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Abstract

Multiparty session types (MPSTs) are the formalism for describing protocols
among multiple participants from a global point of view. They are used to check
type-safety and deadlock freedom for programs. In real-time distributed systems,
however, protocol descriptions often include: time-related specifications, such as
deadline and timeout, by imposing time restrictions on interactions to guarantee
the quality of service; and parallel computation for improving efficiency. The
original theory of multiparty session types lacks the ability for expressing time
and parallel actions in the global description. Therefore, we propose the theory of
timed choreographical session types to solve the problem.

To express time-related specifications, we associate time constraints and clock
resets to asynchronous message passing in global types and local types. We define
the labelled transition systems of timed global and local types, and prove that
soundness and completeness are preserved through projection. We add a delay
primitive to session calculus to achieve a minimum extension of asynchronous 7-
calculus and prove theorems of type preservation and subject reduction. We also
formalise the theorem of time error-freedom and properties of feasibility and wait-
freedom to guarantee that no deadlock is caused by time error. Additionally, we
show that timed global session types enjoy progress property if the global types
without time constraints and resets are verified to progress.

In the theory of choreographical session types, for the purpose of precise
thread management, explicit fork/merge operations for parallel composition and
choice/join for branching are defined in both global and local session types and
session calculus. To ensure well-behaved communications, we formalise the
definition of well-formedness for global types and present sufficient conditions for
verifying well-formedness. Based on choreographical session calculus, we define
the operational semantics and typing system for processes and prove the theorems
of subject reduction and type safety.

When we model scenarios of concurrent real-time systems, it is natural to

combine the formalisms of timed session types and choreographical session



types. Then we add time assertions to labelled message passing operations in
choreographical global and local types, and delay primitive in session calculus.
Due to the orthogonality of time and parallel composition, we easily prove
the theorems of subject reduction, and time error-freedom within the timed
choreographical context. Due to introduced complexity in global types, we present
the progress enablement and time progress property to guarantee that processes

will progress.
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1. Introduction

This thesis is concerned with the research of extending the theory of multiparty
session types. Session types model interactions among participants in the com-
munication system and define a class of mt-calculus that verifies the properties of
behaviours such as safety. Extending the theory of multiparty session types allows

us to model more real life scenarios and verify behaviours before implementation.

1.1. Motivation

The m-calculus [Mil99] is a process algebra for providing the semantics for
a high-level concurrent distributed programming language. Compared with A-
calculus, another formal language for modelling computation, ®-calculus allows
channel names to be communicated over channels and is used for describing
communicating systems, whose network configuration may change over time.
In practice, m-calculus is good at modelling protocols that describe the com-
municating behaviours of processes. People use process calculi to model and
verify prescribed protocols with support from model checking tools such as the
Concurrency Workbench [CPS93]] and SLMC [[CaiO4]].

It is observed that in concurrent systems, interactions often occur with a
significant amount of exchange of messages with various types. Then session
types were introduced as a formal framework in the polyadic m-calculus with
type systems, so as to allow the typing of channel names by structured sequences
of types and represent the trace of usage of the channels. Session types were
first proposed in binary form [[THK94] and then developed to Multiparty Session
Types (MPSTs) [BCOS8, ICDCYP15]]. In recent years, some works on extending
session types are proposed to improve expressivity and allow session types to gain
more computational properties, such as higher-order processes [MYQ7, MYQ9]
and subtyping [SWOla, IGHOS]. Also, several works [VGRO6, [Vas12|] embed
the session concept into object-oriented programming practice so that one could

achieve robust typing systems that are suitable for practical programming and
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are supported by a sound theoretical foundation. Naturally, there are some
implementations of session types by realising sessions directly in programming
languages, such as in Haskell [NT04], C# [CNPO1]] and Java [HYHOS, GVR " 10].
Later, implementations of describing session types in high-level languages are
proposed. We highlight Scribble [YHNNI13]] among those implementations. It
is specially designed as a language for describing global (choreography) and local
(service end-point) behaviours in session types. Extensible tools are available to
perform validation of programs and to implement the verified specifications in
different programming languages, such as in C [NYH12|] and Java [HYHOS]].

