let Some(sa) = opt_sa {
write!(fmt, "new {name}: {sa} in {body}")
} else {
write!(fmt, "new {name} in {body}")
H
}

Send(tl, t2, cont) = write!(fmt, "({tl}) !> ({t2}).{cont}"),
Receive(tl, name, cont) = write!(fmt, "({tl}) <({name})>.{cont}"),
Parallel(tl, t2) = write!(fmt, "({t1}) || C({t2})"),
Replicate(t) = write!(fmt, "repl({t}d"),
Select(channel, label, cont) = {

write!(fmt, "select {label} on {channel}.{cont}")
}

Offer(channel, branches) = {
let branches_str = branches
.iter(Q)
.map(|Cval, term)| format!("{val} = {term}"))
.collect::<Vec<_>>()
‘join(n, ||);
write!(fmt, "offer {channel} {{ {branches_str} }}")
}
SVar(name) = write!(fmt, "{namel"),
Rec(name, body) = write!(fmt, "rec {} ({})", name.clone(), body),
Link(tl, t2, cont) = write!(fmt, "{tl} <-> {t2}.{cont}"),
End = write!(fmt, "0"),

type Env = Vec<HashMap<String, Value>>;

fn lookup_var(env: &Env, name: &str) -> Option<Value> {
for scope in env.iter().rev() {
if let Some(val) = scope.get(name) {
return Some(val.clone());
}

}

None

fn insert_at_new_scope(env: &mut Env, name: String, value: Value) {
env.push(HashMap::new());
env.last_mut().unwrap().insert(name, value);

fn insert_var(env: &mut Env, name: String, value: Value) {
if let Some(scope) = env.last_mut() {

scope.insert(name, value);
} else {
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insert_at_new_scope(env, name, value);
}

pub fn insert_split(env: &mut Env, v1: Value, v2: Value) {
env.push(HashMap::new());
env.last_mut(Q).unwrap().insert("_left".into(), v1);
env.last_mut().unwrap().insert("_right".into(), v2);

}

#{ derive(Debug, Clone, Default)]
pub struct Memory {
pub heap: Vec<Value>,

impl Memory {
pub fn new() —> Self {
Memory { heap: Vec::new() }

pub fn alloc(&mut self, value: Value) -> usize {
self.heap.push(value);
self.heap.len() - 1

pub fn get(&self, addr: usize) -> Result<&Value, MemoryError> {
if addr = self.heap.len() {
return Err(AddressNotFound(addr));
}

Ok(&self.heapl[addr])
pub fn set(&mut self, addr: usize, value: Value) -> Result<(), MemoryError> {

if addr = self.heap.len(Q) {
return Err(AddressNotFound(addr));

}
self.heapladdr] = value;
okC(
}
}
1.2 Channel

use crate::{

error::{
MemoryError:: *,
SessionError:: {self, =*},
TypeError:: *,

1
game_semantics::Process,
syntax:: {CmlTerm, SessionTerm, Type, Value},

b
use std:: {
collections:: {HashMap, HashSet, VecDeque},
error::Error,
fmt :: {Display, Formatter},
sync:: {Arc, Mutex, Weak},
b

#{ derive(Debug, Clone, Default)]
pub struct ChannelInternal {
pub name: String,
pub queue: VecDeque<Value>,
pub machine: ProtocolMachine,
pub linked_to: Option<Weak<Mutex<ChannelInternal>>>,
pub composed: bool,
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pub restricted: bool,

pub creation_node: Option<usize>,

pub last_send_node: Option<usize>,
pub last_receive_node: Option<usize>,

}

impl PartialEq for ChannelInternal {
fn eq(&self, other: &Self) —> bool {
self.name == other.name
&& self.queue == other.queue
&& self.machine == other.machine
&& self.composed == other.composed

}

impl ChannellInternal {
pub fn new(name: &str) -> Self {
ChannellInternal {

name: name.to_string(),
queue: VecDeque::new(),
machine: ProtocolMachine::default(),
linked_to: None,
composed: false,
restricted: false,
creation_node: None,
last_send_node: None,
last_receive_node: None,

}

pub fn with_protocol(name: &str, action: SessionAction) -> Self {

ChannelInternal {
name: name.to_string(),
queue: VecDeque::new(),
machine: ProtocolMachine::new(action),
linked_to: None,
composed: false,
restricted: false,
creation_node: None,
last_send_node: None,
last_receive_node: None,

}

pub fn restricted(name: &str, creation_node: usize) -> Self {

ChannellInternal {
name: name.to_string(),
queue: VecDeque::new(),
machine: ProtocolMachine::default(),
linked_to: None,
composed: false,
restricted: true,
creation_node: Some(creation_node),
last_send_node: None,
last_receive_node: None,

}

pub fn restricted_with_action(name: &str, action:

ChannelInternal {
name: name.to_string(),
queue: VecDeque::new(),
machine: ProtocolMachine::new(action),
linked_to: None,
composed: false,
restricted: true,
creation_node: Some(creation_node),
last_send_node: None,

SessionAction, creation_node:

usize) -> Self {
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92 last_receive_node: None,

93

94 }

95

96 pub fn send(chan: &Arc<Mutex<ChannelInternal>>, value: Value) —> Result<(), Box<dyn Error + Send + Syn
97 let mut ¢ = chan.lock().unwrap();

98 let expected_type = c.machine.current.expected_type()?;

99

100 match &c.machine.current {

101 SessionAction::SendAction(t, _) if *t == expected_type = {1}

102 SessionAction::SendAction(t, ) = {

103 return Err(Box::new(TypeMismatch(expected_type, t.clone())));
104 }

105 other = {

106 return Err(Box::new(InvalidTransition(

107 other.clone(),

108 SessionAction::End,

109 )));

110 }

111 }

112

113 let peer_action = c.machine.current.dual();

114

115 if c.composed {

116 let peer_arc = ¢

117 .linked_to

118 .as_ref()

119 .and_then(|w| w.upgrade())

120 .ok_or_else(|| Box::new(DisconnectedChannel(c.name.clone())))?;
121

122 drop(c);

123

124 let (first, second) = if Arc::as_ptr(chan) = Arc::as_ptr(&peer_arc) {
125 (chan.clone(), peer_arc.clone())

126 } else {

127 (peer_arc.clone(), chan.clone())

128 b

129

130 let mut cl = first.lock().unwrap(Q);

131 let mut c2 = second.lock().unwrap(Q);

132

133 let (c_guard, peer_guard) = if Arc::as_ptr(chan) = Arc::as_ptr(&peer_arc) {
134 (&mut cl, &mut c2)

135 } else {

136 (&mut c2, &mut cl)

137 };

138

139 c_guard

140 .machine

141 .linked_transition(peer_action.clone(), &mut peer_guard.machine)?;
142

143 peer_guard.queue.push_back(value);

144 return 0k((Q));

145 }

146

147 c.machine.transition(peer_action)?;

148 c.queue.push_back(value);

149 o0k((O)

150 }

151

152 pub fn receive(chan: &Arc<Mutex<ChannelInternal>>) -> Result<Value, Box<dyn Error + Send + Sync>> {
153 let mut ¢ = chan.lock().unwrap();

154

155 let _expected_type = match &c.machine.current {

156 SessionAction::ReceiveAction(t, _) = t.clone(),

157 other = {

158 return Err(Box::new(InvalidTransition(

159 other.clone(),
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SessionAction::End,

)));
H
let peer_action = c.machine.current.dual();

if c.composed {
let peer_arc = ¢
.linked_to
.as_ref()
.and_then(|w| w.upgrade())
.ok_or_else(|| Box::new(DisconnectedChannel(c.name.clone())))?;

drop(c);

let (first, second) = if Arc::as_ptr(chan) = Arc::as_ptr(&peer_arc) {
(chan.clone(), peer_arc.clone())

} else {
(peer_arc.clone(), chan.clone())

i

let mut cl = first.lock().unwrap();
let mut c2 = second.lock().unwrap(Q);

let (c_guard, peer_guard) = if Arc::as_ptr(chan) = Arc::as_ptr(&peer_arc) {
(&mut c1, &mut c2)

} else {
(&mut c2, &mut cl)

i

c_guard
.machine
.linked_transition(peer_action.clone(), &mut peer_guard.machine)?;

let value = c_guard
.queue
.pop_front()
.ok_or_else(|| Box::new(EmptyChannel(c_guard.name.clone())))?;

return Ok(value);

}

c.machine.transition(peer_action)?;
let value = ¢
.queue
.pop_front()
.ok_or_else(|| Box::new(EmptyChannel(c.name.clone())))?;
Ok(value)
}

pub fn handle_select(
channel: &Arc<Mutex<ChannelInternal>>,
label: Value,
continuation: SessionTerm,
process: &mut Process,
) —> Result<(), Box<dyn Error + Send + Sync>> {
let 1bl = match label {
Value::Label(s) = s,
= return Err(Box::new(ExpectedSessionChoice)),

H

let peer_opt = {
let mut ¢ = channel.lock().unwrap(Q);
let arms = match &c.machine.current {
SessionAction::SelectAction(arms) = arms,
= return Err(Box::new(ExpectedSessionChannel)),

H
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228

229 if larms.iter().any(|(l, )| 1 == &bl) {

230 return Err(Box::new(InvalidBranchSelection(

231 SessionAction::SelectAction(arms.clone()),

232 SessionAction::Var(lbl.clone()),

233 )));

234 }

235

236 c.machine.choose_label(&lbl)?;

237 c.linked_to.as_ref().and_then(|w| w.upgrade())

238 }

239

240 if let Some(peer) = peer_opt {

241 peer.lock().unwrap().queue.push_back(Value::Label(lbl.clone()));
242 } else {

243 channel.lock().unwrap().queue.push_back(Value::Label(lbl.clone()));
244 }

245

246 process.term = continuation;

247 0k((O)

248 }

249

250 pub fn handle_offer(

251 channel: &Arc<Mutex<ChannelInternal>>,

252 branches: Vec<(Value, SessionTerm)>,

253 process: &mut Process,

254 ) —> Result<Value, Box<dyn Error + Send + Sync>> {

255 let (lbl, _peer_opt) = {

256 let mut ¢ = channel.lock().unwrapQ);

257

258 let label = ¢

259 .queue

260 .pop_front()

261 .ok_or_else(|| EmptyChannel(c.name.clone()))?;

262 let 1bl = match &label {

263 Value::Label(s) = s.clone(),

264 _ = return Err(Box::new(ExpectedSessionChoice)),
265 };

266

267 match &c.machine.current {

268 SessionAction::BranchAction(arms) = {

269 if larms.iter().any(|(l, )| 1 == &lbl) {

270 return Err(Box::new(InvalidBranchSelection(
271 SessionAction::BranchAction(arms.clone()),
272 SessionAction::Var(lbl.clone()),

273 )));

274 }

275 }

276 _ = return Err(Box::new(ExpectedSessionChannel)),
277 3

278 c.machine.accept_label(&lbl)?;

279 (lbl, c.linked_to.as_ref().and_then(|w| w.upgrade()))
280 };

281

282 let idx = branches.iter().position(|(v, _)| matches!(v, Value::Label(l) if 1 == &lbl))
283 .ok_or_else(|| Box::new(ValueNotInBranch(CmlTerm::Val(Value::Label(lbl.clone())))))?;
284 let (_, cont) = branches.into_iter().nth(idx).unwrap(Q);

285

286 process.term = cont;

287 Ok(Value::Label(lbl))

288 }

289

290 pub fn mark_composed(&mut self, other: &Weak<Mutex<ChannelInternal>>) {
291 self.composed = true;

292 self.linked_to = Some(other.clone());

293 }

294

295 pub fn link_channels(
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chanl: &Arc<Mutex<ChannelInternal>>,
chan2: &Arc<Mutex<ChannelInternal>>,
) —> Result<(), Box<dyn Error + Send + Sync>> {

let (a, b) = if Arc::as_ptr(chanl) = Arc::as_ptr(chan2) {
(chanl, chan2)

} else {
(chan2, chanl)

};

let mut c1 = a.lock().unwrap();
let mut c2 = b.lock().unwrap();

ProtocolMachine::validate_composition(&cl.machine, &c2.machine)?;

let wl = Arc::downgrade(chanl);
let w2 = Arc::downgrade(chan2);

cl.mark_composed(&w2);
c2.mark_composed(&wl);

