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ABSTRACT

A commonly accepted mathematical formalism for describing and proving properties
of concurrent systems is the w-calculus. The m-calculus provides various operational
techniques for reasoning about the behavior of systems, and this is one of the reasons
why the m-calculus has been widely used.

Although the operational aspects of w-calculus have been well-studied, the connection
between the 7-calculus and other mathematical objects is not well-understood. This is
in contrast to the case of A-calculus, which is a formal calculus often used as the basis for
functional programming. The correspondence between simply typed A-calculus, cartesian
closed categories and intuitionistic logic is well-known. Such correspondence has not been
discovered for the m-calculus, except for session-typed variants of the 7-calculus in which
only a limited form of concurrency is expressible. The lack of such correspondence has
been preventing the transfer of established techniques from logic and category theory to
the field of concurrency.

This thesis makes an effort to extend the three-way correspondence between compu-
tation, categories and logic to the m-calculus (not limited to the session-typed variants).

First, we develop a correspondence between a categorical structure, which we call
compact closed Freyd category, and a variant of the m-calculus, which we call the 7p-
calculus. Both the compact closed Freyd category and the mg-calculus are novel and are
carefully defined so that they correspond to each other. Although compact closed Freyd
category is introduced for a particular purpose, i.e. establishing a correspondence with the
m-calculus, its definition is fairly standard: compact closed Freyd categories combines two
well-known structures, namely, closed Freyd category and compact closed category. The
former is a model of higher-order effectful language, and the latter describes connections
via channels. To demonstrate the relevance of the categorical model, we reconstruct the
classical results on the relation between higher-order languages and the w-calculus by a
simple semantic consideration using this model.

The categorical analysis of mp-calculus reveals a fundamental difficulty in develop-
ing a categorical type theory for the m-calculus. We show (modulo some reasonable
assumption) that conventional behavioral equivalences for the m-calculus are inherently
incompatible with categorical semantics. The root cause of this problem lies in the
mismatch between the operational and categorical interpretation of a process called the
forwarder. From the operational viewpoint, a forwarder may add an arbitrary delay
when forwarding a message, whereas, from the categorical perspective, a forwarder must
not add any delay when forwarding a message. As an attempt to overcome this gap, we
introduce a novel operational semantics for the wg-calculus in which forwarders do not
cause any delay. We then show that this new operational semantics (i) is compatible
with the categorical semantics and (ii) can simulate the standard operational semantics.

As for the relation with logic, we discuss the relation between 7 p-calculus and linear
logic. The relation between linear logic and the m-calculus has been intensively explored
since the early phase of the study of the m-calculus. Among others, Abramsky (1994)
and Belling and Scott (1994) showed that linear logic proofs can be interpreted using
m-calculus processes. Later Caires and Pfenning (2010) showed that if we limit our fo-
cus to session-typed processes, the converse also holds, i.e. session typed processes can
be interpreted as linear logic proofs. However, it remained an important open problem
whether there exists a proof system that is not only interpretable by m-calculus, but
that can also interpret the traditional m-calculus processes. We provide a novel obser-
vation to this question by constructing an (inconsistent) proof system that one could
reasonably expect to correspond to the wp-calculus. Our construction makes use of the
relation between linear logic and compact closed Freyd category. Since a compact closed
Freyd category is a specific instance of a categorical model of linear logic, analyzing the
difference between general categorical models for linear logic and compact closed Freyd
categories leads us to an extension of linear logic that corresponds to mp-calculus.
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Chapter 1

Introduction

1.1 Background

1.1.1 Reasoning concurrent programs

Writing concurrent program is hard. Programmers have to consider how different
threads of programs interact or how they should synchronize. One can easily write
a program that ends up in a deadlock or a race condition.

One way of writing concurrent programs is by message passing. In this ap-
proach, threads (or processes) interact by explicitly passing data via channels.
This approach has benefits over the shared memory approach that are common
in practice. In the shared memory approach one has to deal with locks in or-
der to guarantee that a thread has exclusive access. On the other hand, the
message passing style abstracts away the notion of locks and this style of pro-
gramming keeps the code structured. Nowadays, this message passing style is
becoming more popular, and there are several languages that support this style
of programming. For instance, languages such as Go [2], Rust [26] and Erlang [1]
have lightweight threads and message passing between them as builtin language
features.

Though message passing is an elegant way to express concurrent computation,
reasoning about programs written in message-passing style is still challenging. We
still need to consider things such as whether the nondeterministic feature of the
program does not affect the expected behavior, whether communications do not
fall into deadlocks at runtime, or whether a particular channel will be eventually
used. Also asking whether two concurrent programs have the same behavior is
far from trivial.

To rigorously reason about concurrent programs, we need a suitable math-
ematical foundation to work on. Ideally, the mathematical foundation should
have a high-level of abstraction but at the same time be able to describe existing
systems.

Very broadly speaking, this thesis is an attempt to give a (yet another) math-
ematical foundation against message passing style communication. The weight is
put on the study of the (denotational) semantic and logical aspects of the message
passing concurrency.

1.1.2 m-calculus

This thesis is concerned with the m-calculus, which is the one of the most studied
formalisms for describing (message passing style) concurrent systems. The 7-
calculus is a kind of a process calculus originally introduced by Milner, Parrow and
Walker [94, 95]. The distinguished feature of m-calculus is that w-calculus allows



channel names to be communicated along the channels themselves. Actually, in
m-calculus, channel passing is the only computational step: every computation is
modeled by channel passing.

One of the characteristics of the m-calculus is the conciseness of its syntax.
The syntax of (an asynchronous) 7-calculus is given by the following grammar:!

P:=0|a(x)|a(z).P|(P|Q)]| (va)P|!P

Arguably the most important constructs of the w-calculus are a(z), a(x).P and
P | Q. These expresses output action, input prefixing and parallel composition,
respectively. The remaining constructs 0, (va)P and !P are inaction (i.e. a
process that does nothing), name restriction that is used to restrict the scope of
a name and replication of P that is used to create as many parallel replicas of P
as needed. The name restriction (va)P is also called as name creation because
it can be regarded as an operation that creates a private name.

In the m-calculus, computation proceeds by communications. For instance the
following rule is the base case of the reduction relation:

a(x).P | aly) — P{y/z} |0 (1.1)

The above relation expresses that the channel y is transmitted along the channel
a. When the receiver a(z).P receives the name y, the continuation P{x/y} is
executed.

Though the syntax and the reduction relation of w-calculus are very simple, -
calculus is very expressive. It is well-known that m-calculus can encode functional
languages such as A-calculus [90] as well as object oriented models [134].

Because of its simplicity and expressiveness, m-calculus has been (and proba-
bly will be) a mathematical model for computation used in various researches.

1.1.3 Curry-Howard-Lambek correspondence

However, what we are interested in is not the syntactical aspects of the 7-calculus.
This thesis investigates the semantic and logical aspects of the m-calculus. History
tells us that insight from logic and category theory are very useful in the study of
programming languages. We shall briefly review the impact of logic and category
theory on the study of programming languages.

The case of \-calculus When we turn our attention to the study of (sequen-
tial) functional programming languages, the role A-calculus has played is signif-
icant. For example, it has been used for proving various properties of programs
and typed lambda calculi play an essential role in the design of type systems for
programming languages. In a sense, m-calculus is a calculus that aims to follow
the success of the A-calculus.

One reason why A-calculus has played a central role in the study of functional
programs and programming languages is that A-calculus has a deep connection
with logic. The (simply typed) A-calculus and intuitionistic propositional logic
are the two side of the same coin: types are identified with propositions and pro-
grams are identified with proofs. This correspondence, also known as the Curry-
Howard correspondence [27, 58|, enabled the cross-fertilization of the study on

IThe calculus presented in this section is different from that of the target calculus used in
this thesis. We will use this calculus throughout this chapter for presentational purposes; this
calculus is simpler than the target calculus of this thesis and is closer to the original m-calculus
given by Milner et al. [94, 95], which some readers might be familiar with.



programming languages and logics. The correspondence also demonstrates that
the design of the A-calculus is not arbitrary, but canonical. The correspondence
between typed A-calculi and logical systems are surprisingly robust in the sense
that it scales well beyond the identification of simply typed A-calculus and intu-
itionistic propositional logic. For example, the tight connection between quantifi-
cation over propositional variables and polymorphism; classical logic and control
operators [100] and modal logic and staged computation [31] has been discovered.

In some cases, there is a third object, namely categorical structure, that
fits into this correspondence. In the case of the simply typed A-calculus, Lam-
bek [76, 77] discovered that simply typed A-calculus (with pairing) is essentially
the same thing as a categorical structure called cartesian closed category. Hence,
the correspondence among a programming language, logical system, and cate-
gorical structure is called the Curry-Howard-Lambek correspondence. From a
programming language perspective, this correspondence is important because it
says that cartesian closed categories capture the semantics of the simply-type
A-calculus. This allows us to quickly recognize whether a certain mathematical
structure is a model of the A-calculus without going into the details, and serve as
a guide when one looks for a specific model of A-calculus. The connection between
category theory and programming language also allows us to employ categorical
notions to describe features of programming languages. This is very useful be-
cause category theory often captures analogous notions in a unified manner. For
example, monads have become standard tools for describing various “computa-
tional effects” [97, 98].

Because of these advantages Curry-Howard-Lambek correspondence offer, de-
signing a language in a way that it corresponds to certain logic or categorical
structure is a principle that is adopted in the research of programming languages.

The case of m-calculus The connection between 7w-calculus and logical sys-
tems, especially linear logic, has been intensively explored since the birth of the
m-calculus. Linear logic [43] is a logic that emphasizes the role of formulas as re-
sources. In linear logic, assumptions can be considered as resources that interact
and consumed as the proof goes on. Influence of linear logic to w-calculus can
already be found in the syntax of the m-calculus. The replication operator !P
seems to be inspired by the exponential modality !A, which is the unlimited copy
of the formula A.

An early work by Abramsky [3], which was then followed by Bellin and
Scott [11], revealed that linear logic proofs can be interpreted as m-calculus pro-
cesses. However, these studies were not considered as a Curry-Howard correspon-
dences, since the opposite direction, i.e. interpreting processes using proofs, was
not possible.

The work by Caires and Pfenning [18] was then a turning point, providing
a precise correspondence between (dual intuitionistic) linear logic and session-
typed m-calculus. They identified session-types with linear logic formula, typed
processes with proofs and process reduction with cut elimination of a proof.
Session types [53, 56| are types that describes the protocol that (two) processes
of a concurrent system needs to obey. This precise relationship against linear
logical operators and session types was later extended to classical linear logic
by Wadler [132] and Caires et al. [19]. These correspondences can be regarded
as Curry-Howard-Lambek correspondences, though the connection to category
theory was not explicitly given in these work, since the connection between linear
logic and category theory has already been well-known [120, 12, 84].



The influential work by Caires and Pfenning [18] and Wadler [132] inspired
lots of work on session-typed calculi (not limited to the m-calculus) that are based
on logical insights or techniques (e.g. [79, 8, 29, 70]).

1.2 Research Problem and Aim of This Thesis

Though there is no doubt that the correspondence between session-type m-calculus
and linear logic is a remarkable result, this correspondence is not completely sat-
isfactory for a Curry-Howard correspondence of the w-calculus.

One limitation of the linear logic based session typed-calculi is the lack of
expressiveness. The session-typed calculi [19, 133] corresponding to linear logic
have only well-behaved processes because the session type systems guarantee
deadlock-freedom and race-freedom of well-typed processes. This strong guaran-
tee is often useful for programmers but can be seen as a significant limitation
of expressive power. Wadler—the founder of a linear logic based session typed
calculus called CP—also mentions to this point. The following text is taken from
his paper [133]:

a foundation for concurrency based on linear logic will be of limited
value if it only models race-free and deadlock-free processes. Are there
extensions that support more general forms of concurrency?

Another problem is that there are quite a few type systems of the m-calculus
that are not based on session type. Historically, types (aka sorting) for 7-calculus
was introduced to “specify what kind of data the channel can receive or send” [93]
rather than to describe the interactive behavior between processes. This type has
been refined and extended in many ways: by distinguishing the input and output
capability [106], adding the notion of linearity [69], adding polymorphism [130]
and so on. We shall call these types “standard types” following [30]. Since
“standard types” and session types are quite different, transferring techniques
used in logic to the studies on m-calculus that uses “standard types” via the
Curry-Howard correspondence between linear logic and session-typed calculi is
not that easy. Moreover, “standard types” for m-calculus may be considered
more primitive than session types because session types can be encoded into
standard types (with linear channels [69]) [67, 30]. “Standard types” are also the
classification that is used in the majority of the practical languages that supports
message-passing style programming. Languages such as Go, Erlang and Rust
uses the “standard types” for channels, and session types are not supported as
primitive language features. Therefore, a logical or categorical foundation for
“standard types” is also of demand.

The aim of this thesis is to give a solution to these problems. We introduce a
variant of the “standard typed” (i/o-typed [106] to be specific) m-calculus and a
new categorical structure that corresponds to this calculus in the same way that a
cartesian closed category is a model of the A-calculus. The calculus we introduce
is expressive enough to model wild concurrent systems or programs that might
fall into deadlocks or race conditions.

1.3 Owur Approach

In order to establish a Curry-Howard-Lambek correspondence for the 7-calculus
we first need to exhibit the algebraic structure underlying the m-calculus. Here
we briefly discuss how we identify the categorical structure that corresponds to
the m-calculus.



The starting point of our work is the observation that w-calculus can be re-
garded as a higher-order language that communicates programs rather than a
(first-order) language that communicates names. This observation is not new
and has been pointed out since the early days of research on the m-calculus; for
instance Sangiorgi [115] revealed that adding higher-order features to m-calculus
does not increase the expressive power of the m-calculus.

The key idea is to decompose the input prefixing a(z).P into the name a
and an abstraction (z).P. Let us write a @ (x).P for a(z).P to emphasize this
decomposition. The abstraction (x).P is just an alternative notation for the
A-abstraction of the A-calculus. Then the reduction relation (1.1) can also be
decomposed as follows:

a @ (z).P[alr) — 0] ((z).P) (y)
— 0| P{y/x}

(The order of the parallel composition is not important: 0 | P{y/x} and P{y/x} |
0 are processes with same behavior) The second step of the above reduction is the
p-reduction (in the A-calculus), i.e. (Az.P)y — P{y/xz}. The first step expresses
a communication where the function (x).P is passed from a to a. (Note that the
direction of the communication is the opposite of that of the message passing
interpretation of (1.1).) Therefore, in this view, we regard

« an output action a(y) as a function application

o an input prefixing as an abstraction (x).P (or Az.P) located at a location
(or a name) a

Now the core operations of the m-calculus are decomposed into the better
known constructs of a higher-order (functional) language. Therefore, the m-
calculus can be thought of as a functional language with some uncommon opera-
tions such as a @ (P) or name creation (va)P. It should be emphasized that this
language is effectful; communications and name creations are usually considered
as a computational effect.

This observation leads us to base our categorical model for the w-calculus on
a categorical model for effectful functional languages. The categorical models for
effectful functional languages are well-studied. The seminal work by Moggi [97]
presented the idea that computational A-calculus can be modeled by (strong)
monads. Our categorical model for the m-calculus uses a categorical structure
that is equivalent to the monadic model of the computational A-calculus, which
is called the closed Freyd category [111].

Now it remains to identify the structure behind the operations a @ (—) and
(va)P. Our claim is that these operations can be modeled using the compact
closed structure. Compact closed categories [63] are categories that has an asso-
ciated graphical language of “string diagrams” that is expressive enough to depict
various networks. The importance of compact closed categories in the context of
concurrency theory has been pointed out by Abramsky et al. [5]. They pointed
out that compact closed categories (with some additional structures) can nicely
model CCS-like processes interconnected via ports. Since a @ (x).P can be seen
as a “connection of a name a and abstraction (z).P”, compact closed structure
can be used to model a @ (—). The name creation (ra) can also be modeled
by a morphism of a compact closed category. Each compact closed category is
equipped with a special morphism (parameterized by objects A) na: I — A® A*
called the unit. Here the object A* is called the dual of A. If we consider [



as the unit type and ® as a product 14 can be considered as an operation that
returns a pair of elements of type A and its dual A*. This can be considered
as an operation that creates the two endpoints of a channel (by considering the
input-end as the dual of output-end), which is the operation (va).

Putting the two structures described above together, we introduce a categor-
ical structure called compact closed Freyd category as a categorical model of the
m-calculus. Despite its simplicity, compact closed Freyd category captures the
strong expressive power of the m-calculus. The compact closed structure allows
us to construct the network topology in an arbitrary way, in return for the pos-
sibility of deadlocks whereas the Freyd structure allows arbitrary duplication of
channels, in return for the possibility of race conditions.

1.4 Contributions

The main contribution of this thesis is the introduction of a new variant of the
i/o-typed m-calculus, which we call wp-calculus. A remarkable feature of the
mp-calculus is that it has a categorical counterpart, called compact closed Freyd
category. Using the mp-calculus and compact closed Freyd category, this thesis
investigates and re-examine various aspects of the w-calculus, including its rela-
tion to linear logic, relation to higher-order calculi and its operational semantics.
More concretely, contributions of this thesis can be summarized as follows:

Introduction of a variant of the i/o-typed m-calculus with a categorical
counterpart As mentioned, this thesis introduces a new variant of the i/o-
typed m-calculus, which we call the mg-calculus. The syntax and the axiomatic
semantics of the mp-calculus is carefully designed so that it has a correspond-
ing categorical structure. The corresponding categorical structure, the compact
closed Freyd structure, is also introduced by this thesis. The correspondence is
fairly firm: the categorical semantics is sound and complete, and the term model
is the classifying category.

Indication of a fundamental difficulty in developing a categorical type
theory for the m-calculus The categorical analysis of this thesis reveals that
many conventional behavioral equivalences for the m-calculus are problematic
from the viewpoint of categorical type theory. The problem is that they induce
only semi-categories, which may not have identities for some objects. This is
reminiscent of the S-theory of the A-calculus, of which the categorical model is
given by semi-categorical notions [50]. We formally show that this problem is
inevitable modulo some mild assumptions.

Provision of insights on the relationship between the 7-calculus and lin-
ear logic Though we now know that session-typed w-calculus corresponds to
linear logic, it is still an open problem to find a proof system that corresponds to
the standard m-calculus. We provide a reasonable candidate by using 7p-calculus
and compact closed Freyd categories. We construct an extension of linear logic
in which we conjecture that wp-processes can be interpreted. This logical system
is obtained by making use of the fact that compact closed Freyd categories are
specific instances of a categorical model of linear logic (linear/non-linear mod-
els [12]). By investigating the difference between general categorical models of
linear logic and compact closed Freyd category, we discover the additional logical
axioms that should be added to linear logic in order to interpret mp-processes.



Semantic explanation against the relationship between higher-order
calculi and the m-calculus We demonstrate the relevance of compact closed
Freyd category by giving a semantic reconstruction of Sangiorgi’s translation
between the higher-order m-calculus and the (first-order) m-calculus. This is done
by introducing another calculus, which can be seen as an extension of the higher-
order m-calculus, that corresponds to the compact closed Freyd category. Since
this calculus and wp-calculus both corresponds to the same categorical structure,
we immediately get a semantic-guided syntactic translation between these calculi.
We show that these translations are essentially the same as the ones given by
Sangiorgi [118]. The relationship between the 7-calculus and other higher-order
calculi, such as the A-calculus, is also re-examined using this coincidence.

Development of an operational semantics that harmonizes with cate-
gorical semantics As explained above, asynchronous m-calculus modulo most
of the behavioral equivalences do not form categories. We diagnose the nature
of this problem and attempt to fill the gap by introducing a new operational se-
mantics that is compatible with the categorical semantics. We introduce a novel
reduction semantics to the mp-calculus and show that mp-calculus modulo weak
barbed congruence, defined on top of the new reduction semantics form a compact
closed Freyd category. The new operational semantics is quite complex since it
treats a multi-step reduction in the conventional reduction semantics as a one-step
reduction. To reason about such a complicated semantics, we develop an inter-
section type system, or equivalently a system of linear approximations [128, 83],
that captures the behavior of a process, which we think would be of independent
technical interest.

1.5 Outline of the Thesis

The rest of this thesis is organized as follows. Chapter 2 covers preliminaries for
the thesis. Chapter 3 introduces the wp-calculus, the target language of this the-
sis. Chapter 4 introduces the notion of compact closed Freyd category, and shows
the correspondence between the mp-calculus and compact closed Freyd category.
Chapter 5 compares the wp-calculus with linear logic, and Chapter 6 re-examines
the relationship between higher-order calculi and the m-calculus through the lens
of categorical semantics. Chapter 7 introduces a novel operational semantics to
the mp-calculus and shows that it harmonizes with the categorical semantics.
Chapter 8 discusses related work and Chapter 9 concludes the thesis.

First appearance Most of the part of Chapter 3, 4 and 6 are based on a
previously published paper [114]. Chapter 5 is also an extended version of the
discussion given in [114] with some new results. (The paper [114] is an open
access paper licensed under cc by 4.0.)



Chapter 2

Preliminaries

This chapter is devoted to preliminaries. Section 2.1 introduces some notations
used throughout this thesis. In Section 2.2, we review some categorical notions
that are used in the following chapters.

2.1 Notational Conventions

The set of natural numbers (starting from 0) is denoted by Nat. We define the
set [n] as {1,...,n} for a natural number n; if n = 0 then [n] is the empty set (.

The notation % is used for “equality by definition”. We also use ::= for the
introduction of a syntactic category defined by the Backus-Naur form. We write
Z for a possibly empty sequence x1, ..., x,, provided that every x; belongs to the
same syntactic category, and write |Z| for the length n of the sequence ¥. The
capture-avoiding substitution is denoted by N{M/z} and we also write N{M /&}
for the simultaneous substitution provided that |Z| = |M|.

2.2 Category Theory

The aim of this section is to provide some background material on category theory
that will be used in this thesis. Definitions that are given in this section include
monoidal category, monoidal functors and compact closed category. Readers
familiar with these notions may skip this section.

2.2.1 Prerequisites

We assume that the readers are familiar with basic categorical theory. It is suffi-
cient to know the definition of a (plain) category, functors, adjunctions, cartesian
closed category and (co)monads. Standard references are [80, 113].



2.2.2 Notations

We use the following notations.

C,D,... categories

fi9g: A=>C composition of morphisms f: A — B and g: B — C
Obj(C) collection of objects in C

C(A,B) homset consisting of morphisms from A to B in C
(f,9): X > Ax B pairing of f: X - Aand g: X — B

7rl-A1XA2: A1 ® A2 — A1 the i-th projection where i € {1,2}

dg: A—>Ax A diagonal map of A in a category with finite products
Ia: A—1 the unique morphism to the terminal object

Be warned that we write composition in “diagram order”.

2.2.3 Monoidal categories and compact closed categories

Here we review the notion of (symmetric) monoidal category and compact closed
category and the structure preserving functors between them. The notion of nat-
ural transformations between these structure preserving functors is also reviewed.

Definition 2.1 (Monoidal category [80]). A monoidal category is a category C
with

e a bifunctor ®: C x C — C called the monoidal product
e an object I of C called the unit object

e a natural isomorphism agpc: (A® B)®@ C = A® (B ® C) called the
associator

e a natural isomorphism [4: I ® A = A called the left unitor and a natural
isomorphism r4: A ® I = A called the right unitor

such that the following two diagrams commute:

(A®B)®C)® D 2228 (4@ B)® (C ® D) 228 A ® (B® (C ® D))

OCA,B,C®ile idA®aB,C,DT
(A® (BoC))® D aABech A® ((B®C)® D)
(A9I)®B —2 , Ag(I® B)
TAKIARB
A® B

A strict monoidal category is a monoidal category of which as B¢, {4 and 74
are identities, for every A, B,C € Obj(C). [ |

Definition 2.2 (Symmetric monoidal category [80]). A monoidal category (C,®, I)
is a symmetric monoidal category if it is equipped with a natural isomorphism



cap: A® B = B® A called the symmetry (or braiding) such that

(A®B)®C —22¢ , Ao (BeC) —222¢ , (B C)® A
CA,B®idCl laB,C,A
(Bo A)oC aB,A,C ®(A®C) idp®ca,c ® (C® A)
AB — " . BeA
m lcs A
A® B
commutes. |

It is known that any monoidal category is equivalent to a strict monoidal
category, thanks to coherence theorem [80]. However, it is not always possible to
strictify symmetry.

Example 2.1. The category Rel is a category whose objects are sets and mor-
phisms between X and Y are relations R C X x Y. The identity is the diagonal
relation {(z,z) | € X} and compositions are defined by the usual relational
composition. The category Rel is a symmetric monoidal category; the bifunctor
® is defined by the cartesian product x and the identity object I is given as a sin-
gleton set {*}. Morphisms ax,y,z, Ix, rx and cxy are defined by the canonical
ones. It is easy to check that these morphisms satisfy the required diagrams. W

Example 2.2. Every cartesian category (C, x,1) is a symmetric monoidal cate-
gory. The associator, left unitor, right unitor and symmetry is given by

def (AxB)xC, AxB (AxB)xC, AxB _(AxB)xC
OCA,B,C = <7r1 3Ty 7< D) ) >>

def 1><A def Ax1 def AxB _AxB
la=m; r = m cap = (my " ",m 7).
|

We now review the notion of monoidal functor, which is a functor that pre-
serves the monoidal structure.

Definition 2.3 (Monoidal functor [80]). A (lax) monoidal functor between monoidal
categories (C,®,1,a%,1® r®) and (D,®, E,a®,19,r®) is a functor F: C — D
equipped with natural transformations

mhp: F(A)OF(B) » F(A® B)  m°: E— F(I)

that makes the following three diagrams commute.

@ 2
((FA® FB) @FC) BT B (A® BY o FC 2% p((A® B)  O)

| [t

AOmM
FA@(FB@FC) CrAOmE fFAGF(B®C) ™ peg, F(A® (B®C))

FA@ELFA E@FALFA

idFA(DmOl TF’I‘® m0®idFAJ TFZ®
m2 m2

FAOFI —2' 5 F(A®I) FIGOFA — 25 F(I®A)

A strong monoidal functor is a monoidal functor whose mediating maps, i.e. m124 B
and myg, are isomorphisms. A monoidal functor (F, m?,mP) is a strict monoidal
functor if all components of m? and m? are identities. |
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Definition 2.4 (Symmetric monoidal functor [80]). Let (F,m? m") be a lax
monoidal functor between two symmetric monoidal categories (C, ®, I, a® 1%, r® c®)
and (D, ®, E,a%,1°,r®, ). Then F,m? m° is a symmetric monoidal functor if

it satisfies the following diagram.

o)
F(A)® F(B) S22, p(B) & F(A)
lmA B lmQB,A
F(e§ )
F(A® B) B (B A)

A strict monoidal functor F': C — D is a strict symmetric monoidal functor if F
is a also symmetric monoidal, i.e. F(c®) = c®. [ ]

Example 2.3 (Strict finite product preserving functor). A strict finite product
preserving functor from a cartesian category C to a cartesian category D is a
functor F': C — D that maps the chosen product cones (resp. the chosen terminal
object) in C to the chosen product cones in D (resp. chosen terminal object). It
is routine to check that F' is a strict (symmetric) monoidal functor. [ |

Definition 2.5 (Monoidal natural transformation [80]). Let (F,m? m°) and
(G,n?%,n") be monoidal functors from (C,®,I) to (D,®, E). Then a monoidal
natural transformation 7: (F,m?,m°) — (G,n?,n°) is a natural transformation
7: F'— G such that the following diagrams commute.

F(A)© F(B) " F(A® B)

pen e N
n2

G(A) ® G(B) —2— G(A® B) FI — ™2 GI
|

If F and G are strict, then 7 is a natural transformation that satisfies T4gp =
T4 ® g and 77 = idj.

We now introduce the notion of compact closed category. To make the defini-
tion simple, we will define the notion over strict monoidal categories and in the
sequel we may write monoidal category to mean a strict monoidal category.

Definition 2.6 (Compact closed category [63]). A symmetric monoidal category
C,®,I is a compact closed category if every object (A € Obj(C)) has the dual
A*. The object A* is a (left) dual of A if there exist morphisms n4: [ - A® A*
and €4: A* ® A — I, called unit and counit, respectively, that satisfies the two
triangle identities.

A A% Ao ar A A O 4v o A g A

ida lidA ReA id s l&A(@idA*
A A*
The dual of A is unique up to isomorphism. |

The operator (—)* induces a functor (—)*: C°®? — C: the action on morphisms
is defined by

f* dgf B* idg*®na B*®A®A* idpg* fRid g* B*®B®A* ep®id 4 A*

where f: A — B. It is easy to see that this functor (—)* is involutive (up to
isomorphism), i.e. A** = A and distributes over monoidal products, i.e (A ®
B)* =2 A* ® B*.

11



Example 2.4. One of the simplest example of a compact closed category is Rel,
which we defined in Example 2.1. The dual of A, unit and counit is given by

A E 4
ma: I — A® A* ¥ {(x,(a,a)) | a € A}
ear A @A — T {((a,0),%) | a € A}.
]

Now we define the notion of compact closed functor, which is the “structure
preserving functor” between compact closed categories. Probably, the defini-
tion of a compact closed functor is a folklore; in fact, the term “compact closed
functor” appears in various papers (e.g. [4, 64, 24]). Unfortunately, however,
its definition is rarely found. We think that this situation is not desirable be-
cause compact closed functors can be defined in varying levels of strictness and
strength. Here we explicitly define our version of compact closed functor.

Definition 2.7 (Compact closed functor). Let (C,n <) and (D,nP,eP) be
compact closed categories with chosen unit and counit and (F,m? m") be a
strong symmetric monoidal functor from C to D. Then F(A*) is a dual of F'(A):
units 7’ and counits &’ are given by

def _ def _
My S mO F(); (m 47" and &y = mis 43 F(e9); (m®) 71,
Hence, we have a canonical isomorphism 6 4: F'(A)* = F(A*) defined as (idp(4)-®
n'y); (&:E@idF(A*)) for each object A € Obj(C). The functor F is a strong compact
closed functor if 0 satisfies the diagram below for all A € Obj(C).

F(A*)* 0 4% F(A**)

l(GA)* l%

F(A* — = F(A)

A strong compact closed functor (F,m? m°,0) is a strict compact closed functor
if F'is a strict symmetric monoidal functor and 04 = idp(A)* for all A. [ |

Remark 2.1. Our definition of compact closed functor is built upon that of *-
autonomous functor given by Cockett et al. [25]. Since compact closed categories
are special kinds of x-autonomous categories, compact closed functors are also
defined as particular instances of x-autonomous functors.

The following proposition gives us an alternative characterization of strict
compact closed functors.

Proposition 2.2. Let (C,n%,¢°) and (D,nP,eP) be compact closed categories

and F': C — D be a strict symmetric monoidal functor. Then F' is a strict

compact closed functor if and only if F (770) = 77D and F' (ec) = &P,

Proof. First, we show the only if direction. Since F(n¢) = nP and F(¢¢) = P
and F' is a strict symmetric monoidal functor, we have

04 = (idp(ay ® F(19)); (€5 @ idpax))
= (idp(ay ®@13); (€5 @ idp(ar))
= idp(a)-- (triangle identity)

12



We are left to check the coherence condition for 6. As required, the two isomor-
phisms of the coherence diagram coincides because F(n¢) = n?, F(e¢) = P and
F(f) = ¢P. Here € and ¢P are the symmetries of C and D respectively.

Next, we show the if direction. Since 64 = idp(4)+, we have

=k (ida ® 64)
=n%; (ida ® idpea)- ® F(13)); (ida ® €5 @ idpas)
= F(n9); (0} ®ida ® idp(ay); (ida @ €] @ idp(ax))
= F(ng) (ida ®idp(ay-) (triangle identity)
= F(13)-
We can show § = F(£9) in a similar manner. O

This proposition implies that our definition of “strict compact closed functor”
is equivalent to (one of the few explicit) definition of “compact closed functor”
given by Abransky and Coecke [4], which says that compact closed functors are
functors that strictly preserves the monoidal structure, unit and counit.

Remark 2.1. It should be noted that strong symmetric monoidal functors al-
ready preserve dualities. If F': C — D is a strong symmetric monoidal functor
and C is compact closed, we can easily check that F'(A*) is a dual of F(A) by
applying F' to the triangle identities. Hence, the notion of strong compact closed
functor is redundant unless we specify the chosen duals (or chosen units and
counits) of compact closed categories. For this reason we imagine that compact
closed functor often refers to strict compact closed functor. |

To discuss the precise relationship between compact closed categories, we also
introduce the notion of isomorphisms between compact closed functors.

Definition 2.8 (Isomorphisms between compact closed functors). Let (F,6)
and (G,0%) be strong compact closed functors from C to D. Then a monoidal
natural isomorphism 7: F = G is an isomorphism between strong compact closed
functors (or a compact closed isomorphism for short) if it satisfies the following
diagram.

G(A) s F(a)

|75 I
-1

a(ar) 2 par
]

This definition is essentially the same as that of isomorphisms between -
autonomous functors given by Cockett et al. [25].

13



Chapter 3

mrp-calculus

This chapter defines the target calculus of this thesis, the wp-calculus, which is
based on an asynchronous variant of the polyadic m-calculus with i/o-types [106].
Using the axiomatic semantics and the operational semantics of the wp-calculus,
we also discuss a fundamental difficulty in developing a categorical type theory
for the m-calculus in Section 3.4.

3.1 Syntax and Sorts

The set of sorts,! ranged over by S and T, is given by
S, T ::=ch[Ty,...,T,] | ch'[Ty,...,T,]  (n>0).

The sort ch®[T4,...,T,] is for output channels that are used to send n arguments
of sorts T1,...,T,. The sort ch’[Ty,...,T,] is for input channels. The dual T
of sort T'is defined by ch®[T]*- © en' [T] and ch’[T]*- L che [T]. For a sequence
T &t T1,...,T, of sorts, we write T for T, ..., T

An important difference from the original i/o-type system [106] is that no
name has both input and output capabilities. We will refer this feature of 7p-
calculus as i/o-separation.