The above practice of implementing session types into programming languages
shows that session types could help programmers to produce safe programs.
For example, [NCY15] shows that a safe and efficient MPI backbone code
can be automatically generated from global specifications described in Scribble
and programmers only need to fill in the details. But one problem is that we
could not expect all software developers would learn session types for coding.
The developers usually start with some graphs describing the behaviours and
interactions that the program should implement, such as UML sequence charts
and state transition diagrams. This observation inspires us to wonder if we could
transform commonly used graphical formalisms into session types and our vision
is shown in Figure [I.T] In this way, programmers could start to design their
software using various methods and these blueprints will be transformed into
(multiparty) session types. Then within the framework of session types and
with the help of model checking tools, we could verify if this design is safe
and error-free or not, and if the results reach the expectations, we could utilise
tools like Scribble to produce backbone code from session types descriptions in
different programming languages much as in [NCY15]] and [HYHOS|]. One of
the advantages is to speed up the software development life cycle, to save costs
and gain efficiency for practical considerations. The other advantage is to avoid
redundant programming efforts. If the software is expected to be implemented
in different languages, without the help of session types, the programmers would
need to write the program of the same design several times and could not guarantee
the safety of their written code.

Since session types play such an important role in application development,
we then investigate any characteristics that are commonly used in protocol
specifications but are missing from current variants of session types. And it is

found that we need to add time and fork/join to session types.
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Figure 1.1.: Vision of Applying Session Types to Programming

Some models for describing and analysing system behaviours contain real-time
specifications. For example, Communicating Timed Automata (CTAs) [KYO06],
which extend the theory of timed automata [[AD94], enable a precise specification
and verification of real-time distributed protocols. From the theoretical side, in
the untimed setting recent work brings Communicating Finite State Machines into
choreographic frameworks, by seeking correspondence with projected local types
[DY13]. Inspired by this work, we proceed along these lines by applying the
idealised mathematical semantics of CTAs to the design of timed MPSTs, which
contain clocks, clock constraints, and resets, so as to fill the gap between the
abstract specification by CTAs and the verification of real-time programs.

On the other side, some web service protocols include multiple thread
operations. In the previous work in [DY12], the idea of choreographical multiparty
session types has been proposed to treat expressive forking, merging and joining
protocols that are absent from existing session frameworks. Based on this idea, we
further complete the theory of choreographical MPSTs and combine this variant
with timed MPSTs, so as to enable session types to express distributed parallel

systems with time requirements.
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1.2. Goal and Objectives

The goal of this PhD study is summarised as:

“To propose a theory that extends multiparty session types with time and
parallelism, which consists of well-formed global/local types and session calculus,
and enjoys safety and error-free properties.’

This goal is divided into following objectives:

1. On the foundation of session types, we define the theory of timed multiparty
session types, including the global session type, local session types and the
corresponding extended asynchronous m-calculus. The theorems of type
safety and error-freedom should be verified by proof rules of timed session

calculus.

2. Then we extend the current multiparty session types with parallelism
by adding fork/join operations in the framework. The extended global
types should guarantee a well-formedness condition and the corresponding

multiparty session processes should satisfy properties, such as type safety.

3. We merge the above two extensions together to propose timed choreograph-
ical multiparty session types so as to be able to model concurrent real-time
systems. This combined version should ensure the properties that either

timed multiparty session types or choreographical session types own.

1.3. Contributions

This thesis shows the following contributions for the theoretical research on

multiparty session types:

e Extend session types with time. This work is the first attempt to add timing
information directly to session types in the literature. With this gap filled,
multiparty session types could model real-time concurrent systems and

programs with time requirements, such as timeout exceptions and deadlines.

e Investigate time-related properties for session types. After adding time to
session types, we found that even if the programs are type safe, programs
could still reduce to error because of bad timing for reduction. To

prevent this situation from happening, we propose time-related theorems
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and algorithms for guaranteeing safety and progress properties for MPSTs.

[BYY14] is the published outcome of the above two points.

Supplement the theory of choreographical session types. We explain how
flexible fork/join operations are beneficial regarding thread management and
state explosion. We also illustrate the syntax of global/local session types
with more examples. The full proofs for theorems like subject reduction are
finished.

Propose the theory of timed choreographical session types. We define the
syntax of global/local types and session calculus and illustrate with a use
case. Besides, we prove the theorems of subject reduction, type safety and
time error-freedom for timed choreographical processes and define

progress enablement property and time-progress property of processes.