0k(O)
}

pub fn validate_final_state(&self) —> Result<(), Box<dyn Error>> {
if !self.queue.is_empty() {
return Err(Box::new(ChannelPending(self.name.clone())));

}

if let SessionAction::End = self.machine.current {
ok(()

} else {

Err(Box::new(IncompleteSession(
self.name.clone(),
self.machine.current.clone(),

)

}

# derive(Debug, Clone, Default, PartialEq)]
pub struct ProtocolMachine {

pub current: SessionAction,

pub stack: Vec<SessionAction>,

pub history: Vec<SessionAction>,

}

impl ProtocolMachine {
pub fn new(initial: SessionAction) -> Self {
ProtocolMachine {
current: initial,
stack: Vec::new(),
history: Vec::new(),

}

pub fn choose_label(&mut self, 1bl: &str) —-> Result<(), Box<dyn Error + Send + Sync>> {
match &self.current {
SessionAction::SelectAction(arms) = {
if let Some((_, next)) = arms.iter().find(|(l, )| 1 == 1bl) {
self.history.push(self.current.clone());
self.current = next.clone();
0k(()
} else {
Err(Box::new(InvalidBranchLabel(lbl.to_string())))
}
}

_ = Err(Box::new(ExpectedSelect)),
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}
pub

}
pub

fn accept_label(&mut self, lbl: &str) —> Result<(), Box<dyn Error + Send + Sync>> {
match &self.current {
SessionAction::BranchAction(arms) = {
if let Some((_, next)) = arms.iter().find(|(l, )| 1 == 1bl) {
self.history.push(self.current.clone());
self.current = next.clone();
0k(0))
} else {
Err(Box::new(InvalidBranchLabel(lbl.to_string())))
}
}

_ = Err(Box::new(ExpectedOffer)),

fn validate_transition(&self, action: SessionAction) -> Result<(), Box<dyn Error + Send + Sync>> {
if !self.current.is_dual_of(&action) {
return Err(Box::new(InvalidTransition(self.current.clone(), action)));

}
ok

fn process_state(&mut self, peer_action: SessionAction) —> SessionAction {

pub

pub

use SessionAction::*;
let new_state = match (&self.current, &peer_action) {
(SendAction(_, cont), ReceiveAction(_, _)) = (*xcont).clone(),
(ReceiveAction(_, cont), SendAction(_, _)) = (*xcont).clone(),
(RecAction(_, body), _) = (#**body).clone(),
_ = self.current.clone(),
h
self.history.push(self.current.clone());
self.current = new_state.clone();
new_state

fn transition(&mut self, peer_action: SessionAction) -> Result<(), Box<dyn Error + Send + Sync>> {
self.validate_transition(peer_action.clone())?;
let _ = self.process_state(peer_action);

0k(()

fn linked_transition(

&mut self,

peer_action: SessionAction,
linked_machine: &mut ProtocolMachine,

) —> Result<(), Box<dyn Error + Send + Sync>> {

pub

self.validate_transition(peer_action.clone())?;
linked_machine.validate_transition(peer_action.dual())?;

let _ = self.process_state(peer_action.clone());
let _ = linked_machine.process_state(peer_action.dual());
ok(())

fn validate_continuation(&self, cont: &SessionTerm) —> Result<(), Box<dyn Error + Send + Sync>> {
use SessionAction::*;
match (&self.current, cont) {

(SendAction(_, _), SessionTerm::Send(_, _, _)) = 0k(Q)),
(ReceiveAction(_, _), SessionTerm::Receive(_, _, _)) = 0k(Q)),
(SelectAction(_), SessionTerm::Select(_, _, _)) = O0k((Q)),

(BranchAction(_), SessionTerm::O0ffer(_, _)) = 0k(Q)),
_ = Err(Box::new(InvalidContinuation)),
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}

pub fn validate_composition(
machinel: &ProtocolMachine,
machine2: &ProtocolMachine,
) —> Result<(), SessionError> {
machinel
.current
.validate_duality_all_paths(&machine2.current)

}

pub fn step_with_peer_action(
&mut self,
peer_action: SessionAction,

) —> Result<SessionAction, Box<dyn Error + Send + Sync>> {
self.validate_transition(peer_action.clone())?;
Ok(self.process_state(peer_action))

# derive(Debug, Clone, PartialEq, Default)]
pub enum SessionAction {

}

Var(String),

SendAction(Type, Box<SessionAction>),
ReceiveAction(Type, Box<SessionAction>),
SelectAction(Vec<(String, SessionAction)>),
BranchAction(Vec<(String, SessionAction)>),
RecAction(String, Box<SessionAction>),

# default]

End,

impl Display for SessionAction {

}

fn fmt(&self, fmt: &mut Formatter<'_>) —-> std::fmt::Result {
use SessionAction::*;
match self {
Var(name) = write!(fmt, "{name}"),
SendAction(t, ¢) = write!(fmt, "!>{t}. {c}"),
ReceiveAction(t, c¢) = write!(fmt, "?<{t}. {c}"),
SelectAction(actions) = {
let actions_str: Vec<String> = actions
.iter(Q)
.map(C| (L, s)| format!("{}: {}", 1, s))
.collect();
write!(fmt, "0{{{}}}", actions_str.join(", "))
}
BranchAction(actions) = {
let actions_str: Vec<String> = actions
.iter()
.map(|(l, s)| format!("{}: {}", 1, s))
.collect();
write!(fmt, "&{{{}}}", actions_str.join(", "))
}
RecAction(name, body) = write!(fmt, "p {name}. {body}"),
End = write!(fmt, "end"),

impl SessionAction {

pub fn dual(&self) —> Self {
use SessionAction::*;
match self {
Var(name) => Var(name.clone()),
SendAction(t, ¢) = ReceiveAction(t.clone(), Box::new(c.dual())),
ReceiveAction(t, c¢) = SendAction(t.clone(), Box::new(c.dual())),
SelectAction(actions) = {

}

BranchAction(actions) = {

BranchAction(actions.iter().map(|(l, s)| (lL.clone(), s.dual())).collect())
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Sele

RecActio

ctAction(actions.iter().map(|(l, s)| (l.clone(), s.dual())).collect())

n(name, body) = RecAction(name.clone(), Box::new(body.dual())),

End = End,

}

pub fn is_dual_o

f(&self, other: &SessionAction) —> bool {

use SessionAction::*;

match (self,
(End, En

(Var(a),

(SendAct

other) {
d) = true,

Var(b)) = a == b,

ion(tl, cl), ReceiveAction(t2, c2))

| C(ReceiveAction(tl, cl), SendAction(t2, c2)) = tl1 == t2 & cl.is_dual_of(c2),

(RecAction(x1, bl), RecAction(x2, b2)) = x1 == x2 & bl.is_dual_of(b2),

(SelectAction(al), BranchAction(a2)) | (BranchAction(al), SelectAction(a2)) = {
if al.len() # a2.len() {

}
let
let
ml.l

_ = fal

}

pub fn next_stat

return false;

al.iter().map(C|(l, s)| (1, s)).collectQ);
a2.iter().map(| (L, s)| (1, s)).collect();

ml: HashMap<_, _>
m2: HashMap<_, _>
en() == m2.len()
&& ml
.iter(Q)
.all(| (L, s1)| m2.get(l).is_some_and(|s2| sl.is_dual_of(s2)))

se,

e(self) —> Self {

use SessionAction::*;

match self {

Var(x) = Var(x),

RecActio

n(_, body) = =xbody,

SendAction(_, cont) | ReceiveAction(_, cont) = cont.dual(),

SelectAction(mut xs) | BranchAction(mut xs) = {
if let Some((_, s)) = xs.drain(..1).next() {
s.dual()
} else {
End
}
}
End = End,

}

pub fn unfold_re

cursive(&mut self, name: &str, replacement: &SessionAction) {

use SessionAction::*;

match self {

Var(n) if n == name = #*self = replacement.clone(),

RecActio

n(n, body) if n == name = body.unfold_recursive(name, replacement),

SendAction(_, cont) | ReceiveAction(_, cont) = {

cont
}
SelectAc
for
}
}

.unfold_recursive(name, replacement)

tion(v) | BranchAction(v) = {
(_, s) in v.iter_mut(Q) {
s.unfold_recursive(name, replacement);
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= {}
}

pub fn can_unfold(&self, name: &str) —> bool {
use SessionAction::*;
match self {
RecAction(n, _) if n == name = true,
SendAction(_, c) | ReceiveAction(_, c¢) = c.can_unfold(name),
SelectAction(v) | BranchAction(v) = v.iter().any(|(_, s)| s.can_unfold(name)),
= false,

}

pub fn allows_select(&self) —> bool {
use SessionAction::*;
match self {
SelectAction(_) = true,
SendAction(_, c) | ReceiveAction(_, c) | RecAction(_, ¢) = c.allows_select(),
BranchAction(v) = v.iter().any(|(_, s)| s.allows_select()),
= false,

}

pub fn allows_offer(&self) —> bool {
use SessionAction::*;
match self {
BranchAction(_) = true,
SendAction(_, c) | ReceiveAction(_, c¢) | RecAction(_, ¢) = c.allows_offer(),
SelectAction(v) = v.iter().any(|(_, s)| s.allows_offer()),
= false,

}

pub fn expected_type(&self) —> Result<Type, Box<dyn Error + Send + Sync>> {
use SessionAction::*;
match self {
SendAction(t, _) | ReceiveAction(t, _) = Ok(t.clone()),
_ = Err(Box::new(ExpectedSendOrReceive)),

}

}

fn dfs_validate_duality(
&self,

other: &SessionAction,

seen: &mut HashSet<(usize, usize)>,
) —> Result<(), SessionError> {

use SessionAction::*;

let key = (self as *const _ as usize, other as *const
if !seen.insert(key) {

return 0k(Q));
}

match (self, other) {
(End, End) = 0k(Q)),

as usize);

(var(), var(L)) = 0k((O),

(SendAction(tl, cl1), ReceiveAction(t2, c2))
| (ReceiveAction(tl, cl), SendAction(t2, c2)) = {
if t1 #+ t2 {
return Err(InvalidComposition(self.clone(), other.clone()));
}

cl.dfs_validate_duality(c2, seen)
}

(RecAction(x1, bl), RecAction(x2, b2)) if x1 == x2 = bl.dfs_validate_duality(b2,

seen),
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(SelectAction(xs), BranchAction(ys)) | (BranchAction(xs), SelectAction(ys)) = {
let mx: HashMap<_, _> = xs.iter().cloned().collect();
let my: HashMap<_, _> = ys.iter().cloned().collect();

if mx.len() #* my.len() || !mx.keys().all(|k| my.contains_key(k)) {
return Err(BranchCountMismatch(mx.len(), my.len()));
}

for (lbl, sx) in mx {
sx.dfs_validate_duality(my.get(&lbl).unwrap(), seen)?
}

ok((

_ = Err(InvalidComposition(self.clone(), other.clone())),
}

pub fn validate_duality_all_paths(&self, other: &SessionAction) -> Result<(), SessionError> {
let mut seen = HashSet::new();
self.dfs_validate_duality(other, &mut seen)

}

#cfg(test)]
pub mod test {
use crate::channel::ProtocolMachine;
#H test]
fn send_receive_advances_both_sides() {
use crate::channel::SessionAction:: *;
use crate::syntax::Type;

let s = SendAction(Type::Int, Box::new(End));

let r = ReceiveAction(Type::Int, Box::new(End));

let mut ml = ProtocolMachine::new(s.clone()); // local expects to send
let mut m2 = ProtocolMachine::new(r.clone()); // peer expects to receive

// Apply peer events: ml sees peer Receive, m2 sees peer Send

ml.transition(ReceiveAction(Type::Int, Box::new(End)))
.unwrap();

m2.transition(SendAction(Type::Int, Box::new(End))).unwrap();

assert_eq!(ml.current, End);
assert_eq!(m2.current, End);