The set of processes, ranged over by P, () and R, is defined by

P.QR = 0[(P]Q)| Wy )P | 2y, - ) | lelyn. .. 9) P

Here z,vy, ... range over a denumerable set of names. Each name is either input-
only or output-only, because of i/o-separation. As usual, § in !z(%).P and z,y in
(vzy) are called bound names; the other names are called free names. The set of
free names and bound names of P are written as fn(P) and bn(P) respectively.
The set n(P) is defined as fn(P) U bn(P). We allow tacit renaming of bound
names, and identify a-equivalent processes. The sort annotation in (v xy)P is
often omitted and (vx1y1) ... (va,y,)P is abbreviated to (vZy)P.

Let us briefly explain the intuitive meanings of the constructs. The process
0 is the inaction, which is a process that does nothing; P | @ is a parallel
composition; z(7) is an output; and !z(Z).P is a replicated input. The restriction
(v xy) P is slightly unusual and is a bit different from the name restriction used
in conventional 7-calculi. It hides the names x and y of sort 7' and T and, at
the same time, establishes a connection between z and y. Communication takes
place only over bound names explicitly connected by v (cf. Section 3.2.1). This is
in contrast to the conventional m-calculus, in which input-output correspondence

IThe term sort instead of type is used in order to avoid confusion with intersection types
introduced later in this thesis (Chapter 7).
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AFP:o AFQ:o

— (S-Nm) (S-PARr)
AFO0:o AFP|Q:o
:ch?[T)) e A 7:TCA :ch’[T)) € A A,":T’I—P:
@) ea GTCA (eI ea AGTrPio
AFx(y) o AFlz(y).P:o
A,z :chT),y:chi[T|FP:o Az:Sy:T,ANFP:
z: ch’[T],y : chlT] (S-Nu) T2y <>(S-EX)
AI—(uchomajy)P:o Ay:T,x:SSANEP:o

Figure 3.1: Sort assignment rules for processes.

is a priori (i.e. a is the output to a). However, for readability, we will often use
the names a, b, ... and Z, 7, . .. for output names. This is just a convention and it
is possible to use names such as a for input names; e.g. a(y).P is a valid process.

This calculus is polyadic [93] as it can send or receive multiple names at
the same time and it is asynchronous [55] because the output action a(Z) does
not have a continuation. Polyadic and asynchronous variants of w-calculus are
widely used and thus being polyadic or asynchronous is not something unique to
the mp-calculus.

An important characteristic of wp-calculus is the absence of non-replicated
input x(y).P. This allows us to consider input prefixing as A-abstractions (that
is located at a certain address) as we described in the introduction. However,
considering a calculus without non-replicated input itself is not our contribution.
For example, a typed asynchronous w-calculus without non-replicated inputs has
been considered in the work by Honda and Laurent [54] that studies the relation-
ship between polarized proof nets and m-calculus.

Sort assignment rules

A sort environment A is a finite sequence of bindings of the form x: T such
that all the names appearing in A are pairwise distinct. We write Z: T for
r1:Th,...,xn: Ty, provided that © = z1,...,z, and T = Ti,...,T, and also
write (Z: T') C A to mean z;: Tj € A for every i.

A sort judgement is of the form A F P : ¢, meaning that P is a well-sorted
process under the environment A. Here the symbol ¢ is the unique sort for
processes. The sort assignment rules are listed in Fig. 3.1. The rules are standard
and there is not much to explain. For instance the rule for z(%).P says that x
should have a sort ch’ [f] for input channels and the body P must be well sorted
under the environment A extended with i/ : T. We note that the rule for name
restriction stipulates that only names with dual sorts can be restricted.

3.2 Operational and Axiomatic Semantics

This section defines the operational and the axiomatic semantics of the 7p-
calculus. The operational semantics is unnecessary to obtain a theory/model
correspondence between a calculus and a categorical structure; we only need the
axiomatic semantics. We, however, introduce an operational semantics because
it is more intuitive than the axiomatic semantics and also helps us understand
the axiomatic semantics.
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3.2.1 Operational semantics

We now introduce the reduction semantics for mg-calculus and some behavioral
equivalences that can be defined using the reduction relation.

The one-step reduction relation on processes, written —, is defined by the
base rule

(vwz)(vaa)(la(Z).P [ a(y) | Q) — (wuwZ)(vaa)('a(Z).P | P{y/T} | Q)

and the structural rule which concludes P — @ from P = P — Q' = Q
for some processes P’ and @'. Here the relation = is the structural-congruence
defined below. It should be emphasized that, unlike conventional 7-calculi, com-
munication only occurs over bound names created by the same v operator. We
write —™ for the reflexive and transitive closure of —.

Now we define the structural congruence (in a slightly non-standard way). For
a technical reason, we shall first define structural precongruence =. A precon-
gruence is like a congruence, but it is just reflexive and transitive, not necessarily
symmetric. We define = as the smallest precongruence relation on processes that
satisfies the following rules (P & @ means P = @ and Q = P):

Plo=sP PlQsQIP (PIQ RS PIQIR)
(vwz)(vyz)P = (vyz)(vwe)P - ((vay)P) | Q = (vay)(P | Q)

where w, z,y, z are distinct in the fourth rule and z,y ¢ fn(Q) in the fifth rule. It
is similar to the structural congruence, but the restriction of the scope of (vzy) is
not allowed. The structural congruence = is the symmetric closure of = and this
definition coincides with the standard definition of the structural congruence.
The structural precongruence will be used in Chapter 7, in which we define a
novel reduction semantics for the mg-calculus.

Remark 3.1. Although some calculi based on the m-calculus have the rule
(vaa)P = P included in structural congruence, we do not include this rule. This
is because the rule (vaa)P = P is incompatible with the categorical semantics.
That is [(vaa)]P = [P] does not hold in our categorical semantics defined in
Chapter 4. |

Example 3.1. Let us consider a process (vbb)(vaa)(la(x).b(z) | a(z) | P). Then
the following is a valid reduction:

(vbb)(vaa)(la(z).b{z) | a(m) | P) — (vbb)(vaa)(la(z).b(z) | b(m) | P)

This represents that a message m has been sent via the channel a and received by
the channel @ and now the message is m is ready to be sent by b. Or one can think
that the message m has now been stored in a communication medium b and is
available to any unguarded subprocess of the form !b(1).Q because b is connected
with b. Note that the process la(z).b(z) remains after the reduction because it is
a replicated process. Processes of the form !a(Z).b(Z) are called forwarders and
will be written as a < b. As the name suggests they forward a message from
one place to another. Forwarders will play an important role throughout this
thesis because they will be treated as the syntactic counterpart of the identity
morphisms of categories. When z : T and y : T, we write £ = y to mean = < y
if T = ch’[S] and otherwise y — z. [ |

We now introduce two behavioral equivalences: testing equivalence and barbed
congruence. These equivalences are two of the most studied behavioral equiva-
lences among the various equivalences defined for m-calculi. We will later use
these equivalences when we do a “sanity check” on the axiomatic semantics.
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In both testing equivalence and barbed congruence, two processes are con-
sidered to have the same behavior if “no difference can be observed when the
processes are put into arbitrary context”. To formalize this idea we formally
introduce the notion of observables and contexts. The observables of a pro-
cess are the names it can use for sending. For each name a, we write Plz if
P = (v@y)(a(?) | Q) and a is free, and Pl if P —* Qlg for some Q. We do
not consider input names as observables because input actions are not observable
in an asynchronous setting. This is because output actions in an environment,
which is also described as wp-process, have no continuations. The set of contexts
ranged over by C, D is defined by the following grammar:

C,D==[][(C|P)|(P]|C)]a(Z).C.
A (A’/A)-context is a context C such that A’ C[P] : o for every A+ P : 0.

Definition 3.1 (May-testing equivalence [33, 15]). Well sorted processes A
P :oand Ak Q : o are may-testing equivalent at A, written A = P =,y Q, if
C[Pz & C[Qa for every (A’/A)-context C' and name a. [ ]

Definition 3.2 (Barbed bisimulation/Barbed congruence [96]). A strong barbed
bisimulation is a symmetric relation R on processes such that, whenever P R Q)

1. Pls implies Qlg and
2. P — P/ implies Q — Q" and P’ R @' for some Q’.

Similarly, a weak barbed bisimulation is a symmetric relation R on processes
such that,

1. Plz implies Q{5 and
2. P — P’ implies Q —* Q" and P’ R @’ for some Q.

The strong barbed bisimilarity ~ and the weak barbed bisimilarity % are the largest
strong barbed bisimulation and the largest weak barbed bisimulation, respec-
tively.

Sorted processes A - P : o and A F @ : ¢ are strong (resp. weak) barbed
congruent at A, written A - P ~¢ @Q (resp. A+ P =¢ Q), if C[P] ~ C[Q] ((resp.

C[P] & C[Q))for every (A'/A)-context C. [ |

3.2.2 Axiomatic semantics

We define a class of equivalence, called the wp-theory, by the rules listed in
Figure 3.2. The mp-theory is the theory that will be shown to correspond to
compact closed Freyd category.

Definition 3.3. An equivalence £ is a mp-theory if it is closed under the rules
in Figure 3.2. Here a < b represents a forwarder process !a(#).b(z) (cf. Exam-
ple 3.1). Any set Az of equations-in-context has the minimum theory Th(Az)
that contains Az. We write Az > A+ P =Q if (AF P =Q) € Th(Ax). [ ]

Let us examine each rule in Figure 3.2.
The rule (E-BETA) is reminiscent of the reduction relation. When C' = ([] |
Q), (E-BETA) becomes

(vaa)('a(7).P | a(g) | Q) = (vaa)(la().P | P{y/T} | Q)
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(E-FOur)
b,a ¢ fn(P)
At (vaa)(b— a| P) = P{b/a}
P=qQ (E-SCone) AFP=Q C: A’/A-context
AFP=Q A" CP] = ClQ)

(E-ETA)

(E-Ctx)

Figure 3.2: Inference rules of equations-in-context. Each rule has implicit as-
sumptions that the both sides of the equation are well-sorted processes.

where a ¢ fn(P,Q), which is indeed a special case of the reduction.

The rule (E-BETA), however, is not a conservative extension of the reduction
due to the side condition. The side condition is important because it prevents 7 p-
theories from collapsing. Without the side condition, every wp-theory would be
forced to contain the symmetric and transitive closure of the reduction relation;
thus it would identify P | (vaa)(la().P | la().Q) with Q | (vaa)(la().P | la().Q)
for every processes P and ) (where a,a are fresh), because

(vaa)(@() | 'a().P | a().Q) — P|(vaa)(a().P | a().Q)
(vaa)(@() |'a().P |10.Q) — Q| (vaa)(ta().P | 1a().Q).

Note that the above argument relies on the presence of race conditions.

Another, relatively minor, difference compared to the reduction relation is
that application of (E-BETA) is not limited to the contexts of the form [] | Q.
We can therefore rewrite a (sub)process guarded by an input prefixing. This
kind of extension can be found in, for example, work by Honda and Laurent [54]
studying 7w-calculus from a logical perspective. Nevertheless, this kind of law
has been studied since the birth of the i/o-typed calculus [106], and thus is not
something that was artificially introduced to establish a correspondence between
m-calculus and logic.

The rule (E-GC) is a “garbage-collection” law. Because no process in the
environment can send a message to the hidden name a, the process la(Z).P will
never be invoked and thus can be safely discarded. This rule is sound with
respect to many behavioral equivalences, including barbed congruence. Rules of
this kind often appear in the literature studying logical aspects of concurrent
calculi (e.g. [54, 133]).

Another well-known rule is (E-FOuUT) that is used to replace an output of
free names with that of bound names. This kind of operation has been studied
in [14, 88] as a part of translations from the 7-calculus to its internal fragments.
Internal w-calculus [116], is a m-calculus where free outputs are forbidden and
only bound outputs, i.e. outputs of newly created names, are allowed.?

The rule (E-FOUT) can also be seen as a variant of the n-rule of abstractions,
as in the A-calculus and in the higher-order m-calculus [115]. In the latter, an

2Free outputs can be eliminated from 7wr-processes by using the rules (E-FOuT) and
(E-ETA), i.e. external mobility can be encoded by internal mobility [14, 116]. If the calcu-
lus is local [88, 136], then we do not need (E-ETA) to eliminate free outputs.
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output name b can be identified with an abstraction (¢).b(;/). With this identi-
fication (E-FOUT) becomes an admissible rule in the presence of the n-rule of
abstraction; for example,

(vaa)(a < b c(a) = (vaa)(a = b | e((7)-a{7) ) = e((7).b(7) ) = c(b)

where we use (E-BETA) and (E-GC) in the second step.

The rule (E-ETA) requires that forwarders to work as a substitution for input
names. To our knowledge, this rule is new and has not been studied elsewhere.
This is probably because this law is not valid in most of the behavioral equiv-

. def
alences for m-calculus. For example, let us consider the case where P = 0.

The process 0 and P’ def (vbb)(la().b{) | 0) can be distinguished by a context

c¥ (vaa)(a() | 'a().0{) | []), where o is the observable. The process C[P’] can

reduce as

C[P'] — (vaa)(wbd)(ta().b() | b() | la().0())

and after this reduction we can never observe the output o. However, there is
no reduction from C[0] that matches this reduction. Though the rule (E-ETA)
has a problem from an operational perspective, it is inevitable to include this
rule into the logical axioms of mp-theory in order to achieve a correspondence to
a certain categorical structure; we shall explain the details later in this chapter
(Section 3.4).

Remaining rules (E-SCoONG) and (E-CTX) are easy to understand. The for-
mer requires that structurally congruent processes should be identified; the latter
says that a mp-theory is a congruence.

Let us introduce some admissible rules for convenience. The following struc-
tural rules are derivable.

AFP=Q mgﬁfn(A)(EWK) Ax:Sy:T,ANNFP=Q
Az:THFP=Q i Ay:T,z:SAN+FP=Q

(E-EX)

We note that we also have the substitution rule as a derived rule.

Lemma 3.1. Suppose that Ajz : TH P =Q and y ¢ fn(A). Then A,y : T +
Ply/x} = Q{y/x}. 0

Since the proof of this lemma uses the fact that forwarders behaves as sub-
stitutions, let us first prove some properties of forwarders.

Lemma 3.2.
1. (vaa)(a = b| P) = P{b/a} if a ¢ fn(P).
2. (vbb)(a—=b|b—¢c)=a< ¢

3. (vpyy )@ =¢ | ¥ =Z) = = Z. Here we assume that no names are
shared between 7, 7, i/ and Z.

Proof.

1. We first rewrite P into an equivalent process P’ such that a only appears
in subject positions. Let P’ be the process obtained by replacing every free
output ¢;(Z;) that contains a in an object position with (vaja;)(a; — a |
¢i(z;{a;/a})) by using (E-OuT). Note that the type system ensures ¢; # a
for all 4.
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Now, there exists a multi-hole context C' (which may be a context without
a hole, i.e. a process) such that P’ = C[a(b1)]---[a(b,)] and a ¢ fn(C).

Since a < b = la(Z).b(Z), we can apply the axiom (E-BETA) n times to
show
(vaa)(a < b | P') = (vaa)(a < b| C[b{by)] - - - [b(bn)])

— (waa)(a — b | ClalBu){5/a)) - [albn) (5/a))

= (vaa)(a — b | P'{b/a}).
Note that each subprocess of the form (va;a})(a; — a | ¢;(#:{a;/a})), which
is equal to ¢;(Z;), has been replaced with (vaja})(a, < b | ¢;(@i{a}/a})). Us-

ing the rule (E-FOUT), each of these process can be replaced by ¢ (Zi{b/a}).
So, we have (vaa)(a <= b | P'{b/a}) = (vaa)(a — b | P{b/a}).

Thus, we conclude

(vaa)(a < b| P) = (vaa)(a < b| P{b/a})
= (vaa)(a = b) | P{b/a} (a,a ¢ fn(P{b/a}))
— 0| P{b/a} (E-GC)
= P{b/a}.

2. This is a direct consequence of (E-ETA), but can also be proved without
(E-ETA) by using (1).

3. Follows from (2).

Now it is easy to see that the substitution rule is derivable.

Proof of Lemma 3.1. The proof is by a case analysis on the sort T. If T is a
sort for input channels, then we have A,y : T,z : Tt,2 : T, P = Q by
(E-WkK) and (E-EX). Since A,y : 7,2 : T+,2 : T + y < &, we have A,y :
T F (viz)(y—x | P) = (viz)(y = | Q). Using (E-ETA), we conclude
Ay:THP{y/z} = Q{y/x}.

The proof for the remaining case is similar. The only difference is to use (1)
of Lemma 3.2 instead of (E-ETA). O

As briefly explained, all the rules except for (E-ETA) are well-studied and
these rules can be justified from the operational viewpoint as well. The following
is a well-known result on the i/o-typed m-calculus (see, e.g. [119, 106]).

Proposition 3.3. Weak barbed congruence is closed under all rules but (E-ETA).

Proof. The proof is essentially the same as in the case of the standard i/o-typed
m-calculus [119]. The i/o-separation and disallowing non-replicated inputs does
not affect the proof. ]

In case of may-testing equivalence, which is a rather coarse equivalence,
(E-ETA) holds as well. Hence, we have the following result:

Proposition 3.4. May-testing equivalence is a wp-theory. O
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3.3 Expressiveness

The aim of this short section is to clarify what can and cannot be written in the
wr-calculus.

Our calculus can express systems with cyclic structures, which cannot be
expressed in session-typed calculi that correspond to linear logic [19, 133]. A
typical example is the Milner’s cyclic scheduler [89].

Example 3.2. In the wp-calculus, the Milner’s cyclic scheduler can be expressed
as follows:

Sched d:ef (I/ELQCL(]) PN (V&nflanfl)(vli)obo) c. (Vli)nflbnfl)

(Po || Pt [ Qo | Quor | Bo()
P, 1) (vir) @il | 1r(0)-bisimodn ()
Qi ¥ 14;(7).R;

provided that the process R; sends an acknowledgment using 7 at the end of
its computation and that 7 is linearly used. Here the processes P; are used to
express the scheduling policy and each @); is the processes that “does the job”.
The process @); is taken care by the process P; and once the P; receives the
acknowledgement from @); it sends a message via Bi“ modn and then Py modn
invokes the next job (Q;+1modn- More complicated scheduling policies can also
be expressed by changing the structure of Py, ..., P,_1. |

This expressive power comes at the cost of the possibility of deadlock. For
example, in 7p-calculus we can write process like (vaa)(vbb)(la().b() | b().a()).

As we have already seen, the mp-calculus can model global nondeterminism
that arises due to a race condition. For instance, the following process is an
example of race condition.

(vaa)(a() [ la().Pr | a()-P2)

This kind of process cannot be written in session-typed calculi that correspond
to linear logic [19, 133].

Functional programming can also be done using the wp-calculus. As we shall
see in Chapter 6, the wp-calculus can encode the simply typed A-calculus.

However, there are things that mp-process cannot represent due to the absence
of non-replicated inputs. It seems impossible to encode imperative features such
as reference cells and locks in the mp-calculus. The following is the typical way
to encode a read operation let x = /in P of a reference ¢ in the asynchronous
m-calculus [51]:

U(z)-(Ex) | P).

The reference ¢ storing a value v is just an output message E<U> and the read
operation is just an input at £.°> Note that the above process immediately emits
a message at ¢ with the new content of the reference, which is unchanged in
the case for read operation. Similarly, a write operation £ := v; P is encoded as
2(0).(¢{v) | P), where the underscore represents a name that does not appear in
P. Since this encoding relies on the presence of non-replicated input, we cannot
use this encoding in the mp-calculus. On the other hand, non-replicated inputs

3Here we are assuming that £ and ¢ are connected by v and that there is always exactly one
output of the form £(z) that can be accessed.
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are usually implemented by using reference cells; a reference cell is used to record
whether we have used the input or not. From these observations, we think that
the presence of reference cells is equivalent to the presence of the non-replicated
inputs. Hence, we conjecture that it is impossible to encode reference cells in
the wp-calculus and the lack of these imperative features is a reason why we
succeeded to give a corresponding categorical structure to the wp-calculus.

3.4 Necessity of the n-rule

When we introduced the axiomatic semantics of the mg-calculus, we have ex-
plained that (E-ETA) is problematic from an operational viewpoint, but is nec-
essarily to have this rule. To make the long story short, (E-ETA) is necessary
if mp-calculus were to correspond to a certain category (not limited to compact
closed Freyd category). This section formally proves this argument under some
mild assumptions. We think that this gives a certain explanation on why cate-
gorical type-theoretic correspondence for m-calculus has not been discovered.

Let us forget about mp-theory for a moment and reconsider what it means
to have a Curry-Howard-Lambek correspondence. To establish a Curry-Howard-
Lambek correspondence is to find a nice algebraic or categorical structure of
terms. For example, the original Curry-Howard-Lambek correspondence reveals
the cartesian closed structure of A-terms. Such a nice structure would become
visible only when appropriate notions of composition and of equivalence could be
identified, such as substitution and gn-equivalence for the A-calculus.

In the context of m-calculus (or other process calculi) “parallel composition +
hiding” [52] has been used to compose processes. Let us explain what “parallel
composition + hiding” means using well-sorted 7p-processes. Given

Z:T, 7:SFP:o and w:S5 @:UFQ:o,

their composite via (¢, @)is defined as

—

Z:T, @:UF (vggd)(P|Q):o.

This kind of composition appears quite often in logical studies of m-calculi [3,
11, 54]. It also plays a central role in interaction category paradigm proposed by
Abramsky, Gay and Nagarajan [5].

So it remains to determine an equivalence on 7p-processes, appropriate for our
purpose. This section examines behavioral equivalences proposed and studied in
the literature. Among the various behavioral equivalence, we start by considering
weak barbed congruence because it is one of the most widely used equivalences.

Let us consider a category-like structure C in which an object is a sort and a
morphism is an equivalence class of mp-processes modulo weak barbed congruence
~¢. More precisely, a morphism from T to S is a process z: T, y: St F P: o
modulo weak barbed congruence (and renaming of free names x and y). Then the
composition (i.e. “parallel composition + hiding”) is well-defined on equivalence
classes, because barbed congruence is a congruence. This is a fairly natural
setting.

We have a strikingly negative result.

Theorem 3.5. C is not a category.
Proof. In every category, if f : A — A is a left-identity on A (ie. fog =g
for every g : A — A), then f is the identity on A. The process a : ch®[],b :
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ch’[] - !a().b() : o seen as a morphism (ch?[]) — (ch?]]) is a left-identity but not
the identity. The former means that c: ch®[], b: ch’[] - ((VELCL)(!CL().I_)O | P)) ¢

P{b/a} for every c: ch’]], a: ch’[] - P: o. This holds for weak barbed congru-
ence. Being a right-identity means that (vbb)(P | a = b) =¢ P{a/b}, which is
exactly the same as requiring the (E-ETA) to hold. However, as we explained,
weak barbed congruence does not satisfy the rule (E-ETA). O

There are few points worth noting. First, it should be emphasized that this
argument also applies to many other equivalences such as must-testing equiva-
lence [32]. Second, race condition seems essential for the proof, specifically, for

the part proving that the process !a().b() is not the identity. Recall that when

we demonstrated that la().b() does not satisfy (E-ETA) we used the process

(vaa)(a) | ta()-0() | (vbb)(la().b() | 0))

where there are two receivers that can receive a message send via a. Session-typed
calculi in Caires, Pfenning and Toninho [18, 19], which correspond to linear logic,
do not seem to suffer from this problem. In our understanding, this is due to the
race-freedom of their calculi.

Remark 3.6. The argument in the proof of Theorem 3.5 is widely applicable to
i/o-typed calculi, not specific to the mp-calculus. In particular, i/o-separation
(i.e. absence of ch?/°[T)) has no effect.

The above theorem says that many conventional behavioral equivalences for
the m-calculus induce only semicategories, which may not have identities for
some objects. This situation is reminiscent of the S-theory of the A-calculus,
of which categorical model is given by semi-categorical notions [50].* Adding the
rule (E-ETA) resolves this problem and this is the reason why we named the rule
“p-rule”.

4To be more precise, the situation of mp-calculus and B-theory of the A-calculus is slightly
different. The -theory of the A-calculus is modeled using semi-functors and semi-adjunctions,
but these notions are built upon (ordinary) categories not semicategories.
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Chapter 4

Categorical Semantics

Categorical semantics attempts to model programming languages by mapping a
(typed) program I' F M : 7 to a morphism [M]: [I'] — [7] in some category,
where the types are interpreted as objects in that category. In a categorical type
theoretic approach, typically the interpretation is not given in a specific category
but in categories belonging to a certain class of categories . There are properties
that we would like to expect against the semantics. The following two properties
are of particular importance:

Soundness M ~ N implies [M]¢c = [N]¢ for every C € €
Completeness [M]¢ = [N]¢ for every C € € implies M ~ N

Here we are assuming that a notion of program equivalence ~ is already given.
Soundness ensures that we can prove equivalence of pairs of programs by showing
their equality in the model. The completeness, on the other hand, ensures that
we can use the semantics for proving that a pair of programs are inequivalent.

The purpose of this chapter is to give, for mp-calculus, a precise analog of this
standard categorical type theory. We introduce the class of compact closed Freyd
categories and show that the interpretation of mp-processes in compact closed
Freyd categories are sound and complete with respect to mp-theories. A process
in context A F P : o will be interpreted as a morphism [P]: [A] — I, where
I is the unit object of a monoidal category. The completeness will be shown by
constructing a term model, a compact closed Freyd category that is syntactically
built from the mp-calculus; this is a categorification of the Lindenbaum-Tarski
construction. We also show that every model of mp-calculus is equivalent to
a functor with the term model as domain, preserving the compact closed Freyd
structure. The correspondence between models and structure preserving functors
is the standard criteria required for a correspondence between a programming
language (or a type theory) and a categorical structure.

This chapter is organized as follows. Section 4.1 defines compact closed Freyd
categories as well as the interpretation of mp-processes. The soundness of the
interpretation is also proved in this section. In the beginning of Section 4.1, we
also give an informal explanation on the interpretation so the readers may read
this part even if they are not familiar with category theory. In Section 4.2, we
first define the term model and prove the completeness using the term model.
Then we end the chapter by proving the correspondence between models and
structure preserving functors.
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4.1 Compact Closed Freyd Categories and Interpretation of 7p-
processes

This section defines the interpretation of wp-processes in compact closed Freyd
categories and proves the soundness of the interpretation. We first give an infor-
mal overview of the interpretation in Section 4.1.1. Section 4.1.2 formally defines
compact closed Freyd categories and the interpretation for mp-processes is given
in Section 4.1.3. The proof of the soundness is treated as an individual section
(Section 4.1.4).

4.1.1 Overview

Before getting into the technical details of the interpretation, let us explain the
ideas behind the interpretation without heavily using categorical notions. We
employ the idea that categories can be regarded as a deductive system [75, 77|
and give a rather “syntactical” explanation to the interpretation. We informally
present compact closed Freyd category as a deductive system and discuss how to
interpret mp-processes by using this deductive system.

As repeatedly mentioned, compact closed Freyd category is a categorical
structure that has both closed Freyd and compact closed structures. There-
fore, to explain what compact closed Freyd category is, we first need to explain
closed Freyd and compact closed categories.

A closed Freyd category is a model of higher-order programs with side effects.
It has, among others, the structures to interpret the function type A = B and its
constructor and destructor, namely, abstraction Ax.t and application ¢ u. Under
some simplification, closed Freyd category, when regarded as a deductive system,
can be seen as a typed A-calculus with pairings. As the usual A-calculus, compact
closed Freyd category can duplicate variables; in terms of logic, contraction is
admissible.

A compact closed category can be seen as multiplicative linear logic [43] (MLL
for short) with the left rule:!

AA AT AFA*  AFA
AFT AAFT

(4.1)

(The right rule is the companion, which itself is derivable in MLL.)

Since we define a compact closed Freyd category as the combination of the
two structures mentioned above, compact closed Freyd category inherits the con-
structors from the two structures. It has the structures corresponding to the
following type constructors:

(closed Freyd) I, A® B, A= B (compact closed) I, A® B, A*.

Note that the pair type A® B (as well as the unit I) coming from the closed Freyd
structure is identified with that from the compact closed structure. Inference rules
for a compact closed Freyd category are those for functional languages and the
above rules of the compact closed structure.

Roughly speaking, interpreting mg-calculus in a compact closed Freyd cate-
gory is to interpret it by using these constructs. As mentioned in Section 1.3,
following the observation made by Sangiorgi [115], we regard

'From the categorical viewpoint, the left rule corresponds to precomposing the unit morphism
n: A® A* — I of a compact closed category (Definition 2.6). The right rule corresponds to
postcomposing the counit morphism e: A*® A — 1.
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o an output a(Z) as an application of a function a to a tuple (Z), and
o an input !a(¥).P as an abstraction (Z).P (or AZ.P) located at a.

We interpret the output action by using the function application. Hence the type
ch’[T] is regarded as a function type 7' = I (where the unit type I is the type
for processes i.e. ¢); then the typing rule for output actions becomes

ANa: (T=1),z:TrFa:T=1 Aa:(T=1),z:TFx:T
Aa: (T=1),z:TFa(x):1

The type ch’[T] is understood as (T = I)*; the input-prefixing rule becomes
ANa: (T=10"x:TFHP:I

ANa: (T=1)Fa:(T=1)* Aa: (T=1)F(x)P:T=1
Aja: (T=I1)"Fla(z).P: 1

This derivation directly expresses the intuition that an input-prefixing is abstrac-
tion followed by allocation; here allocation is interpreted by using the compact
closed structure, i.e. connection of ports.

The remaining constructs P | @ and (vaa)P are also easy to interpret. We
regard parallel composition as pairing. Because we have the compact closed
structure, we can use the (right) introduction rule of ® in MLL,

AFP:I AFRQ:I
AANH(PQ): IT®I,

as a rule for pairing. Since (1) I ® I is isomorphic to I and (2) contractions,
which comes from the closed Freyd structure, are allowed, the following rule is
derivable from the above rule.

AFP:I AFRQ:I
AFP|Q:IT

Since this rule corresponds to the typing rule of parallel execution, this means that
we can interpret parallel composition. The name restriction also has a natural
derivation:

Aa: (T=0*a: (T=1FP:1I
AF (vaa)P : 1

that corresponds to the left rule in (4.1).

4.1.2 Compact closed Freyd category

We now give the formal definition of compact closed Freyd categories. As briefly
explained, compact closed Freyd category is defined as a combination of compact
closed category and closed Freyd category. We start by defining the missing
ingredient, namely the (closed) Freyd category.

Definition 4.1 (Freyd category [111]). A Freyd category is given by
* a category with (chosen) finite products (C,®, I),

+ a monoidal category (KC,®, 1,1, 7, «) and
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e an identity-on-object strict symmetric monoidal functor J: C — K.
[ |

The categories C and K are called the “category of values” and “category
of computations” respectively and we will use these term too. The reason they
are named as such comes from the fact that Freyd categories were introduced
in the study of computational effects [111] and there values and computations
were interpreted as morphisms in C and K respectively. We note that Obj(C) =
ODbj(K) because J is an identity-on-object functor.

For simplicity, in what follows, we only consider Freyd categories whose monoidal
and cartesian structures are strict. Since every Freyd category is equivalent to a
strict version of Freyd category the restriction to strictness is not very severe.

Remark 4.1. The above definition is a special case of the original definition of
Freyd category [111]. The original definition uses the notion of premonoidal cat-
egories [110]: the original definition can be obtained by relaxing the requirement
of K being a monoidal category to premonoidal category in the above definition.

We restrict the definition to monoidal categories to capture concurrency. A
premonoidal category is “a monoidal category whose monoidal product is not
necessarily a bifunctor” i.e. (id® f); (¢ ®id) may differ from (¢ ®id); (id® f). The
difference between these two morphisms models a computation that is sensitive
to evaluation order such as computational effects. If we use the syntax of the
computational A-calculus [97], the difference between the two morphisms can be
expressed by the following inequality:

letr =Minlety=Nin L #* lety=Ninletz = Min L.

On the other hand, the bifunctoriality of monoidal products allows us to equate
the above two expressions. Hence, we may consider that M and N are concur-
rently executed because the evaluation order does not matter. |

Definition 4.2 (Compact closed Freyd category). A Freyd category (C, K, J) is
a compact closed Freyd category if

e I is a compact closed category with the unit n4: I — A ® A* and the
counit e4: A*® A — I and

o the functor J: C — K has a (chosen) right adjoint I = (—): £ — C.

We write J: CCOK: I = (=), J: CZCK or even J to represent a compact
closed Freyd category; the last notation is used when we do not have to deal with
the actual data such as morphisms in C and K. |

The readers might be confused because we defined compact closed Freyd cat-
egory without defining closed Freyd category. This is not a mistake.

A closed Freyd category is a Freyd category with an additional data, but
in the case of compact closed Freyd category, this data can be defined using
the other data compact closed Freyd category has. Specifically, a closed Freyd
category [111] is a Freyd category together with a right adjoint for the functor
J(—) ® A, for each object A. The right adjoint is often denoted by A = (—) and
A = B is called the Kleisli exponential.

Proposition 4.1. Every compact closed Freyd category J: CZOK: I = (—) is
a closed Freyd category.
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Proof. The following natural isomorphisms defines the Kleisli exponential:

K(J(A)® B,C) 2 K(J(A),B*® C)
~C(AI= (B*®Q)).

O

This means that the “higher-order structure” of compact closed Freyd cate-
gory is derivable; this fact will play an important role in Chapter 6 where we com-
pare higher-order calculi with the 7-calculus. We write A4 p ¢ for the natural iso-
morphism from K(J(A)®B,C)toC(A, B = C)andevaly p: J(A= B)®A — B
for the counit of the adjunction. These morphisms will be used to interpret ab-
stractions (which is used to model input prefixing) and applications (which is
used to model output actions).

Let us now give some examples of compact closed Freyd categories.

Example 4.1. One of the most elementary examples of a compact closed Freyd
category is (the strict monoidal version of) J: Sets_L Rel: P. Here J is the
identity-on-object functor that maps a function to its graph and P is the “power

set functor” that maps a relation R C A x B to a function P(R) & {(Sa,5B) |
Sp={blae€ SaaRDb}}.