1.3.1. Thesis Outline

Chapter 2 Background briefly describes the theory of session types and timed

automata. We start with the syntax of the mt-calculus, which is fundamental
to the session calculus, and then we present the theory of binary session
types and how multiparty session types evolve from binary session types.
Besides timed automata, we also show other graphical formalisms for

expressing communication systems.

Chapter 3 Timed Multiparty Session Types presents the theory of timed MP-

STs. Motivated by a distributed timed protocol, we define the semantics
of global/local types for timed session types and labelled transition systems
respectively. Then we show the corresponding timed session calculus and

investigate the conditions that could ensure deadlock freedom of processes.

Chapter 4 Choreographical Multiparty Session Types presents the semantics of

choreographical global types and local types and defines the conditions that
guarantee the well-formedness of global types. We also present choreo-
graphical multiparty session calculus and theorems for subject reduction and

type safety.

Chapter 5 Timed Choreographical Multiparty Session Types describes the the-

ory of the combined variant of timed MPSTs and choreographical MPSTs.

We present the semantics and labelled transition system for global/local

17



types and provide sufficient conditions for well-formedness. Then we define
the corresponding session calculus and the theory of time error-freedom.
Finally, we present sufficient conditions for guaranteeing the progress-

enabling of global types and time-progress property of processes.

Chapter 6 Conclusion and Future Work summarises the main points of this the-
sis. Also, we discuss some future ideas that are composed of three parts:
further development of timed choreographical session types like subtyping;
possible extensions to the theory of multiparty session types like adding

dependent types; and practical implementation issues.

1.3.2. Publications and Talks

Publications
e Laura Bocchi, Weizhen Yang, Nobuko Yoshida. Timed Multiparty Session
Types. CONCUR 2014.

This paper presents the theory of extension of multiparty session types with
time, with connection to communicating timed automata. This work forms
Chapter 3.

Presentation

e Generalised Timed Choreography. YR CONCUR. Madrid 2015, Spain

At this workshop, we briefly presented the theory of timed choreographical
session types, including the syntax of types, motivating example and key
theorems. The abstract was submitted. This presentation forms part of
Chapter 5.
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2. Background

In this chapter, we present the background works that form the basis of this
dissertation. In Section [2.I] we briefly introduce the m-calculus, which is
fundamental for the theory of session types shown in Section[2.2] In Section [2.2]
we give the original notions of session types, illustrated with an example. In the
last Section [2.3] we show the basic theory of timed automata and other graphical

representations for describing behaviours of the system.

2.1. w-Calculus

m-calculus is a process algebra proposed by Milner, Sangiorgi and Walker
[Mil99, SWO1b] and is formalised for describing and analysing concurrent mobile
systems. It is viewed as a continuation of the process calculus, CCS (Calculus
of Communicating Systems) [Mil82]. The syntax and reduction rules are shown
in Figure 2.1 and Figure [2.2] respectively. m-calculus uses message-passing in
transitions instead of value-passing in the CCS. The difference is that message-
passing allows channel names to be communicated through channels. This
feature allows m-calculus to model the networks whose configuration may change
with time. Besides, m-calculus is expressive, as it can encode data structure,
encode functions as processes, encode higher-order m, and encode polyadic
communication with monadic [Mil91, [Tur96|]] etc. As the extensions of 7-
calculus, spi-calculus [AG99] and applied m-calculus [RS11] are for reasoning
about cryptographic protocols. Recent research [Puh06l] shows that 7t-calculus can
be used as the theoretical basis of Business Process Modelling.

Asynchronous 7t-calculus, which we are interested in, is a variant of 7-calculus
and is fundamental to session types. The reason for such importance is that
asynchronous communication is viewed as a more realistic model for concurrency
and other variants of m-calculus are translatable into asynchronous z-calculus. The
difference between asynchronous 7-calculus and synchronous 7m-calculus is that

the asynchronous one requires no continuation after output. And processes in the
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Syntax

PQ::= processes
0 nil process
P|Q parallel composition
(va)P generation of a
P replication of
i(v).P output of v on channel u
u(x).P input of distinct variables x on u

Figure 2.1.: Syntax of the t-calculus

Reduction rules

a(v).Pla(x).0 — P[O{"/:} [Com]
PP
_— [Par]
PO — P|Q
PP (Res]

(va)P — (va)P'

P=0Q —- Q=P
P — P

[Struct]

Figure 2.2.: Basic Reduction Rules of the mt-calculus

original m-calculus can be expressed by the asynchronous m-calculus by using an

extra channel to send the acknowledgement from input processes.