}
#Htest]

fn select_offer_picks_label_continuation() {
use crate::channel::SessionAction::*;
let s = SelectAction(vec![
("L".into(), End),
("R".into(), RecAction("X".into(), Box::new(End))),
D;
let b = s.dual(Q);

let mut m_sel = ProtocolMachine::new(s);
let mut m_off = ProtocolMachine::new(b);

m_sel.choose_label("R").unwrap();
m_off.accept_label("R").unwrap();

assert_eq!(m_sel.current, RecAction("X".into(), Box::new(End)));
assert_eq! (m_off.current, RecAction("X".into(), Box::new(End)));
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704 #Htest]
705 fn channel_select_offer_flow() {
706 use crate::channel:: {ChannelInternal, SessionAction::=*};
707 use std::sync::{Arc, Mutex};
708
709 let cl = Arc::new(Mutex::new(ChannelInternal::with_protocol(
710 "eln,
711 SelectAction(vec![("A".into(), End), ("B".into(), End)]1),
712 )));
713 let c2 = Arc::new(Mutex::new(ChannelInternal::with_protocol(
714 "e2n,
715 BranchAction(vec![("A".into(), End), ("B".into(), End)]),
716 )));
717
718 ChannellInternal::link_channels(&cl, &c2).unwrap();
719
720 let mut pl = crate::game_semantics::Process::new(crate::syntax::SessionTerm::End);
721 let mut p2 = crate::game_semantics::Process::new(crate::syntax::SessionTerm::End);
722
723 ChannelInternal::handle_select(
724 &cl,
725 crate::syntax::Value::Label("B".into()),
726 crate::syntax::SessionTerm::End,
727 &mut pl,
728 )
729 .unwrap(Q);
730 let got = ChannelInternal::handle_offer(
731 &c2,
732 vec![
733 (
734 crate::syntax::Value::Label("A".into()),
735 crate::syntax::SessionTerm::End,
736 ),
737 (
738 crate::syntax::Value::Label("B".into()),
739 crate::syntax::SessionTerm::End,
740 ),
741 1,
742 &mut p2,
743 )
744 .unwrap(Q);
745
746 assert_eq!(got, crate::syntax::Value::Label("B".into()));
747 assert!(matches!(cl.lock().unwrap().machine.current, End));
748 assert!(matches!(c2.lock().unwrap().machine.current, End));
749 }
750 '}
1.3 Parser

1 use std::fs;

2 use std::path::Path;

3

4 use crate::channel::SessionAction;

5 use crate::error::ParserError:: {self, *};

6 use crate::syntax::{CmlTerm, SessionTerm, Type, Value};

7

8 #{derive(Debug, Clone, PartialEq)]

9 enum Token {

10 // Punctuation
11 LParen,

12 RParen,

13 LBrace,

14 RBrace,

15 Lt,

16 Gt,
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Dot,
Comma,
Semi,
Pipe,
PipePipe,
Colon,
// Operators
Plus,
Eq,
EqEq,
ThinArrow,
FatArrow,
Bang,
Oplus,
Amp,
// Keywords
FunKw,
FixKw,
IfKw,
ThenKw,
ElseKw,
RefKw,
GetKw,
SetKw,
NewKw,
SendKw,
RecvKw,
SelectKw,
OfferKw,
LinkKw,
EndKw,
RecKw,
// keywords (types)
UnitTy,
IntTy,
BoolTy,
ChannelTy,
// atoms
TrueKw,
FalseKw,
Ident(String),
IntKw(i6u),
}

struct Lexer<'a> {
s: &'a [u8],
i: usize,
n: usize,
line: usize,
col: usize,

}

impl<'a> Lexer<'a> {
fn new(src: &'a str) —> Self {

Self {
s: src.as_bytes(),
i: o,
n: src.len(),
line: 1,
col: 1,
}
}
fn peek(&self) —> Option<u8> {
(self.i < self.n).then(|| self.s[self.
}

fn bump(&mut self) -> Option<u8> {

i)
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85 let c = self.peek()?;

86 self.i += 1;

87 if ¢ == b'\n' {

88 self.line += 1;

89 self.col = 1;

90 } else {

91 self.col += 1;

92 }

93 Some(c)

94 }

95

96 fn bump_many(&mut self, k: usize) {

97 self.i += k;

98 self.col += k;

99 }

100

101 fn eat_while<F: Fn(u8) -> bool>(&mut self, f: F) —> &'a [u8] {
102 let start = self.i;

103 while self.i < self.n & f(self.s[self.il) {
104 self.bump();

105 }

106 &self.s[start..self.i]

107 }

108

109 fn match_bytes(&mut self, pat: &[u8]) -> bool {
110 if self.i + pat.len() = self.n & 6&self.s[self.i..self.i + pat.len()] == pat {
111 self.bump_many(pat.len());

112 true

113 } else {

114 false

115 }

116 }

117

118 fn skip_ws_comments(&mut self, file: &str) —> Result<(), ParserError> {
119 loop {

120 while let Some(c) = self.peek() {

121 if matches!(c, b' ' | b'\t' | b'\r' | b'\n') {
122 self.bump();

123 } else {

124 break;

125 }

126 }

127

128 if self.match_bytes(b"//") {

129 while let Some(c) = self.peek() {
130 self.bump();

131 if ¢ == b'\n' {

132 break;

133 }

134 }

135 continue;

136 }

137

138 if self.match_bytes(b"/*") {

139 let mut closed = false;

140 while self.i < self.n {

141 if self.match_bytes(b"x/") {
142 closed = true;

143 break;

144 }

145 self.bump();

146 }

147 if !closed {

148 return Err(LexError {

149 file: file.into(Q),

150 msg: "Unterminated comment".into(),
151 line: self.line,

152 column: self.col,
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3);
}
continue;
}
break;
}
ok(())

}

fn next_token(&mut self, file: &str) -> Result<Option<Cursor>, ParserError> {
self.skip_ws_comments(file)?;

let _c =
Some(c)
None =
}

match self.peek() {

= c,
return Ok(None),

let (start_line, start_col) = (self.line, self.col);

if self.match_bytes(b"==") {

return Ok(Some(make(Token:

}

if self.match_bytes(b"=") {

return Ok(Some(make(Token:

}

if self.match_bytes(b"->") {

return Ok(Some(make(Token:

}

if self.match_bytes(b"||") {

return Ok(Some(make(Token:

}

if self.match_bytes(b"&") {

return Ok(Some(make(Token:

}

EqEq, start_line, start_col)));

FatArrow, start_line, start_col)));

ThinArrow, start_line, start_col)));

PipePipe, start_line, start_col)));

Amp, start_line, start_col)));

if self.match_bytes("O".as_bytes()) {
return Ok(Some(make(Token::0Oplus, start_line, start_col)));

}

match self.bump().unwrap() {
b'(" = Ok(Some(make(Token::
b')' = Ok(Some(make(Token::
b'{'" = Ok(Some(make(Token::
b'}' = Ok(Some(make(Token::
b'<' = Ok(Some(make(Token::
b'>'" = Ok(Some(make(Token::
b'.' = Ok(Some(make(Token::
b','" = Ok(Some(make(Token::
b';' = O0k(Some(make(Token::
b'|' = O0k(Some(make(Token::
b':'" = Ok(Some(make(Token::
b'+' = Ok(Some(make(Token::
b'!" = Ok(Some(make(Token::
b'='" = Ok(Some(make(Token::
d@b'e'..=b'9" = {

let mut v = (d - b'0")

start_col))),
start_col))),
LBrace, start_line, start_col))),
RBrace, start_line, start_col))),
Lt, start_line, start_col))),

Gt, start_line, start_col))),
Dot, start_line, start_col))),
Comma, start_line, start_col))),
Semi, start_line, start_col))),
Pipe, start_line, start_col))),
Colon, start_line, start_col))),
Plus, start_line, start_col))),
Bang, start_line, start_col))),
Eq, start_line, start_col))),

LParen,
RParen,

start_line,
start_line,

as ieéu;

while let Some(dd @ b'®'..=b'9') = self.peek() {

}

self.bump();
v=v=*10 + (dd -

b'0') as iel;

Ok(Some(make(Token::IntKw(v), start_line, start_col)))

}

ch if is_ident_start(ch) = {

let

rest =

self.eat_while(is_ident_continue);
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221 let mut s = String::from_utf8(vec![ch]l).unwrap();
222 s.push_str(std::str:: from_utf8(rest).unwrap());
223 Ok(Some(make(keyword_or_ident(s), start_line, start_col)))
224 }

225

226 other = Err(LexError {

227 file: file.into(Q),

228 msg: format!("Invalid character: {}", other as char),
229 line: start_line,

230 column: start_col,

231 1,

232 }

233 }

234

235 fn tokenize(mut self, file: &str) —-> Result<Vec<Cursor>, ParserError> {
236 let mut tokens = Vec::new();

237 while let Some(tok) = self.next_token(file)? {
238 tokens.push(tok);

239 }

240 Ok(tokens)

241 }

242}

243

244  fn is_ident_start(char: u8) -> bool {

245 char.is_ascii_lowercase() || char.is_ascii_uppercase() || char == b'_’
246}

247

248 fn is_ident_continue(char: u8) -> bool {

249 is_ident_start(char) || char.is_ascii_digit()

250 }

251

252 fn keyword_or_ident(string: String) -> Token {

253 use Token::*;

254

255 match string.as_str() {

256 // terms

257 "fun" = FunKw,

258 "fix" = FixKw,

259 "if" = IfKw,

260 "then" = ThenKw,

261 "else" = ElseKw,

262 "ref" = RefKw,

263 "get" = GetKw,

264 "set" = SetKw,

265 "new" = NewKw,

266 "send" = SendKw,

267 "recv" = RecvKw,

268 "select" = SelectKw,

269 "offer" = OfferKw,

270 "link" = LinkKuw,

271 "end" = EndKw,

272 "rec" = RecKw,

273 "true" = TrueKw,

274 "false" = FalseKw,

275 // types

276 "Unit" = UnitTy,

277 "Int" = IntTy,

278 "Bool" = BoolTy,

279 "Chan" = ChannelTy,

280

281 _ = Ident(string),

282 }

283}

284

285 struct Parser {

286 tokens: Vec<Cursor>,

287 pos: usize,

288 file: String,
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}

impl Parser {

fn new_with_file(tokens: Vec<Cursor>, file: impl Into<String>) -> Self {

Self {
tokens,
pos: 0O,
file: file.into(Q),

}

fn here(&self) —> (usize, usize) {

if let Some(cur) = self.peek() {
(cur.line, cur.column)

} else if let Some(last) = self.tokens.last() {
(last.line, last.column + 1)

} else {
(1, 1

}

}

fn peek(&self) —> Option<&Cursor> {
self.tokens.get(self.pos)
}

fn peek_kind(&self) —-> Option<&Token> {
self.tokens.get(self.pos).map(|c| &c.kind)
}

fn bump(&mut self) -> Option<Cursor> {

if self.pos < self.tokens.len() {
let cur = self.tokens[self.pos].clone();
self.pos += 1;
Some(cur)

} else {
None

}

}

fn bump_kind(&mut self) -> Option<Token> {
self.bump().map(|c| c.kind)
}

fn eat(&mut self, expected: &Token) —> Result<(), ParserError> {
let got = self.bump().ok_or_else(|| {
let (line, column) = self.here();
UnexpectedEof {
file: self.file.clone(),
line,
column,
}
7,
if &got.kind == expected {
ok(())
} else {
Err(UnexpectedToken {
expected: format_token(expected),
found: format_token(&got.kind),
file: self.file.clone(),
line: got.line,
column: got.column,

B
}

fn eat_if(&mut self, f: impl FnOnce(&Token) -> bool) -> Option<Token> {

if let Some(cur) = self.peek()
& f(&cur.kind)
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357 {

358 return self.bump_kind();

359 }

360

361 None

362 }

363

364 fn expect_ident(&mut self, what: &'static str) -> Result<String, ParserError> {
365 match self.bump() {

366 Some(cur) = match cur.kind {

367 Token::Ident(s) = Ok(s),

368 other = Err(UnexpectedToken {

369 file: self.file.clone(),

370 expected: "identifier".into(),

371 found: format_token(&other),

372 line: cur.line,

373 column: cur.column,

374 B,

375 b

376 None = {

377 let (line, column) = self.here();

378 Err(ExpectedIdent {

379 file: self.file.clone(),

380 what,

381 line,

382 column,

383 B

384 }

385 }

386 }

387

388 fn parse_program(&mut self) —-> Result<SessionTerm, ParserError> {
389 let parsed = self.parse_session_term()?;

390 if let Some(cur) = self.peek() {

391 return Err(TrailingInput {

392 file: self.file.clone(),

393 found: format_token(&cur.kind),

394 line: cur.line,

395 column: cur.column,

396 ;

397 }

398 Ok(parsed)

399

400

401 fn parse_session_term(&mut self) —> Result<SessionTerm, ParserError> {
402 self.parse_parallel()

403

404

405 fn parse_parallel(&mut self) —> Result<SessionTerm, ParserError> {
406 let mut left = self.parse_repl()?;

407 while matches!(self.peek_kind(), Some(Token::PipePipe)) {
408 self.bump_kind();

409 let right = self.parse_repl()?;

410 left = SessionTerm::Parallel(Box::new(left), Box::new(right));
411 3

412

413 Ok(left)

414 }

415

416 fn parse_repl(&mut self) -> Result<SessionTerm, ParserError> {
417 if matches!(self.peek_kind(), Some(Token::Bang)) {

418 self.bump_kind();

419 let body = self.parse_repl()?;

420 return Ok(SessionTerm::Replicate(Box::new(body)));
421 }

422 self.parse_session_primary()

423

424
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fn parse_session_primary(&mut self) —> Result<SessionTerm, ParserError> {
use CmlTerm:: *;
use SessionTerm:: *;
use Token::*;
use Value::*;
match self.peek_kind() {
Some(NewKw) = {
self.bump_kind();
let chan_name = self.expect_ident("channel binding")?;
self.eat(&Colon)?;
let session_type = self.parse_action()?;
self.eat(&Dot)?;
let body = self.parse_session_term()?;
Ok(NewChannel(chan_name, Some(session_type), Box::new(body)))
}

Some(SendKw) = {
self.bump_kind();
let chan_name = self.parse_cml_term()?;
if self.eat_if(|t| matches!(t, Comma)).is_none() {
let cur = self.peek().unwrap();
return Err(ExpectedComma {
file: self.file.clone(),
line: cur.line,
column: cur.column,
3);
}

let value = self.parse_cml_term()?;

let cont = if self.eat_if(|t| matches!(t, Semi)).is_some() {
self.parse_session_term()?