A similar, but non-degenerated example (i.e. an example with A* 2% A) is
obtained by replacing sets with posets, functions with monotone functions and
relations with downward closed relations. |

Example 4.2. A more sophisticated example is taken from Laird’s game-semantic
model of m-calculus [74]. Precisely speaking, the model in [74] itself is not com-
pact closed Freyd, but it is not difficult to define its variant that is compact closed
Freyd.?

This model is important since it is fully abstract with respect to may-testing
equivalence [74, Theorem 1]. Hence our framework has a (syntax-free) model
that captures the may-testing equivalence. |

4.1.3 Interpretation

This section defines the interpretation of wp-processes in compact closed Freyd
categories. The interpretation map [—] maps sorts and sort environments to
objects as usual, and a well-typed process A = P : ¢ to a morphism [P]: [A] — I
in IC.

Figure 4.1 defines the interpretation of sorts and processes. Here the mor-
phism 72 : [A] — [7}] is the j-th projection provided that A = (y1: T4, ..., yn: Th)
and x = y;. The definition of the interpretation is obtained by formalizing the
ideas presented in Section 4.1.1. For example, the interpretation of la(¥).P is the
abstraction A (from the closed Freyd structure) followed by “name allocation” &
(from the compact closed structure).

Example 4.3. In order to better understand how reductions are modeled, let us
consider y : T + (vaa)(a(y) | la(z).P) : o, where a,a,y ¢ fn(P) and a: ch’[T].
By (E-BETA) and (E-GC), this process is equal to P{y/x}. It is natural to
expect that the interpretations of the two processes coincide; indeed it does. As
the following calculation indicates, our semantics factorizes the reduction into

2(For readers familiar with game semantics) To obtain a compact closed Freyd model we
only need to allow non-negative arenas as objects, and thus the modification does not have any
impact.
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[eh'[T1,.... )] < (L] © - @ [Tu]) = I)*
[ch°[Th,.... T, Y (o @ [T.]) = I

ef
[e1: 1,z Tu] € [T @ - @ [T]

[AFP:o]
[AFO0:o] % J(1)
[A Fla(@).P o] E J(r8 Ay gz ([8,8: TP o]))se g
[AF (@) o] € J((nl 7, 78 ))sevaly,
def

[AFP|Q: H—J(dA) ([AFP:o]@[AFQ:9f)
[AF (vay)P o] € (ida @ nr); [A,z: Ty : T F P o

Figure 4.1: Interpretation of types and processes.

two steps: (1) the “transmission” of the closure AZ.P by the triangle identity of
the compact closed structure, and (2) the S-reduction modelled by eval of the
closed Freyd structure:

[y : T+ (vaa)(a(y) | la(z).P) : o

(idr @ Nenerr)); [y : Tya = ch?[T],a ch!(T] F a(y) | la(x).P : o]
(id®@n);([y:T,a:ch®[T) Faly) : o] @ [a : ch’[T] F la(x).P : o])

(id @ n); ((er,enery; evalr ) @ (idenry @ J(A([z : T P :o])));ersrs
(

=(J

idr @ J(A([x : T+ P :2]))); ¢ enepr); evalr 1 (By triangle identity)
(A([z : TF P :o])) ®idr);evaly s

=[z:TFP:9] (By the universality of eval)

=[y: T+ P{y/z}:<].

In the above calculation, we implicitly use derived rules for weakening and ex-
change (See Lemma 4.4). [ |

Example 4.4. The interpretation of a forwarder a : ch’[T],b: ch®[T] Fa < b: o
is the counit € cho[T) " [ch?[T]]* @ [ch®[T]] — I in K, which is the one-sided form
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of the identity. In fact, this can be checked as follows (where S def ohe [f )]
[a: ch’[T],b: ch®[T] F a < b]
= [a : ch'[T],b : ch?[T] + la(Z).b(D)]
= J((ds+) @ ids); (idg @ cs 5); (J(A([a: St b: 8,2 : T Hb(@)])) @ idg-);

CS,5%; €S
= J((dg) ®idg); (J(s+) @ cg=.5); (J(A([b: S, % : T + b(@)])) @ idg-);
€S8+ €3 (Weakening & naturality of A)

= (id g7y @ J(A([D : ch[T], & : T+ b(@)]))); € cno[]

(By naturality of ¢, id = ca,p;cp,4 and dy; (14 ®id4) =id4)
— (ldchl[’_f] ® J(A(evalf71)))7 Echo[f}
= Een[fy" (By A(eval) =id)

Therefore, the interpretation reflects the fact that a forwarder is the identity in
every 7p-theory. |

Remark 4.2. As we mentioned in Remark 3.1, [(vaa)P] = [P] may not hold
even if a,a ¢ fn(P). For example, let us consider the case where P = 0. Then
[F P : 0] = id; whereas [ (v7aa)0 : o] = nprp; J(Yr)epry+), which is not equal
to the identity.

We now state the soundness theorem that says that if P = @ are provable,
then their interpretations are the same in all compact closed Freyd categories.

Definition 4.3. We say that an equational judgement A = P = Q is wvalid in
Jif[AFP:o];=[AFQ:o];. Given a set Az of non-logical axioms, J is
a model of Az, written J = Ax, if it validates all judgements in Az. We write
Az> AlFP=Qif A+ P =Q is valid in every J such that J = Az. |

Theorem 4.3 (Soundness). If Az > AF P =@, then Az>AFP=0Q. O

4.1.4 Proof of soundness

The soundness is shown by checking that the interpretations is sound with respect
to the logical axioms listed in Figure 3.2. The soundness of each logical axiom
is proved by lengthy, but (arguably) simple calculation. The presentation of
this subsection is rather dry because calculation takes up most of the part. We
believe that the intuition behind the interpretation has already been conveyed by
the previous subsection.

For readability, in what follows, we may write [A F P] or even [P] for
[A F P :9o]. We may also omit the semantic bracket and write 7" for [17]
especially when the object appears as a superscript/subscript.

We start by giving auxiliary lemmas, which are the semantic counterpart of
Exchange and Weakening rules, that will be heavily used throughout this section
without further comment.

Lemma 4.4 (Exchange and Weakening).

L. A z:S,y: T,A"F P:o, then [A,z: S,y:T,A'F P] = (ida @ cs7 ®
idA/);[[A,y : T,$ : S,A/ }_P]]

2. Let Ajx : T F P : ¢ such that z ¢ fn(P). Then [A,xz : T F P] =
(ida & J(1r)); [A F P,
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Proof. By straight forward induction on the type derivation. The statement (1)
is used in the proof of (2). O

Below we proceed by checking the soundness of each logical axiom one by one.
The most nontrivial case is the case for (E-BETA) so we will later prove this as
an individual lemma.

Lemma 4.5. Suppose that A+ Pand A F Q. If P = @ by an axiom of the
structural congruence, then [A - P = [A F Q].

Proof. By easy calculation. ]

Lemma 4.6. The interpretation is sound with respect to (E-GC), (E-FOuT)
and (E-ETA).

Proof.
(Proof for (E-GC))

[A F (vaa)a(7).P]
= (ida @ Ngyor)); [A, @2 ch®[T],a : c’[T] - la(§). P]
= (ida @ Ngyor); (ida @ J (L yo7y) @ idgyo79.); [A, @ ch'[T° (T F la(7).P]
= (ida © Nporzy); (ida © J (! gopry) © 1d goppp); (ida @ J(d gyop7-));
(J (A pguenigry, 7 ([Ay @ ch'[T], &
= (ida ® Ngyer7y): (ida @ J (o)) @ idggporz-): (ida @ J(d o))

(ida @ J(! ch®[T]* 2)); J(AA,T,I([[A’x :THP))® idcho[f]*);Cch"[f],ch"[ﬂ*;gcho[f]
(Weakening & naturality of A)

= (ida ®7 hO[T]) (ida ® J(! hO[T}) ®id hO[T]*) J(A AT]([[A :TH P)) ® idcho[ﬂ*)Q

TrPp e ldchom )i Cen®[T),ch[T]*7 Ech®[T]

Cene[T),ch?[T]*’ €cho[T]
= (Mepeorr) @ 1da); ( (eporzy) @ 1dgoy- @ J(Ay 7, (A, 7 : T+ P])))se € chO[T]
(Naturality of c)
=J(A7,([A, 7 T+ P])); J(! ho[T]) (Triangle identity)

=J(a)
— [AF0].

((E-FOuT) and (E-EtA)) Follows from the fact that forwarders are inter-
preted as counits of the compact closed category and the triangle identities. The
calculation is similar to that in Example 4.4. O

We are left to show that the interpretation is sound with respect to (E-BETA).

To facilitate the calculation to show the soundness of (E-BETA), we prepare
two technical lemmas. These lemmas use the trace operator [62]. A trace operator
in a symmetrical monoidal category (C,®,I,c) is a natural family of functions
Tri{BC(A(@X, B®X) — C(A, B) that satisfies certain laws (see [47] for the laws).
It should be noted that every compact closed category has a canonical trace [62,
48], i.e. a trace operator uniquely exists in every compact closed category. The
canonical trace operator is defined by

TrX 5(f) © (ida @ nx); (f ® idx-); (idp ® (cx,x+56x))-

Using the trace operator instead of directly using units or counits of the compact
closed category simplifies the calculation and makes the proof more readable.
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Lemma 4.7. Let A - (vaa)(Q | 'a(Z).P) : ¢ be a well-sorted process such that
a ¢ fn(P, Q). Suppose that the type of a is S e ch[T]. Then

[AF (vaa)(Q | la(Z).P)]
= J(da); (ida ® Tt g((ida ® J(ds)); (ca,s @ids); (ids ® J(A([A,a: S,@: T & P[))));
[Aa:SF Q]

Proof. Follows from the definition of [A F (vaa)(Q | la(Z).P)] and the definition
of the canonical trace operator. O

Lemma 4.8. Let J: C_LK be a compact closed Freyd category, f: A X — X
be a morphism in C and f7 o TrXX((idA ®J(dx)); (ca,x ®idx); (dx ® J(f)))-

Then we have
f1=J(da); (ida ® f1); J(f).

Proof. Essentially the same as that of [47, Theorem 7.1.1], where a fixed point
operator is defined via a trace operator. O

The above lemma says that (—)' is a parameterized-fixed point operator [47,
122]. Intuitively, it means that a “value f” can be copied in certain situations.
Together with Lemma 4.7, informally speaking, we can say that the interpretation
of (vaa)(Q | la(Z).P) is equal to that of (vaa)(Q | la(¥).P | (¥).P | (Z).P|---)
when a ¢ fn(P,Q). These lemmas together with the observation that the -
calculus can be seen as a process passing calculus is the key to show that the
interpretation is sound with respect to (E-BETA). In other words, we think that
the rule (E-BETA) says that the abstraction (Z).P is copied and then transmitted
to the output action a(Z).

We next prove a lemma that is analogous to the standard substitution lemma.

Definition 4.4. If A,a : ch®°[T] F Q : o and A, 7 : T + P : o are well-sorted
processes such that fn(A) N fn(A’,Z : T + P) = 0, then we write Q{A’ F @ :=
(Z).P} for (vaa)(Q | 'a(Z).P), where a is fresh. Note that Q{A’ - a := (Z).P} is
well-sorted under A, A’. [ ]

Lemma 4.9 (Substitution Lemma).
L. [AA"Fa(){A"+a:= (Z).P}] =[A, A"+ P{y/Z}].
2. If a ¢ fn(Q) then [A,A'FQ{A"Fa:= (Z).P}] =[AA'FQ].

3. [AA - (Q | R{A - a = (£).P}] = [AA - Q{A" + a == (7).P} |
R{A"Fa = (7).P}].

4. [A A (b(@H).Q)A - a == (@).P}] = [AA F b(@).Q{A F a =
(@).P}].

5. [A A F (WBhQA - a == (£).P}] = [AA F Whb)(Q{A - a =
(@).P})]-

Proof. We only show the proof for case (1). The other cases can be proved with
similar arguments.
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(1) By weakening, Lemma 4.7 and generalized yanking property of the trace
operator, we have

[A, A ali){A - a = (7).P}]

ch?[T -
B 1 (oo (o) © T, 7 T PI)));

[A,a : ch®[T] - a(if)]
= (ida ® J(Ap, 7, ([A",Z: T+ P]))); [A,a : ch[T] F a()]-
Now by the definition of [A,a : ch?[T] + a(#)] we conclude that
[A, A" a(H{A" + a:= (F).P}]
= (ida ® J(Ap, 7 ([A, 7 : T H P))); [A,a: ch’[T] - a(i)]
= canis (J(Ay 7,([AZ: T+ P])) ®@ida); [a: ch®[T], A+ a(g)]
(by Exchange and naturality of c)
= ca,a; (idar ® J ({7l Typs e ,Wﬁm;
(J(A L TI([[A’ Z:T+P]))® idz); evalz ;
LT [AE T P
(since (J(A(f)) ® id);eval = f)
= canri (idar @ J((mpy, . mge ) A 3 T+ P{yj/}]
= [A A" P{g/z}].

= (ida ® Tr

= CA,A'; (ldA/®J(< Typs e

We are now ready to prove the soundness of (E-BETA).
Lemma 4.10. The interpretation is sound with respect to (E-BETA).
Proof. We need to show that
[AF (vaa)(a(@).P | Cla(b)] = [A F (vaa)(la(@).P | C[P{/FN)],  (42)

provided that a ¢ fn(P,C) and a ¢ bn(C). Since the interpretation is sound

with respect to the rule (E-FOUT), we may assume that the context C' does not

contain a in object positions of output actions, as in the proof of (1) of Lemma 3.2.
Instead of showing (4.2), we show that

[A + (vaa)(\a(@).P | D[a(br)]. .. [a(ba)])]

— [A+ (vaa)(a(z).P | DIP{B /Y. [P{E. )] (4.3)
where D is a multi-hole context such that D[a(by)] ... [a(b,)] = C[a(b)] (which
means that b = b; for some i) and a ¢ fn(D). The claim follows from (4.3) because
adding a rule Dfa(b)]...[a(b,)]) = (vaa)(la(Z).P | D[P{b1/Z}]...[P{bn/Z}])
instead of (E-BETA) to the equational theory does not change the power of the
equational theory.

We now show that (4.3) holds. By Lemma 4.7 and Lemma 4.8, we can show
that

[AF (vaa)(la(Z).P | D
= J(dA) (ldA ® TI"A

(@) (@)
(
[A,a: S+ Dla(b)] ..
(
)

a [
(ida @ J(ds)); (cas @ ids); (ids @ J(A([A,a: 8,7 : T+ P]))));
[a(Ba)]]
(ida ® J(dg)); (ca,s ®idg); (ids @ J(A([A,a: S,
| [ada){A,a: Sk a:= (@.P}]. (4.4)

= J(da); (ida ® T

S
[A,a: S+ (Dlab
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Since a does not appear in object positions of output actions, we have

[A,a:SF (Dlab)]...[ab)){A a: S+ a:=().P}]
=[A,a: S+ (DP{b/T}]...[P{bn/T}])]

by Lemma 4.9. Now the claim follows by substituting the above equation to the
equation (4.4) and applying Lemma 4.7. O

Theorem 4.3 follows from lemmas stated above since the lemmas say that the
interpretation is sound with respect to all the logical axioms of the theory.

4.2 Theory/Model Correspondence

This section shows the correspondence between compact closed Freyd categories
and the mp-theories.

We first establish a correspondence by showing that the categorical semantics
not only sound, but complete. By complete we mean that P = ) is provable
if [P]; = [Q]s for all compact closed Freyd categories J. The proof of the
completeness is by the standard term model construction. It should be noted
that soundness and completeness results are rather weak criteria for a categorical
type theory correspondence.

We then prove a stronger result: the category of models is equivalent to
the category of “structure preserving functors” from the term model to (special
kinds of) compact closed Freyd categories. This is the standard criterion for
a categorical type theory correspondence and thus this result shows that the
correspondence between the mwp-calculus and compact closed Freyd category is
rigid. However, there is a caveat: a model only corresponds to a functor whose
codomain is a special kind of compact closed Freyd category. This means that
the term model satisfies some additional axioms reflecting some aspects of the
mp-calculus. We shall also discuss this point in this section.

Be warned that the latter part of this section is quite technical (compared to
other parts of this thesis) and requires familiarity with categorical type theory.

4.2.1 Term model and completeness

A term model is a category freely generated by the syntax, i.e. a category whose
objects are type environments and whose morphisms are terms (i.e. processes in
this setting). his section gives a construction of the term model, by which we
show completeness.

Given a set Az of axioms, we define the term model Jy,: Caz2t KA., which
we also write as Cl(Az). The definition of K4, is standard, except for the fact
that (1) composition is given by “parallel composition plus hiding” instead of
substitution and (2) identities are defined as forwarders instead of judgements of
the formx : THax:T.

Definition 4.5. Given an equational theory over Az, we define a category K4,
by the following data. (In the definition below we assume that all the variables
appearing in the sort environments are distinct.)

(Objects) Objects are defined as possibly empty list of sorts. Tensor prod-
ucts are defined by list concatenations and the unit object of the monoidal
structure is defined as the empty list. The dual of an object T is given by

(T & 7L,
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(Morphisms) A morphism from S to T is an equivalence class of type judge-
ments of the form #: S + P; y f where the equlvalence relation is defined
by( S E Py T) ~ (& SI—Qy )Justlncasexa—:cand
i o = ¢ for some substitution o, and Z : S, Yy T +P= Qo. As usual, the
equivalence class of a judgement A - P; X is denoted [A F P; Y.

(Identity) The identity on T is given by [Z: T+ Z = ¢: i : T).

(Composition) The composite of two morphisms [A F P;Z : f] and [¢ : T+
Q; Y] is defined as [A F (vZy) (P | Q); 2.

(Monoidal Product) The monoidal product of two morphisms [A = P; ¥] and
[A"F QX is given by [A F P Y] @ [A"F QY] = [A A F P | Q2 X
The symmetry from S®T to T ®@ S is defined as (@ : S#: Tk T=7q|
=iy T, 8.

(Unit and Counit) The unit and counit for T is defined as [+ 7 = ;& :
T, 4:T)and [Z: T+, 7: T F = ¢; ], respectively.

Note that the identity, unit, counit on the unit object is defined as [+ 0; |. W

The definition of the value category Cy4, is not as straightforward as that of
K 4z. This is because there is no notion of value in m-calculus.

It is not that hard to come up with the notion of value for m-calculus if we
take a look at how values are defined in A-calculus. In the case of A-calculus,
values are variables and abstractions. As in the case of the A-calculus, we may
attempt to define values for m-calculus by the grammar V ::= z | (¥).P, where P
is a process and (Z).P is called an abstraction, with the following typing rules:

z:TeA Az TFP
Abaz:T  AF (2).P:ch[T]

(To understand the right rule, recall that [ch®[T]] = [T] = I.) Then we may
define a morphism from 7 to § = (S1,...,5n) is an n-tuple (V4,...,V},) of values
of type : T F V;: S; for each i (modulo renaming of ¥).

This definition, however, is technically inconvenient. First, the set of values
is not a subset of the set of processes. Second, the term obtained by substituting
a name in a value with a value does not always become a value. For instance,

(x).a({y){(2).Q/y} is not a value.

Therefore, we employ the following definition for values:

Definition 4.6 (Value). Values, written A -, P; ¥, are inductively defined by
the following rules.

(V-UniT) AZ:TFP ad¢f(AT:T) Vil
Ab0;- A by la(Z).P;a: ch'[T]H (V-Iv)
~ I AR PY AR QY
A, b : ch®[T] F la(Z).b(Z) 7 / ’
1 Y (v-s fn(2) N (D) =0
Ay @) o et o IO (V-PaR)

Ab, P Q%Y

The definition of values A F, P;XY might seem unusual at first sight, but
we can consider them as ordinary values, i.e. variables and abstractions, placed
to some names. If we ignore the names that appear in X and regard parallel
composition as pairing, then the above definition resembles the intuitive definition
of values given in the preceding paragraphs. Discarding the name a, the rule
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fiidp = f=ida; f (M1)
feidi=f=id;® f (M2)
idgy ®idp ZidA®B (Mg)
fi(gih) = (f;9);h (M4)
feeoh) =(feogeh (M5)
fig@fligd=(feg);(f®d) (M6)
G(feg)=(g®f)c (Sym1)
(ca,p ®ide); (idp ® ca,c) = ca,BoC (Sym2)
CA,B;CB,A = idA®B (SYM3)
(nA®idA);(idA®€A):idA (Cl)
(ida+ ®na); (a4 ®ida~) = ida- (C2)
(ida ® nax); (ca,ax;e4 ®ida-) =ida (C3)

(id(A@;B)* ®Na ®NB); (id(A®B)* ®ida ®cax.p ® idB*); (agpB ® idA*®B*)
= (C4)

id(A®B)*

Figure 4.2: Axiomatization of strict compact closed categories.

(V-IN) can be read as a rule that creates an abstraction (Z).P (or AZ.P), so the
rule simply says that an abstraction is a value. The rule (V-UNIT) and (V-PAR)
correspond to saying that the empty tuple is a value and pairing of a value is a
value respectively. To understand the rule (V-STAR), A b la(Z).b(Z); b : ch[T]+
should be read as At b;b : ch[T]*.

This definition is handy because we can define the composition of values by
using “parallel composition plus hiding” as in the case for the producer category.
It is easy to check that this is well-defined, i.e. “parallel composition plus hiding”

of values is again a value, by induction on the definition of value.

Definition 4.7. Given an equational theory over Az, we define the category C,
as the wide subcategory of K 4,, whose morphisms are equivalence classes that
contains a value. We often write [A b, P; Y] instead of [A F P; ¥] when we want
to emphasize the fact that the equivalence class contains a value.

We write Ja,: Caz — K4, for the identity-on-object functor that maps [A
P; 3] to [A F P;X]. We also write Cl(Az) for the triple (Caz, K4z, Jaz)- [

Theorem 4.11. Cl(Az) is a compact closed Freyd category for every Az. [

In the model Cl(Azx), the interpretation of a process A - P : ¢ is the equiva-
lence class that P belongs to. This fact leads to completeness.

Theorem 4.12 (Completeness). If Az>AlF P =@, then Az>AFP=0Q. O

The rest of this subsection is devoted to the proof of Theorem 4.11. Readers
not interested in the proof may skip this part.

Things we need to check are (1) K4, is a compact closed category (2) Ca, is
a cartesian category, (3) J4, is a strict symmetric monoidal functor and (4) J4,
has the right adjoint. Since (3) is trivial and checking (2) can be done by the
argument used to check (1), we only prove (1) and (4).

For technical convenience, let us give an axiomatization of (strict) compact
closed categories such that satisfies the axiom (I) and (D). The axiomatization
is given in Figure 4.2. We will show that K 4; is a compact closed category by
checking these axioms.

Lemma 4.13. K4, is indeed a compact closed Freyd category.

Proof. The proof proceeds by checking that I 4, satisfies all the axioms listed in
Fig. 4.2.
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(M1) Ltfdef[Al—Px T), where & = 1,.. xnandf Ty,...,Tn. We

show that f;id = f. Recall that the identity over T is given by [¢ T+
y=2;Z:T]and §j = Zis defined as y1 = z1 | - | yn = 2n.

By definition, we have
f;id:[Al—P;f:ﬂ;[ﬂ:fl—yl‘:zl | ---|yn‘:zn;5:ﬂ
= A+ WZNP |y =21 |- | yn = 20); 2: T).
So, it suffices to show that
AZ:TY Wz (Plyns 2| | yn = ) = P{Z/Z
By structural congruence, we have

WEZY) (P |y1 = 21| | Yo = 2n)
= (Wanyn) (- Wr2y2) (Vo) (Pl y1 = 21) [y2 = 22) -+ | Yn = 2n).

We now proceed the proof by a case analysis on whether 77 is a sort for
output or input. If 77 is a sort for output channel then y1 = z1 = y1 — 21
and thus (vz1y1)(P | y1 = z1) = P{z1/z1} by (1) of Lemma 3.2. If T}
is a sort for input, then y; = 23 = 21 < y; and from the (E-ETA) rule it
follows that (vx1y1)(P | y1 = z1) = P{z1/x1}. So, in both cases we have
(Vl‘lyl)(P | Y1 = Zl) = P{Zl/CL‘l}.

By repeating this argument we have

WiP(Plypp =21 |- |yn = 20)
= (Wanyn) (- (Wray2) (V1) (P | y1 = 21) | y2 = 22) -+ | yn = 2n)
= (Vanyn) (- - (Wr2y2) (P{21/21} | Y2 = 22) -+ | yn = 2n)

= P{z/7

The equation id; f = f is proved similarly.

(M2) Trivial as id; = [_F 0;_] and, for every process P, we have P =0 | P =
P | 0 by the structural equivalence.

(M3) Trivial because in K4, identities are parallel compositions of forwarders
and monoidal product is parallel composition.

(M4) Let f ¥ AFPw:8), g% #:SHQy:T)andh ¥ [7: T+ R Y.

The equality follows from the following calculation, which uses the scope
extrusion rule and the associativity of the parallel composition.

=

Filg;h) =[AF Pyw: S ([7: SEQ;¢: T);[2: T+ Ry %))

= [AF Py S [7: S+ (v§D)(Q | R); X

= [AF (vdZ)(P | (vy2)(Q | R)); 2]

=[AF (vwZ)(vy?)(P| Q| R);X]  (since fn(y, 2) N fn(P) = 0)
= [AF (vy2)(vdZ) (P | Q| R); Y]

= [AF (vi?)((vw

T)(P| Q)| R);X] (since fn(w, ) N fn(R) = 0)
—([AFPt: S| [Z:SHQ;7:T));[2: T+ R;Y)
h
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(M5) This case follows from the associativity of parallel compositions.
(M6) Let f¥ ArPz:T), F YA FP: T, g% [7:TF QY and

q def 1 [7: T'+ Q';¥']. By definition,

= (wEg) (P | Q); ]

=[A

= [A"F @@F)(P'| Q); ’]
f®f [A AI—P|P’ T T’]
god =[G:T.7 :T'FQ|Q;%, %

Hence, we have

(fi9)@(fid) =[AF @wig)(P| Q)X @ [A' - (va'y)(P' | Q); Y]
= [A A (wEp) (P | Q) | (vdy)(P' | Q); 5, %]
=[AAF IR (P | Q| (vZ'F)(P' | Q)); %, Y
(since fn (&, i) N fn((u:i”g')(P’ | Q")) =10)
= [AA"F (vEy) (v'Y) (P | Q| P Q) 3]
(since (fn(Z, g )) Nfn(P,Q) =0)
[A A’HD\P’ T T2 T[T, 7 T Q| Q%Y

(Sym1) Let f < [#: S+ P;i:T)and g % [#: § + Q; ¢ : T']. Then,

f@g=[7: S, 7 S'I—P|QyT T]
by definition. Recall that a symmetry from S ®StoS®S is given by

(S w:SFZ=u|Z=uw;7:5 7 5] By an argument similar to
that in the proof of case (M1), we can show that

c(f®g)

=8 w: Sk 27 swit;z: 5,7 :8;[2:8,7:5+P|Q;y:T,7:T
=5, @: St Wit EZ=sd|F=sd | P|Q);y:T.i T
=[5, w: S+ (P| Q{2 /iy 5T, i : T

Since

we conclude that ¢; (f®¢g) = (g ® f);c

(Sym2) and (Sym3) These cases follow from the definition of id and ¢ in K 4,
and the transitivity of forwarders ((2) of Lemma 3.2). In other words, the
proof is similar to the case of (C1), which is given below.
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(C1) Suppose that A =Ti,...,T,. Recall that

ma=Lrisgi:T,§: T ea=[E T :THi=sg]
and thus
ma®idy =[2:TrHi=s§|6=s28:T,7: T, : T
da@ea=7 1,2 T ¢7 T+ =7 | & =7 : T

So, we have

(ida ®na); (ea @ ida)
—[Z:TF Wz2)wid(wid)(Esj|lo=szZ|v =2 | & =7)ad :T).

Thanks to the transitivity of forwarders ((3) of Lemma 3.2), we can check
that (C1) holds. More concretely, we have

(wzz')(vyr ) (viy )@ s jli = 2|0 = 2 |7 = i)

= (viZ)(vyd ) (viy ) (& = § | @ = 2) !wﬁy\w = 7)
= Wi\ vyd) (@ s 2| 7= g | v = )

— W)W E=F| 7 =7 |7 = 7)
=Wwi)(F=s2| W = 7)

Hence, we conclude that (idg ® n4); (64 ®id4) = id 4.
(C2), (C3) and (C4) The proof is similar to that of the case (C1).
0

Lemma 4.14. The functor J4, has the right adjoint that associates an object
T in K, to an object ch®[T+] in Cay.

Proof. To show that the Jy, has the right adjoint it suffices to show that there
is an arrow eg: ch®[T+] — T universal from Jy, to T, for each object T. In

other words, we neecl to show that for each f € Ax(JAm(g ), f), there is exactly
one g € Cay(S,ch®[T+]) such that Jaz(g);es = f. Let us define a map ¢ from
Ka(J42(8), T) to Caa(S,ch®[TH]) by o([A F P;7 - T)) € [A +y la(Z).P;a :
ch®[T]], where a is a fresh name.

First, we show that for every morphism f o [AF P;Z: T, Jas(o(f)); eq =
f. This can be confirmed by the following calculation:

Jaz(o(f));e Fla(Z).P;a : ch®[TH];[a: ch®[TH Fa(); i : T)

=[A
= [AF (vaa)(! ()P!@(@));y: 1]
=

A+ P{j/z}; i : T) ((E-BETA) and (E-GCQC))
= [A+FP;E: T (By renaming)
= f.
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Next, we show that for every h e [A by la(Z).P;a : ch?[TL]] in Cag,

©(Jaz(h); e) = h. This is shown by the following calculation:

p(Jaz(h)seq) = @([A F (vaa)(la(@).P | a(); 7 : T))

—.

= p([AF P{g/z}; 5 : T]) (By (E-BETA) and (E-GC))
= [A+ la(f).P{g/T};a : ch’[T]]

= [A by la(Z).P;a : ch?[TH]]

= h.

Therefore, if Ja.(g);eq = f then g = p(Jaz(g));e5) = @©(f). This shows the
uniqueness of g and completes the proof of adjointness. O

4.2.2 Classifying category

It is natural to expect that Cl(Azx) is the classifying category as in the standard
categorical type theory. That is to expect

Mod(Az, J) =2 CCFC,(Cl(Ax),J) in Sets. (4.5)

holds, where Mod(Aw, J) is the set of model of Az in J and CCFC4(Cl(Az), J)
is the set of “structure-preserving functors” from CI(Az) to J. The equation (4.5)
means that to give a model of Az in J is equivalent to give a structure-preserving
functor from the term model to J. Note that the above equation is given in Sets
rather than Cats. This is because we are only working with the empty signature.
(We shall come back to this point at the end of this section.)

The set Mod(Az,J) of models of Az in J is defined as follows. If J = Az,
then Mod(Axz,J) is a singleton set; otherwise Mod(Awz, J) is the empty set.

We now define the notion of “structure preserving functors” between compact
closed Freyd categories. In Section 2.2 we have already seen what “structure
preserving functors” are in the case of cartesian categories and compact closed
categories; they are finite product preserving functors (Example 2.3) and com-
pact closed functors (Definition 2.7) respectively. We, therefore, are led to the
definition of compact closed Freyd functors by combining these two notions.

Definition 4.8 (Map of Adjunctions [80]). Let F': CZCD: G and F': C'_C°D': G’
be adjunctions. A map of adjunctions is a quadruple (L, K, «, ) of functors
L:C — C' and K: D — D' and natural isomorphisms «: KF — F'L and
B: LG — G'K such that

G

D C D
I I
P —4 o L

F

and such that the diagram of hom-sets and adjunctions commutes

D(FC, D) z C(C,GD)
I g
D'(KFC,KD) C'(LC, LGD)
lac;f l—;ﬁp
K'(F'LC,GD) —¥ . ¢'(LC, 'K D)
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for all objects C' € Obj(C) and D € Obj(D), where ¢ and ¢ are the adjunction
isomorphisms. We say that (L, K) are strict map of adjunctions if the associated
natural isomorphisms are identities. |

Definition 4.9 (Compact closed Freyd functor). A strong compact closed Freyd
functor between compact closed Freyd categories J: C_UK and J': C'_CK is a
pair of functors (®, ¥) such that

e ®:C — (' is a finite product preserving functor,
e U: K — K'is strong compact closed functor and
o (®,V) is a map of adjunctions between J 41 = — and J' 41 =’ —.

We say that (®, W) is a strict compact closed Freyd functor if ® is a strict finite
product preserving functor, ¥ is a strict compact closed functor and (@, ¥) is a
strict map of adjunctions. |

Given compact closed Freyd categories J and J', we write CCFC,(J, J') for
the set of strict compact closed Freyd functors from J to J'; we will work with
strict functors for simplicity.

Now that we have defined all the notation appearing in (4.5), we can discuss
whether (4.5) holds. Unfortunately, the answer is no. More precisely, the left-to-
right inclusion does not hold in general. This means that the term model satisfies
some additional axioms reflecting some aspects of the 7g-calculus.

The additional axioms reflect the definition of the dual 7* in the term model.
Recall that 7% % 7' by definition, and thus 7% = T and (T ® §)* = T* @ S*.
In other words, the operator (—)* is strictly involutive and it strictly distributes
over the monoidal products. Since this is not the case in every compact closed

Freyd category we require these conditions as additional axioms, which we call
(I) and (D):

(I) The canonical isomorphism A** — A in K is the identity.
(D) The canonical isomorphism (A ® B)* — A* ® B* in K is the identity.

It might be surprising that we need to add these equations as additional ax-
ioms because isomorphisms A** =2 A and (A ® B)* =2 A* @ B* exist in every
compact closed category. One might expect that we can strictify these isomor-
phisms so that the additional axioms (I) and (D) become redundant. This is not
possible, however. The point is that the equations also require the value category
C to have isomorphisms A** = A and (A ® B)* &2 A* ® B* (witnessed by the
respective identities), which does not always exist.