2.2. Session Types

The ‘session’ concept, proposed in [HVKI], represents a series of interactive
communications. The session calculus is a session-based asynchronous mt-calculus
and is the theoretical support of session types. Session types are a typing system
for the session calculus.

The development concerning session types is shown in Figure 2.3] The
initial version of session types is binary session types, which only models the

communication between two participants. Later multiparty session types are
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[ Binary Session Types J [THK 94, HKV]

[ Multiparty Session Types J [HYC 08]

[ Progress in Interleaved ] (BCD*08]

Multiparty Sessions

[Refinement/GeneraIisation ] DY 12]

of Multiparty Sessions

Figure 2.3.: Major Development of Session Types

proposed to enable modelling of communication among multiple participants.
Next, a notion of multiparty sessions is presented to allow interleaved and
interfering multiparty sessions. Other evolutions of session types are later
proposed, like refinement/generalisation of multiparty sessions, session types with
assertions. Here we mainly introduce binary session types and multiparty session

types, as they are the basis of all other versions of session types.

2.2.1. Binary Session Types

As previously stated, the binary session types is fundamental, so we present it
first. The theory of binary session types consists of basic language constructs and
a type discipline for modelling communication-based concurrent systems. The
language constructs express the interactions in the program in a simple way and
they can be easily translated into asynchronous xt-calculus. The type discipline not
only provides a high-level type abstraction of the interactions, but also checks the
typability between the processes in the program.

The syntax is shown in Figure The process a(k).P sends the request for
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P :=a(k).P session request
| a(k).P session acceptance
| k{e) data sending
| k(x).P data reception
| k<l label selection
[ke>{l; P[] [|ln : P} label branching
| k(k') channel sending
| k(K').P channel reception
| if e then P else Q conditional branch
|P| O parallel composition
|0 inaction
| (vu)P name/channel hiding
| def D in P recursion
| X [ek] process variables

e i=c constant
let+é | e—e | exe| not(e) | ... operators

D :=X;(%1k;) =P, and---and X, (%,k,) = P,  declaration for recursion
Figure 2.4.: Session Calculus Syntax in [YVO07]]

initiating a session via a name a and creates a fresh channel, and then P will use
the channel for later interactions. The process a(k).P is the symmetric action of
receiving the request of session initiation via a and continues P with a new channel
k. Data sending k(e) and receiving k(x).P are standard synchronous message
passing, where e denotes an expression like arithmetic/boolean operations and
names. In label selecting k <t/ and branching k> {/; : P[|---[]l, : P.}, the labels
l1,...,I, are pairwise distinct. The channel sending and reception are also known
as delegations that allow passing a channel being used in one session to another
process. In conditional branch, e should be a Boolean value. The name/channel
hiding binds a local scope name or channel to the process. In recursion def D in P,
process P can occur one or more times.

The goal of the session concept is to provide a basic way of describing complex
interactions with clear and well-organised abstractions. The session calculus has

three primitives: value passing, label branching and delegation: the value passing
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Figure 2.5.: Duality Principle for Type Checking

feature is inherited from m-calculus; label branching is used for structuring external
choice, and without this feature, the session calculus and session types will be
limited; delegation allows the entity to delegate the processes of a certain request
to another entity, especially if we pass parts of responsibilities of the parent process
to the subprocesses, then we can assign processing to lower level or smaller
processes, without sacrificing the benefits of using session types, as all delegated
processes can follow a subset of session types from the top level. It is important to
note that the top-level process does not need to be aware of the delegation, which
allows us to design distributed systems with session types from a higher-level view.

Supported by the simple and flexible session calculus, session types provide
a basic typing principle for communication-based programming. With the
help of typing systems, we could check if the program is coherent concerning
communication structure and if it contains errors or not.

The typability of the program ensures two communicating processes are in a
compatible pattern. We present the basic notion of sorts that defines what kind of
message is sent and the notion of types that abstract the interaction to be done over

the channel.