} else {
End

3

Ok(Send(chan_name, value, Box::new(cont)))

}

Some(RecvKw) = {
self.bump_kind();
let chan_name = self.parse_cml_term()7?;
if self.eat_if(|t| matches!(t, Comma)).is_none() {
let cur = self.peek().unwrap();
return Err(ExpectedComma {
file: self.file.clone(),
line: cur.line,
column: cur.column,
3
3
let var_name = self.expect_ident("received variable")?;
let cont = if self.eat_if(|t| matches!(t, Semi)).is_some() {
self.parse_session_term()?
} else {
End
}.

1
Ok(Receive(chan_name, var_name, Box::new(cont)))

}

Some(Selectkw) = {
self.bump_kind();
let chan_name = self.parse_cml_term()7?;
if self.eat_if(|t| matches!(t, Comma)).is_none() {
let cur = self.peek().unwrap();
return Err(ExpectedComma {
file: self.file.clone(),
line: cur.line,
column: cur.column,

B;
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let 1bl = self.expect_ident("label")?;

let 1bl_term = Val(Label(lbl));

let cont = if self.eat_if(|t| matches!(t, Semi)).is_some() {
self.parse_session_term()?

} else {
End

3

Ok(Select(chan_name, 1bl_term, Box::new(cont)))
}

Some(Offerkw) = {
self.bump_kind();
let chan_name = self.parse_cml_term()?;
self.eat(&LBrace)?;
let mut arms: Vec<(CmlTerm, Box<SessionTerm>)> = Vec::new();
loop {
let 1bl = self.expect_ident("label")?;
self.eat(&FatArrow)?;
let body = self.parse_session_term()?;
arms.push((val(Label(lbl)), Box::new(body)));
if self.eat_if(|t| matches!(t, Pipe)).is_some() {
continue;
}

break;

}

self.eat(&RBrace)?;
if arms.is_empty() {
return Err(EmptyBranchSet {
file: self.file.clone(),
line: self.tokens.last().map_or(l, |c| c.line),
column: self.tokens.last().map_or(l, |c| c.column + 1),
B;
}

Ok(0ffer(chan_name, arms))
}

Some(RecKw) = {
self.bump_kind();
let var = self.expect_ident("recursion variable")?;
self.eat(&Dot)?;
let body = self.parse_session_term()?;
Ok(Rec(var, Box::new(body)))
}

Some(Ident(_)) = {
let x = if let Some(Ident(str)) = self.bump_kind() {
str
} else {
unreachable! ()

3
Ok(SvVar(x))
}

Some(LinkKw) = {
self.bump_kind();
self.eat(&LParen)?;
let chanl = self.parse_cml_term()?;
if self.eat_if(|t| matches!(t, Comma)).is_none() {
let cur = self.peek().unwrap();
return Err(ExpectedComma {
file: self.file.clone(),
line: cur.line,
column: cur.column,
3
}

let chan2 = self.parse_cml_term()?;
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self.eat(&RParen)?;

let cont = if self.eat_if(|t| matches!(t, Semi)).is_some()

self.parse_session_term()?
} else {

End
3

Ok(Link(chanl, chan2, Box::new(cont)))
}

Some(EndKw) = {
self.bump_kind();
Ok(End)

}

Some(LParen) = {
self.bump_kind();
let inner = self.parse_session_term()?;
self.eat(&RParen)?;
Ok(inner)
}

Some(tok) = {

let cur = self.peek().unwrap();

Err(UnexpectedToken {
file: self.file.clone(),
expected: "session term".into(),
found: format_token(tok),
line: cur.line,
column: cur.column,

B
}
None = {
let (line, column) = self.here();
Err(UnexpectedEof {
file: self.file.clone(),
line,
column,
ED)]
3

fn parse_cml_term(&mut self) —> Result<CmlTerm, ParserError> {
self.parse_cml_if()

fn parse_cml_if(&mut self) -> Result<CmlTerm, ParserError> {
if matches!(self.peek_kind(), Some(Token::IfKw)) {

self.bump_kind();
let cond = self.parse_cml_term()?;
self.eat(&Token:: ThenKw)?;
let then_branch = self.parse_cml_term()?;
self.eat(&Token::ElseKw)?;
let else_branch = self.parse_cml_term()?;
Ok(CmlTerm:: If(

Box ::new(cond),

Box ::new(then_branch),

Box ::new(else_branch),

)

} else {

self.parse_cml_equal()

fn parse_cml_equal(&mut self) -> Result<CmlTerm, ParserError> {
let mut left = self.parse_cml_add()?;
while matches!(self.peek_kind(), Some(Token::EqEq)) {
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self.bump_kind();
let right = self.parse_cml_add()?;
left = CmlTerm::Equal(Box::new(left), Box::new(right));
}
Ok(left)
}

fn parse_cml_add(&mut self) -> Result<CmlTerm, ParserError> {
let mut left = self.parse_cml_app_or_annotation()?;
while matches!(self.peek_kind(), Some(Token::Plus)) {
self.bump_kind();
let right = self.parse_cml_app_or_annotation()?;
left = CmlTerm::Add(Box::new(left), Box::new(right));
}
Ok(left)
}

fn parse_cml_app_or_annotation(&mut self) -> Result<CmlTerm, ParserError> {
use Token::*;
let mut tok = self.parse_cml_atom()?;
if matches!(self.peek_kind(), Some(Colon)) {
self.bump_kind();
let ty = self.parse_type()?;
return Ok(CmlTerm::Annot(Box::new(tok), ty));

3
loop {
match self.peek_kind() {
Some(RParen | RBrace | Semi | Comma | ThenKw | ElseKw | FatArrow | Colon) | None = {
break;
}
Some(EqEq | Plus) = break,
Some(
SendKw | RecvKw | SelectKw | OfferKw | NewKw | RecKw | LinkKw | EndKw | Bang
| Amp | Oplus,
) = break,
- = {1
}
let save = self.pos;
if let Ok(arg) = self.parse_cml_atom() {
tok = CmlTerm::App(Box::new(tok), Box::new(arg));
} else {
self.pos = save;
break;
H
}
Ok(tok)

}

fn parse_cml_atom(&mut self) —> Result<CmlTerm, ParserError> {

use CmlTerm:: *;

use Token::*;

use Value::*;

match self.peek_kind() {

Some(Funkw) = {

self.bump_kind();
let name = self.expect_ident("function name")?;
self.eat(&LParen)?;
let param = self.expect_ident("function parameter")?;
self.eat(&Colon)?;
let param_ty = self.parse_type()?;
self.eat(&RParen)?;
self.eat(&ThinArrow)?;
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let ret_ty = self.parse_type()?;
self.eat(&LBrace)?;

let body = self.parse_cml_term()?;
self.eat(&RBrace)?;

let fun_val = Val(Lambda {
name: Some(name),
param,
param_type: Some(param_ty.clone()),
body: Box::new(body)
1)

Ok(Annot(Box ::new(fun_val), Type::Function(Box::new(param_ty), Box

}

Some(FixKw) = {
self.bump_kind();
self.eat(&LParen)?;
let func = self.expect_ident("fix binder")?;
self.eat(&Colon)?;
let dom_ty = self.parse_type()?;
self.eat(&ThinArrow)?;
let cod_ty = self.parse_type()?;
self.eat(&RParen)?;
self.eat(&FatArrow)?;
let body = self.parse_cml_term()?;
Ok(Fix(func, Some((dom_ty, cod_ty)), Box::new(body)))
}

Some(RefKw) = {
self.bump_kind();
let expr = self.parse_cml_term()?;
Ok(Ref(Box ::new(expr)))

}

Some(GetKw) = {
self.bump_kind();
let expr = self.parse_cml_term()?;
Ok(Get(Box ::new(expr)))

3

Some(SetKw) = {
self.bump_kind();
let exprl = self.parse_cml_term()?;
if self.eat_if(|t| matches!(t, Eq)).is_none() {
let cur = self.peek().unwrap();
return Err(ExpectedEqual {
file: self.file.clone(),
line: cur.line,
column: cur.column,
B;
}
let expr2 = self.parse_cml_term()?;
Ok(Set(Box::new(exprl), Box::new(expr2)))
}

Some(Truekw) = {
self.bump_kind();
Ok(val(Bool(true)))

}

Some(FalseKw) = {
self.bump_kind();
Ok(Val(Bool(false)))

}

Some(UnitTy) = {
self.bump_kind();

2inew(ret_ty))))
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Ok(Val(unit))

Some(Intkw(_ )) = {
let n = if let Some(IntKw(i)) = self.bump_kind() {

i
} else {

unreachable! ()
}

ok(val(Int(n)))
}

Some(Ident(_)) = {
let x = if let Some(Ident(str)) = self.bump_kind() {
str
} else {
unreachable! ()

};
Ok(Val(var(x)))
}

Some(LParen) = {
self.bump_kind();
let inner = self.parse_cml_term()?;
self.eat(&RParen)?;
Ok(inner)
}

Some(tok) = {

let cur = self.peek().unwrap();

Err(UnexpectedToken {
file: self.file.clone(),
expected: "CML term".into(),
found: format_token(tok),
line: cur.line,
column: cur.column,

ED)]
}
None = {
let (line, column) = self.here();
Err(UnexpectedEof {
file: self.file.clone(),
line,
column,
ED)]
}

}

fn parse_type(&mut self) —> Result<Type, ParserError> {
self.parse_type_arrow()
}

fn parse_type_arrow(&mut self) -> Result<Type, ParserError> {
let lhs = self.parse_type_atom()?;
if matches!(self.peek_kind(), Some(Token::FatArrow)) {
self.bump_kind();
let rhs = self.parse_type_atom()7?;
Ok(Type :: Function(Box::new(lhs), Box::new(rhs)))
} else {
Ok(lhs)
}

}
fn parse_type_atom(&mut self) -> Result<Type, ParserError> {

use Token::*;
use Type::*;
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match self.peek_kind() {
Some(UnitTy) = {
self.bump_kind();
Ok(Unit)
3

Some(IntTy) = {
self.bump_kind();
0k(Int)

}

Some(BoolTy) = {
self.bump_kind();
0k(Bool)

}

Some(ChannelTy) = {

self.bump_kind();

let session_ty = self.parse_action()?;

Ok(Channel(Box ::new(Type::Session(Box::new(session_ty)))))
}

Some(LParen) = {
self.bump_kind();
let inner = self.parse_type()?;
self.eat(&RParen)?;
Ok(inner)
}

Some(tok) = {

let cur = self.peek().unwrap();