Remark 4.2. The nullary version of the axiom (D), i.e. the condition that says
the canonical isomorphism from I* to I is the identity, is derivable from the
axioms (I) and (D). We give a sketch of the proof. By the axiom (I), we have

F=I@r=r"® and I=(I") = I)"
By the axiom (D), we have

and thus I'* = I. |
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Theorem 4.15. If a compact closed Freyd category J: C_CK: I = (—) satisfies
(I) and (D), then we have

Mod(Az,J) = CCFC,(Cl(Ax), J) in Sets
O

We split the proof into three-steps: (1) we define a functor from the classifying
category (2) we show that the functor is indeed a compact closed Freyd functor,
and then (3) we show that it is unique. In the sequel we only consider the case
where J = Az because the proof for the other case is trivial.

Definition of the functor Let us define [A F P;X] as (ny ® ida); (idy ®
[+, A+ P]), where [A I P] is the interpretation of P in J: CZUK. We define
a map V¥ from K4, to K by

V(A F PY) €A+ P
The map V¥ is well-defined thanks to the soundness of the interpretation.

Since an element of CCFC; is a pair of functors one for category of compu-
tations and another for the value category, we need to construct a functor for
the value category. We define such a functor ® by induction on the derivation of
Ak, P; Y.

o,
[

€

o

P([AFy 05 ]

B([A Fy la(Z).b(Z); b : ch?[T]}]
®([A Fy la(Z).P;a : ch'[T]H]
O([Aky P|Q;:%, Y

7

Q.

€

SN

Q.
-

)
)
)= A(A,Z: T F P])
) (@A P3)), B(A By Q%))

It is routine to check that the map ® is well-defined.

(®,V) is a strict compact closed Freyd functor To check that (®, V) is
a strict compact closed Freyd functor we need to check that (1) ¥ is a strict
compact closed functor, (2) ® is a strict finite product preserving functor and (3)
(P, V) is a strict map of adjunctions.

Before getting into the proof let us state some lemmas on compact closed
Freyd categories that satisfy the axioms (I) and (D).

Lemma 4.16. Suppose that K is a compact closed category that satisfies the
axioms (I) and (D). Then, for all objects A and B, we have

NA* = TA;CA A"

€A = CA A% €A
NagB = (Ma ®@np); (ida ® cax p ®idp+)
cagB = (idax ® ca,p- ®idR); (e4A ®eB)

O

Remark 4.3. The proof showing that ¥ is a strict compact closed functor relies
on this lemma, and thus depends on the two additional axioms. To put it another
way, we do not have theory/model correspondence for arbitrary compact closed
Freyd category because we cannot construct the structure preserving functor
from the classifying category if the category in target does not satisfy the two
axioms. |

42



We now show that W is a strict compact closed functor and that ® is a strict
finite product preserving functor.

Lemma 4.17. The map ¥ described above is a (strict) compact closed functor.

Proof. We start by checking that ¥ is a functor. Recall that identities in the term
model is of the form [¥ : ThZ=q7: f] and a single forwarder is interpreted
as counit. Therefore, using Lemma 4.16 it follows that the interpretation of
multiple forwarders is also a counit, i.e. [¥ : T+ z:TrHi= y] = 7. The map
W therefore preserves identities because

V(Z:TrZ=gq:T)=[:T+Z=q7:T]
= (np®ids); (de @ [y T'L,:E': THZ= 7, ])
= (np ®idy); (idp @ ep)
= idf
by the triangle identity. Preservation of compositions can also be checked by
unfolding the definition of the interpretation:

\I/([AI—P;i":f];[gj:fl—Q;E])
= V(A (viy)(P | Q); X])
= (1 @ ida); (ids @ [E, A F (vZG)(P | Q)])
= (nx ®ida ®nz); (idg @ [B5,A,2: T4, §: T - Q| P])
= (e ®ida ® 9z, ); (idy ® J(d));
(idy @ [BH, A, Z:TH, 7 THQ]®[EY, A Z: T+, §: T+ P])
= (1 ®ida ® g e )i (s ® ey 73 (dy @ [S,7: THQ]®[z: T A P])
(by weakening & exchange)
= (nx ®ida ®17); (s s @ ¢y 77 )i (e @ [S,7: TH Q] @ [#: TH A+ P])
(by Lemma 4.16)
= (e @npRida); (ds @ [E4,7: THQ] ® [#: T+, A+ P])
=[AFPE:T][7:TFQ;x].
The functor ¥ is not only a functor, but a strict monoidal functor because
V([AFPY@ A FQ:Y))=[AF P Y] @[A QY]

can be shown by an argument similar to the one we used for proving the
preservation of composition.

The last thing to check is that ¥ strictly preserves chosen units and counits.
By the definition of ¥, we have

V([ T=gT,5: 1Y)
= g s (idgs o @ [F: T, G T H 7 = §])

= N7 7 (idg 7 @ep)

= (np @np); (dp @ s e ® idz); (idf,f* ® &5) (by Lemma 4.16)
= nz; (idp @ ng. ®idz.); (dp @ idg. @ cf poeg)

=1z (dp @ np ®@idg,); (dp @ idp, @ ep.) (by Lemma 4.16)
= (by triangle identity)

Similarly, one can show that W preserves counit on the nose. So we have checked
that ¥ is a strict compact closed functor. ]
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Lemma 4.18. For the maps ® and ¥ defined above, we have J,; ¥ = &; J.

Proof. Tt suffices to show that for each value A -, P; X, (Ja; V)([A Fy P; X)) =
(®; J)([A Fy P;X]) by straight forward induction on the derivation of A -, P; 3.
It should be noted that Lemma 4.16 is needed for the case (V-PAR).

O

Lemma 4.19. The map ® described above is a (strict) finite product preserving
functor.

Proof. Before getting into the main thread of the proof we note that

O([A Fy la(Z).b(Z);a : ch'[T]H]) = 72

From this equation and the definition of ® it follows that
(A by = yy: T)) = a2 (4.6)

That is a forwarder is mapped to the projection map regardless of whether T is
a sort for outputs or inputs. We will use this equation during the main thread of
the proof.

We now check that the map ® is a functor. Using the above equation, it is
easy to see that ® preserves identities because

o(j:THT=7q.7:T))
=(O([f:Trtao sy :Th)), .., O(F: T+ xp= yp;zn: Th)))
<7ry1, B 7ryn> (By (4'6))

= ldf
The next thing to check is the preservation of composition. We can show that
B(A kv PiO] [0+, Qs3] = B((A by PO #(© by Qi)

by induction on the derivation of © -, Q; % with a case analysis on the last rule
applied; Lemma 4.18 is needed to show the case (V-IN).

To show that & is a strict finite product preserving functor, we show that the
chosen terminal map and projections are mapped to the chosen terminal map
and projections respectively.

The terminal map in the term model is [A F 0; | and this is mapped to !a by
the definition of .

Recall that the projections in the term model is defined as [¥ : S TS T+
r=7z,2: S_"] Since forwarders are mapped to projections, we have

—

(7 : ng THi=z2z:5)
O([7: fl— —,21;21:Sl]),...,fl)([f:g,gj:fl—:cn':zn;zn:Sn])>
Taps - mn> (By (4.6))

O

We now check that (®,¥) is a strict map of adjunctions to conclude that
(®,¥) is a strict compact closed Freyd functor. Since one of the conditions,
namely Lemma 4.18, is proved, we are left to check the other two conditions:
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Lemma 4.20. The two functors ® and ¥ satisfy (1) U;1 = (=) =1 =4, (—); P
and (2) ;0 = @a,;®. Here Jy, 1 I =4, (—) is the adjunction in the term
model and ¢ and ¢4, are the adjunction isomorphisms for J 4 I = (—) and
Jaz A1 =45 (—).

Proof. First, we prove U;1 = (=) =1 =4, (—):®. Let f:=[7: S+ P;g: T).
By the definition of ¥, we have

I=Uf=I=[Z:S+P;j:T)].
On the other hand,
O(I =4y f) = ([a: ch?[SH),7: T+ b(5). (sz)(P | a(2));b : ch?[TH]4])
= Agporgey g (la: ch®[SH], 7 T+ - (va2)(P | a(2))]).

Since the adjunction J(—® A) 4 A = (—) is defined by the closed structure and
the adjunction J 41 = (—),

Agpoigay e [0+ eb’1ST], 5 T = (WZ2)(P | a(2))])
— (i gy @ np ) ([@ : O[S, 52 T F (wa2)(P | a()] © idy).
Using the naturality of ¢, the exchange rule and Lemma 4.16, we can show that
(idgppopge) ® 17 )i ([a ch?[S*],7: T+ F (va@2) (P | a(2))] @ id)
= (0 @ d g )i (i © [7: T b[5] - (wi2) (P | a(2))]).

By the definition of the interpretation, we can rewrite the above expression as
follows:

(07 ® idgyog1y); (idp @ [7: T+, @ : ch?[SH - (vi?)(P | a(2))])
= (ldch"[gi] ®ng); (Cch°[§i},§ ®idg,); (idg ® evalg*jl); [Z:S+ P;ij:T]
So by substituting this expression, we obtain

= go((idch(,[bﬂ] ® ng);(ccho[gl],g ®idg.); (idg ® evalg, ;);[2: StP;j:T))
= o((id @ n); (c®id); (id @ eval)); I = [Z: S+ P;7: TJ.

It remains to show that ¢((id ®7); (c®1id); (id ® eval)) is the identity morphism.
Since evalg, ; = (e® idg*); €g+, Where e is the counit of the adjunction J 41 =
(—), we can show that

P(idgpergi) ® 15); (Coporgr g ® 1dg. ); (idg @ evalg, 1))
= @(Trfho[gL},g(Ccho[gl]yg; (ldg X e)))
by Lemma 4.16 and the definition of the canonical trace. Now we have
(rﬁfh"[SL] 5le ch?[§1],5 (idg®e)))

= p(e) (by generalized yanking)
=id

as desired.
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The other equation clearly holds because we have
p(T(AF P;Z:T)) = p([A+ P;Z: T)
= ®([A Fy la(Z).P;a: ch![TH]Y)
— DA+ Pz : 1))
by the definition of ® and ¥, and As 15 = ¢a B. O

Uniqueness of the functor Finally, we show the uniqueness of the (®,¥),
and this will prove Theorem 4.15.

Lemma 4.21. Let (®',¥’) be a strict compact closed Freyd functor from the
term model to a compact closed Freyd functor J: CZUK. Then (¢, ¥') = (9, ),
where (®, V) is the compact closed Freyd functor defined above.

Proof. The proof is by induction on the derivation of A+ P : ¢ and A+, P; X,
with case analysis on the last rule used in the derivation. Briefly speaking, the
claim follows because we are using strict functors, i.e. ®, ', ¥/ and ¥’ preserves
the chosen structures on the nose.

To show ¥ = ¥, we only need to consider the morphisms of the form [A +
P; _]. This is because

V([AF P;X)) = ¥((na ®id); (([d® [2*,T + P; )
= (na ®id); (id ® [*, T - P])
=[AF P;Y]
by the strictness of ¥’ provided that U'([X*, A+ P;_]) = ¥([X*, A+ P; ).
Now we do the actual case analysis. We only show the case for (V-IN) and

(S-IN) in detail because these are the most complicated cases; the other cases
can be proved by similar arguments.

Case (V-IN): Recall that, in the term model, a morphism [A k, la(Z).P;a :
ch[T]] can be obtained by applying the adjunction isomorphism Ay, to
[[,Z: T+ P;]. So it suffices to show that Aa,;® = W'; A, where A is

the adjunction isomorphism in J: CZCK. Using this equation we can show

that
®'([AFy la().Psa: ch[T]]) = ®'(Aau([A,7: T+ P; )
= A(W([A,2: T+ Py )
= A([[A,a:: P: ]
=ﬂmhmaammmp

by the induction hypothesis.

The equation A 4,; ®" = ¥’; A follows from the facts that (@', ¥’) is a map
of adjoints and V¥’ is a strict compact closed functor. Since Au,(f) =

pa:((id @n); (f @id)),
= o(¥'((id ® n); Ef ®1d)))

(since (@', V') is a map of adjoints)

= ¢((id ® n); (¥'(f) ®id))
(since W' is a strict compact closed functor)

= A(T'(f))

as desired.
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Case (V-UNIT): Since ®' and ® map the chosen terminal map to the chosen
terminal map, we have

(A, 0;]) = =®(Fy 0;]) =!I
Case (V-STAR): Similar to the previous case because ® and ® map chosen
projections to the chosen projections.

Case (V-PAR): This case follows from the induction hypothesis and the fact
that W’ preserves d and f® g because ¥’ is a strict finite product preserving
functor.

Case (S-IN):  We first show that [A F la(Z).P; ] is equal to
Tae((mg,1dr)); (id gy © Jae (A (0,7 T - P))))s ey

in the term model. The process !a(Z).P is equal to (vée)(vbb)(a — ¢
b(Z).P | ¢ < b) under the assumption b, ¢, ¢ ¢ n(la(Z).P) because
(vee)(vbb)(a < ¢ | 'b(Z).P | ¢ < b)
= (vac)(c = b| (vbb)(!b(Z).P | c = b))
= (vac)(a — ¢ | le(Z).P)

= la(¥).P.
Therefore,
[AFla(Z).P; ]
= [AF a< | !b(Z).P;é: ch[T]",b: ch[T]);
[c: ch[T]*,b:ch[T] F b d;]
and since [c : ch[T]*,b: ch[T] F b < a’; ] is the counit we have

[AF1a(Z).P; | = Jaz((ma,1dA)); (idch[f}* © [+ 1b(Z).P; b : ch[T])); Een[T]"

This follows from the fact that [A F b(Z).P;b : ch[T]] is a value because
b ¢ fn(A) and that [A F, 16(Z).P;b: ch[T)] = Ay ([A, Z: T + P)).

To complete the proof for this case, we show that

It remains to show that [A b 16(Z).P;b : ch[T]] = Jaz(Aas([A,Z: T + P)).
] is
z:

U (Jaz(Aaz([A,Z: T+ P))) = J(A(JA,Z: T + P])).

This equation holds because

V' (Jas(Aaa([A, & : T = P)))
= J(®'(Aa([A, Z: T F P)))) (by Jaz; W' = @';J)
= J(A(W'([A,Z: T+ P)))) (by Aay; @ =T A)
= J(AMJA,Z: T+ P])). (by the induction hypothesis)

Hence, V'([A F la(Z).P; ]) = [A F la(Z).P; ] follows from the above equa-
tion and the fact that \I/’ strictly preserves projections (lifted by J4,) and
the counit.
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Case (S-NiL): Trivial because @’ strictly preserves !: A — I.

Case (S-OuT): We can show U’ strictly preserves eval by an argument similar
to the one we used to show A4,;® = U'; A in the case for (V-IN). From
this and the fact that ®’ strictly preserves projections concludes this case.

Case (S-NU): Again, using the forwarders, it is easy to see that [A F (vzy)P; | =
(id@n);[Iz: T,y : T* + P;_] in the term model. The claim follows by
the induction hypothesis and the fact that ¥/ maps the chosen unit to the
chosen unit.

Case (S-PAR): Similar to the case for (V-PAR).

O

Discussions: Strengthening the correspondence We end this chapter by
discussing the imperfections in Theorem 4.15 and whether they can be improved.
Besides the problem on the axiom (I) and (D) Theorem 4.15 differs from the
standard theory/model correspondence in that (1) “the collection of models” is
a set not a category and (2) the structure preserving functor is restricted to the
strict ones.

The cause for the first problem lies in the syntax side. As explained, the
problem is caused by the fact that we only consider a calculus with the empty
signature, i.e. we are considering a calculus with no additional type nor constant.
In contrast to the case of the A-calculus it is not obvious how ground types
and constants should be added. This is because it is not clear what the dual
of a ground type represents. For instance, it is not clear what Nat ' means.
Similarly, we are not sure how to express constants such as natural numbers as
processes. If we do not need to stick to the syntax of w-calculus, it is possible
to give a calculus that corresponds to compact closed Freyd category and can
deal with non-empty signatures. In fact, we can use the A.-calculus, which we
will introduce in Chapter 6. The A.;-calculus is an instance of the computational
A-calculus, and the Ag,-calculus can be seen as a functional language augmented
with communication channels. Since we can add additional constants and types
to the computational A-calculus without any problem, the A.-calculus can also
deal with non-empty signatures.

We believe that the second point is not an essential problem. The reason why
we used strict functors was to facilitate the calculation. One could reasonably
expect everything to generalize to the non-strict case by inserting suitable iso-
morphisms into the calculation we have done. However, checking this seems to
require quite an effort.
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Chapter 5

mr-calculus vs. Linear Logic

This chapter discusses logical aspects of the mp-calculus and compact closed Freyd
category.

Section 5.1 introduces a new process representation of linear logic proofs from
a semantic consideration. A compact closed Freyd category is a model of lin-
ear logic (more precisely the multiplicative exponential fragment), as an instance
of linear/non-linear model [12]. Therefore, the interpretation of proofs in the
term model gives a mapping from proofs to mp-processes that is correct by con-
struction. The purpose of explicitly showing this interpretation is to clarify the
similarities and differences between the mwp-calculus and other m-calculi that are
based on linear logic.

Section 5.2 discuss the converse direction, i.e. a proof system to which ev-
ery mp-process can be interpreted. Such a logic needs to be expressive enough
to capture deadlocks and race conditions. The discovery of a proof system that
corresponds to the traditional m-calculus has been an open problem since Abram-
sky’s “proofs as processes” program [3]. We give a reasonable candidate for such
a proof system by investigating the relation between compact closed Freyd cate-
gories and other categorical models of linear logic.

5.1 Proofs as Processes

5.1.1 Definition of the translation

We explain how MELL formulas and MELL proofs are represented as (lists of)
sorts and process of the wp-calculus respectively. Here we simply focus on the
definition of the translation and do not explain how the translation is derived
(which will be explained in Section 5.1.3).

We use the standard presentation of classical linear logic by one-sided se-
quents [43]. The inference rules of MELL are introduced along with the transla-
tion, but for more details we refer the readers to the literature [43, 46].

The formulas of MELL are given by the following grammar:

As=1]|L|ARA|ATA|IA|?A.

Note that we do not have propositional variables. This is because we do not have
base types in the wp-calculus. This is a common setting that is used in logical
studies of m-calculi (e.g. [11, 54, 19]).

As usual, we introduce negation as a meta-operation on formulas rather than
a logical connective. The dual of a formula A, written AL, is inductively defined
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linear logic compact closed Freyd category 7 p-calculus
(formula) (object) (sort environment)
Jl_ 1 empty environment
A®B I
A3 B A®B Z:Ay:B
1A I=A x : ch?[A']
7A (A=1)* x : ch'[A]

Table 5.1: The categorical and wp-calculus interpretations of MELL formulas.

as follows:

pLdef o Ldefy

AoB)r ¥ at3pl  UxBLrYAleBt
(1A Eoat (At gt

By definition, the duality is strictly involutive, that is we have (A1)1 = A.

Formulas are interpreted as list of sorts (or sort environments) rather than
sorts. This is because objects of CI(() is a list of sorts, not a single sort. The in-
terpretation of formulas is shown in Table 5.1. For readability, the same metavari-
ables A, B are used to denote formulas, objects and (list of) sorts, but the meaning
should be clear. The names appearing in the sorts environment will be used when
we translate proofs into process. Note that A® B and A% B are translated into
the same sort environment. This is because in a compact closed category A% B
is interpreted as (A* ® B*)* which coincides with A ® B in the term model. The
table also shows the categorical interpretation of formulas in a compact closed
Freyd category, but we will explain this later in this section.

Proofs are translated into well-sorted processes. A sequent is an expression
F T', where a context I' = Aq,..., A, is a finite list of formulas; in what follows
we tacitly use the exchange rule and treat a context as if it is a multiset. We
write - I' :: II to mean that II is a proof with the sequent - I' as the root.
Proofs of the form F Aq,..., A, :: II are translated to processes in context 77 :
Af, ..., %, AL P o, and we write - I :: IT ~ TV F P : o for this translation.
Again, by abuse of notation, we are using A to represent formulas and the list
of sorts that correspond to the formula A and similarly I' is used to denote the
sort environment corresponding to the context I'. Note that we take the dual A+
when a formula appearing in a context is translated to sorts in a sort judgement.!
This is because formulas appear in the right-hand side of a sequent whereas sorts
appear in the left-hand side of a sort judgement. In what follows, we will often
omit the symbol ©.

Throughout the following paragraphs we introduce how proofs are translated
into processes. Rather than giving the whole translation at once, we present and
explain how each rule is translated in a step-by-step manner.

Multiplicatives The rule for the tensor ® is translated as parallel composition.
FT,A A, B rt@:At-P AL (7):BtHQ
FT,A,A® B AL (Z9): AN BYEP|Q

!The sort At can either be interpreted as (1) taking the dual of the formula A and then
taking the corresponding sort or (2) taking the sort corresponding to the formula A and then
considering the dual of that sort. They result in the same sort.
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Perhaps surprisingly, the process representation of the introduction rule for %,
which is the dual of ®, does nothing:

+T,A,B I (
AN
FI,A® B rt

Z): At () : Bt P
(@,9): AL BT EP
This is because A ® B = (A* ® B*)* = A% B in compact closed categories and
® is interpreted as juxtaposition of sorts in a sort environment.

The rules for multiplicative units are also "silent”, i.e. applying the rules for
multiplicative units do not have any effect to the translation. This is because 1
and L are interpreted as the empty environment in our translation.

Exponential In linear logic weakening and contraction rules do not apply to
every formula, but only to a certain class of modal formulas. The modalities are
l'and 7. Intuitively, !A represents an arbitrary number of copies of the formula A
and 7 is the dual of !. The weakening and contraction rules are limited to modal
formulas ?7A on the right-hand side of a sequent.?

The introduction rule for ! is translated as follows:

A ()L, (@) At EP
TR IA (70)%, a : ch'[AL] F la(Z).P

Here 7T" represents a context of the form ?7Ay,...,7A,. The ! introduction rule
is translated into input prefixing. This translation seems natural because input
prefixing blocks the computation, i.e. reduction under prefixing is not allowed,
and !-boxes of proof-nets are also used to block computation. An interesting
consequence of this translation is that there are no free input names inside !a(Z). P
because !A = ch®[A1] in the term model.
The dereliction rule,®> which is the rule that introduces ? is translated as

follows:

T, A (@) : AtFP

FT,74  TY.a:ch’[A]F va@g)(P | ald))

By using the bounded-output notation, the process in the conclusion can be
written as a(Z).P. Here a(Z).P means “send fresh names Z using the channel a
and then execute P”.

The weakening and contraction rules for 7 is translated as follows:

FT rt-p
FT,74 It a:ch?[Al P

FT,74,7A 'tz :ch®[A4],7: ch®[A] - P
FT,?7A It z: ch?[A] - P{z/z,2/5}

Identity and Cut We interpret the axiom as forwarders.

AX T ™~ S S e
FAA T ANy AT =y

2If we use two-sided presentation, then we can also apply weakening and contractions to
formulas of the form !A on the left-hand side of a sequent.
3Tt might be easier to understand the intuition behind the dereliction rule when it is written

TAFA
in the two-sided form TIAF A which says that “the linearity information on A is lost”.
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Interpreting axiom as forwarders is an idea pervasively used in translations from
linear logical proofs to m-calculi (e.g. [11, 133, 19]).

The cut rule is represented as “parallel composition + hiding”, which is also
standard.

FT,A A AL I (f): A*FP A" (J): AP

CuT ~
FT,A I, A"+ (vady) (P | Q)

Remark 5.1. The wp-calculus can interpret not only MELL proofs, but also
MELL proof-structures as processes. By proof-structures we mean graphs con-
structed in the language of proof-nets—a geometrical method of representing
proofs of linear logic—that do not necessarily represent a proof in MELL. This is
due to the compact closed structure of the wp-calculus [85]. The interpretation is
not given in this thesis since we do not need the interpretation of proof-structures
to compare our work with related studies. |

5.1.2 Cut elimination

We show that the standard proof conversions used in cut elimination procedures
correspond to process equivalences. The translation is sound with respect to these
proof conversions: if a proof II is converted to II' and the process presentation
of IT and II' are P and P’, respectively, then we have P = P’. This is because
our translation is correct by construction (see Corollary 5.2 below). We believe
that giving explicit correspondences between proof conversions helps readers un-
derstand our translation and also clarifies the difference between our translation
and existing translations from linear logic to m-calculi. (Comparison with related
work is given in the subsequent section.) Instead of listing all the cut reduction
rules and commuting conversion rules, we only present some interesting cases.

The cut reduction for ! and the dereliction rule is one of the most interest-
ing rules to examine since it correspond to communication. The following cut
reduction

(R AT FA AL T
P — D—m—F7—
F 0, 1A FA AT FIT, AT FA AL I

cuT cuT
T, A s T, A

corresponds to the following equation, where II and II' corresponds to P and Q
respectively.

(vaa)('a(7).P | (vgZ)al?) | Q) = (vy2)(P{Z/7} | Q)

The above equation follows from (E-BETA), (E-GC) and structural equivalence.
On the other hand, the cut reduction between ® and % is quite boring. The
cut reduction for ® and % is defined as follows:

FT,A +I'.B FA, A+ Bt
! R 1 1
FOLI,A® B FAAT® B
FD,IY A
FIY.B  FA, A Bt
cuT 7 T
FT,A FT, A A
cuUT
— FT,A

Y
cuT
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This corresponds to the equation below
(wzi1Ze 1) (P | Q) | R) = (vZ141)(P | (v22)(Q | R)).

The above two processes are simply structurally equivalent, and thus no commu-
nications occur to model this cut reduction.

Let us also elaborate on how commuting conversions are modeled. Com-
muting conversions are conversions that “pushes the cut inside”, which corre-
sponds to pushing the v operator inside. Most of the commuting conversion
rules corresponds to the scope extrusion rule (vaa)(P | Q) = (vaa)P | Q, where
a,a ¢ fn(Q). The commuting conversion for ! is a little tricky from the mp-
calculus perspective because it requires the commutation between input prefixing
and v. The commuting conversion for | and its process representation is given as

| FL A ?B 11
B ,1A,7B F?A,IBL T
F 20, ?A, 1A

CcuT

FID,A?B I F2A B I
Cur
' F 70, ?A, A
— F2T, ?A, 1A

and
(vbb)(la(Z).P | Q) = a(Z).(vbb)(P | Q).

where P corresponds to IT and @ corresponds to II'."The above equation is valid
because the rules of MELL and the definition of the translation ensures that
is equivalent to a process of the form !b(w).Q)’.Since !b(w).Q" works as a substi-
tution, we can equate the above two processes, i.e. we can equate the processes
by (E-BETA) and (E-GC).

5.1.3 Semantics-directed translation

As mentioned in the beginning of this chapter, our translation is derived using
our semantic framework. The translation is defined by interpreting the MELL
proofs using the term model CI(()) and this ensures the soundness of our syntactic
translation.

Here we briefly explain the relationship between compact closed Freyd cate-
gories and models of linear logic and how linear logic proofs are interpreted in
these model. For more details on categorical semantics of linear logic, the reader
may consult a survey written by Melliés [84].

Definition 5.1 (Linear/non-linear model [12, 9]). A linear/non-linear model
(LNL model) is a symmetric monoidal adjunction F': CZCOM: G, where C is a
cartesian category and M is a symmetric monoidal closed category. A LNL
model is a categorical model of intuitionistic multiplicative linear logic with ex-
ponentials. If the symmetric monoidal closed category M is a x-autonomous
category [10], then we say that the adjunction is a LNL model of MELL. |

Remark 5.2. Our definition of the LNL model differs from the original definition
given by Benton [12] in that we only require C to be cartesian instead of requiring
C to be cartesian closed. |
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Compact closed Freyd categories are LNL models of MELL. The functor
J:C — K of a compact closed Freyd category is a (strong) symmetric monoidal
functor and the right adjoint I = — is also a monoidal functor because the right
adjoint of a strong monoidal functor lifts to a monoidal functor [84, Proposi-
tion 14]. The category C is cartesian and the category K is x-autonomous because
every compact closed category is a x-autonomous category.

We briefly explain how formulas and proofs are interpreted in LNL models.
Let F': C_CM: G be a LNL model of MELL. As the notation suggests the multi-
plicative ® and the unit 1 are interpreted by monoidal products and the monoidal
unit in M. Each %-autonomous category is equipped by the dualization functor
(—)*: M°P — M and this determines the interpretation of the remaining mul-
tiplicative connectives. That is, [A % B] o ([A]* ® [B]*)* and [L] f e 4
The ! modality is modeled by the comonad GF induced by the monoidal ad-
junction and 7A is defined as (GFA*)*. So, in a compact closed Freyd category
J: CZCK: I = (—), the modality ! is modeled by the comonad J(I = —) as we
summarized in Table 5.1. A proof - Ay,..., A, :: Il is interpreted as a morphism
[]: I —[A1%--- B A,] in M. See [84] for the definition of the translation.

The important point is that the interpretation of MELL proofs in every LNL
model is known to be sound, i.e. the interpretation is invariant modulo cut-
elimination. It is easy to check that the translations we defined in Section 5.1.1
correctly specifies a representative of the interpretation in the term model CI(()
and thus it follows that the syntactic translation is also sound without the need
for an extra proof.

Theorem 5.1. Let - I' :: II be an MELL proof and assume - T' :: IT ~» T'- - P :
o. Then the interpretation of I in the term model C1(0) is [- - P; T, which is a
process typed under T'-.

Proof. By simple calculation. O

Corollary 5.2. Assume FT' =TI~ T+ F+P:oand FT = II' ~» Tt F P: o and
suppose that IT — II’ in the cut-elimination process. Then we have () > '+
P=Pr. O

5.1.4 Comparison with related studies

On the translation of formulas and proofs We discuss the similarities and
the differences between our translation and other studies that have investigated
m-calculus interpretation of linear logic proofs. As mentioned, axioms and cuts
are translated as forwarders and “parallel composition + hiding” in most studies.
Hence, we only discuss how the rules for exponential modalities and multiplicative
connectives are translated.

The way we translate the rules for exponential modalities are very similar
to that of the translation from linear logic to session-typed m-calculi [133, 19].
In fact, our translation for the exponential rules and Wadler’s translation for
the exponential rules coincide. More concretely, the introduction rule for ! is
represented as replicated input prefixing and the dereliction rule is represented
as bound output in both translations. (Weakening and contraction rules are also
represented in the same way.) Our translation is not directly comparable to 7CLL
given by Caires et al. [19] since they use a dyadic system [6], i.e. a system with

“Note that, in general, (A* ® B*)* is not isomorphic to A ® B and I* is not isomorphic to
I in a x-autonomous category C. As repeatedly mentioned, they are isomorphic if C is compact
closed.
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dual contexts, instead of the standard one-sided formalism of linear logic with
single context. Nevertheless, there are similarities in the translation for the rules
for exponential modalities. The introduction rule for !, i.e. the (T!) rule in [19],
corresponds to replicated inputs and the (Tcopy) rule, a rule that can be seen as
a decomposition of the dereliction rule, corresponds to bound output.

The Abramsky translation [11] for the exponentials are more complicated than
ours. This is because the translation tries to encode the cut reduction between
!'introduction and weakening and contraction for 7 using communications rather
than process equivalence. Moreover, due to this complexity, it is hard to consider
their system as a type assignment system; there is no natural interpretation for
the formula !A.

However, when the translations for multiplicative connectives are compared,
our translation is conceptually closer to the Abramsky translation than the trans-
lation to session-typed m-calculi.

Abramsky translation interprets A ® B as ch?[A, B] and A% B as ch’[A, B].?
The % introduction rule is interpreted as follows

PrT,x:Ay:B
z(x,y).PFT,2: A® B

(5.1)

The difference compared to our translation is that Abramsky translation adds
an input prefixing so that the cut reduction for ® and % corresponds to com-
munication. However, like our translation, the idea that (1) names represent
“communication ports” and (2) process describes how the ports are connected
can be seen in this translation. In the words of Bellin and Scott, “communica-
tions in w-calculus is about the pluggings in proof structures”.

In linear logic based session-typed m-calculi, A ® B is interpreted as a type
for sessions that first outputs a value of type A and then behaves according to
B. Dually, A% B is interpreted as a type for sessions that input A and behave
as B. Thus the type does no longer represent the “pluggings in proof structures”.
For example the % introduction rule given by Wadler is as follows:

PrHT,x:AB:y
z(y).PFT,z: A% B

Note that the input only receives one name in contrast to (5.1).

To our knowledge, the work most similar to ours is the correspondence be-
tween a local m-calculus and polarized proof-nets discovered by Honda and Lau-
rent [54]. The polarized logic used in their work is presented in focalized form [44]
and the set of formulas is given by the following grammar:

P .= ® IN; N = 7? P,

1<i<n 1<i<n

As in the other translations ! and ? (on the right-hand side of a sequent) corre-
spond to input action and output actions respectively. The interesting point is
that connectives ® and % are used to express polyadic communication action,
i.e. receiving or sending n names. Note that each % connective appears under
the l-modality. This allows one to consider (P} % --- % P,) as a type for input
channels receiving n-arguments. This is exactly the way how sorts and formulas
correspond in the mp-calculus. However, a crucial difference compared to our

°It is more precise to interpret A ® B as a linear output channel [69] because the name
assigned to the type ch’[A, B] is linearly used.
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work is that processes in their calculus only receives input names. This condition
is called the locality constraint [88, 136] in the context of m-calculus and reflects
the fact that the formulas are polarized.

On cut-elimination A possible criticism on our translation is that it does
not always map cut reductions to communications. As we have seen, the cut
reduction for ® and % is modeled by structural equivalence in our translation.
This is in contrast to the other studies where the correspondences between cut
reductions and communications were emphasized.