Definition 2.2.1 (Types). Given type variables (t,t’,...) and sort variables (s,s’,...),
sorts (S,S’,...) and types (o, B,...) are defined by the following grammar.
S = nat|bool| (a,0) | s | us.S
o = LSkl (0B | &Ll : o dyion) | 1)L
| M Sho | [el:B | @l o, by oy} | 8| pto
The way of examining typability is to apply the duality principle, whose
inductive definition is shown in Figure 2.5] With duality checking, we could

ensure the program will run without undesirable program behaviour caused by

a discrepancy between different data types.
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. Global G = alice—bob(nat);

type bob—carol(nat);end
Projection
e L'a o
L £ ™ Local Thob = ?(alice, nat).
@‘"cﬁ “""'me"“" Tearal) types I (carol, nat).end
Type I
checking
= 7(alice)
‘ Palice | """" ‘ Poob { """" ‘ Pearol ‘ Processes Fros; = Takce) (x).

I{carol,x+1).0

Figure 2.6.: Session-based Distributed Programming

2.2.2. Multiparty Session Types

The problem with binary session types is that it limits the session to be owned by
two participants. Motivated by this, multiparty session types [Y V07| are proposed
to close the gap. The framework of multiparty session types is shown in Figure[2.6
which illustrates the general steps of distributed programming in a session-based

approach.

1. The intended communication protocols should be described in a global
session type, which specifies the protocol that all participants should follow

in the communication.

2. The global type is projected to endpoints to form the local projection for
each participant, which gives a local view of the intended protocol.

3. The typing system will perform the checking of processes.

This approach is a top-down style: we start with a global specification, and
end with well type-checked processes. It is usually assumed that global types are
complete, that is, all interactions between participants should be specified. Some
works like [[CDCPI11]] loosen the assumption for global types, and some works
like [LTY135]] realise the bottom-up manner, that is, they construct global types
from processes and local types.

This top-down framework is classic and is applied through the main chapters of
the thesis. We show a three buyer example presented in [CDCYP135] to illustrate
this classic framework. This example consists of three participants: Alice, Bob,
and Carol, who cooperate with each other for buying a book from a Seller. A

protocol for three participants is described informally below:
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Alice ) | Seller ) Bob | Carol

[Link a] [Link a]
«— — — — e —_- — —
"Title"
quote i quote N
quote div 2 . N
[Link b]
quote - contrib - 99
delegate T
ok
4. ...................
ok
e by B et [ et e e
. A "Address"
date A
\ 4 A 4 Y \ 4

Figure 2.7.: An Execution of the Three Buyer Protocol [CDCYP15]

. Alice sends a book title to Seller and Seller sends back a quote to Alice and
Bob. Then Alice tells Bob the amount that she can contribute.

. If the remaining price is within Bob’s budget, Bob accepts the offer by
notifying both Seller and Alice, then sends his address to Seller and Seller
answers with the delivery date.

. If the price exceeds Bob’s budget, Bob asks Carol to collaborate and
establish a new session. Bob tells Carol the amount she has to contribute

and delegates the remaining interactions with Alice and Seller to her.

. If Carol’s contribution is within her budget, she accepts the quote, notifies
Alice, Bob and Seller, and continues the rest of the protocol with Seller and
Alice as if she were Bob. Otherwise, she notifies Alice, Bob and Seller to

quit the protocol.

Figure depicts an execution of the above protocol where Bob asks Carol

to collaborate (by delegating the remaining interactions with Alice and Seller) and

the transaction terminates successfully.

To correctly model this protocol, the syntax of global types and local types is
shown in Figure 2.8
Given the protocol, the global types can be presented as G, and G,. G,

describes the communication among Alice, Bob and Seller and G; shows the

25



S = bool | ... |G Sorts

U = S|T Exchange types
Global types
G = p—1I1:(S).G Value exchange
| p—p :(T).G Channel exchange
| p—1I1:{l;: Gi}ic; Branching
| ut.G |t |end Recursion/end

Session types

r nE (IL,S).T send value
’ Hp,T).T Send channel
| 2(p,U).T Receive
| S {Li : Titier) Selection
| &(p,{li : Ti}icr) Branching
|

ut.T |t |end Recursion/end

Figure 2.8.: Global and Session Types

delegated interactions between Bob and Carol.