Err(UnexpectedToken {
file: self.file.clone(),
expected: "type".into(),
found: format_token(tok),
line: cur.line,
column: cur.column,

B
}
None = {
let (line, column) = self.here();
Err(UnexpectedEof {
file: self.file.clone(),
line,
column,
ED)]
}

}

fn parse_action(&mut self) —-> Result<SessionAction, ParserError> {
use SessionAction::*;
use Token::*;
match self.peek_kind() {
Some(EndKw) = {
self.bump_kind();
Ok(End)
}

Some(SendKw) = {
self.bump_kind();
if self.eat_if(|t| matches!(t, Lt)).is_none() {
let cur = self.peek().unwrap();
return Err(ExpectedCommType {
file: self.file.clone(),
line: cur.line,
column: cur.column,
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B;

}

let ty = self.parse_type()?;

self.eat(&Gt)?;

self.eat(&Semi)?;

let cont = self.parse_action()?;

Ok(SendAction(ty, Box::new(cont)))
}

Some(RecvKw) = {
self.bump_kind();

if self.eat_if(|t| matches!(t, Lt)).is_none() {

let cur = self.peek().unwrap()
return Err(ExpectedCommType {
file: self.file.clone(),
line: cur.line,
column: cur.column,
3);
H
let ty = self.parse_type()?;
self.eat(&Gt)?;
self.eat(&Semi)?;
let cont = self.parse_action()?;

Ok(ReceiveAction(ty, Box::new(cont)))

}

Some(SelectKw) | Some(Oplus) = {
self.bump_kind();
self.eat(&LBrace)?;

let mut arms: Vec<(String, SessionAction)>

loop {

let bl = self.expect_ident("label")?;

self.eat(&Colon)?;
let body = self.parse_action()
if arms.iter().any(|(Ck, )| k
return Err(DuplicatelLabel
file: self.file.clone(

label: 1bl,

2.
1

{
)

line: self.tokens.last()
column: self.tokens.last().map_or(l,

) b
arms.push((lbl, body));

&lbl)

.map_or(1l,

{

Vec

::new();

[c| c.line),

[e| c.column + 1),

if self.eat_if(|t| matches!(t, Pipe)).is_some() {

continue;
}
break;
}
self.eat(&RBrace)?;
if arms.is_empty() {
return Err(EmptyBranchSet {
file: self.file.clone(Q),

line: self.tokens.last().map_or(l, |c| c.line),
column: self.tokens.last().map_or(1,

1;

}
Ok(SelectAction(arms))
H

Some(Offerkw) | Some(Amp) = {
self.bump_kind();
self.eat(&LBrace)?;

let mut arms: Vec<(String, SessionAction)>

loop {

let 1bl = self.expect_ident("label")?;

self.eat(&Colon)?;
let body = self.parse_action()
if arms.iter().any(|(k, )| k

2.
s

&lbl)

[c]

Vec

c.column + 1),

sinew();
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let (line, column) = self.here();
return Err(DuplicatelLabel {
file: self.file.clone(),
label: 1bl,
line,
column,
3);
}

arms.push((lbl, body));

if self.eat_if(|t| matches!(t, Pipe)).is_some() {
continue;

}

break;

}

self.eat(&RBrace)?;
if arms.is_empty() {
let (line, column) = self.here();
return Err(EmptyBranchSet {
file: self.file.clone(),
line,
column,

B;
}

Ok(BranchAction(arms))
}

Some(RecKw) = {
self.bump_kind();
let var = self.expect_ident("recursion variable")?;
self.eat(&Dot)?;
let body = self.parse_action()?;
Ok(RecAction(var, Box::new(body)))
}

Some(Ident(_)) = {
let var = if let Some(Ident(str)) = self.bump_kind()
str
} else {
unreachable! ()

3
Ok(var(var))
}

Some(LParen) = {
self.bump_kind();
let inner = self.parse_action()?;
self.eat(&RParen)?;
Ok(inner)
}

Some(tok) = {
let cur = self.peek().unwrap();
Err(UnexpectedToken {
file: self.file.clone(),
expected: "session type".into(),
found: format_token(tok),
line: cur.line,
column: cur.column,
B
}

None = {
let (line, column) = self.here();
Err(UnexpectedEof {
file: self.file.clone(),
line,
column,



1037
1038
1039
1040
1041
1042
1043
1044
1045
1046
1047
1048
1049
1050
1051
1052
1053
1054
1055
1056
1057
1058
1059
1060
1061
1062
1063
1064
1065
1066
1067
1068
1069
1070
1071
1072
1073
1074
1075
1076
1077
1078
1079
1080
1081
1082
1083
1084
1085
1086
1087
1088
1089
1090
1091
1092
1093
1094
1095
1096
1097
1098
1099
1100
1101
1102
1103
1104

Appendix A. Implementation

88

}

D)

fn format_token(tok: &Token) —-> String {

}

use Token::*;
match tok {

LParen = "'('".into(),
RParen = "')'".into(),
LBrace = "'{'".into(),
RBrace = "'}'".into(),
Lt = "'<'".into(),
Gt = "'>'".into(),

Dot = "'.'".into(),

Comma = "','".into(Q),
Semi = "';'".into(),

Pipe = "'['".into(),
PipePipe = "'||'".into(),
Colon = "':'". into(),
Plus = "'+'".into(),

Eq = "'='".into(),

EqEq = "'=='".into(),

FatArrow = "'='".into(),
ThinArrow = "'->'".into(),
Bang = "'!'".into(),

FunKw = "'fun'".into(),

FixKw = "'fix'".into(Q),

Ifkn = "'if'".into(),

ThenKw = "'then'".into(),
Elsekw = "'else'".into(Q),
RefKw = "'ref'".into(),

GetKw = "'get'".into(),

SetKw = "'set'".into(),
NewKw = "'new'".into(),
SendkKw = "'send'".into(),
RecvKw = "'recv'".into(),
Selectkw = "'select'".into(),
OfferKw = "'offer'".into(),
Linkkw = "'link'".into(),
Endkw = "'end'".into(),

Reckw = "'rec'".into(),
UnitTy = "'unit'".into(Q),
IntTy = "'int'".into(),
BoolTy = "'bool'".into(),
ChannelTy = "'channel'".into(),
TrueKw = "'true'".into(),
FalseKw = "'false'".into(),
Ident(_) = "identifier".into(),
Intkw(_) = "integer".into(),
Oplus = "'sel'".into(Q),

Amp = "'&'".into(),

# derive(Clone, Debug, PartialEq)]
struct Cursor {

kind: Token,
line: usize,
column: usize,

fn make(tok: Token, line: usize, column:

Cursor {

kind: tok,
line,
column,

usize) —> Cursor



89 1.4. Evaluation

1105 }

1106 }

1107

1108 pub fn parse_program_in(file: &str, src: &str) —-> Result<SessionTerm, ParserError> {
1109 let tokens = Lexer::new(src).tokenize(file)?;

1110 let mut parser = Parser::new_with_file(tokens, file);

1111 parser.parse_program()

1112 }

1113

1114 pub fn parse_type_in(file: &str, src: &str) —> Result<Type, ParserError> {
1115 let tokens = Lexer::new(src).tokenize(file)?;

1116 let mut parser = Parser::new_with_file(tokens, file);

1117 parser.parse_type()

18}

1119

1120 pub fn parse_program(src: &str) -> Result<SessionTerm, ParserError> {
1121 parse_program_in("<stdin>", src)

1122 }

1123

1124 pub fn parse_type_src(src: &str) —> Result<Type, ParserError> {

1125 parse_type_in("<stdin>", src)

1126 '}

1127

1128 pub fn parse_program_file<P: AsRef<Path>>(path: P) -> Result<SessionTerm, ParserError> {
1129 let p = path.as_ref();

1130 let src = fs::read_to_string(p).map_err(|e| ParserError::IoError {
1131 file: p.to_string_lossy().into_owned(),

1132 msg: e.to_string(),

1133 7,

1134 parse_program_in(&p.to_string_lossy(), &src)

135}

1136

1137 pub fn parse_type_file<P: AsRef<Path>>(path: P) -> Result<Type, ParserError> {
1138 let p = path.as_ref();

1139 let src = fs::read_to_string(p).map_err(|e| ParserError::IoError {
1140 file: p.to_string_lossy().into_owned(),

1141 msg: e.to_string(),

1142 D7

1143 parse_type_in(&p.to_string_lossy(), &src)

1144 }

1.4 Evaluation

1 use crate::channel::Channellnternal;
2 use crate::error::Anyhow;

3 use crate::error::{

4 ArenaError:: {self, =*},

5 TypeError:: *,

6 SessionError:: *,

7}

8 use crate::syntax::{

9 CmlTerm, Env, Memory, SessionTerm, Value, insert_at_new_scope, insert_var, lookup_var,
0 3}

11 use std::collections::HashMap;

12 use std::error::Error;

13 use std::sync::{Arc, Mutex};

14 use std::thread;

15

16 pub fn eval_pure(

17 term: &CmlTerm,

18 env: &Env,

19 memory: &mut Memory,

20 ) —-> Result<Value, Box<dyn Error + Sync + Send>> {
21 use CmlTerm:: *;

22 use Value::*;

23 match term {
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Val(v) = match v {
Var(name) = {
let var = lookup_var(env, name);
if let Some(var) = var {
Ok(var)
} else {
Err(Box::new(UndefinedVariable(name.clone())))
}
}

Lambda {

name: self_name,

param,

param_type,

body,
} = ok(Lambda {

name: self_name.clone(),

param: param.clone(),

param_type: param_type.clone(),

body: body.clone(),
B,
Int(i) = Ok(Int(*i)),
Bool(b) = O0k(Bool(xb)),
Channel(internal) = Ok(Channel(internal.clone())),
Unit = Ok(Unit),
Address(addr) = Ok(Address(*addr)),
Label(label) = Ok(Label(label.clone())),

3

Annot(inner, _ty) = eval_pure(inner, env, memory),

App(f, arg) = {
let f_val = eval_pure(f, env, memory)?;
let arg_val = eval_pure(arg, env, memory)?;
if let Lambda { name, param, body, .. } = f_val {
let mut new_env = env.clone();
if let Some(self_name) = name {
let self_val = Lambda {
name: Some(self_name.clone()),
param: param.clone(),
param_type: None,
body: body.clone(),
H
insert_at_new_scope(&mut new_env, self_name, self_val);
} else {
insert_at_new_scope(&mut new_env, param.clone(), arg_val.clone());
}

insert_var(&mut new_env, param.clone(), arg_val);
eval_pure(&body, &new_env, memory)

} else {
Err(Box:: new(ExpectedFunction))

}

}

Fix(f, _annot, body) = match body.as_ref() {
Val(Lambda{param, param_type, body, ..}) = Ok(Lambda {
name: Some(f.clone()),
param: param.clone(),
param_type: param_type.clone(),
body: body.clone(),
B,
_ = Err(Box::new(ExpectedRecursivelLambda)),

h

If(cond, t, f) = {
let cond_val = eval_pure(cond, env, memory)?;
match cond_val {
Bool(true) = eval_pure(t, env, memory),
Bool(false) = eval_pure(f, env, memory),
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_ = Err(Box::new(ExpectedBoolean)),
}

Add(lhs, rhs) = {
let lhs_val = eval_pure(lhs, env, memory)?;
let rhs_val = eval_pure(rhs, env, memory)?;
match (lhs_val, rhs_val) {
(Int(L), Int(r)) = Ok(Int(l + r)),
_ = Err(Box::new(ExpectedInteger)),

}

Equal(lhs, rhs) = {
let lhs_val = eval_pure(lhs, env, memory)?;
let rhs_val = eval_pure(rhs, env, memory)?;
Ok(Bool(lhs_val == rhs_val))

}

Ref(t) = {
let t_val = eval_pure(t, env, memory)?;
let addr = memory.alloc(t_val);
Ok(Address(addr))

}

Get(t) = {

let addr_val = eval_pure(t, env, memory)?;

if let Address(addr) = addr_val {
let value = memory.get(addr)?.clone();
Ok(value)

} else {
Err(Box::new(ExpectedReference))

}

}

Set(tl, t2) = {

let addr_val = eval_pure(tl, env, memory)?;

if let Address(addr) = addr_val {
let value = eval_pure(t2, env, memory)?;
memory.set(addr, value.clone())?;
Ok(value)

} else {
Err(Box :: new(ExpectedReference))