However, we think that the requirement that every cut reduction should cor-
respond to reduction/communication is too strong. When one tries to fulfill
this strong requirement one often ends up with a process calculus whose re-
duction relation is distant from the conventional reduction. For example, the
m-calculus used by Bellin and Scott admits prefix commutations (e.g. a(z).b(y).P
and b(y).a(x).P are equivalent), which is not allowed in conventional 7-calculus.
Wadler’s CP also suffers from this problem. The session typed calculi introduced
by Caires et al. [19] do not suffer from this problem because they relate some
of the cut reduction rules to process equivalence instead of reduction; the opera-
tional validity of these equivalences has also been checked [103]. We think it is not
that peculiar to model the cut reduction for ® and % using structural equivalence
once we forgo the idea that cut reduction should correspond to communication.

Also there is no strong semantic reason to interpret ® as outputs and %
as inputs. For example, Bellin and Scott mentions that the choice of treating
® as senders and 7% as receivers is arbitrary [11]; having said that, we note
that they gave a detailed observation based on information flow to support their
choice. Another example is the work on multiparty session types [20] where
® is interpreted as inputs and % as outputs. Thus, the fact that ® does not
correspond to neither inputs nor outputs in our translation is not unnatural from
the semantic perspective.

5.2 Processes as Proofs

Here we discuss the converse direction, i.e. a variant of linear logic to which every
mp-process can be interpreted. It should be a degenerate system in the sense that
A® B and A% B must coincide because A® B and A% B are isomorphic in any
compact closed category. It seems that we also need weakening and contraction
rules for formulas of the form ?A appearing in the left-hand side of the sequent,
because input channels can be replicated and discarded in the wp-calculus.

Instead of making guesses at the rules we need based only on syntactic obser-
vations, we use our categorical semantics as a guide. We start from a model of
linear logic and look for additional data and axioms that are sufficient to turn that
model into a compact closed Freyd category using some categorical construction.

We use linear categories as our starting point. It is well-known that a linear
category that is also x-autonomous category is a model of MELL. Although LNL
models and linear categories are both sound and complete models of linear logic,
linear categories have better match with sequent style formulation of linear logic.
The internal language of LNL models is a kind of adjoint logic and does not
exactly correspond to linear logic [81].

Definition 5.2 ([13, 59]). A linear category is a symmetric monoidal closed
category (£, ®,I) with a symmetric monoidal comonad ((!,m",m?),é,¢e) with
two monoidal natural transformations d and e such that for all A € Obj(L)
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1. dy:'A —-1A®!A and e4: 'A — I form a commutative comonoid A, d, e
2. d4 and ey4 are coalgebra morphisms
3. the morphism 4 is a comonoid morphism.

The symmetric monoidal comonad ! is called the linear exponential comonad. M

Since the proof system we are seeking for needs to have the compact closed
structure, it is natural to start from a linear category that is compact closed.
The logic corresponding to linear categories that are also compact closed should
be a proper extension of linear logic. For example, the following rules are invalid
in linear logic but admissible in compact closed categories:

-T FA FT,A B A, A+ Bt FT,A A+
FT,A T, A FD

These rules, especially the second rule called multicut, were often studied in
concurrency theory; see the work by Abramsky et al. [5] for their relevance to
CONCUITency.

Now the following is the question we want to answer:

Can we obtain a compact closed Freyd category from a linear category
that is compact closed?

Since compact closed Freyd categories are monoidal adjunctions (with additional
properties) between cartesian category and monoidal category, we need to con-
struct these structures.

Fortunately there is a well-known recipe to construct a cartesian category
from a linear category. Linear categories are instances of LNL models because
the Eilenberg-Moore category of the linear exponential comonad is cartesian.

Proposition 5.3 ([84, Proposition 28]). Let (£, ®, I) be a linear category whose
linear exponential comonad is !. The monoidal structure inherited from L is
cartesian in its Eilenberg Moore category £'. Therefore, the U: £'70L: F is a
LNL model, where U and F are the forgetful and the free functor respectively. [

Be warned that the above adjunction is not a compact closed Freyd category
as U is not identity-on-object. Our aim is to construct a Freyd category from the
above adjunction.

From the monoidal adjunction U - F' in the above proposition, we can con-
struct a monad FU over £'. When we have a monad there is a somewhat canon-
ical way to obtain an identity-on-object functor: taking the Kleisli adjunction of
the monad. However, the Kleisli category (£')py is not a compact closed cate-
gory in general even if £ is compact closed. Thus taking the Kleisli adjunction
does not always give a compact closed Freyd category. The following proposition
characterizes the condition for (£')py to be a compact closed category.

Proposition 5.4. Let (£,®,I) be a compact closed category, where the du-
alization functor is given by (—)*, together with a linear exponential comonad
(((!, m®,m?),68,¢). Then the adjunction U: £'7L: F induces a monad FU. The
Kleisli category of this monad (£')py is a compact closed Freyd category if and

only if £ satisfies the following condition:

(R) for all coalgebra (4, A N lA) there exists a coalgebra (A", A* U I[(A¥))
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Proof. First observe that (£')py is equivalent to a category E!U whose objects
are the same as £' and morphisms are defined as
! h h def h h
Li((A;A—=1A4),(B,B = B)) = L(UA,A—!A),U(B,B — !B))
= L(A, B)

This category is clearly a monoidal category since £' is equipped by with the
symmetric monoidal functor structure induced by L.

Now we prove the only if direction. Since (£')py is compact closed by as-
sumption, the category L!U is also compact closed. Thus, there is a dual for every

object (A, A LN lA), which we write (A®, A LN 1A®). It follows that A® is the dual
of Ain £ and thus A®* = A*. It is easy to check that (A*, A* = A® LIRS 1A*)
is a coalgebra. Hence, £ satisfies the condition (R).

The proof for the if direction is easy. It suffices to show that E!U is a compact
closed category. We can define the dual objects by (A4, A LA 1A)* def (A", A* LN

!A*). The unit and counit is given by the unit n4: I — A* ® A and counit
ea: A® A* — I inherited from L. ]

Since formulas of the form !A are coalgebras in MELL, the above proposition
leads us to consider the following axiom:

R——— or an equivalent axiom in a two-sided form ——
HI7A,(7A) TAEI7A
with the following conversion rules.
AX ——
74, (74)*
R T D T
FI17A,(7A) F?A,7(7A)
Cur T AX —
F?A,(7A) — F?A,(7A)
R - @ @
F174, (7A)*
D—— "~~~ _ AX —
H12A4,2(2A)* 124, (174)*
!
R 1?74, (24 FI174,7(74)* R 174, (?A)F T FN74,72(24)t
Cur T Cur T
FN7A, (TA) — HN?A, (7A)

The axiom in the two-sided form corresponds to requiring the existence of a
morphism (14)* —!(1A)* for every A; note that 7A = (1A+)L. The two conver-
sion rules correspond to the axioms that coalgebras need to satisfy, which are
sometimes called the unit triangle and the multiplication square.

With this axiom, the weakening rule and the contraction rule for ! (on the
right-hand side of a sequent) becomes derivable. For example, the weakening rule
is given as follows:

FT
Rrmatia “Eroa
Cur
FT,!A

Categorically speaking, this means that 7A is a comonoid object. From the 7-
calculus point of view, this means that input channels can be duplicated and
discarded. Therefore, races are introduced by this axiom.

We conjecture that MELL together with the multicut rule, the axiom 7A - 17A
and the above two proof conversion rules induces a category initial among linear
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categories that are compact closed and satisfy the condition (R). If this is the
case then we can derive a syntactic translation from mwpg-calculus to this proof
system by applying Proposition 5.4 to the linear category constructed from this
proof system. Checking this conjecture is left for future work.

Note that the proofs in this proof system are also representable by mp-
processes. This is because the term model CI()) give rise to a linear category that

satisfies (R) by taking ! ey Az(I =>4z —) as the linear exponential comonad. So,
if the conjecture holds, we may say that mp-calculus corresponds to “MELL +
multicut + axiom (R)”. The correspondence is, however, quite loose in the sense
that it is not a direct correspondence. We need some categorical constructions,
like taking the Kleisli category, for the mutual interpretation.

To our knowledge, the axiom 7A F !7A, has not been considered in the lit-
erature. However, a similar rule was considered when Atkey et al. [7] tried to
introduce race into the session typed calculus CP [133]. They identified the for-
mula ?A with !A and showed that this yields access points, a rendezvous mecha-
nism for initiating session typed communication that may cause race conditions.
Our axiom is weaker than their requirement in the sense that YA + !A is not
derivable in general, i.e. we do not have back-and-forth translations between
?A and !A. Another difference is that their syntactic identification of ! and 7 is
not well understood from the semantic viewpoint. In fact, it is not clear what

it means to identify a linear exponential comonad ! with a monad 7 defined by

74« (!A*)*. To the contrary, our axiom 7A  !7A originates from a semantic

consideration. However, the proof theoretic and process theoretic understanding
against this axiom is still missing. This is left for future work. In particular,
we are interested in whether we can define a variant of m-calculus that directly
corresponds to “MELL + multicut + the axiom ?A F !7A”. Such a calculus is
interesting because we may be able to introduce linear types [69] to the calculus.
This is because types that are not duplicable nor discardable can exist in such a
calculus.
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Chapter 6

Comparing First-Order and Higher-Order
Calculi

In order to demonstrate the relevance of our semantic framework, this chapter
tries to give a semantic understanding against the various existing translations
from higher-order calculi, such as the A-calculus, to the w-calculus. Our primary
tool to analyze these translations is a higher-order calculus called the A ,-calculus
that also corresponds to compact closed Freyd categories. The A.,-calculus is an
instance of the computational A-calculus and is obtained by a straightforward
extension of the coincidence between the computational A-calculus and closed
Freyd categories. Since the A.p-calculus is sound and complete with respect to
compact closed Freyd categories, there are translations between the A.,-calculus
and the mp-calculus. We show that these translations can be seen as (an extended
version of) the translations between the higher-order m-calculus and the first-order
m-calculus [115, 118], and use them to study other translations from higher-order
calculi to the m-calculus.

6.1 The A\, -calculus

The Aep-calculus' is a computational A-calculus with additional constructors deal-
ing with channels. This section introduces and explains the calculus.
The situation is nicely expressed by the following intuitive equation:

Ach N (compact closed Freyd category + I + D)

Ae (closed Freyd category)

The base calculus A.-calculus is the computational A-calculus, which corresponds
to closed Freyd category [97, 111]. It is a call-by-value higher-order programming
language, given in Fig. 6.1(a).? Our calculus Ag-calculus is obtained by adding
type and term constructors originating from the compact closed structure, which
Ac-calculus does not have.

Remark 6.1. It is possible to define an instance of the computational A-calculus
that corresponds to compact closed Freyd categories that do not necessary satisfy
conditions (I) and (D). However, we wanted A.,-calculus to correspond to the
mpr-calculus, so we made it to correspond to “compact closed Freyd category +
(I + (D)” |

'There is another calculus also called the \.;-calculus in the literature [387 37]7 which is very
similar to ours. This is just a coincidence and our calculus was developed independently of that
of [38, 37]. (See Section 6.4 for details.)

2The syntax of \.-calculus is adapted to the setting of this thesis.
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ou=T1—>71 =0 7= (&,...,&) Eu=---| 0"
x| MZ).M V ::=...| channel, | send,
M == (V)| V (V) |let (Z) = Min M’

<<
i

(a) A.~calculus (b) A, (difference from A.)

Figure 6.1: Syntax of types and terms of the A.-calculus and A.j-calculus.

6.1.1 Syntax

As for types, Aq, has a new constructor coming from the dual object A*. Nor-
malizing occurrences of the dual A* using the axioms (I) A*™ = A and (D)
(A® B)* = A* ® B*, we obtain the following grammar of types:

ou=1—>71 Eux=o0lo" 7= (&1, ., 6n)

where n > 0 and (1, . ..,&,) is an alternative notation for £; ®- - -®¢&,. Compared
with M., the only new type is the dual type ¢* of a function type o.
As for terms, A, has constructors corresponding to the unit and counit

na:l— A® A* ea:ATQRA—1T (for each object A)
of the compact closed structure. We simply add these morphisms as constants:

A F channel, : () — (o0,0%) and At send, : (0*,0) = ()

We shall often omit the subscript o.
Type environments are of the form A = xz1: &, ..., x,: &, and the type judge-
ment is of the form A - M : 7. We omit the typing rules since they are standard.
In summary, we obtain the syntax of A.,-calculus shown in Figure 6.1. In-
terestingly, A.p-calculus can be seen as a very core of Concurrent ML [112], a
practical higher-order concurrent language, even though A.,-calculus is devel-
oped from purely semantic considerations.

6.1.2 Semantics

Let us first discuss the intuitive meanings of the new constructors. The type o*
is for output channels; channel () creates and returns a pair of an input channel
and an output channel that are connected; and send («, V') sends the value V
via the output channel «. The following points are worth noting.

e A, has no type constructor for input channels. The type system does not
distinguish between input channels for type o and values of type o.

e A¢, has no receive constructor. Receiving operation is implicit and on de-
mand, delayed as much as possible.

e The send operator broadcasts a value via a channel. Several receivers may
receive the same value from the same channel.

The first two points reflect the asynchrony of the mp-calculus, and the last point
reflects the absence of non-replicated input (cf. Section 6.2).
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let (¥) = M in (¥) = M
let (Z) = (V)in M = M{V i}
let (¥) = (let (¥) = Min N)in L =let (y) = Minlet (¥) = Nin L

—

(MZ).M) (V) =letZ = (V)in M
(MZ).y(T)) =y
(a) Rules for \.-calculus

let () = Minlet (§) = Nin L =let () = Ninlet (¥) = M in L

(b) Rules for concurrent A.-calculus

(vzz)(send (z,V) | M) = (vzx)(send (z,V) || M{V/x}) (z ¢ fv(V)UEv(M))
(vazz)(send (z,V)) = () (x,z ¢ fv(V))
(vyy)(send (z,y) || N) = N{z/y}  (y ¢ tv(N) and z # 7))
(c) Rules for A.p-calculus

Figure 6.2: Equational rules for the A ;-calculus.

Based on this intuition, we develop the axiomatic and categorical semantics
of the Ag-calculus. We shall use the following abbreviations:

(vay) M 4 et (x,y) = channel () in M M| N 4 et () = Min N.

These abbreviations help us clarify the similarity among A.j,-calculus, wp-calculus
and the higher-order 7-calculus.

Axiomatic semantics The inference rules of the equational logic for the Ag-
calculus are listed in Figure 6.1.2. The rules are equations-in-context; each rule
has implicit assumptions that the both sides of the equation are well-typed terms.
The first five are the standard rules for computational A-calculus [78, 47]. The
sixth one is the rule of concurrent evaluation that reflects the bifunctoriality of
monoidal products. The last three rules are the 8- and n-rules for channels and
a GC rule that reflect the compact closed structure.

Categorical semantics One can interpret A 4-terms in a compact closed Freyd
category with (I) and (D). Here we define the interpretation [—];, where J is a
compact closed Freyd category. The interpretation of types and terms are listed
in Figure 6.1.2 where a type environment x1: &1,...,2,: &, is interpreted as
[£1] ® - - @ [€n]- The interpretation of the A.-calculus part is standard [111, 78].
Interpretations of constants channel, and send,) are the part that is specific
to the Agp-calculus. They are interpreted as the “closure” whose body is 7, and
€5, respectively, as expected.

The categorical semantics is sound and complete with respect to the equa-
tional theory of the A.p-calculus. The completeness is shown by constructing a
term model using types and terms of the Ap-calculus. We omit the proofs for
soundness and completeness since they are analogous to that for the wp-calculus;
actually, soundness and completeness for the A.;-calculus is easier to prove be-
cause we can reuse some results on the A.-calculus. There is a subtle issue in
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def

[F =1 € = [01€ o] (¢ &) EE]e- ol

[AFz:e] € @)
[AF (Vi Vo) s (6 &) € TG, id)s (A R V@] @ @ [AF Vi &)
[A - XZ).M : (§) 7] € J(Ay g (0,7 € M : 7))
[AFV (W) : 7] Y J(da); ([AF V7 = ] @ [AF (W) : 7]);eval,.
[AFleti=Min N] % J(da); (ida @ [AF M : (E)]):[A,7:EF N : 7]
[A+ channel, : () = (0,0")] < J(\a; AL ogo- (10))
[AFsend, : (0%,0) = O] © J(1a; Arosera(c0))-

Figure 6.3: Interpretations of the types and A.-terms.

(ch’[T]) € (T) — () ['[T]] < (T] = 0)* [(Tr,-... T)] € (T1),.., [Tu))
010  [(PIQIYPIIQ] [((way)P]™ (vay)[P]
(@) ¥ a@  [la@).P] Y send (a, \@).[P))

Figure 6.4: Translation from mwp-calculus to A.,-calculus.

the definition of the term model that is worth mentioning: we have different def-
initions of the right adjoint I = (—), which are of course equivalent but do not

coincide on the nose. Our choice here is I = (£) < e () = ().

6.2 Translations between A\, and 7p

The higher-order calculus A ;-calculus is equivalent to wp-calculus. This is be-
cause both calculi correspond to the same class of categories, namely, the class
of compact closed Freyd categories with (I) and (D), i.e.,

(Aep-calculus) = (compact closed Freyd category + I + D) ~ (wp-calculus)

This section studies translations derived from this semantic correspondence.

The translations are defined by the interpretations in the term models. For
example, the translation (—) from A,-calculus to mp-calculus is induced by the
interpretation of \p-terms in the term model CI(()). The interpretation [M] ¢y
of a Ag-term M is an equivalence class of mp-processes, since a morphism in
Cl(0) is an equivalence class of mp-processes. The translation (M) is defined by
choosing a representative of the equivalence class. The other direction [—] is
obtained by the interpretation of wp-processes in the term model of A.p,-calculus.

Figures 6.4 and 6.5 are concrete definitions of the translations defined by a
natural choice of representatives. The representatives are chosen so that there is
no redundant forwarders or redexes.

Let us discuss the translations in more details. The translation from mp-
calculus to Agp-calculus (Fig. 6.4) should be easy to understand. It directly
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(ro = m2) € ch?l(n). (2D "] Qo) Z (o)t (i) E () ()
Wy p=2)  MEM),E @ DM (IS Vi | | (Vabp,
WV (W) & (vad)(wis) ((V)a | (W))s | a7, 7))
qlet<> Min N); < (vzq)((M); | (N)7)

(]channel[) = p(a: Y).r =y (send),, & p(z,y).x =y
Figure 6.5: Translation from \.,-calculus to wp-calculus.

expresses the higher-order view of the first-order w-calculus that has been re-
peatedly discussed in this thesis. For example, an output action is mapped to
an application and an input-prefixing !a(Z).P to a send operation of the value
MZ).P via the channel a.

An interesting (and perhaps confusing) phenomenon is that an input channel
in the mp-calculus is mapped to an output channel in A.;-calculus. This can be
explained as follows. In the name-passing viewpoint, the reduction

(wry)(ly(2).P | x(@)  —  (vay)(y(2).P | P{i/z})

sends @ to the process ly(Z).P, and thus z is output and y is input. In the
process-passing viewpoint, the abstraction (Z).P is sent to the location of z, and
thus y is the output and x is the input.

Next, we explain the translation from the A.,-calculus to the mp-calculus
shown in Figure 6.5). Let us first examine the translation of types. The most
non-trivial part is the translation of a function type 7 — 75. A key to understand
the translation is the isomorphism 7 — 72 = 71 ® 75" — (). The latter form of
function type corresponds to an output channel type in the mp-calculus. Hence
a function is understood as a process additionally taking channels to which the
return values are passed.

The translation (M)z of a Agp-term A F M : (&,...,&,) takes extra parame-
ters ¥ = p1, ..., pn to which the values should be placed. This is a consequence of
the deﬁnltlon in the term model of the wp-calculus that a morphism T —Sisa
process I: T y SL F P : o where there is no “return value”. Here P’ corresponds
to ¢, I' to &: TandgtoS

Now it should be easier to understand the interpretations of the A.,-terms.
For example, the abstraction (A(Z).M), is mapped to an abstraction (Z, q).(M]) g
placed at p, which takes additional channels ¢ to which the results of the evalu-
ation of M should be sent.

Example 6.1. As an example, let us see how a f-redex (Az.M) Nis translated
and how reductions are expressed. Since we cannot directly write (Az.M) N in
Acp-calculus we will use an equivalent expression that uses the let-expression.

(lety = Nin (Az.M) ),
= (vgy)((N)y | (vaa)(wbb)(la(z,q)-(M)y | b— g | alb,p))
= (vyy)((N)y | (vaa)(la(z,q).(M)q | a(y,p))  ((E-FOUT) and (E-GC))
— (vyy)((N)y | (vaa)(la(z,q).(M)q | (M)p{y/z})
= (wyy)((N)y | (MDp{y/x}) (E-GC)



Note that the above process allows to reduce the abstraction body M and the
argument NN in parallel sharing the private channel § and y. Intuitively, this
happens because (Ax.M)N = letz = Nin M and terms N and M can be
reduced in parallel in A.p-calculus. A similar observation has been given by
Toninho et al. [126] when they gave an encoding of the simply-typed A-calculus
in session-typed m-calculus by employing Girard’s call-by-value translation from
intuitionistic logic to linear logic. They observed that the call-by-value Girard
translation only captures a reduction strategy in which sub-expressions are eval-
uated in parallel. We note that we are observing the same problem in different
type systems because the way we interpret the arrow type is the call-by-value
Girard translation. That is we have A = B = J(I = A*® B) = (A — B).
This means that the translation from \.;-calculus to mg-calculus is too loose
as an encoding of the standard call-by-value (or call-by-name) A-calculus. In
Section 6.3, we show that this problem can be avoided by restricting the evalua-
tion strategy using CPS translations, which is the idea that is often used in the
literature (e.g. [90, 118, 17]). [ |

It might be surprising that the interpretations of channel and send coin-
cide. This is because of the one-sided formulation of the wp-calculus. In the
two-sided formulation, the unit 1 and counit € of the compact closed structure,
corresponding to channel and send, can be written as logical inference rules

AA AL A d AR AL AN
AF A o AFA
which are different. In the one-sided formulation, however, they become
A, A AL (AN -
A, (AN =

Hence n and € (or channel and send) cannot be distinguished in the 7p-calculus.

The translation (—) must be the inverse of [ —] because both the term models
are the initial compact closed Freyd category with (I) and (D). That means,
> A+ P=([P)) and 0 > A - M = [(M)]) are provable for every P and M.
This result is independent of the choice of representatives.

6.2.1 \-calculus vs. HO~«

We show that a variant of a higher-order 7-calculus can be seen as a subcalculus of
the A p-calculus. This fact together with the mutual translation between the .-
calculus and the mp-calculus gives a semantic reconstruction of the translations
by Sangiorgi [118] (see also [119]) between asynchronous higher-order m-calculus
(AHOmr for short) and asynchronous local m-calculus (Lw for short).

A variant of AHO7 can be seen as a fragment of the A;-calculus. The syntax
of AHOm and their representation by A.,-terms are given in Figure 6.6. The first
rows of the BNF notations are the grammar for the AHO7 and the corresponding
Acp-terms are written below. We can thus consider the constructs of AHOw as
macros defined over the A ,-calculus. The syntax of AHOm presented here slightly
differs from that of the original one because v binds a pair of names and non-
replicated inputs are forbidden.

This fragment is nicely described as a limitation on types:

o= (7)—=() Eux=o0lo" 7= ().
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PQ == 0 [ (P]Q) | (vay)P | lz v |
() Pl Q (vay)P send (x, v) v ().

&

Figure 6.6: AHO® processes as A p-terms.

def def

=0 (PIQE(P)I(Q (wey)P)E way)(P)  (loo) E (o).

def

(v(wy, ..., wa)) % (vaa)(Whiby). .. (Wbabp)((W)a | (Wi, | -+ | (wnls, | @lbis ... bn))

(@)a = (@ x)  ((@).Pha = la(@).(P)

Figure 6.7: Translation from AHO7 to wp-calculus.

Recall that o is a type for abstractions, £ is a type for variables, and 7 is a type
for terms. This limitation means that (1) an abstraction cannot take a channel
as an argument, and (2) a term M must be of the unit type, i.e. a process.

Once regarding AHO7 as a fragment of A ;-calculus, the translation from
AHO7 to mp-calculus is obtained by restricting (—|) to AHOm-processes. The
resulting translation is in Fig. 6.7. As mentioned, the translation is the same as
that of Sangiorgi [118] except for minor differences due to the slight change of
the syntax.

Sangiorgi also gave a translation in the opposite direction, from L7 to AHO®
in the same paper. The calculus L, a variant of the local m-calculus [88, 136]),
is a fragment of the 7-calculus in which only output channels can be passed. The
i/o-separation of the mp-calculus allows us to characterize the local version of
the mwp-calculus by a limitation on types. In the local variant, the output channel
type is restricted to T ::= cho[f], expressing that only output channels can be
passed via an output channel. Then the definition of type environment should
be changed accordingly: A == | A,z :T | A,z : T+ (since the syntactic class
represented by T is not closed under the dual (—)* in the local setting).

Interestingly the limitation on types in AHOm coincides with that in L,
when one identify c¢h®[T] with (T) — () (as we have done in many places). In
other words, the syntactic restrictions of AHO# and Lz are the same semantic
conditions described in different syntax. As a consequence, the image of Lz by
[—] is indeed in AHO.

6.3 Combining CPS transformation

6.3.1 From AV/AN to 7p

In another paper [117] (see also [119]), Sangiorgi observed that call-by-value and
call-by-name encoding of A-calculus into m-calculus can be factorized into CPS
transformation and the compilation from HOw to the first order w-calculus. The
situation is nicely summarized in Figure 6.8. The translations V and N are the
call-by-value and call-by-name encoding of the A-calculus, respectively. The maps
Cy and Cpy are call-by-value and call-by-name CPS translations that translates
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Figure 6.8: Decomposition of the m-calculus encoding of AV and AN. The figure
is taken from [117].

A-terms to CPS-calculus; roughly speaking, CPS-calculus is a subcalculus of the
A-calculus that is defined as the image of the CPS translation. The translation
‘H is the injection from the CPS-calculus to the higher-order mw-calculus. It is
the identity except for the fact that it does some uncurrying such as Az.\k.M to
Az, k). M.

We give semantic analysis to these translations. We show that encoding of
the call-by-value and call-by-name A-calculus can be understood as a call-by-value
and call-by-name monad translation [131, 98] for a certain continuation monad.

Our starting point is the observation that a continuation monad can be ob-
tained from a tensorial negation [87]. A tensorial negation on a symmetric
monoidal category (C,®1) is a functor —: C — C°P together with a natural family
of bijections

WAB,C: C(A® B,-C) = C(A,~(B®())

that satisfy a coherent condition with respect to the associativity of the monoidal
product (see [87] for details). From the definition it easily follows that — 4 —°P,
i.e. = is a self-adjunction. Thus —°P— is a monad, called the continuation monad
of the negation, and this can be considered as a “double-negation monad”.?

Now let us apply this observation to compact closed Freyd category. Let
J: CZCK: I = (—) be a compact closed Freyd category. Since (—)*: K — K is
a self adjoint, we have the following three adjunctions:

; = (1=
C L K € Kop € cep
B ERE 7o

We define - % J; (=) (I = —)°P. Then it is easy to check that — is also
a tensorial negation. By abuse of notation, we also write — for the opposite
functor of —=: C — C°. Then ——: C — C is a strong monad on C. Moreover,
we have a Kleisli exponential for (C,——), which is obtained from the following
isomorphisms:

CA®B,~—~C)=C(A® B,I = JI = J(C)")")
=K(J(A® B),J(I = J(C)")")
=2 K(J(A), J(B)*®@JI = J(C))")
=2CAI=JB) ®@JU=JC))).

31t should be noted that the relationship between self-adjunction and continuation was al-
ready explored in Thielecke’s PhD thesis [125].
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Figure 6.9: Translation from the call-by-value A-calculus to the A.,-calculus.

If we ignore J (recall that J is identity-on-object) then the Kleisli exponential
with respect to —— is given by B =k C 1= B (I = C*)* which is
isomorphic to B ® (C = I) = I. Since the category C is a cartesian category
with a strong monad —— that has Kleisli exponentials, (C, =) is a A.-model [98].%

We show that the translation from call-by-value A-calculus can be obtained
by interpreting the call-by-value A-calculus in the Kleisli category (C,——) con-
structed from the term model. Instead of directly transforming the A-calculus
into the mp-calculus, we first translate it into the A.,-calculus, so that we can
better compare our translation with the translation given by Sangiorgi.

The result is summarized in Figure 6.3.1. Here we are considering a A-calculus
whose only base type is (); furthermore, we assume that all the variables appear-
ing in a type environment have type that is not ().> This translation is exactly
the same as the translation from call-by-value A-calculus to the HOx given by
Sangiorgi; the translation (—)° coincides with H composed with Cy. This trans-
lation can also be seen as a variant of the call-by-value CPS transformation given
by Plotkin [107].

As the final step we interpret the term as the morphism in the category of
computation by means of the following natural bijection

C(A® @ Ap, I = B)2K(J(A)®---®J(A,), B)
= R(J(A) @@ J(Ap) ® B*, 1)

and then apply the compilation from A.,-calculus to mp-calculus. Concretely
speaking, if a type judgement of a A-calculus xy : 7,...,2p : 7w B M : o is
given, then we translate this judgement as x : (77),..., 2y : (7),p: (6° — () F
(M°p) : o. By simplifying the result using the equational rules, the translation
from call-by-value A-calculus to wp-calculus can be summarized as in Figure 6.3.1.
The result is essentially the same as the translation V given by Sangiorgi [117].
A minor difference is that he uses non-replicated inputs to model the additional
A-abstractions introduced by the CPS translation reflecting the fact that they

are linearly used.

Remark 6.2. Note that we did not use arguments specific to the compact closed
structure in the above argument. The same argument applies if K is a symmetric

4Strictly speaking, (C,——) is not a A.--model since the mono-requirement [98] is not satisfied.
However, this does not give any affect to the following arguments.

5This assumption is not essential. We can still define the translation even if there is a variable
of type (). However, with this assumption, the derived translation becomes simpler since we do
not have to deal with the equality A ® I = A.
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Figure 6.10: Translation from call-by-value A-calculus to mp-calculus.
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Figure 6.11: Translation from the call-by-name A-calculus to the A.,-calculus.

monoidal category with a tensorial negation. This is not a surprise because
A-calculus is a sequential language. The expressive power of compact closed
categories are not needed to describe the “communication topology” of A-calculus.

We also could have used the functor (—) — R instead of (—)* to define the
negation, i.e. there is no need to restrict the answer type to I. However, we chose
to use (—)* so that the induced translation coincides with the translation given
by Sangiorgi [117]. |

The encoding of call-by-name A-calculus can be obtained in a similar manner
by using the call-by-name monad transformation. That is we interpret ¢ — 7
as the object =—[o] = k; [r]and a judgement =1 : 71,..., 2y : T F M : 0 as a
morphism [M]: ==[n] ® - -- ® ==[r,] — ——[o]. By interpreting the A-term in
the term model we obtain the translations given in Figure 6.11 and Figure 6.12.
Again the translation to A.,-calculus is essentially the same as H composed with
Cy and the translation to the mp-calculus is the translation .

6.3.2 Discussions

Relation to linear logic Using our semantic framework we briefly relate the
translation from A-calculus to wp-calculus and translations from classical logic to
linear logic.

Firstly we observe that the encoding of call-by-value A-calculus is related to
the Q-translation [28] that transforms a proof of classical sequent calculus (LK)
to a proof of linear logic (LL). In @ translation the implication is translated

by (¢ — 7)% déf!(o’@ —o ?79). The translation of sequents is (Ay,..., A, F
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01" <0 (= o)]* € eh®[[/[* 7 ch’[[0]"]]  [F]* % ch®[ch?[[r]"]
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Figure 6.12: Translation from the call-by-name A-calculus to the wp-calculus.

Bi,...,B,)% def AlQ, LAY ?B?, ..., ?B%: note that if we only consider the

m?
intuitionistic fragment, then there must be at most one conclusion. This is exactly

how we translated types and judgements in the translation from call-by-value A-
calculus to the mp-calculus. Recall that [o — 7]V = ch®[[o]V, ch®[[7]"]] and thus
the interpretation of [o — 7]V can be read as follows (for readability we write 7"

for []V)

[(c = 7)"] = [ch®[o, ch®[7"]]]

=[] (r]=1) =1
JI =o' @ (7] = D7)
([o"]" @ ([7"] = I)7)
([o7] — ([7¥])")
(

(lo*] — ?17"])

111

I

Here we considered J(I = —) as ! because this is the exponential comonad and
used the isomorphisms 74 = (1A*)* and A* ® B = A — B. As for judgements,
if we move the p: ch’[[o]"] in

1 [m]Y . s [Ta]Y, 0 chl[[o]V] F [[M]]g 1o
to the right-hand side, we have
er:[n]Ys . [l b eb®[[o]'] F [M]F: 5 chf[[o]"]*

and by considering ch®[[¢]¥]* as ?[¢]", the translation of types becomes identical
to that of the @Q-translation. We conjecture that we can show a correspondence
at the level of proofs as well. That is we conjecture that we can define a variant of
Q-translation that transforms a proof of NJ to LL and interpreting the translated
proof using 7p-processes will coincide with the call-by-value translation from A-
calculus to mg-calculus.

Similarly, call-by-name encoding of the A-calculus is related to the translation
that maps 7 — o to !(1?7 — ?0).% Danos et al. [28] have rectified this trans-
lation and defined T-translation that maps o — 7 to ?(loc — 7) which makes
less use of exponential modalities. It would be interesting to investigate whether
an encoding of call-by-name A-calculus to mp-calculus that corresponds to the

5This translation does not have a name, but is known to correspond to Plotkin’s call-by-value
CPS-translation [107]. Sometimes this translation is described as a translation that maps o — 7
to !?l7 — ?lo. These translations are the same translations in different presentations.
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T-translation can be defined and, once defined, study its faithfulness from op-
erational perspective. Note that the image of such a translation would not be
included in the local fragment of the 7p-calculus because ?(lo — 7) corresponds
to ch’[ch’[o], 71].

Encoding of Au-calculus Since CPS translations or the @-translation are
used to interpret classical proofs in intuitionistic logic or linear logic, it would be
natural to expect that we can interpret classical proofs in the m-calculus by using
these translations.