G, =
1 2 — 3: (string).
2 3 — {1,2}: (int).
3 2 —1: (int).
4 1 — {2,3}: {ok: 1—3: (string).
(5) 3 — 1: (date).end,
(6) quit: end}
Gy, =
(1) 2 — 1: (int).
2 2 — 1:(T).
3) 1 — 2: {ok:end,quit:end}

T =& ({2,3},{ok : !(3,string).?(3,date).end, quit : end})

The calculus of multiparty sessions is shown in Figure[2.9]

Figure [2.10] shows an implementation of the protocol presenting G, and G, in
the processes Seller, Alice, Bob, and Carol by the session calculus. By applying
the typing rules in [CDCYP15[], we prove that this implementation is type-safe.
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)

c(q,y):P

c@® (IL1); P
c&(p.{li : Pi}icr)
if ethen Pelse Q
Plo

0

(va:G)P

def Din P

X{e,c)

(vs)P

st h

X(x,y)=P
[1|P|(va:G)E
(vs)E | def Din ‘E
E|E

x |a
a |true
false
v |x
eande
note...

{p} [ {p}ull
y | s[p]
(q,11,v)
(a,p,s[p'])
q,11,1)

hm | &

/

Multicast request
Accept

Value sending
Value reception
Channel delegation
Channel reception
Selection
Branching
Conditional
Parallel

Inaction

Service name hiding
Recursion

Process call
Session hiding
Message queue
Declaration
Evaluation context

Service name
Value variable
Channel Variable
Session name
Participant number
Process variable
Label

Channel with role
Identifier

Value

Expression
Set of participants

Channel
Message in transit

Queue

Figure 2.9.: Process Syntax and Naming Conventions
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Seller = a[3](y).y?(1,title).y!({1,2},quote).
&(2,{ok : y2(2,address).y!(2,date).0,quit : 0})

Alice = a[2](y).y!(3,"Title");y?(3,quote));y!(2, quote div2);
y&(2,{ok: 0, quit:0})

Bob = a[1](y).y?(3, quote);y?(1, contrib);
if (quote — contrib < 100) then
y&({1,3},0k).y!(3, "Address");y?(3,date);0
else
b[2](z).z!(1,quote — contrib —99);z!((1,y)); z&(1, {ok : 0, quit : 0})

Carol = b[1](z).22(2,x).22((2,1)).
if (x < 100) then
z28(2,0k).rB({1,3},0k).t!1(3,"address").t?(3,date).0
else
z®(2, quit).rd({1,3},quit).0

Figure 2.10.: Implementation of the Three Buyer Protocol.

2.3. Timed Automata and Other Graphical Models

This section is concerned with visual formalisms for modelling behaviours of
systems. Here we present three well-known formalisms, timed automata, Harel’s
statecharts and Business Process Modelling and Notation (BPMN). As one of the
objectives of this dissertation, we aim to establish the relationship between session

types and these graphical models.

2.3.1. Timed Automata

In automata theory, timed automata are used to model and analyse time-related
behaviours in the systems, such as real-time systems and networks. A timed
automaton is a finite automaton that is coupled with real-time values so that timed
automata could represent behaviours of real-time systems. A timed automaton
owns a finite number of clocks, denoted as set C, and it is assumed that all the clock
values increase at the same pace. The transition is guarded by time constraint &
and clocks can be reset during the transition.

To define timed automata formally, we need to say what type of clock

constraints are allowed on the edges. The simplest form of a constraint compares
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a clock value with a time constant. We allow only the Boolean combinations of

such simple constraints.

Definition 2.3.1. For a set of X of clock variables, the set ¢(X) of clock

constraints is defined inductively by
O u= true|x>clx=c|8|8 A

where c is a bound constant in Q, the set of nonnegative rationals and x € X is a

clock.

A clock interpretation v for the set of clocks X maps a real value to each clock,
that is, from X to R=%. We say that a clock interpretation v for X satisfies a clock
constraint d over X iff d evaluates to true using the values given by v.

Now we have the definition of timed automaton.
Definition 2.3.2. A timed automaton 4 is a tuple (Q, qo, Act,X ,E, F) such that

e () is the set of states,

qo € Q is the initial state,

Act is the alphabet,

X are the clocks,

E C (Qx Qx Act x2X x ¢(X)) are the transitions, where 2% is the reset

predicate, 0(X) the clock constraints on X,
e F C Q are the final states.

An edge (¢,4',a,\,d) from E is a transition from state ¢ to ¢’ with action a,
clock constraint § and clock resets A. The timed automation 4 starts in one of its
start states at time 0 with all its clocks initialised to 0. As time passes, the values
of all clocks increase, which reflect the elapsed time. At time T;, 4 changes state
from ¢ to ¢’ using some transition of the form (g,a,d,,q’) reading the input a, if
the current values of clocks satisfy 8. With this transition, the clock specified in A
is reset to 0, and thus starts counting time with respect to the time of occurrence
of this transition. This behaviour is captured by defining runs of timed transition
tables. A run shows the state and the values of all the clocks along a transition

path. Figure[2.TT|shows a simple example of timed automata.
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d, (y>2)?