}

}

Bottom = Ok(Unit),

}

#{ derive(Debug, Clone, PartialEq)]
pub enum Player {

Proponent,

Opponent,

# derive(Debug, Clone, PartialEq)]
pub enum Event {
NewChannel(String),
Send(String),
Receive(String),
Select(String),
Offer(String),
Link(String, String),
RecUnfold,
Join,
End,
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160

161  impl From<Event> for String {

162 fn from(val: Event) —> Self {

163 use Event::*;

164 match val {

165 NewChannel(name) = format!("new_channel@{}", name),
166 Send(name) = format!("send@{}", name),

167 Receive(name) = format!("receive@{}", name),
168 Select(name) = format!("select@{}", name),
169 Offer(name) = format!("offer@{}", name),

170 Link(cl, c2) = format!("link@{}-{}", c1, c2),
171 RecUnfold = "rec_unfold".to_string(),

172 Join = "join".to_string(),

173 End = "end".to_string(),

174 }

175 }

176}

177

178  impl std::fmt::Display for Event {

179 fn fmt(&self, f: &mut std::fmt::Formatter<'_>) —> std::fmt::Result {
180 let moves = String::from(self.clone());

181 write!(f, "{}", moves)

182 }

183}

184

185 pub type Events = Vec<Event>;

186

187  #{derive(Debug, Clone)]
188 pub struct DAGNode {

189 pub id: usize,

190 pub event: Event,

191 pub player: Player,

192 pub justification: Option<usize>,
193 pub children: Vec<usize>,

194 }

195

196 impl DAGNode {

197 pub fn new(id: usize, event: Event, player: Player, justification: Option<usize>) -> Self {
198 DAGNode {

199 id,

200 event,

201 player,

202 justification,

203 children: Vec::new(),

204 }

205 }

206}

207

208 #{derive(Debug, Clone, Default)]
209 pub struct Arena {

210 pub nodes: Vec<DAGNode>,

211 pub edges: Vec<(usize, usize)>,

212

213

214  impl Arena {

215 pub fn new() -> Self {

216 Arena {

217 nodes: Vec::new(),

218 edges: Vec::new(),

219 3

220 }

221

222 pub fn add_node(&mut self, event: Event, player: Player, parent: Option<usize>) -> usize {
223 let id = self.nodes.len();

224 let node = DAGNode::new(id, event.clone(), player.clone(), parent);
225 self.nodes.push(node);

226 if let Some(parent_id) = parent {

227 self.edges.push((parent_id, id));
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self.nodes[parent_id].children.push(id);

}
id

pub fn to_dot(&self) -> String {
let mut dot = String::from("digraph Arena {\n");
for node in &self.nodes {
let label = format!("{:?} ({:?})", node.event, node.player);

dot.push_str(&format! (" {} [label=\"{}\"1;\n", node.id, label));
}
for (from, to) in &self.edges {
dot.push_str(&format! (" {3 -> {};\n", from, to));
}
dot.push_str("}\n");
dot

pub fn validate_justification(
&self,
node_id: usize,
parent_id: Option<usize>,
) —> Result<(), ArenaError> {
let node = self.nodes.get(node_id).ok_or(InvalidNode(node_id))?;

match (node.justification, parent_id) {
(Some(expected), Some(actual)) if expected == actual = 0k((Q)),
(None, None) = 0k((Q)),
_ = Err(InvalidJustification),

}7;

if let Some(parent_id) = parent_id {
let parent = self.nodes.get(parent_id).ok_or(InvalidNode(parent_id))?;

let _ = match (&parent.player, &node.player) {
(Player::Proponent, Player::Opponent) | (Player::Opponent, Player::Proponent) = {
0k(0))
}

_ = Err(InvalidPlayerSequence),
}
}

if let Some(parent_id) = parent_id {
let parent = &self.nodes[parent_id];
if !parent.children.contains(&node_id) {
return Err(OrphanNode(node_id));
}

}
o0k(())
}

pub type SharedArena = Arc<Mutex<Arena>>;

#Hinline]
fn add_node_sync(
arena: &SharedArena,
event: Event,
player: Player,
parent: Option<usize>,
) —> usize {
let mut ar = arena.lock().unwrap();
ar.add_node(event, player, parent)

}

# derive(Debug, Clone)]
pub struct Process {
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pub term: SessionTerm,

pub env: Env,

pub memory: Memory,

pub senv: HashMap<String, SessionTerm>,
pub current_node: Option<usize>,

pub causal_context: Vec<usize>,
parallel_anchor: Option<usize>,

}

impl Process {
pub fn new(term: SessionTerm) —> Self {

Process {
term,
env: Env::new(),
memory: Memory ::new(),
senv: HashMap::new(),
current_node: None,
causal_context: Vec::new(),
parallel_anchor: None,

}

pub fn with_causal_node(&self, node_id: usize) -> Self {
let mut new_process = self.clone();
new_process.causal_context.push(node_id);
new_process.current_node = Some(node_id);
new_process

}

pub fn with_term(&self, term: SessionTerm) —> Self {
let mut new_process = self.clone();
new_process.term = term;
new_process

}

pub fn fork_for_parallel(&self, term: SessionTerm, parent: Option<usize>) -> Self {

let mut process = Process {
term,
env: self.env.clone(),
memory: self.memory.clone(),
senv: self.senv.clone(),
current_node: None,
causal_context: Vec::new(),
parallel_anchor: parent,

H

if let Some(p) = parent {
process.causal_context.push(p);

process

}

#Hinlinel

pub fn anchor_parent(&self) -> Option<usize> {
self.parallel_anchor

3

pub fn get_arena_nodes(&self) —-> Option<(usize, usize)> {
match (self.current_node, self.causal_context.last()) {
(Some(current), Some(parent)) = Some((current, *parent)),
_ = None,

}

pub fn eval_game(
process: &mut Process,
arena: &SharedArena,
) —> Result<Value, Box<dyn Error + Send + Sync>> {
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let term = process.term.clone();
let memory = &mut process.memory;
match term {
SessionTerm::NewChannel(name, opt_proto, body) = {
let fresh_name = name.to_string();
let parent = process.causal_context.last().copied();
let node_id = add_node_sync(
arena,
Event :: NewChannel(fresh_name.clone()),
Player::Proponent,
parent,
)i

process.current_node = Some(node_id);

let internal = match opt_proto.as_ref() {
Some(s) = ChannellInternal::restricted_with_action(&fresh_name, s.clone(), node_id),
None = ChannelInternal::restricted(&fresh_name, node_id),

};

let channel = Value::Channel(Arc::new(Mutex::new(internal)));

let mut next = process.with_causal_node(node_id);
insert_var(&mut next.env, name.clone(), channel.clone());
next.term = *body;

eval_game(&mut next, arena)

}

SessionTerm::Send(channel_term, message_term, cont) = {
let channel_val = eval_pure(&channel_term, &process.env, memory)?;
let message_val = eval_pure(&message_term, &process.env, memory)?;

if let Value::Channel(arc_channel) = channel_val {
let ch_name = { arc_channel.lock().unwrap().name.clone() };
let parent = process.causal_context.last().copied();
let node_id = add_node_sync(arena, Event::Send(ch_name), Player::Proponent, parent);

ChannellInternal::send(&arc_channel, message_val)?;

{
let mut ¢ = arc_channel.lock().unwrap();
if let Some(peer_w) = &c.linked_to {
if let Some(peer) = peer_w.upgrade() {
peer.lock().unwrap().last_send_node = Some(node_id);
} else {
c.last_send_node = Some(node_id);
}
} else {
c.last_send_node = Some(node_id);
}
}

let mut next = process.with_causal_node(node_id);
next.current_node = Some(node_id);

next.term = *cont;
return eval_game(&mut next, arena);

}

Err(Box :: new(ExpectedChannel))
}

SessionTerm::Receive(channel_term, var, cont) = {
let channel_val = eval_pure(&channel_term, &process.env, memory)?;

if let Value::Channel(arc_channel) = channel_val {
let value = ChannelInternal::receive(&arc_channel)?;

let (ch_name, parent_send) = {
let guard = arc_channel.lock().unwrap();
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(guard.name.clone(), guard.last_send_node)

H
let send_node = parent_send.ok_or_else(|| Box::new(MissingCausalParent))?;

let node_id = add_node_sync(
arena,
Event::Receive(ch_name),
Player::Opponent,
Some(send_node),

J;
{
}

arc_channel.lock() .unwrap().last_receive_node = Some(node_id);

let mut next = process.with_causal_node(node_id);
next.current_node = Some(node_id);

insert_var(&mut next.env, var.clone(), value);
next.term = *cont;
return eval_game(&mut next, arena);

}

Err(Box ::new(ExpectedChannel))
}

SessionTerm:: Select(channel_term, label_term, cont) = {
let channel_val = eval_pure(&channel_term, &process.env, memory)?;
let label_val = eval_pure(&label_term, &process.env, memory)?;

if let Value::Channel(arc_channel) = channel_val {
let ch_name = { arc_channel.lock().unwrap().name.clone() };
let parent = process.anchor_parent();
let node_id =
add_node_sync(arena, Event::Select(ch_name), Player::Proponent, parent);
let mut next = process.with_causal_node(node_id);

ChannelInternal::handle_select(&arc_channel, label_val, *cont, &mut next)?;
next.current_node = Some(node_id);

return eval_game(&mut next, arena);

}

Err(Box:: new(ExpectedChannel))
}

SessionTerm:: O0ffer(channel_term, branches) = {
let channel_val = eval_pure(&channel_term, &process.env, memory)?;

if let Value::Channel(arc_channel) = channel_val {
let ch_name = { arc_channel.lock().unwrap().name.clone() };
let parent = process.anchor_parent();
let node_id = add_node_sync(arena, Event::0ffer(ch_name), Player::Opponent, parent);
let mut next = process.with_causal_node(node_id);

let mut payload_branches = Vec::with_capacity(branches.len());
for (label, body) in branches {
let memory = &mut next.memory;
let label_val = eval_pure(&label, &next.env, memory)?;
payload_branches.push((label_val, x*body));
}

let _chosen =
ChannelInternal::handle_offer(&arc_channel, payload_branches, &mut next)?;

next.current_node = Some(node_id);
return eval_game(&mut next, arena);
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}

SessionTerm::Link(chanl_term, chan2_term, cont) = {
let cl1 = match eval_pure(&chanl_term, &process.env, memory)? {

}

}

Err(Box :: new(ExpectedChannel))

Value::Channel(i) = i,

i

let c2 = match eval_pure(&chan2_term, &process.env, memory)? {

Value::Channel(i) = i,

let (namel, name2) = {
let guardl = cl.lock().unwrap();
let guard2 = c2.lock().unwrap(Q);

(guardl.name.clone(), guard2.name.clone())

¥

let parent = process.causal_context.last().copied();

let node_id =

= return Err(Box::new(ExpectedChannel)),

= return Err(Box::new(ExpectedChannel)),

add_node_sync(arena, Event::Link(namel, name2), Player::Proponent, parent);

process.causal_context.push(node_id);
process.parallel_anchor = Some(node_id);
process.current_node = Some(node_id);

ChannellInternal::link_channels(&cl, &c2)?;
process.term = *cont;
eval_game(process, arena)

SessionTerm::SVar(x) = {

}

if let Some(t) = process.senv.get(&x).cloned() {

process.term = t;
eval_game(process, arena)
} else {
Err(Box::new(UndefinedSessionVar(x)))
}

SessionTerm::Rec(var, body) = {

}

let rec_node = add_node_sync(
arena,
Event ::RecUnfold,
Player::Proponent,
process.causal_context.last().copied(),

);

let mut next = process.with_causal_node(rec_node);
let rec_term = SessionTerm::Rec(var.clone(), body.clone());

next.senv.insert(var.clone(), rec_term);
next.current_node = Some(rec_node);

next.term = *body;
eval_game(&mut next, arena)

SessionTerm::Parallel(pl, p2) = {

let parent = process.anchor_parent();
let mut plp
let arenal = Arc::clone(arena);
let arena2 = Arc::clone(arena);

thread::scope(|s| {

= process.fork_for_parallel(*pl, parent);
let mut p2p = process.fork_for_parallel(*p2, parent);



568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619

— O 0 00NNV W

[E——

Appendix A. Implementation 98

)
}

let hl = s.spawn(move || eval_game(&mut plp, Sarenal));
let h2 = s.spawn(move || eval_game(&mut p2p, &arena2));
let _rl = hl