With hindsight, this seems to be done by Honda et al. [57]. They gave an
encoding of the call-by-value Ap-calculus [100] into a variant of i/o-typed asyn-
chronous m-calculus, which is similar to the 7z-calculus.” Though it is not argued
in the paper, their encoding seems to be equivalent to a combination of a variant
of call-by-value CPS transformation from Ap-calculus to HO7 and the compila-
tion from HO~ to the first order w-calculus.

We use A.p-calculus to explain this translation. The call-by-value CPS trans-
lation from Ap-calculus to the Aqp-calculus is given as follows:

1°% 0 where 0is a type such that 0 — () = ()

(paM)° E xaM® () ([a]M)° Nk MO
(For the descriptions on the constructs of the Au-calculus, please consult [100,
121].) Here 0 is a type called zero [39] such that 0 — () is terminal. (For
the ease of presentation we identified 0 — () with (), but in general they are
just isomorphic.) We only listed the difference from the CPS translation for
the call-by-value A-calculus (Figure 6.3.1), but the A-calculus part needs some
modification as well. This is because the shape of (¢ — 7)° changes depending
on whether 7 is equal to 0 or not.

By applying the compilation from A.,-calculus to mg-calculus we get

v def V(= v def v
[pa-M]; = [M]z{p/e}  [le]M]; = [M]
This is essentially the same as the way Honda et al. translates Au-terms. The
translation for the A-calculus part is also the same, except for the fact that they
are using bounded output instead of free outputs. If we rewrite the bounded
outputs using free outputs and name creation, then the translation is almost
identical to our translation given in Figure 6.3.1.

However, the categorical/denotational understanding against this translation
is still premature, at least not as successful as the case of the encoding of A-
calculus. The problem is that we do not have a zero object® in the category of
values, i.e. we do not have an object 0 that satisfies =0 = I. If we do have a zero
object, we can apply the result of Fithrmann and Thielecke [39] which says that
a response category with zero is a model of call-by-value language with a control
operator. Since a cartesian category with a tensorial negation is essentially the
same as their definition of response category, the only thing we are lacking to

"Their type system has additional features to ensure properties like deadlock-freedom and the
uniqueness of a server (replicated) process. These properties were used to prove the definability
of the encoding and the decoding of processes to Au-terms. Nevertheless, for discussing the
encoding, a simple i/o-type will be sufficient.

8By zero object we mean an object that corresponds to zero type. Do not confuse with the
object that is both initial and terminal. A initial object is a zero object, but the requirement of
being zero is weaker than being an initial object.
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apply their result is the zero object. However, even if we had a zero object
whether (the continuation category of the) response category models the call-by-
value Ap-calculus is not that clear. This is because the language used in the work
of Fithrmann and Thielecke [39] is not the Au-calculus, but a A-calculus with
Felleisen’s C operator [35]. Further investigation is left for future work.

6.4 Related Work

Since this chapter is somewhat independent of other chapters and there exists a
number of studies that relate to this chapter, comparison with related studies is
made here.

Translating higher-order languages to w-calculus A number of transla-
tions from higher-order languages to the m-calculus have been developed [130,
115, 116, 118, 126] since Milner [90] presented the encodings of the A-calculus
into the m-calculus. The basic idea shared by these studies is to transform Az.M
to a process la(x, p).P that receives the argument x together with a name p where
the rest of the computation will be transmitted. In our framework, this idea is
described as the isomorphism A = B2 A® B* = 1.

Among others, the translation from AHO7 to Lz [118] is the closest to our
translation from the A-calculus to the mp-calculus. Although the translation
from higher-order m-calculus to (first-order) m-calculus has already been given by
Sangiorgi [115] himself, the use of Lz allowed him to simplify the translation. He
showed that his translation is fully abstract with respect to both strong and weak
barbed congruence. Our translation from A.-calculus to mgp-calculus can be seen
as a semantic reconstruction of Sangiorgi’s translation, as well as an extension
because we do not restrict our translation to local w-calculus. However, it should
be noted that the full-abstraction result with respect to barbed congruence cannot
be obtained from a semantic consideration. The property that the categorical
semantics guarantee is that the translation is sound and complete with respect
to the axiomatic semantics of the mp-calculus and the A,-calculus.

The relationship between continuation passing and translation from higher-
order languages to the w-calculus was already noticed since Milner’s encoding
of the A-calculus [90]. The relation between CPS transformation and Milner’s
encoding was first partly formalized by Boudol [17] and Thielecke [125]. Thi-
elecke [125] introduced a variant of a CPS calculus, which does not have func-
tions as primitives, and showed the similarity between the CPS calculus and the
m-calculus. Moreover, he showed that if Plotkin’s CPS transformations [107] are
formulated in his CPS calculus, their translations into the w-calculus yield an
encoding similar to Milner’s encoding. Actually, the main concern of Thielecke’s
work was the categorical semantics of the CPS calculus, and he observed the
importance of the self-adjunction to model such a calculus. This observation led
us to define our continuation monad for the mp-calculus. Later, Sangiorgi [117]
observed that Milner’s translation can be factorized using CPS translation and
the compilation of AHO7 to the m-calculus. We showed that Sangiorgi’s transla-
tions can be understood as call-by-value and call-by-name monad interpretations
using a certain continuation monad. This may not be a surprise because the re-
lationship between call-by-name and call-by-value CPS translation and monadic
interpretations were already studied by Wadler [131] and Hatcliff and Danvy [49]
in the case of functional languages. However, a fully semantic explanation against
monadic interpretation and translation from A-calculus to w-calculus would not
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have been possible without the correspondence between 7wg-calculus and compact
closed Freyd categories.

Higher-order calculi with channels Besides the A.,-calculus, there are num-
bers of functional languages augmented by communication channels, from theo-
retical ones [41, 127, 133, 79, 38| to practical languages [112, 105].

On the practical side, Concurrent ML (CML) [112], among others, is a well-
developed higher-order concurrent language. CML has primitives to create chan-
nels and threads, and primitives to send and accept values through channels.
Since our Ap-calculus can create (non-linear) channels and send values via chan-
nels, the A p-calculus can be seen as a core calculus of CML despite its origin in
categorical semantics. The major difference between CML and the A-calculus
is that communications in CML are synchronous whereas communications in the
Acp-calculus are asynchronous.

On the theoretical side, session-typed functional languages have been actively
studied [41, 127, 133, 79]. Notably, some of these languages [127, 133, 79] are
built upon the Curry-Howard foundation between linear logic and session-typed
processes. It might be interesting to investigate whether we can relate these
languages and the A.;-calculus through the lens of Curry-Howard-Lambek corre-
spondence.

Last but not least, we compare our A.;-calculus to the A.j-calculus given
by Fowler et al. [38, 37]. To avoid confusion we write A3, for our calculus and
/\fh for their calculus. The )\fh is also a concurrent A-calculus extended with
asynchronous channels that was developed independently of )\fh. It is based on
fine-grain call-by-value A-calculus [78], which is a calculus that corresponds to
the closed Freyd categories. Therefore, it has constructs such as let expressions,
A-abstractions and function applications as is the case for )\fh—calculus. The /\fh
calculus have a special type ChanRef(A) that is for a channel that transmits
values of type A. Operations related to ChanRef(A) is as follows:

r-v:A I' - W : ChanRef(A)
I'-give VIV : 1 I' - newCh : ChanRef(A)

I' -V : ChanRef(A)
I'Ftake(V): A

The operators (and their typing rules) give and newCh are very similar to send
and channel of /\fh. However, )\fh does not adopt i/o-separation unlike )‘th- This
difference also explains why an explicit receive operator take is needed in )\fh,
but not in )\fh.

The )\fh does not have a denotational semantics and the study on )\fh is
purely operational. The evaluation strategy is slightly different from )\fh as well.
In the /\fh—calculus, almost all the expressions are evaluated in parallel as the
let expression cannot be used for sequentializing the evaluation. On the other
hand, )\fh—calculus is basically a call-by-value language with a fork(M) operation
that spawns a new process to evaluate term M. Probably, the call-by-value
strategy was taken because )\fh was introduced as a core language for describing
realistic channel-based languages. More specifically, )\fh was introduced to study
the relationship between channel-based and actor-based programming languages.
We think the fact that )‘Egh and )\fh are very similar despite their difference in the
motivations supports the design of these languages.
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Chapter 7

Redesigning Operational Semantics from
Semantic Viewpoints

So far we have seen the semantic or logical aspects of the mwp-calculus, but the
main concern of this chapter is operational semantics. The purpose of this chapter
is to provide an operational semantics that harmonizes with categorical semantics.

Recall that we have shown that asynchronous m-calculus modulo most of the
behavioral equivalences do not form categories (Theorem 3.5). The root cause of
this problem is that most of the behavioral equivalences do not satisfy the rule
(E-ETA), which is the rule that says forwarders are the left-identities.

Therefore, if a process calculus based on the asynchronous m-calculus were to
have some categorical foundation, their operational behavior must be different
from conventional behavior. This chapter introduces a novel reduction semantics
to the mp-calculus and show that weak barbed congruence, defined on top of the
new reduction semantics is a wp-theory. In other words, we show that there is
a compact closed Freyd model that is fully abstract with respect to the barbed
congruence defined upon the new reduction semantics.

Let us briefly review the problem with (E-ETA), which says that forwarders
work as substitution operations for input names (cf. Section 3.2.1). A forwarder
la(x).b(x) under the standard behavioral interpretation does not work as substi-
tution. This is because a forwarder !a(z).b(z) receives a message from a, possibly
waits as long as it wants or needs, and then sends the message to the receiver.
Hence the process (vbb)(la(z).b(z) | P) can immediately receive a message from
a and keep it until P actually requires a message from b. On the other hand,
P{a/b} does not receive a message from a unless P actually requires it. This
difference is significant in the presence of race condition, and thus (E-ETA) fails
for weak barbed congruence.

This chapter discusses a new operational semantics on processes in which for-
warders are delayless. The new operational semantics introduced in this chapter
is a reduction semantics that forces output actions to happen as soon as they get
unguarded. In the new reduction semantics, when a forwarder !a(z).b(x) receives
a message m from a, it must immediately send the message to a receiver b. In
other words, the following two transitions are atomic

la(@)bz) ™ la(z)b@) | bm) % la(z).b(z),

and the process cannot stop at the underlined intermediate step since it has an
unguarded output action. So a one-step reduction of the new semantics corre-
sponds to a multi-step reduction in the conventional operational semantics. We
may consider that the new behavior expresses a synchronous communication since
a message m now cannot be kept in a communication medium a{m).
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We also discuss the relationship between the standard reduction relation and
the new reduction relation. We show that the mp-calculus with the standard
reduction semantics can be embedded into the mg-calculus with the new reduction
semantics by using a special constant 7 that explicitly represents the existence of
a delay. The translation replaces each output action a{m) with 7.a(m), making
explicit the delay of the output action in the standard reduction. Note that the
following reduction, which simulates the behavior of a conventional forwarder, is
valid because the output action is guarded.

la(z).7.b(x) 3 1a(x).b(z) | 7.5(m)

The results in this chapter are not meant to say that we should change the
operational semantics of the m-calculus. The standard reduction semantics has
a good match with labeled transition semantics and are very useful for reason-
ing processes. Our intention is to clarify the mismatch between the standard
reduction semantics and categorical semantics.

Technically the new operational semantics is quite complicated because its
one-step reduction is a multi-step reduction with a certain condition in the con-
ventional calculus. To overcome the difficulty in reasoning about such a compli-
cated calculus, we develop an intersection type system, or equivalently a system
of linear approximations [128, 83], that captures the behavior of a process. We
think that the system would be of independent technical interest.

7.1 Reduction with Undelayed Output

This section makes formal the idea that a one-step reduction in the new reduction
relation corresponds to a multi-step reduction in the standard reduction.

7.1.1 Definitions and the main result

We first extend the syntax of the mp-calculus. The grammar of 7p-processes and
contexts (originally defined in Section 3.1) are extended as follows:

P:i=...|1.P Cu=---|1.C

The operation 7.P may be regarded as an internal action as usual, but in this
thesis, we emphasize the view that 7 is a guard that freezes the continuation P.
In other words, the continuation P in 7.P is delayed until the guard is explicitly
taken off.

The sort assignment rule is also extended by the following rule:

(t:chi]) € A AFP
AFT.P

(S-Tau)

We allow bindings of the form (7 : ch’[]) to appear in a sort environment A.
We redefine the reduction relation for technical convenience. The standard
reduction relation < (¢ =7 or 0) is defined by the base rules

(vaz)(vaa)(la(Z).P | aly) | Q)
(v@Z)(r.P | Q)

(vwZ)(vaa)(la(Z).P | P{y/T} | Q)
(vwz)(P | Q)

RIS

together with the structural rule which concludes P EN Q from P = P’ 4 Q=
Q for some P’ and )'. Note that we are using the structural precongruence =
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(cf. Section 3.2.1) rather than structural congruence = in the above definition.
We write P — @ if the label is not important.

We now formally define =. A process P has an unguarded output action if
P = (vwi2)(a(Z) | Q) for some Q. A process with an unguarded output action
is regarded as an incomplete, intermediate state that needs to perform further
actions to complete an “atomic operation”. We say that P is settled if P has no
unguarded output action. We write P = Q if P — (&)*Q and Q is settled.

The notion of barbed congruence can be easily adapted to this setting.

Definition 7.1 (Barbed bisimulation and barbed congruence). Let R be a binary
relation on settled processes. We say that R is a barbed bisimulation with respect
to Trans if whenever P R @,

1. P|7 if and only if Q|7
2. P = P’ implies Q = Q" and P’ R Q' for some process @’

3. Q = Q' implies P = P’ and P’ R Q' for some process P,

where the notation P|Z means that P —— (i>)* = (v@y)(a(Z) | P') and a is a

free name of P.

The barbed bisimilarity with respect to =, which we write ~, is the largest
barbed bisimulation with respect to =. Processes P and @) are barbed congruent,
written P ~¢ Q, if 7.C[P] ~ 1.C[Q] for all context C. (The additional 7-prefixing
is to ensure that the processes are settled.) |

The main result of this chapter is that there exists a categorical model that
is fully abstract with respect to ~¢.

Theorem 7.1. The relation ~¢ is a mwp-theory, which means that Cl(~¢) is
a compact closed Freyd category. Hence, there exists a compact closed Freyd

category that is fully abstract with respect to ~¢. O

The proof can be easily adapted to prove a similar claim for any other con-
gruence that subsumes ~¢, such as weak barbed congruence (for =).

7.1.2 Relationship to the standard semantics

We have introduced two reduction relations to the mp-calculus, namely — and
=. There exists an embedding of the mp-calculus with — to that with =-.

The translation, which we write (—)T, is a homomorphism on all constructs
except output for which we have

(a(@)' < ra(@.

Intuitively, this transformation adds an additional guard before every output
action reflecting the fact that an output action in the standard semantics can be
delayed.

The translation (—) preserves the semantics in the following sense.

Proposition 7.2. Let P be mp-process such that A = P for some A. Then (i)
P — @ implies (P)t = (Q)1, (ii) (P)! = @' implies Q' = (Q)' and P — Q for
some @, and (iii) Pz iff (P)T]Z.

Proof. By a simple induction on the definition of the reduction relation. We also
use the following facts: (1) (P)" = P’ implies either (P)I - P’ or (P)' SN
P’ and (2) and (P)' = (Q)T if and only if P = Q. O
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From this proposition and the compositionality of (—)f, we obtain the fol-
lowing result. Recall that ~¢ is the (conventional) strong barbed congruence for
mp-processes (Definition 3.2).

Theorem 7.3. If AF P, A Q and (P)' ~¢ (Q)f, then P ~¢ Q.

Proof sketch. Assume that P %€ Q. Then there is a context C' such that C[P] %
C[Q]. Since (C[P])f = (C)T[(P)] and the same holds for Q, we obtain (C)[(P)] %,
(C)T[(Q)T] with the help of Proposition 7.2. Thus we conclude (P)" ¢ (Q)f. O

This translation, however, is not fully abstract with respect to barbed congru-
ence. Contexts that are not in the image of the translation (—) give additional
observational power.

7.2 Technical Overview
To prove our main theorem, i.e. to show that ~¢ is a mp-theory, we need to
show that barbed congruence with respect to = is a congruence that satisfies the
logical axioms listed in Figure 3.2. Since barbed congruence is a congruence by
definition, it suffices to check that barbed congruence satisfies the axioms.
However, checking the required axioms directly using the definition of = given
in the previous section does not seem tractable. Recall that P = @ is indeed a
reduction sequence P L P £> .. g P, £> Q. The problem is that P; £> Py is
defined in terms of the structure of P;, which may be quite different from that of
P. A representation of reduction sequence defined by structural induction on P,
without directly referring to P;, would be desirable.
We thus utilize the following correspondence [128, 83]:

(Reduction sequences) = (Derivations in an intersection type system)

= (Linear approximations).

An example of a linear approximation is (a;.71.as || as. L) C la.7.a where the
green part is the linear approximation of the right-hand side. A linear approxima-
tion is linear in the sense that each name is used exactly once and all inputs are
non-replicated; it is an approzimation in the sense that some part of the original
process is discarded (e.g. | C 7.a and replicated inputs are replaced by a finite
number of its copies (e.g. (a1.71.a2 || as. 1) C la.7.a).!

To see how a linear approximation corresponds to a reduction sequence, let
us consider the following linear approximation:

(V[<ZL1,a1><&2,a2><&3,a3>])(((11.7'1.(ag ‘ &3) H (lQ.L) ‘ 7'2.&1 ‘ (lg.L)
C  (vaa)(lar.(ala) | 7.a | laT.b).

Because of linearity, a linear approximation is race-free; hence it induces an es-
sentially unique reduction sequence. For example,

(v[(@r, ar)(as, as)(as, as))) ((a1.71.(as | @s) || as. L) | 7a.an | ag.L) (7.1)
% (vl(az, az)(as, as)])(az. L | 71.(a2 | @s) | as.L)

% Wz, a)))(ae L | @ | L)L) = (wDL|(L]L)] D).

I

3

In the approximation, | represents parallel-composition coming from the original process,
whereas p || ¢ means that p and ¢ originate from the same replicated (sub)process. The opera-
tional semantics does not distinguish between | and ||.

77



Importantly a reduction sequence of an approximation canonically induces that
of the approximated process: the reduction sequence corresponding to (7.1) is
(vaa)(la.7.(a | @) | 7.a | 'a.7.b) Qg(uaa)(!a.r(& |a)|7.(a]a)]|larb) (7.2)
7.b) | la.7.b)
(@l a)|7b) | ar.b).

(@la)l(a
(r

Via the three-way correspondence mentioned above, this phenomenon can be
understood as subject reduction of the intersection type system.

The fact that output actions cannot be delayed/discarded is also achieved by
tweaking the definition of linear approximations. In the definition of the linear
approximation we allow an output action to be approximated by a linear output,
but we disallow an output action to be approximated by L, i.e. ai(x) C a(z) is
valid, but L C a(z) is not.

So far, we have discussed a relationship between {Q | P —* Q } and {p | p C
P }. This relation can be seen as a bisimulation, by appropriately introducing a
relation to {p | p © P }. Note that such a relation is not the reduction, since
p — ¢ changes the subject, i.e. ¢ C @ for some @) with P — @ but not ¢ C P.
Instead, we introduce an “ordering” over approximations of P. The idea is that
a longer reduction sequence corresponds to a larger approximation. We write
p1 < py if p; is obtained by discarding some (sub)processes of p,. For example,
the second step of (7.3) corresponds to

(v[(ar,an)))((ar.L) | 2.1 [ L) (7.3)
§l(1/[<a,1,a/1><(’1,3,a3>])(a1.71.(1_\6/3) ’ 72.511 | (J,;;.J_),

that means, the third process in (7.3) is obtained by performing the actions cor-
responding to 71 and as. It should be emphasized that two linear approximations
appearing in (7.3.1) are defined according to the structure of P.

The bisimilarity gives us a characterization of the behavior of a process P
in terms of linear approximations (or intersection type derivations) for P. Then
checking that ~¢ satisfies the non-logical axioms can be proved by “proof manip-
ulation”. For example, the proof for (E-BETA), i.e. (vaa)(la(Z).P | Cla(y)]) =
(vaa)(la(Z).P | C[P{y/Z}]), resembles to the proof of the substitution lemma in
a typical type system.

The reset of this chapter is devoted to the proof of the main theorem. We
first formally define the notion of linear approximation and then proceed to the
proof of the main theorem.

7.3 Linear Approximation and Execution Sequence

We introduce linear processes by which executions of processes can be described.

7.3.1 Linear processes and intersection types

We start by defining linear processes. Although the definition of linear processes
depends on the definition of intersection types because processes are annotated
by types, we defer defining types for the sake of presentation.

Definition 7.2 (Linear processes). A linear name is an object of the form z;
where z is an ordinary name and ¢ is a natural number. Similarly, a linear term,
denoted by t, is either a linear name or a constant of the form 7;.
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Linear processes are defined by the following grammar:

D, q =0z (A,.. oy An) | @i, .oy i) p | Tip
[ @l il pn) | T Yir)prs -5 (Tis Yin) pn )P

po= Ty, ) A= {p12Tiyy s Pp T4, )

Here name restriction is annotated with types p;, and the argument of an output
action is annotated with witnesses of type isomorphisms ¢;. (The notion of types
and type isomorphisms are introduced below and thus can be ignored for the
moment.) In the above definition, n may be 0; for example, (v[|)p and () are
valid process and list, respectively. We require that each linear term of a linear
process appears ezxactly once. [ |

The informal meanings of the constructs are almost the same as that of the
ordinary processes. The linear processes 0, x;(A1,..., \,) and x; (@1, ..., py).p
are nil process, output action and input prefixing, respectively. An important
difference from the ordinary process is that, in linear processes, the output and
input take lists of variables as arguments. When a list of linear names is received
each element of a list must be used exactly once. There are two types of parallel
composition p | ¢ and p || ¢. The former is the conventional parallel composition
and the latter is used when a replicated process is approximated by finite parallel
compositions.? We use II;p; as a shorthand notation of p; || --- | p, and write
the nullary composition of || as L. The approximation relation defined later
(Section 7.3.2) may also help the readers to understand the intuitive meaning of
linear processes.

We identify linear processes with “similar structure”. The strong structural
congruence, written p =p ¢ over linear processes is the smallest congruence rela-
tion that satisfies:

pla=ogqlly @la)llr=opl(glr)
(V[<'T'1 ) y1>7 SR <xnv yn>])p =0 (VK'I(T(l): y(T(l)>7 SR <xa(n)7 yrr('n,)>])p7

where o is a permutation over [n]. Since we do not care how the pairs are ordered
in v[(z, i) (2, v,)], we will write v[(z;,v:)]icr, where I = {i1,... in},
to represent this binding.

We now define the intersection types. The syntax of raw types and raw (in-
dexed) intersection types are given by the following grammar:

(Raw types) p:==ch[f:,...,0,,]|chi[b;,...,0,]

(Raw intersection types) 6 := /\(z, pi)
el

where I Cg, Nat and « ranges over the set of levels (A, <), a universal poset
in which any finite poset can be embedded into. In the above grammar, an
intersection A;c;(4, pi) is a map i — p; from I to types. The intuitive meaning
of Nier(i, pi) is the intersection p;; A pi, A -+ A p;, provided that I = {i; <is <
A Zn}

Levels represents “timing information” and only raw types with appropriate
“timing information” are considered as valid types. Let us write Iv(p) and 1v(6)

?(For readers familiar with resource calculi) Although the intuitive meaning of p || ¢ is the
parallel composition of p and ¢, this process should be thought of as an analogous to the bag in
the resource A-calculi [16, 34].
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for the set of levels that appear in p and 6, respectively. Then types and inter-
section types are inductively defined as follows: chf[f,...,60,] is a type if 6; is
an intersection type for all i € [n] and « < « for all v € Iv(6y,...,60,) (similar
for ch’,[01,...,0,]) and A;c;(i,p;) is an intersection type if p; is a type for all
i € I. In what follows, we use the metavariables p and 6 to range over types and
intersection types, respectively.

Notations: A special symbol e is introduced to mean undefined type of sort T
now an intersection type 6 can be also be represented by a (total) function from
Nat to the union of the set of types and {e}. We write (i1, pi,) A -+ A (in, pi,,)
for the intersection type 6 such that dom(0) = {i1 < --- < i,} and 0(i;) = p;,
for every j € [n]. We also write T for the empty intersection, i.e. § such that
(i) = e for all i € Nat. The dual p* of type p is defined by ch‘;[ﬁ_’]L def ch’, [5]
and ch’ 6]+ & ch’[A]. We also define 8+ by 6+(i) = (A(i))*.

The type ch’/[f1,...,0,] is for a channel that is used to receive n lists, where
the i-th list has type 6; and the type ch? [5] is for output channels. If the i-th
list has type (i1,p1) A+ A (im, pm), it means that the j-the element of the list
has type p;. For example, a;((z1,22), (y1)).21().22().y1(()) is well-typed if a; has
type chg[(O,chf}j[]) A (1, chi[]), (0, ch?[T])] with a < 8 <. The levels are used
to describe the timing of actions. In the above example, the level v tells us that
the second element of the first argument, namely x5, and the first element of
the second argument, namely ¢, must be used at the same timing. Levels also
describe the fact that x; must be used before x5 and 7; are used.

Although the intersection types are non-commutative in the sense that (0, p) A
(1,0) # (0,0") A (1,p), we consider that they are isomorphic. Intuitively, this
means that we do not mind that much about the order of elements in a list.
For example, we consider that ag((xg,z1)) and ag((z1,x0)) are almost identi-
cal.3Without this identification, we face a technical problem: an approximation
of a forwarder ao((yo,y1)).bo((y1.70)) cannot be seen as an “identity” because

(v[(@0, a0)])(ao({yo, y1))-bo((y1, yo)) | @o((zo,21))) “reduces to” bo((x1,x0)).

Definition 7.3 (Type isomorphism). We write ¢: p = p’ (resp. p: 6 = ¢') to
mean that p and p’ (resp. 6 and 6') are isomorphic and that ¢ is the witness of
this isomorphism. This relation is defined by the rules below:*

ide: o= @

i1 0; =0 (for i € [n])
chl[p1,...,pn]: ch2[0],...,00] = chl[f,...,0,]

i1 0; =0, (for i € [n])
chg[gal,...,gon]: ché[@l,...,ﬁn] >~ chfl[ e 0]

o: Nat = Nat wit pi = P (for i € Nat)

(07 (Spi)iENat) : /\ (Z, pz> = /\ (@7 pi)

i€Nat i€Nat

Note that ch?[—] is a contravariant operator, whereas ch’ [~] is a covariant op-
erator. ]

3The reason for annotating arguments of free outputs with ¢ is slightly more technical. This
is needed to ensure that the n-rule for the linear process is valid. (cf. Remark 7.3)

‘Here, /\iel(i,pi) is considered as a total map /\ieNat(i,pi) in which p; ET ¢1.
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0,0
0 0; =0 ivxt =)\ (forie <Iv(fy,...,0,
GO0 e =) oricl) oS00 gy
b0 M---Na™:0y,a: (4,chd[07,...,00]) Fa ailh, ..., \,)
r,z! :61’_'”;@”:971 Fgp ide, »a' =y, a<p (TIx)
La: (i,chpl0,...,00]) Fo ailpn, s pn)p
I'kgp a< 1 Fag Iy F4 p
‘ﬁpi <B (TTav) 1 b1 2 D2 (TPAR)
7 (i,chgl]) Fo 7p IyMls by 1 | 02
Pi|_a i 1< < F,’:Q, ZQJ‘FQ’
p USPSm) gy @74 P (TNv)
-y ba P H H Pn I'kq (VK(I’i-ai”iedom(G))p

Figure 7.1: Typing rules for the intersection type system.

We define yet another operator 61605 for intersection types which “coalesces”
the two intersection. It is defined by

1) (it € dom(ey))
(61M62)(1) < { 02(3) (it i € dom(62))

. (otherwise)

provided that dom(6;) N dom(62) = 0; otherwise 61 M 6y is undefined.

We now present the typing rules for the intersection type system. Type judg-
ments are of the form I' ., p and the typing rules are given in Figure 7.1. We
stipulate that the deduction is allowed only if the result of the M operation in the
conclusion is defined. The operation ¢ = x used in the above definition is defined
by

def
(0, (Pi)ieNat) * T = (Po1(i)) " To1(i)s -+ Po1(in) * Lo 1(in))>
where (0, (¢i)ieNat): 0 = 0" and dom(¢') = {i; < --- < in}; similarly idg » x is
defined as (x;,,...,2;,) when dom(0) = {iy < -+ < in}.

Let us explain how the subscript « of -, is used; the other parts of the typing
rule should be easy to understand. The intuitive meaning of the subscript « of
is the “current time”. The typing rule for output actions ensures that the “level
of @;” is the “current time”. In other words, the rule ensures that the output
cannot be delayed. On the other hand, we may delay an input or a 7 action. For
example, in the rule (TIN), the “level of a;” can be greater than o meaning that
we can delay the use of a;. The rule (TIN) also says that the “level of a;” must
be equal to the level assigned to I',z' : 0y,...,2" : 6, g p. This expresses the
fact that the unguarded outputs in p must be used as soon as a; is used, i.e. there
cannot be any delay between an input and an output.

7.3.2 Approximation

In this subsection we show how sorts are refined by intersection types and pro-
cesses are approximated by linear processes.

Given a sort T, the refinement relation p T T (resp. § C T'), meaning that
the type p (resp. the intersection type ) refines the sort 7', is defined by the
following rules:

0, CT; (i€][n)) m € {i,o} pi CT (i€l Cqy Nat)
ch}'[01,...,0,] C ch™[Ty,...,T,] /\(i,pi) - .
el
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x:{ir, ... inp b (o1 iy, on ;) Ce FOCO FLCT.P

XiF N\ Ca; (foric [n)) XFpcP
Xin---nX,Na:{itFa;(\,.... ) Calzy,...,zn) XN7:{i}FrpCt.P

X, x1:8,...,0,: S, FpC P x;:Si b Ca; (for i € [n))
XMNa:{i} Fa(pr,....pn)pCalzy,...,zn).P
XikpC P XikFqCD Q X;Fp,C P (forie€(n])
XiNXokplgC P|Q Xin---nX,bEp |- |poC P
X,z:Sy:StpC P S={i1,...,in} pi CT (forieb)
X Wl 0) o s o Ui D0 C (wray)P

Figure 7.2: Rules for approximation relation. We stipulate that the deduction is
allowed only if the result of the M operation in the conclusion is defined.

We write I' C A if (z : ) € T' implies that (z: T) € A for some T and 0 C 7.

Next we show how processes are approximated by linear processes.

A term refinement X is a finite set of the form ¢; : Si,...,%, : S, such
that S; Can Nat and ¢ # j implies ¢; # t;. Notations X (¢) and X; M Xy are
defined analogous to I'(¢) and I'; MT'e. There is a canonical way to obtain a term
refinement from a type environment: given a type environment I', we define I'
as {(t : dom(I'(¢))) | t € dom(T")}.

An approximation judgement is of the form X + p T P and inference rules
for judgments are given in Figure 7.2. It should be emphasized that we do not
allow | C a(Z), that is, we ensure that all the output actions are used. Note
that we can discard an output action that is guarded by 7, i.e. L C 7.a(Z), and
this is why the translation (—) defined in Section 7.1.2 allows us to relate the
reduction — with =.

7.3.3 Reduction

Here we define the reduction relation for linear processes. We also show that
every reduction sequence from P has a representation by a linear process p such
that X FpC P.

The reduction relation of linear processes is almost the same as that of ordi-
nary processes. We define the base step of the reduction, where the substitution
of (linear) names occur, and the structural rule for the reduction.

However, substitutions for linear processes is more complex than that for ordi-
nary processes. We need to take actions of type isomorphisms to linear processes
into account. The action of ¢ to linear processes is defined by the rules in Fig-
ure 7.3. It is defined via the action of type isomorphisms on subject names and op-
eration {p «y/x}, which substitutes ¢ « y to x. The substitution {y «y/x} works
as the standard substitution, except for the fact the action of ¢ is performed after
the substitution. The witness s 0 w1: p1 = p3 is the composition of p1: p1 = po

and @9: pa = p3 defined below. For readability, given A def (P1 YLy v ey Pr " Yn)

and 1 def (x1,...,1,), we write {\/p} to denote {p1 = y1/z1,. ... 0n yn/Tn}.
We complete the definition of {¢ «y/z} by giving the definition of y2 o ;.
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o — def _
(ch®p] = @) (¢}, = Tirs s 05, i) = @Gil{(Pir © Vi) *Toin)s- -+ (Pin © Po(in)) * To(in)))

i def
(ch'[@] v a;)((wiy, - 23,)) 0 = ai((Ziy, -5 2i,))-P{Po-1() * To—1()/Tj } i fir,nrin}

Figure 7.3: Action of isomorphisms on linear (monadic) processes where ¢ =
(0,(¢i)) in the last two equations; the action on polyadic processes is defined
similarly.

Composition of witnesses are defined by:

def
ch2[¢), ..., @] ochdlpr, ... pon] = chllp1 o @), ..., on 0]
chl [h, ..., o] ochl[pr, ..., on] = chip] 0 o1, ..., @) 0yl
def
(02, (¢})ieNat) © (01, (Pi)ieNat) = (0201, (¥, ;) © Pi)ieNat)

Types and type isomorphisms forms a groupoid. That is, we can define the
inverse operator (—)~! for witnesses of type isomorphisms and show that there
is an identity id,: p = p for every type p. The inverse operator (—)~! is defined
by:

—1 def _ .

(chi 1, on]) ™ = ehyfor s pn '] (for m o€ {i0})
_1 def , _ _
(Ja (Soi)iENat) 1= (U 17((’00_11(i))i€Nat).
As is the case of standard substitution, {¢+y/z} satisfies (a modified version

of) the substitution lemma.

Lemma 7.4 (Substitution Lemma). Suppose that 'z : (i,p) Fo p, : p/ = p
and I' My : (4,p) is defined. Then I' My : (4,p') Fa ple - y;/xi}.