CENCENCE
—
x:=0 y:=0 (x<1)?

Figure 2.11.: Timed Automaton with Two Clocks [AD94]

For a time sequence T = T(T... we define Tp = 0 and t; gives the time of

occurring ith event.

Definition 2.3.1. A run r, denoted by (§,V), of a timed automation
(0,490, Act, X ,E,F) over a timed word (a,T) is an infinite sequence of the form

r: <q(),\/0> a_1> <q1,V1> a—2> <qQ,V2> ﬁ>
T] T2 3

with g € Q and v € [X — R|, for all i > 0, satisfying the following requirements:
e Initiation: go € Qo, and vo(x) =0 for all x € X.

e Consecution: for all i €> 1, there is an edge in E of the form
(qi-1,ai,0i,Ai,q;) such that (Vi—i + T — Ti—1) satisfies 8; and v; = [A; —
O] (Vifl +7T— ’C,;l).

The set inf(r) consists of those states q € Q such that q = q; for infinitely many
i>0.

Later in Chapter 3 and 5, we adapt the definition of clock constraints and resets
in the syntax of timed session types and since we need to analyse the traces of

timed global and local types, we also define timed runs similarly to Definition

231

2.3.2. Petri Nets

Petri nets are a tool to model concurrent systems and reason about them. Petri
nets not only offer a graphical notation to represent processes with choice,
recursion and concurrent operations, like UML activity diagrams, but also have
an exact mathematical definition for execution processes and a well-developed
mathematical theory for analysing processes. We present the definition of Petri

nets below.
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Definition 2.3.3. A ner N is a tuple (S, 7T, F) such that

e Sis a set of places,
e T is a set of transitions and SNT =0,

e Fisasetof directed arcs and F C (SUT) x (SUT) satisfying F x (SUS) =
Fx(TUT)=0.

All places and transitions are said to be elements of N. For an element x of N,
its preset -xis -x={y € N | (y,x) € Fy}, and its postset x-isx-={y € N | (x,y) €
Fy}. An undirectedpath is a nonempty sequence xo...x; of elements satisfying
X; € -xj—1 Ux;_;- for each i (0 < i < k). The net is weakly connected if, for each
two elements x and y, there exists an undirected path leading from x to y.

The states of a Petri net are defined by its markings, and state changes are
caused by the occurrences of transitions. A marking of a net N is a mapping
m: Sy — Nwhere N=0,1,2,.... Aplace s is marked by a marking m if m(s) > 0.
A marked net is a net equipped with a marking, called initial marking, denoted
as my. Let b € N. A place s of a marked net is called bounded with bound b
(b-bounded) if m(s) < b for each reachable marking m. Marked nets with only
1-bounded places are usually called 1-safe or safe marked nets.

A transition ¢ is enabled by a marking m if m marks all places in .. The
transition ¢ is called dead at a marking m if it is not enabled at any marking
reachable from m. A marked net is said to be live if there is no dead transition at
any reachable marking. Therefore, each live marked net with at least one transition
is deadlock-free.

It is often required that every place of a marked net eventually can be marked.
If no transition of a marked net is dead then each non-isolated place is marked at
some reachable marking.

The above definitions are used in defining thread-correctness for choreograph-

ical session types in Section[d.2.2]

2.3.3. Harel’s Statecharts

Harel’s statecharts [Har87] is proposed on the basis of state transition diagrams.
It provides a visual formalism for the specification of reactive systems. Since it is
an extension of state transition diagrams of finite state machines, it uses states and
events/state transition as a natural medium for describing the dynamic behaviours

of a complex system.
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Figure 2.12.: Example of Statecharts and How XOR-Composition is achieved

As reactive systems become large-scale and complex, their specification and
design become a problem. If we continued to use the original state transition
diagram for modelling those systems, it would result in an unmanageable,
exponentially growing multitude of states, all of which have to be arranged
in a ‘flat’ unstratified fashion. This arrangement leads to an unstructured,
unrealistic, and chaotic state diagram. Thus, Harel’s statecharts are proposed
to solve the problem by way of providing a formalism of describing states and
transitions of the system in a modular fashion and of employing hierarchy and
orthogonality/concurrency.