.join(Q)

.map_err(|_| Anyhow("parallel thread 1 panicked"))??;
let _r2 = h2

.join()

.map_err(|_| Anyhow("parallel thread 2 panicked"))??;

add_node_sync(arena, Event::Join, Player::Proponent, parent);
Ok::<_, Box<dyn std::error::Error + Send + Sync>>(Value::Unit)

SessionTerm::Replicate(proc) = {

let

let
let

let
let

std

)
}

parent = process.causal_context.last().copied();

mut pl = process.fork_for_parallel((*proc).clone(), parent);
mut p2 = process.fork_for_parallel((*proc).clone(), parent);

al
a2

std::sync::Arc::clone(arena);
std::sync::Arc::clone(arena);

::thread::scope(|s| {

let hl = s.spawn(move || eval_game(&mut pl, &al));
let h2 = s.spawn(move || eval_game(&mut p2, &a2));
let _vl = hl
.join(Q)
.map_err(|_| Anyhow("replicate thread 1 panicked"))??;
let _v2 = h2
join()
.map_err(|_| Anyhow("replicate thread 2 panicked"))??;

add_node_sync(arena, Event::Join, Player::Proponent, parent);
Ok::<_, Box<dyn std::error::Error + Send + Sync>>(Value::Unit)

SessionTerm::End = {

let

add_

).

parent = process.current_node;
node_sync(

arena,

Event::End,

Player::Proponent,

parent

OL(Value::Unit)

1.5 Runtime

use crate::channel::SessionAction;
use crate::error::{SessionError::*, TypeError::=};

use crate::game_

semantics:: {eval_game, Arena, Process, SharedArena};

use crate::syntax::{CmlTerm, SessionTerm, Type, Value};
use std::collections::HashMap;

use std::error::

Error;

use std::sync::{Arc, Mutex};

#{ derive(Debug,

Clone, Default)]

pub struct TypeChecker {
gamma: Vec<HashMap<String, Type>>,
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sigma: Vec<HashMap<String>>, // For session types

impl TypeChecker {
pub fn new() -> Self {

fn

fn

fn

fn

fn

fn

fn

fn

}

Self {
gamma: vec![HashMap::new()],
sigma: vec![HashMap::new()],

gamma_push(&mut self) {
self.gamma.push(HashMap::new());

gamma_pop(&mut self) {
self.gamma.pop(Q);

gamma_insert(&mut self, var: String, ty: Type) {
self.gamma.last_mut().unwrap().insert(var, ty);

gamma_lookup(&self, x: &str) —> Option<Type> {
for scope in self.gamma.iter().rev() {
if let Some(ty) = scope.get(x) {
return Some(ty.clone());
}

}

None

sigma_push(&mut self) {
self.sigma.push(HashMap::new());

sigma_pop(&mut self) {
self.sigma.pop();

sigma_insert(&mut self, var: String, ty: Type) {
self.sigma.last_mut().unwrap().insert(var, ty);

sigma_lookup(&self, x: &str) -> Option<Type> {
for scope in self.sigma.iter().rev() {
if let Some(ty) = scope.get(x) {
return Some(ty.clone());
}

}

None

pub fn cml(&mut self, term: &CmlTerm) -> Result<Type, Box<dyn Error>> {

use CmlTerm:: *;
use Type::*;
match term {
Val(v) = match v {
Value::Var(x) = self
.gamma_lookup(x)
.ok_or_else(|| Box::new(UndefinedVariable(x.clone())) as _),
Value::Int(_) = Ok(Int),
Value::Bool(_) = Ok(Bool),
Value::Unit = Ok(Unit),
Value::Channel(_) = Err(Box::new(ExpectedChannelType)),
Value::Address(_) = Err(Box::new(AddressIsRuntimeOnly)),
Value::Label(_) = Ok(Unit),
Value::Lambda {
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name:
param,
param_type,
body,
P =1
let param_ty = param_type
.clone()
.ok_or_else(|| Box::new(MissingTypeAnnotation))?;
self.gamma_push();
self.gamma_insert(param.clone(), param_ty.clone());
let body_ty = self.cml(body)?;
self.gamma_pop();
Ok(Function(Box::new(param_ty), Box::new(body_ty)))

h

App(f, a) = {
let f_type = self.cml(f)?;
let a_type = self.cml(a)?;
if let Function(param_type, return_type) = f_type {
if xparam_type == a_type {
Ok(*return_type)
} else {
Err(Box::new(FunctionTypeMismatch(*param_type, a_type)))
}

} else {
Err(Box :: new(ExpectedFunctionType))
}

}

Fix(f, annot, body) = {
let (dom, cod) = annot
.clone()
.ok_or_else(|| Box::new(MissingTypeAnnotation))?;
self.gamma_push();
self.gamma_insert(
f.clone(),
Function(Box::new(dom.clone()), Box::new(cod.clone())),
);
let body_type = self.cml(body)?;
self.gamma_pop();
if body_type #+ cod {
return Err(Box::new(TypeMismatch(body_type, cod.clone())));
}

Ok(Type :: Function(Box ::new(dom), Box::new(cod)))
}

If(cond, t, f) = {
let cond_type = self.cml(cond)?;
if cond_type #* Bool {
return Err(Box::new(ExpectedBoolean));
}

let t_type = self.cml(t)?;
let f_type = self.cml(f)?;
if t_type #+ f_type {
return Err(Box::new(BranchTypeMismatch(t_type, f_type)));
}

Ok(t_type)
H

Add(l, r) = {

let 1t = self.cml(L)?;

let rt = self.cml(r)?;

if 1t == Int & rt == Int {
Ok(Int)

} else {
Err(Box::new(ExpectedInteger))

}
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148 }

149

150 Equal(l, r) = {

151 let 1t = self.cml(L)?;

152 let rt = self.cml(r)?;

153 if 1t == Int & rt == Int {

154 Ok(Bool)

155 } else {

156 Err(Box::new(ExpectedInteger))

157 }

158 }

159

160 Ref(expr) = {

161 let expr_type = self.cml(expr)?;

162 Ok(RefType(Box :: new(expr_type)))

163 }

164

165 Get(expr) = match self.cml(expr)? {

166 RefType(inner_type) = Ok(*inner_type),
167 _ = Err(Box::new(ExpectedReferenceType)),
168 }

169

170 Set(ref_expr, val_expr) = match self.cml(ref_expr)? {
171 RefType(inner) = {

172 let val_type = self.cml(val_expr)?;
173 if val_type # #*inner {

174 return Err(Box::new(TypeMismatch(val_type, *inner)));
175 }

176 ok(Unit)

177 }

178 _ = Err(Box::new(ExpectedReferenceType)),
179 b

180

181 Annot(expr, ty) = {

182 let expr_type = self.cml(expr)?;

183 if Sexpr_type #+ ty {

184 return Err(Box::new(TypeMismatch(expr_type, ty.clone())));
185 }

186 Ok(ty.clone())

187 }

188

189 Bottom => Ok(Unit),

190 }

191 }

192

193 pub fn session(&mut self, term: &SessionTerm) —> Result<Type, Box<dyn Error>> {
194 use SessionTerm::*;

195 use Type::*;

196 match term {

197 NewChannel(name, Some(s), body) = {

198 self.gamma_push();

199 self.gamma_insert(

200 name.clone(),

201 Channel(Box ::new(Session(Box::new(s.clone())))),
202 );

203 let _ = self.session(body)?;

204 self.gamma_pop();

205 Ok(Unit)

206 }

207

208 NewChannel(name, None, _) = Err(Box::new(MissingAnnotationForChannel(name.clone()))),
209

210 Send(channel, value, cont) = {

211 let chan_ty = self.cml(channel)?;

212 let val_ty = self.cml(value)?;

213 // Stable matching: no ‘box‘ pattern

214 if let Channel(inner) = &chan_ty

215 && let Session(sa) = inner.as_ref()
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216 & let SessionAction::SendAction(expected, _cont_s) = &x*sa
217 {

218 if &val_ty #+ expected {

219 return Err(Box::new(TypeMismatch(val_ty, expected.clone())));
220 }

221 // (Optional) if channel is a plain variable, you could
222 // shadow it in a new scope with the continuation S.
223 // We keep it simple here:

224 let _ = self.session(cont)?;

225 return Ok(Unit);

226 }

227 Err(Box::new(InvalidSendOperation))

228 }

229

230 Receive(channel, var, cont) = {

231 let channel_type = self.cml(channel)?;

232 if let Channel(inner) = &channel_type

233 & let Session(sa) = inner.as_ref()

234 && let SessionAction::ReceiveAction(expected, _cont_s) = &**sa
235 {

236 self.gamma_push();

237 self.gamma_insert(var.clone(), expected.clone());

238 let _ = self.session(cont)?;

239 self.gamma_pop();

240 return Ok(Unit);

241 }

242

243 Err(Box ::new(ExpectedSessionChannel))

244 }

245

246 Select(channel, label, cont) = {

247 let channel_type = self.cml(channel)?;

248 let 1bl = match label {

249 CmlTerm::Val(Value::Label(s)) = s.clone(),

250 _ = return Err(Box::new(ExpectedSessionChoice)),

251 };

252 if let Channel(inner) = &channel_type

253 & let Session(sa) = inner.as_ref()

254 & let SessionAction::SelectAction(arms) = &**sa

255 {

256 if let Some((_, _)) = arms.iter().find(|(l, )| 1 == &lbl) {
257 let _ = self.session(cont)?;

258 return Ok(Unit);

259 } else {

260 return Err(Box::new(InvalidBranchSelection(

261 SessionAction::SelectAction(arms.clone()),

262 SessionAction::Var(lbl),

263 )));

264 }

265 }

266

267 Err(Box::new(ExpectedSessionChannel))

268 }

269

270 Offer(channel, branches) = {

271 let channel_type = self.cml(channel)?;

272 let expected: Vec<(String, SessionAction)> = if let Channel(inner) = &channel_type {
273 if let Session(sa) = inner.as_ref() {

274 if let SessionAction::BranchAction(arms) = &*xsa {
275 arms.clone()

276 } else {

277 return Err(Box::new(ExpectedBranch));

278 }

279 } else {

280 return Err(Box::new(ExpectedSessionChannel));

281

282 } else {

283 return Err(Box::new(ExpectedSessionChannel));
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b

if branches.is_empty() {

}

return Err(Box::new(EmptyBranchSet));

if branches.len() * expected.len() {

}

return Err(Box::new(BranchCountMismatch(
branches.len(),
expected.len(),

)));

let exp_map: HashMap< > = expected.into_iter().collect();

let mut ret_tys = Vec::with_capacity(branches.len());
for (lbl_term, body) in branches {

}

let 1bl = match 1lbl_term {
CmlTerm::Val(Value::Label(s)) = s.clone(),
= return Err(Box::new(ExpectedSessionChoice)),

H

let _next_s = exp_map.get(&lbl).ok_or_else(|| {

Box :: new(ValueNotInBranch(lbl_term.clone())) as Box<dyn Error>

17,

let ty = self.session(body)?;
ret_tys.push(ty);

let t0 = ret_tys[0].clone();
if ret_tys.iter().any(|t| *t # t0) {
return Err(Box::new(BranchTypeMismatch(t0, ret_tys[1].clone())));

}
Ok(toe)

}

Parallel(pl, p2) = {
let _ = self.session(pl)?;
let _ = self.session(p2)?;
Ok(Unit)

}

Replicate(p) = {
let _ = self.session(p)?;
Ok(Unit)

}

SVar(name) = self
.sigma_lookup(name)

.ok_or_else(|| Box::new(UndefinedSessionVar(name.clone())) as _),

SessionTerm::Rec(var, body) = {
self.sigma_insert(var);

let _ = self.session(body)?;
Ok(Unit)

}

Link(cl, c2, cont) = {

let t1 = self.cml(cl)?;

let t2

self.cml(c2)7?;

let (s1, s2) = match (&t1, &t2) {
(Channel(al), Channel(a2)) = match (al.as_ref(), a2.as_ref()) {

b

(Session(sl), Session(s2)) = (sl.clone(), s2.clone()),
_ = return Err(Box::new(ExpectedChannelType)),

I
_ = return Err(Box::new(ExpectedChannelType)),

if !sl.is_dual_of(&s2) {

}

return Err(Box::new(ChannelTypeMismatch(tl, t2)));
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let _ = self.session(cont)?;
0k(Unit)
}