Proof. By induction on the structure of p. The proof of this lemma is similar to
that of the conventional substitution lemma, except for the fact that we need to
take group actions into account. O

Lemma 7.5. Let TMx : (i,p) Fa p, 01:p = 0, p2: p/ = p” and assume that
yj> 2k & t(p). Then p{ewr ~y;/zi{wa~2k/y;} = p{(p20¢1) = zr/xi}

Proof. By induction on the structure of p. O

Once we defined the notion of substituion, it is straightforward to define
the reduction relation. The structural precongruence = over linear process is
the smallest precongruence relation that contains =g, contains a-equivalence and
satisfies:

Olp&=p pla=qlp lalr=rllglr)
(w(d, 2)]) (g, 9))p & Wy, 2)]) (@, D)])p (fn(d, ) N (Y, 2) = 0)
(V[<:L'17y1>7 <‘Ln Un>]) ’qé( [<J717y1>>"'7<:I:n7yn>D(p‘Q> (‘Z ﬂg—ffn((J))

where p &< ¢ means p = ¢ and ¢ = p. The structural congruence = for linear
processes is defined as symmetric closure of =.

83



We define the one-step reduction relation over well-typed linear processes by
the base rule

—

—

(V€><V[<ai: a'iﬂiGJ/)(HiG[/ai(,uila e v/l'in)pi ‘ pm{/\l/,uml: ) )\n/,umn} ’ Q)

—

where (v€) is a sequence of name restrictions, m € I C J, J' = J\{m} and I' =
I\{m}, and the structural rule which concludes p BN q from p = p' and p/ UN q.

The relation —- is obtained by replacing the base rule of the U with
(W) (rip | q) —= (E)(p | q). We write p —— ¢ if p —+ ¢ for some index i.

Remark 7.1. We use = instead of = in the definition of reduction because
X FpC P and p = g does not ensure the existence of ) such that X ¢ C Q
and P = Q. For instance, if P % (vaa)(la(z).R | T.a(y)) then (v[])(L|L)
approximates P and this linear process is structurally congruent to (v[])L | L,
but there is no @ such that (v[])L | L C Q and P = Q. [ |

We now show the correspondence between execution sequences and linear
approximations, which we briefly explained in Section 7.2. Let us write P —— Q
if there exists a sequence P = Py L> P i> l—”> P, = @, where each
l; is either 0 or 7, and © = lily...l,; p — ¢ is defined similarly. We write
(p = q) C (P = Q) if there exists p = po by @]),,,:qandP:Po TN

LN P, = @ such that X; b p; C P; for some X; for each i € {0,...,n} and
™= ll cee ln

Proposition 7.6. Let 7 : ch’[] - P, i.e. let P be a process that does not have
any free names.

1. Suppose that T'F, p and T¥ F p C P. If p — ¢ then we have (p —— ¢) C
(P = Q) for some Q.

2. Assume P ™ Q, '+, g and T% - ¢ C Q. Then we have (p —— ¢) C
(P = Q) for some p.

O

The above proposition is a consequence of the subject reduction/expansion
property of the type system. We thus prove the above theorem after proving
subject reduction/expansion.

The subject reduction lemma, and a similar lemma for the 7-reduction can
be stated as follows:

Lemma 7.7 (Subject reduction). Assume that I' -, p and p BN g. Then we
have I' F,, ¢q. Moreover, if I'" - p — P then there exists Q such that T? F ¢ C Q
and P — Q. O

Lemma 7.8. Suppose that I' M7 : (i,ch%[]) Fo p, B < v for all v € Iv(T) and
p —% ¢. Then we have I' Fs ¢. Moreover, if (\0)YM 7 : {i} F p C P, then there
exists @ such that T%+ ¢ C Q and P - Q. O

We omit the proofs as they can be shown by standard arguments.
Since we are using an intersection type system, the subject expansion property
also holds.
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Lemma 7.9 (Subject expansion). Suppose that P — P/, T'k, p/ and T? F o/ C
P'. Then there exists p such that I'Fo p, T%F p — P and p BN p.

Proof. We only consider the base case of the reduction; proving the correspon-
dence between = and = is easy. Furthermore, for simplicity, we consider the
case where the arity of the channel is one. That is we consider the case where

P = (vaa)(la(=).Q | aly) | R)
P' = (vaa)(la(2).Q | Q{y/z} | R).

(We also omitted the outermost v operators.)
Since I p/ ©— P’ and T b, p/, ¢ is of the form

(v[(@i, ai)]icdom(o)) (Micrai(pi)-i | ¢ | 7)
and the derivation of I" F, p’ must be of the following form

w1 Uy E erai(pg).qp me i Ta by q w3 g ko7
I'a:0,a:0" bo (Iicrai(i).q | d | r)
[kop

where Ty M MT3 =T,a : 6,a : 6+ and I C dom(f). Note that we also have
Fhl F erai(p).q C la(z).Q, Fg F ¢ C Q{y/z} and Fg F r C R. Since we
know the shape of @ and Q{y/z}, we know which occurrences of y in Q{y/z}
are due to the substitution {y/z}. Thus, we can split I'y as I'y, My : 6, such
that y; (¢ € dom(6,)) approximates the occurrence of y that originates from the

substitution. Let us write ¢, for ¢'{z;/ Yiticdom(s,) under the assumption that
k ¢ dom(#). Then define p as

(VKF]”L'?(J”i>]i6d()1n(9’))(Hiélu{k}aiOJ’i)'Qi ‘ &k<)‘> ‘ T)

where §' = 0 A (k,chg[0,]), p. = idg, »x and A\ = idg, = y. It is clear that this
linear process can reduce to p'.

We now show that p is typed under I'. By substitution lemma (Lemma 7.4),
we have I'y,x : 0y o ;. Applying the typing rule for input prefixing to this
derivation, we obtain a derivation ) for Iy Ma : (k,ch’[0,]) Fa ar(ps).gs. We
also have a type derivation for a;(\), namely

a: (k,chy[0y]),y: 0yt ar())
Therefore, we can construct a derivation for p:
T h 3
Dy 0Ty F e poyail) g @ (k,chQ[8y]),y : 0y Fo ap(X) Tsbqr

la:0,a:60"+, (Mie ruqryai(pi)-qi | ar(N))
'y p

Checking that T - p C P is easy. O

Lemma 7.10. Suppose that P — Q, I' F, ¢ and I‘u‘ FqgrC Q. Foralli¢
dom(T'(7)), there exists p and 8 such that I' 17 : (i, chj[]) Fa 1, rinr: {i}
pC Pandp—5q.
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Proof. Similar to that of the previous lemma. O
We are now ready to prove Proposition 7.6.

Proof of Prop. 7.6. (Proof of 1.) Let us write chf, [] for I'(r)(i) when i € dom(I'(7)).

By the assumption that p — ¢, there exists a sequence p = pg Ay Pn =
q. Let 7;, ... 7;, be the subword of 7 that is obtained by deleting 0 from 7. With-
out loss of generality, we may assume that a;, < --- < o, and a4, < « for all
a € {o;|iedom(I(7))}\{e,, ..., }; if not we can always reannotate the lev-
els appearing in I and use that type environment instead of I'. Now suppose that
ly = 7;,. Then we can apply Lemma 7.8 to obtain P; such that Py -5 P, and
Ft{ F p1 C P, where I'y is the type environment that satisfy I'y I—Oéi1 p. If ;=0
we can use Lemma 7.7 instead. By repeating this argument we obtain a sequence
P:Pol—1>---l—">Pn:chat can be used to show (p — ¢) C (P - Q).
(Proof of 2.) Since P -+ @, we have P = P IO P, = @, where
m=1y...l,. Let us consider the case where [,, = 7. In this case we can appeal
to Lemma 7.10 (if /[, = 0 we use Lemma 7.9). Let ¢ be an index such that
i ¢ dom(T'(7)) and 8 be a level such that 3 < v for all ¥ € Iv(I'). Then by
Lemma 7.10, we have p,,_1 such that T'M 7 : (z’,ch%ﬂ) Fg pn—1 and rnr: {i}
Pn—1 T Pp—1. By repeating the argument we obtain p " ¢ with the desired
property. O

7.4 LTS Based on Linear Approximation

Using the notion of linear processes, we introduce a labelled transition system
(LTS) for processes to describe the behaviour of processes in which outputs cannot
be delayed. Intuitively, the LTS that describes the behaviour of P is given as an
LTS whose states are linear approximations of P and transition relation is the
extension relation <1, which we briefly explained in Section 7.2. This LTS will
be presented as a presheaf following the view that presheaves can be regarded as
transition systems [23, 135].

7.4.1 Extension relation

We now define an ordering p’ <! p over linear processes, which may be read as “p
extends p’”. Giving a larger linear approximation corresponds to extending an
execution sequence.

Before we define the extension relation on linear processes, we define the
extension relation over types.

Definition 7.4. Let A be a set of levels. Restriction of types and intersection
types are inductively defined by:

e ho 0 7"‘7971 f A

Chg[el,...,en“‘A d:f C a[ er rA] (1 o € )
° (otherwise)

. e hZ 0 7”"9n .f A

chfy[el,...,en”Ad:f chg, (0114 4] (fae .)
° (otherwise)
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Similarly, restriction of type isomorphisms is defined by:

def {Chg[% s @nlal

fac A
chl[e1,...,pn] = o )

otherwise)

ifaeA)

otherwise)

(
(
Chfx[()ply -NPn] déf {ic(ila[sol rA’ cor Pn rA] E

(0, (¢i)ieNat) [ 4 o (0, (@il A)ieNat)

We write p/ <: p (resp. 0’ <:0) if p' = p|4 (resp. 8 = 0] ,) for some A C A and
¢ <:pif ¢ = ply for some A C A. [ |

For p' <: p, there may be multiple set of levels A that satisfies p = p[ 4. We say
that A is the standard witness of p’ <: pifand only if A =N{A' C A|p = pla};
the notion of standard witness for intersection types and type isomorphisms are
defined similarly.

We list some basic properties of type restriction. These properties are only
used in the proofs of the forthcoming propositions and can be ignored for the
moment. We recommend the readers to come back when they find the use of
these lemmas. All of the lemmas given below are easy to prove; most of the
proofs are by straightforward induction on the structure of type or intersection

type.
Lemma 7.11.
1. If pl 4 = p' (resp. 0] 4 = 0') then Iv(p') C A (resp. Iv(¢) C A).

2. Let A be the standard witness of p’ <: p (resp. 6 <: §'). Then A = Iv(p’)
(resp. A =1v(0")).

O
Lemma 7.12. Let A C A be a downward-closed set and let p be a type. If
a € Aand a € lv(p) then a € Iv(p[ 4). O
Lemma 7.13. If ¢: p = p/ (resp. ¢: 0 = 0') then @[ : pla = p'l4 (resp.
Plaz 04 =0'). O
Lemma 7.14.

1. Let p1 = pil4 and ¢: p1 = pa. Then there exist a type p, and a type
isomorphism ¢': p} = pf such that ps = pil 4 and @ = ph1 4.

2. Let 1 = 0] 4 and ¢: 01 = 2. Then there exist an intersection type 65 and
a type isomorphism ¢’: 6] = 6} such that 62 = 05] 4 and p = )| 4.

O

The extension relation on linear processes, written p’ < p, is inductively
defined by the rules in Figure 7.4. For example, a1(()). L < aq({x1)).71.21() holds

and this intuitively means that la(z).z() olo), la(z).x() | () can be extended to

la(2).2() 2 1a(2).z() | 20 2 1a(z).2() | 0 (under the assumption that both

of the linear process approximates !a(x).z()).

Extending a linear process does not precisely correspond to extending an
execution sequence: there are cases where an execution sequence cannot be ex-
tended even if the corresponding linear process can be extended. This problem
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I={i1 < - <in} J={j1 < <jn} JCI b <@ (fori e J)
<9931 CTj,.. ., Lp;-” c5.) L{Qiy *Tiys e, Qi Ta)
p<yq JCI pi<ipi (forield) p<gq
090 Ldnp  7mpdrig W@ ai)slies)a S W@, ai)plier)p

N <\ (for i € [n]) p<Lq  p;<p (forie[n))
@Al L) Lai(A, ) @y i) p Dai(p e pin)-g
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Figure 7.4: Rules for extension relation. Here we identify processes up to =o.

is due to the existence of deadlocks. For instance, we have (v[])(v[])(L | L)
(v[{ay,a)]))(w[(br,b1)])(ar.71.by | by.7o.a1), but both of the linear processes are
not reducible. To exclude linear processes that may create a deadlock, we intro-
duce the notion of terminable processes:

Definition 7.5. A linear process p is idle if it has no action (input, output
nor 7), i.e. consisting of 0, L, | and v[]. A linear process p is terminable if

wé).(p| q) 9"} for some ¢, ¢ and idle 7. [ |

Only terminable processes will be used as the states of the LTS.

In case p and p’ correspond to executions that only consists of Y and
the intuition that p < p’ corresponds to “extending execution sequences” can be
formalised as follows:

Proposition 7.15. Let 7 : ch’[] - P and let R be a relation between execution
sequences starting from P and well-typed terminable linear approximations of P
such that (P - Q) R p if and only if (p " ¢) C (P - Q) for a process ¢
that is typed under the empty environment. Then if (P - Q) R p

1. Q =5 Q' implies that (P 5 Q ™= Q') R p and p <1 p/ for some /.

2. if p < p/ for some terminable well-typed linear process p’ that approximates
P, then there is an execution @ — @’ such that (P - Q —— Q") R p'.

Lemmas used to prove Proposition 7.15 is given below. The first lemma
says that substitution {¢ = y/x} is monotonic with respect to <. The second
and the third lemmas are variants of the subject reduction lemmas and the last
two lemmas are variants of the subject expansion lemmas; the monotonicity of
substitution is used to prove the second and the fourth lemma. If we ignore the
details, the first two lemmas say that if p < p/ and p N q then p’ SN q for
some ¢’ such that ¢ < ¢’. We omit the proofs for these lemmas because they are
similar to that of the subject reduction/expansion lemmas.

Lemma 7.16 (Monotonicity of substitution). Suppose that ¢ < p, ¢’ <: ¢ and
assume that p, ¢, p{e - y;/z;} and ¢{¢' +y;/z;} are appropriately typed. Then
¢’ ~y;/xi} Qplpey;/zi}.

Proof. By induction on the structure of p. O

88



Lemma 7.17. Let I' -, p and T" k-, ¢ be well-typed linear processes such that
P N ¢, T8+ pC Pand '+ ¢ C Q. Suppose that there exists p' such that
I" b5 p/, ()" F p/ © P. Then there is a linear process ¢’ such that p/ NS
I"Fg ¢ and (I")°F ¢ C Q. O

Lemma 7.18. Let I'M17 : (4, ch%) Fo pand T k-, g be well-typed linear processes

such that p — ¢, T9 M7 : {i} FpC Pand I'"+ ¢ C Q. Suppose that there
exists p’ such that IV M7 : (i,ch}[]) by p/, (IV)* M7 : {i} F p/ © P. Then there is
a linear process ¢’ such that p’ = ¢/, I" I, ¢’ and (I")* F ¢/ C Q. O

Lemma 7.19. Let I' -, p and I" i, ¢ be processes such that p BN . TipC P
and T% - ¢ C Q. Assume that there exists ¢’ such that ¢ < ¢/, T' k3 ¢ and
(T8 ¢/ © Q, where T'(t)(i) <: T'(t)(i) for all term t and index i. Then there

exists p’ such that p < p/, IV 5 p/, (I")¥Fp C P and p/ N q. Ol

Lemma 7.20. Let T M7 : (i,chg[]) Fo p and T' Fg ¢ be processes such that

p—5qTN7:{i}FpC Pand I'"F ¢ C Q. Assume that there exists ¢/ such
that ¢ < ¢/, TV, ¢/ and (I')? I ¢/, where ['(t)(i) <: I'(¢)(¢), for all term ¢ and
index 4, and I(7) (i) = e. Then there exists p’ such that I M7 : (i, chﬁy ) Fy 7,
Mmr:{ilFp CPandp = ¢. O

Using these lemmas, we prove that there is a bisimulation between execution
sequences and the extension relation.

Proof. (Proof of Proposition 7.15)
(Proof of 1.) By the assumption that (p — ¢) C (P -~ Q) and P "

71_/
Q — @', we have

P =Q 5 @ 5. = D¢
L L L L L

] l‘ In
p = @ — qa -5 g = q

where m =1y ...l and 7’ =1} ...1),. Let ¢’ be a linear process that approximates
Q' and is typed under the empty environment. By Proposition 7.6, there exists a
sequence ¢/, —— ¢’ such that (¢/, —— ¢') C (Q - Q). Since ¢/, is a linear process
that approximates Q(= @,,) and ¢, is the minimum approximation (with respect
to ), we have ¢,, < ¢/,. Now let ¢, be the process that approximates Q,,—1 and
appears in the execution p — ¢. Then, by Lemma 7.19 (or Lemma 7.20) there
is a well-typed linear process ¢/, ; that approximates @,—_; such that ¢/, , LN
¢, and ¢,—1 < ¢,,_,. By applying Lemma 7.19 (or 7.20) repeatedly along the
reduction sequence p —— ¢ (in reverse order), we obtain a well-typed terminable

/ 7TW/

linear process p’ that approximates P and satisfies p’ < p and (p) — ¢) C
(PQ Q).
(Proof of 2.) By the assumption (p — ¢) C (P - Q), we have

l l In
P =Q — Q = Qn = Q

L L L [ l L LJ
p = @ — q -5 ¢ = ¢

where 7 = [;...l,. By the assumption we also have a well-typed terminable
linear process p’ such that p < p'. From Lemma 7.17 (or Lemma 7.18) we obtain
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¢y such that p’ LN ¢y and ¢ < ¢). By repeating this argument we obtain
() = ¢) (P -5 Q) for some ¢ such that ¢ < ¢’. Since p’ is terminable
and p’ is closed it must reduce to an idle process.Therefore, we have ¢ L r
for an idle r, and by the definition of idle process r is typed under the empty
environment. Since the reduction of the linear process induces that of (non-linear)
processes, i.e. by Lemma 7.6 there exists an execution sequence, ) L/> R that
satisfy (p/ —— ¢ -, r)C (P -5 Q N R) as desired. O

Remark 7.2. Let R be the relation defined in Proposition 7.15 and let (P —
Q@) R p. When we take a larger terminable linear process p/, we can always extend
P =5 Q according to p’ until it reaches a settled process, i.e. there exists @’
that is settled and P - Q i) Q' R p'. This is because p’ can be reduced until
it becomes an idle process ¢ and if ) - ¢’ C Q' then @' must be idle. (Recall
that an unguarded output cannot be replaced by |.) |

7.4.2 Presheaf semantics

We define the LTS that describes the behaviour of A F P as a presheaf [P]: Eo —
Sets. Roughly speaking, the path category £a is a category whose objects are
type environments and morphisms are extension relations and [P] maps a type
environment I' to the set of approximations of P that is typed under I'.

Actually, the objects of the path category are not only type environments,
but the pair of type environments and the “current time”.

Definition 7.6. We say that (I', ) extends (I, ) and write (I, ) <: (T, ) if
there exists a witness A C Iv(I') U {a} that satisfies

1. dom(I”) C dom(T") and I''(¢t) = T'(¢)[ 4, for ¢t € dom(T),
2. o€ Aand

3. A is downward-closed: for every 3,7 in Iv(T'), 8 < v and v € A implies
B e A.

We define the category of type environments Ea to be a category whose objects
are (I';a) such that I' — A and whose morphisms are given by the relation
(I ) <: (T, ).

Now we define the presheaf [P]. Given A - P and I' C A, the set [P](T, @)

is defined by [P](T, ) def {p|T%FpC P,T k4 p and p is terminable}. (Here we
are identifying linear processes up to =g.)
The key lemma to construct a presheaf is given below. The proof of this

lemma will be given after we have defined the presheaf.

Lemma 7.21. Assume that ' bk, p, p is terminable and (I, o) <: (T, ). Then
there is a unique (up to =) linear process that satisfy ¢ < p and I" k-, .

By Lemma 7.21 there is a map [P](—,—) that maps an extension rela-
tion (I",a) <: (I',a) to a function from [P](T,«) to [P](IV,«) that maps
p € [P)(T,a) to ¢ such that ¢ < p and T' k4 ¢; we will write p[p, for the
unique process .

Theorem 7.22. Let A+ P. Then [P](—, —) is a functor from Ex to Sets.
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Proof. We need to check that [P](—,—) preserves identities and composition.
The fact that [P](—, —) preserves identities follows from Lemma 7.21.

So it remains to show that [P](—, —) preserves composition. This also follows
from Lemma 7.21. Suppose that (I'1, ) <: (T'2, ) <: (I's, ). Let p € [P](T'3, @)
and let us write f for [P]((T'2, ) <: (I's,)), g for [P]((T'1, ) <: (I'2,)) and
h for [P]((T'1,a) <: (T's,a)). Then we have g(f(p)) < f(p) and f(p) < p, and
hence g(f(p)) < p because < is transitive. We also have h(p) < p. Since g(f(p))
and h(p) are both typed under I'1, by Lemma 7.21, we have g(f(p)) =0 h(p) as
desired. O

We now prove the key lemma (Lemma 7.21). The proof of the lemma proceeds
by induction on the structure of the derivation of I' -, p.

The nontrivial case is the case of v-restriction and to handle this case we use
the following lemmas.

Lemma 7.23. Suppose that I" - (V[<dis a'i”’lf@l()m(@))p and that (VKdiv ai”i@lom(&))p
is terminable. Then 1v(0) C Iv(T") U {a}. O

Lemma 7.24. Let (v[(@,a;)|icdom(9))p be a terminable process such that I' I,
(UK&% ai>]i€dom(()))p' Suppose that (V[<a7?-/ a/’ll”iEdOm(O/))q < (U[<El,j, alﬁ>]i€dom(()))p
and I" o (v[(@i, ai)]icdom(or))q, where T satisfies I(2) (i) <: T'(t)(i) for all term
t and index 7.If there is a level 8 such that 8 € 1v(6) but 8 ¢ 1v(#'), then there
is a term ¢ and an index ¢ such that 8 € I'(¢)(i) and 3 ¢ I"(¢)(4).

Instead of giving a detailed proof of these lemmas, we explain why this holds
by giving an example.

Example 7.1. Let us consider a well typed linear process

7+ (0,¢hig[]), by ([(bo, bo)p,]) (¥ [(@0, a0) pu]) (70-a0 ((bo)) | a0({Z0))-Z0(()) | bo(()))

where p, = chj[] and p, = chy[(0, pg)]. The following figure shows the way to

point a free name (or a constant ;) whose type contains the level 8 € Iv(p,). (In
this case we can tell that the type for 7, contains .)

(¥[(bo, bo)|{¥[{@o, ao)] XTo-Go{(bo)) | a0({Z0)) Zo(()) lbo(()))

Let us explain what the pointers mean. A pointer points to a name that must be
“executed at the same time” with the name placed at the source of the pointer.
We start from by because that is the name with type pp. Since by is in an object
position of an output via the name ay and ag is bound, we first look for the
name that communicates with ag, which is ag in this case. Because z( is the
argument that corresponds to by, the type for z; must have the level g for its
“outermost level”. So now we have another name ry whose type has 3 as the
“outermost level”, and the link from by to Z is used to expresses this fact. Now
we look for the place where 7 is actually used, this is expressed by the second
link. Since z is guarded by ap we now know that ap must be executed at the
same time as rp. Because ap communicates with ag, we know that ay and ag
must be executed simultaneously and thus we have a pointer from ag to ap. The
output ag is guarded by 79, so we know that 7y also happens at the same time.
Because 7 is a constant we conclude that § appears in the type environment.

Lemma 7.23 can be proved by formalising the notion of pointer and general-
ising the above procedure.
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Lemma 7.24 can be proved by showing that < does not create any “dangling
pointer”. That is if ¢ < p and linear terms t;,7; appearing in p are linked by a
pointer, then either 7; and ¢; both appears in ¢ or 7; and #; do not appear in g.
This follows from the definition of <0 and the way we add pointers. For example,
let us consider the case where p is the linear process depicted above. The only
process ¢ such that by does not appear in ¢ and ¢ < pis (v[))(v[))(L| L | 1). ®

Now we are ready to prove the key lemma.

Proof of Lemma 7.21. Let A be the smallest witness of (I, ) <: (I, ). The
proof proceeds by induction on the derivation of I' -, p.

(Case (TNiL)) Trivial.

(Case (TOuT)) In this case, I' I, p is of the form z! : 6y M-+ M a™ : 0,,a :
(i,ch2[0),...,00]) Fo ai(A1, ..., \,), where \; = ; » 2* for some type iso-
morphim ¢;: 6; = 6, for each ¢ € {1,...,n}. Recall that by the definition
of witness, we have a € A. Therefore, IV is 2 : 1[4 M- M 2™ : O, 4, G :
(i,chl (011 4,--,0,14]). We also have ¢;[4: 0114 = 0’| 4 by Lemma 7.13.
So we have T" -, @;(\;,..., \,), where \\ = @;] 4 » %, Since \! < \; by the

definition of ;|4 and ;] 4 * 2%, we can take a;(\|,..., \)) as q.

To show the uniqueness of ¢ it suffices to show that
if o) <: i and @l 0;] 4 = 0;] 4 then ¢ = @i 4.
This can be shown by a straightforward induction on the structure of ;.

(Case (TIN)) The derivation for I' i, p must be of the following form

Lozt :01,...,2": 0, F3 o
ToMb: (i,chj[01,...,00]) Fo bi(pn, - 1in)-po

where 11; = idg, » 2 for i € {1,...,n} and a < 3. Let us consider the case
where 8 € A; the other case is easy.

We first show the existence of ¢. Let I'{j be the type environment that
satisfies Ty M b : (i,ch3[01,...,0,]14) = I'. Then we have A: (I, z" :
0174, .., 2" 1 0y ] 4,8) <: (Do, z' : 61,...,2" : 6, 3). Hence, by the induc-
tion hypothesis, there exists ¢y such that T, z' : 61]4,...,2" : O, 4 Fsg qo
and ¢y < pp. By applying (TIN), we have IV b4 b; (1), ..., 1),).qo, where
;= idg,;, * z*, and we can take this process as ¢.

We now prove the uniqueness of ¢q. Assume that there exists ¢’ such that
I" Fo ¢ and ¢ < p. Then by the definition of <, ¢’ must be of the
form b; (1, ..., p1)).qo with ¢y < pg. Therefore the last rule applied to the
derivation I g ¢’ must be (TIN) and the derivation must be the following

form
Fo,:rl R PR A O q6
Lo b (i,ch(011a, - Onlal) Fa b )0
where 1 = idg,;, * zt =yl for all i € {1,...,n}. By the uniqueness of ¢

we have ¢y =¢ ¢(,, and thus ¢’ =( ¢ as desired.

(Case (TTau)) Similar to the case for (TIN).

92



(Case (TPAR)) In this case, the derivation for I' -, p is of the following form:

' ko Iy Fo po
[Nl o o1 | p2

Let T, be a type environment defined by I';() def Li(t)4 for i € {1,2}.

Then we have A: (I}, a) <: (I';, ) for i € {1,2}. By the induction hypoth-
esis there exists ¢; such that I'; I, ¢; and ¢; < p;. Since IV = T} MT% we
can take ¢; | g2 as q.

For the uniqueness part, assume that there exists ¢’ such that I I, ¢’ and
¢ < p. Then by the definition of <, ¢’ = ¢} | ¢}, for some ¢} and ¢, such
that ¢; < p; (i € {1,2}). The type derivation for I b, ¢} | ¢, must have
the form

I‘/1, Fa (1/1 I‘/2/ Fa (]‘/2
I'tFo dh | dh

where IV = T MTY. Tt suffices to show that I'/ =T, for i € {1,2} because
then we can conclude that ¢/ =y ¢; by the induction hypothesis. Since
Ii() () # e iff t; € f(g)) C fn(p;) and T (X)(5) = I'(#)(4) = T()(5)[a

when I'/ (t)(j) # o, we have I',(¢)(j) = I'/(t)(j). We therefore conclude that
/ —

4 =0 4.

(Case (TREP)) Similar to the case for (TPAR).
(Case (TNu)) In this case the derivation must have the following form:

I'a:0,a: 0+, Do
I'la (V[<ais aiﬂiedom(ﬁ))p()

By Lemma 7.23, we have A C Iv(I',a : 0,a : ) and thus A: (I",a: 0] 4,a :
0+ 4,a) <: (T,a: 0,a: 0+, a). By the induction hypothesis, there exists
a terminable ¢ such that ¢y < po and I',a@ : 0] 4,a : 0+ 4 Fo qo. Thus we
can take (v[(a;, @i)]icdom(o] ,))q0 a8 ¢.

Now we show the uniqueness of ¢. Since ¢ <! p, the derivation of I k-, ¢ is
of the following form

F/,(i . 9/701 . Q/J_ l_a Q(/)
I’ l_a (VK&iv ai>]i6do1n(9’))q6

Our goal is to show that #" must be 6] 4. Then we can conclude the proof
by applying the induction hypothesis. By the definition of <, we have
0’ (i) <: 0(i) for each i € dom(#') C dom(6). Let B; be the standard witness
of 0'(i) <: 6(i) and let A; be the standard witness of (6]4)(i) <: 6(i) for
each i € dom(f). It suffices to show that A; = B;. We first show that
B; C A;. Take 8 € B;. Note that we have 8 € Iv(¢'(i)) C Iv(6(i)) by
Lemma 7.11. By Lemma 7.23, we have 8 € Iv(I"”). Since A is the smallest
set such that A: (I, a) <: (T, ), we have 8 € A. Because A is downward-
closed, we have 3 € Iv(6(i)[4) by Lemma 7.12. Hence, 3 € A;. Now we
show A; C B;. Assume that there exists § € A; such that § ¢ B;; we
show that this leads to a contradiction. Since 3 ¢ B;, we have 3 ¢ Iv(¢'(i))
by Lemma 7.11. We also have 8 € 1v(6(i)) because 8 € A;. This means
that there exists a term ¢ and index j such that 8 € Iv(T'(t)(5)), but 8 ¢
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(IvI(t)(4)) by Lemma 7.24. However, this is a contradiction because by
applying Lemma 7.12 to the fact that I(¢)(j) = T'(¢)(j)l4, 8 € A and

B € Iv(I')(t)(j), we have B € Iv(I(t)(5))-
O

7.5 Proof of the Main Theorem

Now that we have set up all the technical tools, we are ready to prove the main
theorem (Theorem 7.1), which says that ~¢ is a mp-theory.

7.5.1 Main line

Here we prove the main theorem modulo some propositions that will be proved
in the subsequent subsection.

To prove Theorem 7.1, it suffices to show that (i) ~¢ satisfies the axioms
such as (E-ETA) and (E-BETA) (defined in Chapter 3), and (ii) that barbed
congruence is a congruence relation, which trivially holds. Instead of directly
proving (i), we define a yet another equivalence ~ and show that ~ is a congruence
relation that satisfies the axioms and ~ C ~<. These are relatively easier to show
than to directly prove (i). The main difficulty of directly proving (i) is that we
need to deal with arbitrary context. By introducing ~, we can avoid this difficulty.

The equivalence ~ is defined using the notion of open map bisimulation [61].
We write P ~ @ if and only if [P] and [Q] are open map bisimilar. 3 This means

that there is a span [P] L x4 [Q], where f and g are open maps. A map
f: X =Y is an open map if and only if whenever, for m: y(I'1,a1) — y(T', a2),

the square

y<F17 Ctl) —r X

lm lf (7.4)

y(FQ, 042) % Y

commutes there is a diagonal map d: y(I'2, as) = X

y(C101) ———— X

[m / lf (7.5)

y(FQ, 042) % Y

making the two triangles commute. Here y is the Yoneda embedding, i.e. y(T', o) =
En(—, (T, @)): EF — Sets

To show that [P] and [Q] are open map bisimilar, it suffices to show that
there is an open map r: [P] — [Q]. Intuitively, this is analogous to giving a
functional bisimulation (indexed by (I', ) between [P](I', o) and [Q] (T, «).

The fact that ~ satisfy the rules such as (E-BETA), can be proved by “proof
manipulation”. As explained, to show that P ~ (@, it suffices to give a functional
bisimulation between [P](T', «) and [Q](T, ). As a special case, let us consider
the case where P = (vaa)(la(x).P | a{y)) and Q = (vaa)(la(x).P | P{y/x}).
In this case, a functional bisimulation r can be defined by r(p) def ¢, where
D U ¢, and the proof that this r is a bisimulation is similar to that of subject
reduction/expansion. Hence, we have

®To be more specific, we define the open-map bisimulation in the setting where yEa (the
Yoneda embedding of £a) is the path category and [EXP, Sets] is the category of models.
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Lemma 7.25. The relation ~ satisfies the axioms listed in Figure 3.2. O
We can also show that ~ is a congruence relation.
Lemma 7.26. The relation ~ is a congruence. O

Checking that ~ is a congruence is not that difficult, thanks to the fact that
< is defined according to the structure of a process.
From the above two lemmas (Lemma 7.25 and Lemma 7.26) we have

Theorem 7.27. The relation ~ is a mp-theory. Therefore, CI(~) is a compact
closed Freyd category. O

Since our main interest is the main theorem, we postpone the proof of this
theorem (and the proof of Lemma 7.25 and Lemma 7.26). The proofs are given
at the end of this chapter (Section 7.5.2).

Now we show that ~ C ~¢. From this and the above theorem (Theorem 7.27)
we obtain our main theorem (Theorem 7.1), which states the existence of a com-
pact closed Freyd model that is fully abstract with respect to ~¢.

To show that ~ C ~¢ we first show that ~ is a barbed bisimulation (with
respect to =).

Lemma 7.28. Let A % 7 : ch [l,01: ch®],...,0, : ch’[] and P and @ be settled

process such that A+ P and A+ Q. Then P ~ Q implies P ~, Q.

Before giving the proof, let us prepare a notation that will be used in the
proof.