End = Ok(Unit),

}

# derive(Debug, Clone, Default)]
pub struct Runtime {
pub arena: SharedArena,

impl Runtime {
pub fn new() -> Self {
Runtime {
arena: Arc::new(Mutex::new(Arena::new())),
}

}

pub fn run(&mut self, term: SessionTerm) -> Result<(), Box<dyn Error + Sync + Send>> {

let mut process = Process::new(term);
let _ = eval_game(&mut process, &self.arena)?;
ok(())

}

pub fn arena_dot(&self) -> String {
let ar = self.arena.lock().unwrapQ);
ar.to_dot()

1.6 Error Handling

use crate::channel::SessionAction;
use crate::syntax::{CmlTerm, Type};
use MemoryError::*;

use SessionError::=*;

use TypeError::*;

use std::error::Error;

use std::fmt:: {Display, Formatter};

#{ derive(Debug)]

pub enum TypeError {
UndefinedVariable(String),
TypeMismatch(Type, Type),
BranchTypeMismatch(Type, Type),
MissingTypeAnnotation,
MissingAnnotationForChannel(String),
ConcurrentAccess(String),
UndefinedType(String),
UnsportedValueType,
ExpectedChannel,
ExpectedChannelType,
ChannelTypeMismatch(Type, Type),
ExpectedSessionChannel,
ExpectedSessionChoice,
ExpectedInteger,
ExpectedFunction,
ExpectedRecursivelambda,
ExpectedExponential,
FunctionTypeMismatch(Type, Type),
ExpectedFunctionType,
ExpectedSessionType,
ExpectedTensorType,
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}

ExpectedBoolean,
ExpectedReference,
ExpectedReferenceType,
ExpectedExponentialType,
ExpectedBranch,
ExpectedPair,
InvalidParallelTerm,
EmptyBranchSet,
ValueNotInBranch(CmlTerm),
AddressIsRuntimeOnly,
NonPure,

#{ derive(Debug)]
pub enum MemoryError {

}

ChannelExists(String),
ChannelNotDefined(String),
EmptyChannel(String),
AddressNotFound(usize),

#{ derive(Debug)]
pub enum SessionError {

}

ProtocolViolation(SessionAction, SessionAction),
InvalidTransition(SessionAction, SessionAction),
InvalidBranchSelection(SessionAction, SessionAction),
BranchCountMismatch(usize, usize),

ExpectedSendOrReceive,
ExpectedSelect,
ExpectedOffer,
ProtocolDoesntAllowOffer,
ProtocolDoesntAllowSelect,
InvalidSendOperation,
InvalidReceiveOperation,
InvalidSessionChoice,
InvalidContinuation,

InvalidComposition(SessionAction, SessionAction),

CouldntFindPartner(String),

DualityMismatch(SessionAction, SessionAction),

AlreadyComposed,
StackMismatch(usize, usize),
InvalidRecursion(String),

IncompleteSession(String, SessionAction),

ChannelPending(String),
DisconnectedChannel(String),
InvalidBranchLabel(String),
UndefinedSessionVar(String),

# derive(Debug)]
pub enum ArenaError {

InvalidJustification,

InvalidNode(usize),
InvalidPlayerSequence(usize),
OrphanNode(usize),
MissingCausalParent

}

#{ derive(Debug)]

pub enum ParserError {

UnexpectedEof {
file: String,
line: usize,
column: usize

Iy

UnexpectedToken {
file: String,
expected: String,
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found: String,
line: usize,
column: usize

3

TrailingInput {
file: String,
found: String,
line: usize,
column: usize

¥

DuplicateLabel {
file: String,
label: String,
line: usize,
column: usize

N

EmptyBranchSet {
file: String,
line: usize,
column: usize

H

InvalidIntLiteral{
file: String,
text: String,
line: usize,
column: usize

ExpectedIdent {
file: String,
what: &'static str,
line: usize,
column: usize

N

ExpectedLabel {
file: String,
line: usize,
column: usize

H

ExpectedComma {
file: String,
line: usize,
column: usize

N

ExpectedCommType {
file: String,
line: usize,
column: usize

H

ExpectedEqual {
file: String,
line: usize,
column: usize

H
LexError{
file: String,
msg: String,
line: usize,
column: usize
H
IoError {
file: String,
msg: String
h

}
impl Error for TypeError {}

impl Error for MemoryError {}
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impl Error for SessionError {}
impl Error for ArenaError {}
impl Error for ParserError {}

impl Display for TypeError {
fn fmt(&self, f: &mut std::fmt::Formatter<'_>) —> std::fmt::Result {
match self {
UndefinedVariable(var) = write!(f, "Undefined variable: {}", var),
TypeMismatch(expected, found) = write!(

"+ype mismatch: expected {:?}, found {:?}",
expected, found
)
CﬁannelTypeMismatch(expected, found) = write!(

"Channel type mismatch: expected {:?}, found {:?}",

expected, found
),
ConcurrentAccess(var) = write!(f, "Concurrent access to variable: {}", var),
FunctionTypeMismatch(expected, found) = write!(

1
"Function type mismatch: expected {:?}, found {:?}",
expected, found

BranchTypeMismatch(expected, found) = write!(
1
"Branches must have the same type: expected {:?}, found {:?}",
expected, found

ExpectedChannel = write!(f, "Expected a channel™),
ExpectedChannelType = write!(f, "Expected a channel type"),
ExpectedSessionChannel = write!(f, "Expected a session channel"),
ExpectedFunction = write!(f, "Expected a function"),
ExpectedFunctionType = write!(f, "Expected a function type"),
ExpectedSessionType = write!(f, "Expected a session type"),
ExpectedSessionChoice = write!(f, "Expected a session choice"),
ExpectedTensorType = write!(f, "Expected a tensor type"),
UnsportedValueType = write!(f, "Unsupported value type"),
ExpectedBoolean => write!(f, "Expected a boolean"),

ExpectedInteger = write!(f, "Expected an integer"),
ExpectedReference = write!(f, "Expected a reference"),
ExpectedReferenceType = write!(f, "Expected a reference type"),
ExpectedExponential = write!(f, "Expected an exponential"),
ExpectedExponentialType = write!(f, "Expected an exponential type"),
ExpectedBranch = write!(f, "Expected a branch"),

ExpectedPair = write!(f, "Expected a pair"),

EmptyBranchSet = write!(f, "Empty branch list"),
ValueNotInBranch(value) = write!(f, "Value {} not in branch", value),
UndefinedType(name) = write!(f, "Undefined type: {}", name),
NonPure = write!(f, "Trying to evaluate a non-pure term as pure"),
InvalidParallelTerm = write!(f, "Invalid parallel term"),
MissingTypeAnnotation = write!(f, "Missing type annotation"),

MissingAnnotationForChannel(name) = write!(f, "Missing type annotation for channel:

AddressIsRuntimeOnly = write!(f, "Address values are only available at runtime"),
ExpectedRecursiveLambda = write!(f, "Expected a recursive lambda"),

}

impl Display for MemoryError {
fn fmt(&self, f: &mut Formatter<'_>) -> std::fmt::Result {
match self {
ChannelExists(name) = write!(f, "Channel '{}' already exists", name),
ChannelNotDefined(name) = write!(f, "Channel '{}' not defined", name),
EmptyChannel(name) = write!(f, "Channel {} is empty", name),

{}", name
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AddressNotFound(loc) = write!(f, "Address {} not found", loc),

}

impl Display for SessionError f{
fn fmt(&self, f: &mut Formatter<'_>) -> std::fmt::Result {
match self {
ProtocolViolation(expected, found) = write!(
f,
"Session protocol violation: expected {:?}, found {:?}",
expected, found
),
InvalidTransition(sl, s2) = {
write!(f, "Invalid session transition: {:?} -> {:?}", sl, s2)

}

InvalidBranchSelection(expected, found) = write!(
f,
"Invalid branch selection: expected {:?}, found {:?}",
expected, found

)

BfanchCountMismatch(expected, found) = write!(
f,
"Branch count mismatch: expected {}, found {}",
expected, found

)

1
ExpectedSendOrReceive = write!(f, "Expected send or receive action"),
ProtocolDoesntAllowOffer = write!(f, "Protocol doesn't allow offer"),
ProtocolDoesntAllowSelect = write!(f, "Protocol doesn't allow select"),
InvalidSessionChoice = write!(f, "Invalid session choice"),
InvalidSendOperation = write!(f, "Invalid send operation"),
InvalidReceiveOperation = write!(f, "Invalid receive operation"),
InvalidContinuation = write!(f, "Invalid continuation"),
DualityMismatch(pl, p2) = write!(

f,
"Protocol duality mismatch: {:?} is not dual of {:?}",
pl, p2
),
InvalidComposition(pl, p2) = write!(
f,
"Invalid session composition: {:?} cannot be composed with {:?}",
pl, p2
)

AlreadyComposed = write!(f, "Session already composed"),

StackMismatch(sl, s2) = write!(f, "Session protocol stack mismatch: {} =# {}", sl1, s2),
InvalidRecursion(name) = write!(f, "Invalid recursion: {}", name),
CouldntFindPartner(name) = write!(f, "Couldn't find partner for {}", name),
IncompleteSession(name, current) = write!(f, "Incomplete session {}: {:?}", name, current),
ChannelPending(name) => write!(f, "Channel {} is pending", name),
DisconnectedChannel(name) = write!(f, "Channel {} is disconnected", name),
InvalidBranchLabel(label) = write!(f, "Invalid branch label: {}", label),

ExpectedOffer = write!(f, "Expected an offer action"),

ExpectedSelect = write!(f, "Expected a select action"),

UndefinedSessionVar(name) = write!(f, "Undefined session variable: {}", name),

impl Display for ArenaError {
fn fmt(&self, f: &mut Formatter<'_>) -> std::fmt::Result {

use ArenaError::x*;

match self {
InvalidJustification = write!(f, "Invalid justification"),
InvalidNode(id) = write!(f, "Invalid node: {}", id),
InvalidPlayerSequence(id) = write!(f, "Invalid player sequence at node {}", id),
OrphanNode(id) = write!(f, "Orphan node: {}", id),
MissingCausalParent = write!(f, "Missing causal parent"),
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304 }

305 }

306}

307

308 impl Display for ParserError {

309 fn fmt(&self, f: &mut Formatter<'_>) -> std::fmt::Result {

310 use ParserError::*;

311 match self {

312 UnexpectedEof { file, line, column } =

313 write!(f, "{file}:{line}:{column}: unexpected end of input"),

314 UnexpectedToken { expected, found, file, line, column } =

315 write!(f, "{file}:{line}:{column}: expected {expected}, found {found}"),
316 TrailingInput { found, file, line, column } =

317 write!(f, "{file}:{line}:{column}: trailing input starting at {found}"),
318 DuplicateLabel { label, file, line, column } =

319 write!(f, "{file}:{line}:{column}: duplicate label ‘{label}‘"),

320 EmptyBranchSet { file, line, column } =

321 write!(f, "{file}:{line}:{column}: empty branch set"),

322 InvalidIntLiteral { text, file, line, column } =

323 write!(f, "{file}:{line}:{column}: invalid integer literal ‘{text}‘'"),
324 ExpectedIdent { what, file, line, column } =

325 write!(f, "{file}:{line}:{column}: expected {what}"),

326 ExpectedLabel { file, line, column } =

327 write!(f, "{file}:{line}:{column}: expected a label"),

328 ExpectedComma { file, line, column } =

329 write!(f, "{file}:{line}:{column}: expected a ',' between channel and argument"),
330 ExpectedCommType { file, line, column } =

331 write!(f, "{file}:{line}:{column}: expected a <Type> after send/receive"),
332 ExpectedEqual { file, line, column } =

333 write!(f, "{file}:{line}:{column}: expected '='"),

334 LexError { msg, file, line, column } =

335 write!(f, "{file}:{line}:{column}: {msg}"),

336 IoError { file, msg } =

337 write!(f, "{file}: {msg}"),

338 }

339 }

340 '}

341

342  #{derive(Debug)]

343  pub struct Anyhow(pub &'static str);
344

345 impl Error for Anyhow {}

346  impl Display for Anyhow {

347 fn fmt(&self, f: &mut Formatter<'_>) -> std::fmt::Result {
348 write!(f, "{}", self.0)

349 }

350 }

351
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