Definition 7.7. Let A - P and A + @ be processes such that P ~ (). For
p € [P](I',a) and ¢ € [Q](I', ), we write p ~ ¢ if there exists a span of open
maps [P] Lx4 [Q] and an element z of X (I', ) such that fr,(z) = p and
gF,a(x) =4(. |

Proof of Lemma 7.28. Let S be a relation defined as
(P=PRy=P = =D)Rp
(Q=Qo=Qi= = Q)R

k k

Po ~ 4

(Pe, Qi) |
for some sequences P = Py = P; = --- = P and

Q=Q=>Q1 = = Qand

some linear approximations pg and q{f

where R is the relation used in Proposition 7.15. (Strictly speaking, we cannot
directly use Proposition 7.15 because P and ) have free outputs. However, the
same argument can be applied to the current situation.) Clearly, we have P S Q.

Our goal is to show that § is a barbed bisimulation. Suppose that P, S Q.
First we show that a transition P, = Py4+1 can be mimicked by Q. By the
definition of S, we have (P = Py = Py = --- = P;) R p} for some reduction
sequence and pf‘j, an approximation of P. By the definition of R we have (P =
Ph=P = =P =FPi1)R pfj“ for some pfj“ that approximates P such
that p§ < pi*'. Moreover, we have 7 : (i1, chl [J) A+ A (ikH,chng[]) Fs
pé’“. Without loss of generality, we may assume that o7 < --- < agiq. Since
pk ~ ¢k, there exists a terminable linear process qé“ such that ¢f < qf{“,
7 ¢ (i1,chd () A+ A (iggr.chl | []) b5 gf™, and p).1 ~ 4y, Thanks to

Ap+1
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Proposition 7.15, we know that there is an execution sequence QQ = Q¢ = Q1 =
= Q= Qx+1 that is related to pé’+1 by R. Moreover, we can assume
that Q41 is settled (See Remark 7.2). It remains to show that the word = is

of the form 70*. Let qé‘H LN qu SN q,g 41 be the execution that corresponds

to the execution Q@ = Qo = Q1 = -+ = Qr — Qr+1. Now observe that we

. (s A 1 . k+1 - .
have 7 : (ik41,¢hg, ) Fa, ¢;. Since gy is terminable and closed, we must

Tig | A
0 Ry (L>)*qg+1 (Recall that ¢) , is idle). Note that we have

haver q(—)*
a 7&; if ¢/ BUN ¢ for some ¢/, then there is a process @’ such that Q, — @',

but this contradicts to the fact that @ is settled. Therefore, we must have

G — (L)*qgﬂ, that is 7 is of the form 70*.

Checking that the transition Q = @Qx11 is matched by a transition from P
can be done in a similar fashion.
Similarly we can show that PylZ if and only if QrlZ. ]

Note that we only proved P ~ @ implies P ~, Q in case P and Q are sorted
under particular sort environments. This does not cause a problem due to the
following observation.

Observation 1. When we want to prove that P and ) are barbed congruent, we
do not need to consider arbitrary contexts. First, we can assume that C[P] does
not have free input name. If there is a free input name a in C[P], we can consider
the context (vaa)(C|—] | la(¥).a(Z)), where a is fresh, instead of C'. Because
the output action a can never happen, the behaviour of C[P] and (vaa)(C[P] |
la(¥).a(X)) are the same. Second, we can restrict the types for free outputs. If
C[P] has a free output a with type ch®[T], then we can consider the context
(vaa)(C[—] | 'a(Z).b()), where a and b are fresh and b has type ch®[], instead of

C'. Note that we have C[P]|] if and only if (vaa)(C[P] | !a(:E').EQ)ig. O
The above lemma immediately implies that ~ C ~¢.
Lemma 7.29. If P ~ @) then P ~¢ Q.

Proof. Suppose that P ~ @) and let C be a context. Without loss of generality,
we may assume that there are no free input names in C[P] and that all the free
outputs in C[P] have type ch[] by Observation 1. Since ~ is a congruence by
Lemma 7.26, we have 7.C[P] ~ 7.C[Q]. By Lemma 7.28, we have 7.C[P] ~,
7.C[Q] and thus P ~¢ Q. O

Finally, we have our main theorem.

Theorem 7.1. The relation ~¢ is a mp-theory, which means that Cl(~%) is

¢
a compact closed Freyd category. Hence, there exists a compact closed Freyd

category that is fully abstract with respect to ~¢. O

Proof. Since ~ C ~¢ by Lemma 7.29 and ~ satisfies the axioms listed in Fig-
ure 3.2, ~¢ also satisfies these axioms. This concludes that ~¢ is a mp-theory
because it is a congruence. [

7.5.2 Remaining proofs

This section skeches the proof of Theorem 7.27, which says that ~ is a mp-theory.
We do not give the full proof to keep the proof understandable; the proof requires
a lot of case analysis which can be proved by the same technique and proving all
the cases will just make the proof longer. Recall that to prove ~ is a mp-theory
it suffices to show that (1) ~ satisfies the axioms listed in Figure 3.2 and (2) ~
is a congruence. We start by showing (1).
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Proof of Lemma 7.25

As explained, the fact that ~ satisfies the axioms can be shown by “proof ma-
nipulation”. Here we only prove the case for (E-ETA) because this is the most
nontrivial case; the proof for the other axioms are similar. The proof for the
n-rule also clarifies why witnesses of type isomorphisms needs to appear in the
syntax of linear processes.

Proposition 7.30. Let P be a well-sorted process such that b,a ¢ fn(P). Then
there is an open-map r: [(vaa)(b — a | P)] — [P{b/a}].

Proof. Let p; € [(vaa)(b— a | P)|(T',«) and let § = T'(b). Then p; must be of
the following form

(v[{@j, a5)]jedom(0)) Wicdom(0) Di (1i1s - - -, thim)-Go(i) (Aa(i)1s - - - » Aa(iym) | ). (7.6)

where o: Nat — Nat is a bijection such that o[4,m(g) is a bijection from dom(6)
to dom(#). Note that 6(i) and #'*(o(i)) must be isomorphic for each i. In
fact, the witness of the type isomorphism between 6(i) and 6'*(o(i)) can be
explicitly given by inspecting the linear process p;. We write ¢; for the witness
of 0(i) = 0"+ (a(i)).

The function rr, is defined by 71 (p1) def pli*bi/as() bicdome). To see
that this is well-defined, we need to check that rro(p1) € [P{b/a}](T', ). Since
I' k4 p1, we have a derivation of the following form:

(b : 9, a: 9’) l_a Hiedom(o)b/,;(/lﬂ,jl, ce ,uiT,L).(iJ<i)<)\g(i>1, ce s)\a(i)m> o i FQ, a Q/L l_a p

(b:60,a:0") N (C2,a:0™) Fo (Wicaom(@)bi (1t - fim) -Go()) (Ao(iy1s - - Aa(iym) |

Fl_apl

where [, T; =b:60,a: 60 and ' = b : 0,T5. By applying Lemma 7.4 (Substi-
tution lemma) to the derivation me, we obtain a type derivation for I'y,b : 6
Pl@i = bi/as() bicdom(o) With T'2,0: 6 =T as desired.

We next see that r is a natural transformation. Let p; € [(vaa)(b— a |
P)](T, @) and suppose that A: (I, ') <: (T', ). It suffices to show that r(p1 1/ o)
r(p1). Recall that p; is of the form of (7.6). Therefore, by (the proof of)
Lemma 7.21, p1 [ o is of the following form:

A

(VK&]" aj>]j€dom(9’M))(HiGdom(G[A)bi(/l//il? s 7M’Iirn)'a0(i)<A;f(i)lﬂ SRR A/U(i)m> ‘ p/)'
where
b’i (,U,;l, s Hu’;nl,)'aﬂ(’i) </\i7(i)] ) )\f:r(z)m> d bi (/1’;17 s 7:“';7”,)'0‘(7(’/?) <)\£7(1')]7 cre )\;(i)7n>

for i € dom(#'[4) and p’ < p. Tt is easy to check that the witness of type iso-
morphism between [ (i) and (0] 4)* (o (7)) that is constructed from the relation
(7.7) is given by ;[ 4.Hence,
7ﬁ(pl [F’,o/) = p/{@[A : bi/a(r(i)}i@lonl(eu)
and thus 7(p; [ o) I 7(p1), that is
p/{QIQ[A * bi/aﬁ(i)}iédom(()[fx) d ]){4,9 * b’i/a’rf(i)}iédom(ﬂ)
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by the monotonicity of substitution with respect to < (Lemma 7.16).

Our remaining task is to verify that r is an open map. To this end, we
construct the diagonal map d by defining p» f dry,,a,(id) provided that the
square (7.4), with X, Y and f replaced by [(vaa)(b— a | P)], [P{b/a}] and r

respectively, commutes. Let p; dof pry o (id) € [(rvaa)(b—a | P)|(I'1,a1) and

q def qry.a,(id) € [P{b/a}](T'2, a2). Again p; is of the following form

(VKEL]"/ aj)]jedom(ﬁa))(HiEdom(Gh)bi (:U’ila cee 7;U7'm)'&o(i) <)‘cr(i)] P )‘U(i)m> ’ p)‘

where 0, = I'1(b). It should be noted that, by the naturality of ¢, we have r(p;) =
p{S‘QZ " bi/a(r(i)}iedom(ﬂb) = qu"l,al .This means that pP=4q rl"l,al {,\p;l - a(r(i)/bi}iednm(eb)
by Lemma 7.5. Our strategy is to extend the process p; according to how the
type environment I's is extended from I'y. For each i € dom(I'1(b)), let us first
pick a type isomorphism ¢} that extends ¢;: T'1(b)(i) = 61 (0()) to a type iso-
morphism from T'3(b)(7) to some p}, which is an extension of 6;-(c(7)). Such an
extension always exists by Lemma 7.14. We define ps by

def _ _
b2 = (VKU‘;/H aj>]j6dom(()”)) ” HjEJbi(,ujl; . anr?I,)-@j <Mj17 cee v,ujm>

| q{(¢) " ai/bi}ticdom(9)1@;/bj}jes

where
e 7Y dom(Ty (b)) \ dom(6)
o 0! is the intersection type such that (6.)*(c(i)) = p} for i € dom(f) and
(07)+(i) = To(b) (i) for i ¢ dom(6)

o forje ke {l,....m}, def idg,, - z¥ if the type of the k-th argument
of Pg(b)(j) is ij

o for i € dom(0),k € {1,...,m}, . def idp,, » ¥ if the type of the k-th
argument of I'y(b)(7) is 6

o foriedom(f), ke {1,...,m}, N, o @l v ¥, where ) = ch'[ply, ..., ¢l]

Intuitively, p is obtained by replacing ¢[p, , with ¢ and “padding linear variables”
to p according to the type I'y(b). Clearly r(p2) = ¢ because

1

r(p2) = ¢{(¢1) 7" * Ao (i) /bi Yicdom(9) 1@ /b5 }jes{ ) * bi/ Ao (i) bicdom(0) 105/ aj }je s,

which is equal to ¢ by Lemma 7.5. Together with the naturality of r, this
means that the lower triangle of (7.5) commutes. To show the commutativ-
ity of the upper triangle, it suffices to show that ps[p, ,, = p1. This follows from
the construction of po and the monotonicity of substitution with respect to <
(Lemma 7.16). O

Witnesses of type isomorphisms play an important role in the above proof.
To see why let us consider a linear calculus without type isomorphisms. That is
a calculus identical to the one defined in Section 7.3.1, except for the fact that
all the outputs are of the form a(y, ..., i) instead of a(\q,.... \,). The typing
rule for the output action is also modified as follows:

idez’=yp; (forie(n]) a<lv(f,...,0)
ol ma™:0p,a: (i,ch2[01,...,0,]) Fa @il pin)

98



Now let P & (vaa)(!b(z).a{x) | ¢(a)) and Q e ¢(b) be processes typed
under a sort environment A % p ch’[ch?[]],¢ : ch’[ch’[ch’[]]. Note that

P and @ can be equated by the n-rule. Let us consider a type environment

r déf b: (07 Chfé[(o, pO) N (17 pl)])vé : (07Ch2[0hﬁa[(1701) A (07/)0)]])7 where py and

p1 are refinements of ch®[], I' is a valid refinement of A and a linear process

D def (v{aog, ag))(bo({zo, z1)).a0{(x1,z0)) | co((ap))) is a valid approximation of P,

ie. T?"F pC P. Clearly, I' , p. However, there is no ¢ such that I' -, ¢ and
I' b ¢ C Q. We want to take ¢o((by)) for ¢, but this is not possible because the
type of by is ch3[(0, po) A (1, p1)] rather than ch3[(1, p1) A (0, po)]. In other words,
a strict non-commutative intersection type system does not meet our technical
requirement.

Remark 7.3. The notion of type isomorphism was taken from the rigid intersec-
tion type system given by Tsukada et al. [128], but in their calculus, witnesses do
not appear in the syntax. This is so because all the (raw) terms in their resource
calculus are assumed to be in 7-long form. (See [128] for details.)

Similarly, we may remove witnesses of type isomorphisms from our linear
calculus, if there is a way to convert a linear process p to an “equivalent” process
p’ that does not contain any free outputs. A possible way to do this is to transform
a free output to a “bound output + forwarder”. That is to (recursively) transform
a free output (71‘()<<b()>> into (VKE(),C()>D(EL()<<E()>> | b([L).E()<,LL>). We chose to keep
free outputs in the syntax of the linear process because by doing so it is easier
to see the correspondence between a (non-linear) process P, which may contain
free outputs, and its linear approximation p. Note that we cannot assume that
(non-linear) processes do not contain free outputs because the validity of the
transformation a(b) = (véc)(a(c) | ¢ = b) is not something that is taken for
granted (even if the forwarder does not introduce any delay). Indeed the purpose
of Lemma 7.30 was to check whether such kind of translations are valid. |

Proof that ~ is a congruence

Now we prove the remaining lemma which says that ~ is a congruence (Lemma 7.26).

Proof of Lemma 7.26. Assume that P ~ ). Then there exists a span of open
map [P] < X — [Q]. For all context C, we construct a functor C[X| and
show that there is a span of open maps from [C[P]] to [C[Q]] of the form
[C[P]] «+ C[X] — [C|Q]]- The proof proceeds by induction on the structure of
C. We only prove the case for the parallel composition in detail; we only sketch
the remaining cases because they can be proved by a similar reasoning.

(Case C'=[]) Trivial because we can take X as C[X].
(Case C' =C'| R) We define C[X] by
CIX)(T, ) ¥ {(z,r) | € C"[X](T1,), r € [R](Ts,), T =T NMTy}.
The action over morphisms is defined by
CIX]((F,0) < (I, )@’ r') < (a.7)
where

X)) <: (Tha))(@) =
[[R]]((P27a) <t ( /270/))("/) =T
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Here T, is the unique type environment such that T, b, 7 and T, C T,

which can be inferred from r, and T} is the type environment such that

IV =T NTY%. Type environments I'; and I'y are the restrictions of I} and
5, respectively, such that I' =T’y M Dy.

We next construct an open map f from C[X] to [C[P]]. Let us first choose
an open map f’ from C'[X] to [C'[P]], which exists by the induction hy-
pothesis. Each component fr, of f is defined as a map that maps (z,r)
to a linear process p | » where p = fl/“1, o(x). Here the type environment I'y
is the type environment that satisfies I' = I'y M I'y, where I's is the type
environment determined by r. Naturality of f is inherited from that of f’.

We now verify that f is an open map. That is we show that there is a
diagonal map d: y(I'y, ag) — C[X] whenever the square

y(T1,0n) ———— C[X]

» 5

y(T2, ) ———— [C[P]]

commutes. To define the diagonal map d, we use a diagonal map that
is associated with the open map f’: C'[X]| — [C'[P]]. By “dropping the
information that is related to the linear approximation of R” from the above
square we get

/

y(C11,00) ——— C'[X]

[ / |7 (7.8)

/

y(Ta1, a2) ———— [C'[F]

Formally speaking, I'1; is the type environment such that I'y = T'yj; M T'yg,
where I'15 is the type environment that satisfies I'12 -, 71, provided that
(1,71) = pry,e.(idr, e, ). The natural transformation p’ is the one that
satisfies prar,, (%) = (pp(*),72). (Similarly, I's; and ¢’ are determined by
P2 | 72 = gry,a,(id).) Let us now construct the (I', ) component of d. We
want the two triangles in the following square to commute:

E((T,a), (T, a1)) —*—— C[X

(T, «
[m qur a [

E((T'; @), (I, a3)) ———— [CIPII(T, )

)

We only consider the case where E((T', v), (I'2, ar2)) is a singleton set {x};
the other case, namely the case where E((I', ), (I'2, a2)) is empty, is trivial

because dr , must be the empty map. Now let p | r def qro(*). Then the

map dr o is defined by dp o (*) def (d'(),7). The lower triangle commutes
because

fraldra(*) = fraldp o (*),7)
= p, ‘ r (Where p/ = fI/",oz( i”,a(*)) = p)
= QF,a(*)-

for some suitable I'V. Now we check the commutativity of the upper triangle.
Suppose that the E((T, a), (T'1, 1)) = {*}; if it is empty the commutativity
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of the triangle is trivial. Let (z1,71) o pr,o(*). Since the outer square
commutes, we have fr(z1,71) = p|r, and hence r; = r. We also have
z1 = dp (%) because x1 = p} ,(*) by definition of p" and pf (%) = dfv
by (7.8).7 Therefore, pr () :’drya(*) as desired. It remains to check the
naturality of d, but this is immediate from the naturality of d’.

The open map from C[X] to [C[Q]] can be defined in a similar manner.
(Case C = (vaa)C’) Let [C'[P]] & C'X] LN [C’[Q]] be a span of open map,
which exists by the induction hypothesis. We define C[X] by
a,a ¢ dom(T"),1v(0) C Iv(T") U {a}
reC'[X]|(T,a:0,a:0% )

(VKFI% ai>]7‘,gd(,m(9))p is terminable,

CIX)(T,a) ¥ { (2, (a:0,a:0%))

where p = ff‘,&:e,aﬂl,a (CE)
The action over morphisms is defined by

CIX]((T, &) <: (I, ) (@, (@: 0,a: 01) Y (2, @: 01 4,a: 01 ,))

r=C[X]((T,a:04,a: o'+ fg,a) < (Tya:6,a: GJ‘,a))(x’)

and A is a witness of (I', ) <: (I, «).
The open map ¢ from C[X] to [C[Q]] is given by

def

gf"a(fb, (a’ : 67& : Hl)) = (I/[<(717;, (L’/:>]L'Ed0m(9))(b

where ¢ = gp g.9.4:91 o+ 1t 18 not hard to check that g is indeed an open
map. (The open map from C[X] to [C[P]] is defined similarly.)

(Case C' = a(%).C") and (Case C' = 7.C")] We only sketch the case of input
prefixing. Let T' be the sort of a. We define C[X] by

CIX|(T, o) &

chj[01,....0,] C T,

- zeC' X\, yt:01,...,y": 0,, ),
(G, b8, (5", ™), @) ANy O 20
y,...y" ¢ dom(I"),

F:F’I_Ia:(i,ch%[é]), a<B

(The action on morphisms is defined accordingly)

The open map f: C[X] — [C[P]] is given by

fra((i, b)), (' ™), 2) = aiinn, s pn)p

where j; = id«y?, p = f () and I is the type environment such that

7 I".,5:0,8
['=T"Ma: chgld].
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Chapter 8

Related Work

In the chapters so far, we have already commented on relationships of our results
to other work. These comments were mostly technical. Here we discuss related
work from a broader perspective.

8.1 Logical Studies of n-calculi

There is a considerable amount of studies on connections between process calculi
and linear logic. Here we divide these studies into two classes. One is the studies
that investigates the connection between m-calculus and proof-nets (or proof-
structures!) of linear logic. In these work names are related to ports of a proof-
net and types are considered as the specification of a port. The other class is the
studies that is based on the Curry-Howard correspondence between session typed
m-calculi and linear logic. Our work is more closely related to the former than
the latter, but some interesting coincidence to the latter kind of studies can also
be found.

Proof nets and m-calculus The former class of research dates back to the
work by Abramsky [3] and Bellin and Scott [11], where they discovered that 7-
calculus processes can encode proof-nets of classical linear logic. Later, Abramsky
et al. [5] introduced the interaction categories to give a semantic description of a
CCS-like process calculus. In their work, they observed that the compact closed
structure is important to capture the strong expressive power of process calculi.

A tighter connection between m-calculus and proof-nets was recently presented
by Honda and Laurent [54]. They showed that an i/o-typed m-calculus corre-
sponds to polarized proof-nets, and introduced the notion of extended reduction
for the m-calculus to simulate cut-elimination. The w-calculus used in this work is
very similar to the mp-calculus in terms of syntax and reduction. Their calculus is
asynchronous, does not allow non-replicated inputs, and requires i/o-separation.
Furthermore, the extended reduction is almost the same as the rules (E-BETA)
and (E-GC) except for the side conditions. A significant difference compared
to our work is that their calculus is local [88, 136], reflecting the fact that the
corresponding logic is polarized.

Our work is inspired by these studies. The idea of i/o-separation can already
be found in the work by Bellin and Scott and the use of compact closed category
is motivated by the study of interaction category. However, none of these studies
(explicitly) provide a categorical type theoretic correspondence like we did.

!By proof-structures we mean a proof-net that does not necessarily satisfy the correctness
criterion.
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Linear logic and session-typed w-calculus The latter approach started
with the Curry-Howard correspondences between session-typed w-calculi and
linear logic established by Caires, Pfenning and [18, 19] and subsequently by
Wadler [132, 133]. The key difference between the above class of studies and
these studies lies in the interpretation of ® (and %). For example in CP [133],
the connective ® is interpreted as

PrT,y: A QrAzx:B
(vy)z(y).(P|Q)FT,Axz: A® B

where A ® B is the type of a channel which outputs data of type A and then
behaves as B rather than “a parallel connection” of A and B. Note that the
constructor for output always takes two continuations P and () whereas in process
calculi, only one continuation is typically necessary. Recently this discrepancy
was solved by introducing hyperenvironments to linear logic and considering a
calculus, called HCP, that corresponds to this logic [70].

These correspondences are exact in the sense that every process has a corre-
sponding proof, and vice versa. As a consequence of the exact correspondence,
processes of the calculi inherit good properties of linear logic proofs such as ter-
mination and confluence of cut-elimination. In terms of process calculi, process
of these calculi do not fall into deadlock or race condition. This can be seen as
a serious restriction of expressive power as pointed out by various researchers
(e.g. [133, 7, 82]).

Several extensions to increase the expressiveness of these calculi have been
proposed and studied. Interestingly, ideas behind some of these extensions are
related to our work, in particular to Section 5.2 discussing the multicut rule [5]
and the axiom that relates ! with 7. Atkey et al. [7] studied CP [133] with
the multicut rule and rules that identify ! with ? and discussed how these ex-
tensions increase the expressiveness of the calculus, at the cost of losing some
good properties of CP. Dardha and Gay [29] studied another extension of CP
with multicut, keeping the calculus deadlock-free by an elaborated type system.
Their type system is inspired by type systems introduced by Kobayashi [65, 66],
where types are annotated by “tags” to ensure the absence of deadlock. Besides
introducing multicut rule, other approaches are also taken to increase the expres-
siveness of (logically founded) session-typed m-calculi. Balzer and Pfenning [8]
proposed a session-typed calculus with shared (mutable) resources, inspired by
linear-non-linear adjunction [12]. Kokke et al. [71] also introduced the notion
of shared channels to HCP so that some amount of races can be expressed. In
their work, types of a shared channel tracks how many times it is used, much
like the modalities in bounded linear logic [45], and this type system guarantees
deadlock-freedom.

8.2 Categorical Semantics of 7w-calculi

The idea of using a closed Freyd category to model the m-calculus is strongly
inspired by Laird [74]. He introduced the distributive-closed Freyd category to
describe abstract properties of a game-semantic model of the asynchronous -
calculus and showed that distributive-closed Freyd categories with some addi-
tional structures suffice to interpret the asynchronous m-calculus. The additional
structures are specific to his game model and not completely axiomatized. Our
notion of compact closed Freyd category might be seen as a rectification of his
idea, obtained by filtering out some structures difficult to axiomatize and by

103



strengthening some others to make axioms simpler. A significant difference is
that our categorical model does not deal with non-replicated inputs, which we
think is essential for a simple axiomatization.

Before Laird’s work, Freyd categories have already been used to model a pro-
cess calculus called action calculus [91] introduced by Milner. In fact, Power [109]
showed that the elementary control structure, which is essentially a (monoidal)
Freyd category, corresponds to a moderately special case of the action calculus.
Later, Gardner and Hasegawa [40] showed that extensions of action calculus corre-
spond to special Freyd categories: higher-order action calculus [92] and reflexive
action calculus were shown to correspond to closed Freyd category and traced
Freyd category, respectively. Since the introduction of the action calculus, it was
known that action calculus could encode m-calculus by adding specific rules and
constants [91]. However, the relationship between m-calculus and closed Freyd
category was not investigated in depth by this time.

Another approach for categorical semantics of the m-calculus has been the
presheaf based approach [123, 36, 22]. These studies gave particular categories
that nicely handles the nominal aspects of the m-calculus; these studies, how-
ever, do not aim for a correspondence between a categorical structure and the
m-calculus. Among others, the work by Cattani et al. [22] shares similarity with
our presheaf semantics (given in Chapter 7), because they define the equality over
processes using the notion of open map bisimilarity [61]. However, the definition
of the path category is significantly different. The path category used in the work
by Cattani et al. is indexed by the category of finite name sets and injective maps
so that it can treat fresh names. On the other hand, our path category is simply
the category of type environments of an intersection type system.

8.3 Linear Approximation and m-calculus

We are not the first one to apply the notion of linear approximation to the
m-calculus. A non-idempotent intersection type system for a variant of the 7-
calculus that comes from the notion of linear approximations has also been intro-
duced by Dal Lago et al. [72]; it should be noted that they did not introduce a
“linear calculus” that corresponds to the derivation of the intersection type sys-
tem as we did. The connection between linear approximations and intersection
types [83] was applied to the encoding of m-calculus to proof-nets to derive the
basis of an intersection type system for a fragment of the local 7-calculus [136, 88]
called hyperlocalized m-calculus. They showed that the type system obtained this
way characterizes some “good behavior”, such as deadlock-freedom, of hyperlocal-
ized processes. In contrast to our work, they use intersection types to guarantee
that typable processes are “well-behaved”, rather than to define “operational
semantics” of the calculus.

8.4 On the Delay of Forwarders

In Chapter 7, we observed that the delay that a forwarder introduces is a cause
for the mismatch between behavioral equivalences and categorical semantics. The
delays that forwarders add has also been an issue in the field of game semantics.
In game semantics, forwarders correspond to copycat strategies and the delay
copycat strategies introduce were an obstacle to model synchronous computations
using game semantics. When giving a game semantics of a synchronous session
typed m-calculus, Castellan and Yoshida [21] observed that the traditional copycat
strategy does not behave as identity due to the delay it introduces. To avoid
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this problem, they introduced a copycat strategy that does not introduce any
delay and proved that this “delayless copycat strategy” works as the identity.
Whereas [21] added delayless forwarders as semantics elements that processes
cannot represent, Chapter 7 of this thesis discusses a new operational semantics
on processes with respect to which forwarders are delayless. A “delayless copycat
strategy” has also been considered by Melliés in a framework called template
games [86], but the relation to m-calculus is not clear. Although these game
semantic work are apparently different from ours, we believe that they are relevant
to our work given that there is a tight relationship between game semantics and
linear approximations [129]; detailed comparisons are left for future work.
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Chapter 9

Conclusion and Future Work

We have developed the 7p-calculus, a variant of an i/o-typed w-calculus which
has a corresponding categorical structure. This gives a categorical foundation to
m-calculi that are not session-typed.

The corresponding categorical structure we introduced is the compact closed
Freyd category, which is defined as a combination of closed Freyd category and
compact closed category. The correspondence was established based on the ob-
servation that the m-calculus can be considered as a higher-order programming
language [115]. Inputs and outputs were considered A-abstractions (that is lo-
cated at a certain address) and applications, respectively, and these were modeled
by the closed Freyd structure. Another characteristic of 7 p-calculus is the i/o-
separation, which ensures that each type has its dual. This allowed channels
to be modeled by the compact closed structures. The correspondence is quite
solid: we proved that the categorical semantics is sound and complete, and the
term model is the classifying category. We also discussed that, to achieve this
correspondence, it was necessary to consider the n-rule, which is awkward from
the operational semantic viewpoint.

The mp-calculus and compact closed Freyd structure capture the strong ex-
pressive power of the m-calculus. The compact closed structure allows us to
connect ports in an arbitrary way, in return for the possibility of deadlocks. The
Freyd structure allows us to duplicate objects, and duplication of input chan-
nels introduces the possibility of race conditions. Hence, the mp-calculus is more
expressive than linear logic based session-typed m-calculi [19, 133] in the sense
that it can express deadlocks and race conditions. However, even in the 7wp-
calculus, it seems impossible to encode reference cells and locks due to the lack
of non-replicated inputs.

In Chapter 5, we discussed the relationship between the 7 p-calculus and linear
logic. First, we showed that every linear logic proof can be interpreted as a wp-
process. Then we discussed the other direction, i.e. a proof system that can
interpret mp-processes as proofs. We presented an extension of linear logic with
multicut rule [5] and an axiom ?A - 7A as a candidate of a logical system that
can interpret mp-processes. We think that this gives a new observation against
the open problem that asks whether there is a proof system that corresponds to
the traditional m-calculus.

To illustrate the usefulness of the wp-calculus and compact closed Freyd cat-
egory, we gave a semantic analysis against the relationship between higher-order
languages and w-calculus (Chapter 6). We introduced the A;-calculus, a com-
putational A-calculus augmented with communication channels that corresponds
to mp-calculus, and showed that translations between these calculi are essen-
tially the same as the translations between the higher-order 7-calculus and the
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m-calculus [118]. We also showed that encoding of call-by-value and call-by-name
A-calculus to m-calculus [90], can be understood as call-by-value and call-by-name
monadic interpretation using a continuation monad defined over compact closed
Freyd categories. It should be emphasized that these translations were redis-
covered without any elaborated analysis/calculation but by a simple semantic
considerations thanks to the correspondence between the wp-calculus and com-
pact closed Freyd categories.

Lastly, in an effort to bridge the gap between behavioral and categorical se-
mantics of the wp-calculus, we developed a new operational semantics that is
compatible with the categorical semantics (Chapter 7). The novel operational
semantics is based on a simple idea: unguarded output actions must be imme-
diately consumed. We showed that barbed congruence defined upon this new
operational semantics is a mp-theory. The novel operational semantics was re-
lated to the conventional operational semantics by defining a translation from
mp-calculus with conventional operational semantics to the mp-calculus with the
new semantics. We showed that this translation is sound, but incomplete with
respect to barbed congruence.

Future Work An interesting direction of future work is to add linear channels
to mp-calculus. In order to add linear channels to wp-calculus, we need to give up
using Freyd categories. This is because requiring an identity-on-object functor
from a cartesian category makes every object copyable. A hopeful solution is to
consider linear categories (or LNL models) with additional axioms as we did in
Chapter 5. In these models, we conjecture that linear channels can be added as
resource modalities [87].

Adding non-replicated inputs (for non-linear channels) to the mp-calculus
seems much harder than adding linear channels. As mentioned, we think it
is similar to adding reference cells to A-calculus, which is known to be hard to
give denotational models. It would be interesting to give a formal relationship
between reference cells and non-replicated inputs. For example, we may develop
mutual encoding between “mp-calculus + reference cells” and “mp-calculus +
non-replicated inputs” and study whether it is fully-abstract. Constructing a
specific denotational model (e.g. game model) for 7-calculus with non-replicated
inputs by adopting the techniques used to model reference cells [99, 73] is also a
technically interesting future work.

From a broader perspective, we would like to apply our semantic framework
to the study of type systems. There are two directions that we want to explore.
One is to design a type system for m-calculus by logical or semantic techniques.
For instance, we are interested in using bounded linear logic [45] to design a type
system that ensures deadlock-freedom. The other is to give semantic understand-
ing to the sophisticated type systems of m-calculus [67, 60, 68, 102] that are based
on i/o-types and are used to analyze properties such as deadlocks and races.

Semantic understanding of the relationship between i/o-typed m-calculi and
session typed m-calculi is also left for future work. It is well known that session-
types can be encoded into i/o-type by “continuation passing” [30, 67]. We are
interested in whether this can be understood as “model translation”, i.e. whether
we can understand this encoding as a construction of a model of linear logic from
the model of wg-calculus. To do such a semantic analysis, we may first need to
add linear channels to wp-calculus for capturing the linear usage of continuations.

Revealing the relationship between locality and the n-rule is another impor-
tant problem. The local 7w-calculus behaves well with respect to the “(mp-theory)
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— (n-rule)”. For instance, (1) the compilation from asynchronous higher-order
m-calculus to the local fragment of the mwp-calculus preserves and reflects the
provability without using the n-rules and (2) in local 7-calculus we can replace
free outputs with bound outputs without using the n-rule. Our semantic frame-
work cannot (at least at the moment) explain why local 7-calculus behaves well.
Further investigation on the relationship between local w-calculus and polarized
linear logic [54] might provide some insights to this phenomenon.

Finally, we would also like to continue the study on A.,-calculus, which we
introduced in Chapter 6. Though the A.;-calculus is equivalent to wp-calculus,
we think A.,-calculus is attracting because it is (1) closer to practical program-
ming languages and (2) an instance of \.-calculus, which has been well-studied.
Primarily, the operational properties of the A.,-calculus and its relation to the
equational theory needs further investigation. We are also interested in combining
communication with various computational effects. Restructuring communica-
tion in the form of an algebraic effect [108] may help improve our understanding
against this issue since algebraic effects can be naturally combined. Applying
sophisticated typing systems studied for A-calculus, such as effect [42, 124] and
coeffect [104] systems, to A.,-calculus to analyze concurrent programs might also
be possible. It would be interesting to consider whether we can port these typing
systems to the m-calculus by using the relationship between A, and 7 as in the
case of session-typed m-calculus [101].
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