We use rounded rectangles to denote states at any level, and use encapsulation
to show the hierarchy relation. Arrows are allowed to originate and terminate at
any level. An arrow will be labelled with an event (or an abbreviation of one) and
optionally also with a parenthesized condition.

Figure [2.12] gives an example and illustrates how XOR-composition is made.
We have three states A, B, and C. The event y occurring in state A transfers the
system to state C, if and only if condition P holds at the time of occurrence. Since
event P transits the system to B from either A or C, we can cluster the latter two
states into a new super-state D and replace the two [ arrows by one. Thus, D is
then the exclusive-or (XOR) composition of A and C; in other words, one must
be either in A or in C. The superstate D can be viewed as an abstraction of A and
C, which captures one common feature of A and C, that is, event 3 leads to B.
By clustering states into superstates, statecharts could economise in the number of
arrows.

The default state is also defined as the start state of the system when entering
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Figure 2.14.: Illustration of "Enter-by-History’

from the ‘outside’ world, as illustrated in Figure

It is observed that one of the most interesting and frequent ways of entering
a group of states is by the system’s history in that group. The simplest kind
of this ‘enter-by-history’ is entering the state most recently visited, as shown in
Figure It should be noted that history is applied only on the level in which it
appears.

There are two other ways of entering a group of states. One is through
conditions. In this method, a connective C is used to abbreviate more complicated
entrances to substates of a superstate with a simple, direct arrow, as illustrated in
Figure 2.13]

The other way is to enter through selection connective S. Selection occurs when
the entering state is determined by the ‘value’ of a generic event so that the event
is the selection of one of a number of clearly defined options and the connective
has chosen to model those options as states. An example is shown in Figure[2.16]

Orthogonality is another important feature of Harel’s statecharts, which is
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Figure 2.15.: Example of Entering State Group according to Conditions
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Figure 2.16.: Example of Entering State Group by Selection
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Figure 2.17.: Example of Orthogonality

explained through an example in Figure The notation used in statecharts
is the physical splitting of a box into components using dashed lines. A state Y
consists of AND components A and D, with the property that being in Y indicates
being in some combination of B or C with E, F or G. Then we view that Y is
the orthogonal product of A and D. Without any additional information, entering
Y from the outside is entering the combination (B, F) by the default arrows. If
event o occurs, it transfers B to C and F to G simultaneously, resulting in the new
combined state (C, G). This illustrates a certain kind of synchronisation: a single
event causing two simultaneous happenings. On the other hand, the occurrence of
event u at (B,F) only affects D component, leading to (B,E), which illustrates some
kind of independence. Both behaviours are part of the orthogonality of A and D,
which is the term we use to describe the AND decomposition.

One of the additional features of Harel’s statecharts is applying time con-

straints. This is done using the event
expression timeout(enter state, bound)

in which the enter state is the source of transition and the bound, including lower
and upper bound, shows the time interval that the enter state is available.

In the discussion of future works in Section [6.2] we present an example to
show how to express proposed timed choreographical session types in Harel’s

statecharts.
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A

timeout (A, bound)

Figure 2.18.: Illustration of Time Constraints in Harel’s Statecharts

2.3.4. Business Process Modeling and Notation (BPMN)

BPMN [BPM] is a standard graphical representation for modelling business
processes. It is based on a flowchart technique similar to the activity diagram in
Unified Modeling Language (UML) and is designed to particularly coordinate pro-
cesses and messages flowing between different processes/participants. Nowadays
business processes expand to multiple participants and this makes the coordination
become complex. BPMN is developed as a standard modelling method to address
this issue. Since BPMN targets both high-level business users and low-level
process implementers, it is designed to be easy to read and understand for business
users and to be able to generate a business diagram with enough details for
physical implementation. One thing to note is the difference between BPMN
and UML. UML employs an object-oriented approach for modelling applications
and software design, while BPMN takes a process-oriented method for modelling
systems. These two ways of presentation provide different views of the system;
thus we can say they are compatible instead of competing.

The BPMN diagram consists of four basic elements: event denotes something
which happens during the course of a process; activity describes the kind of work
that must be done; gateway decides the forking and merging points of paths,
depending on the given conditions; connection objects are used to connect those
flow objects.

There are many branches of business diagrams in BPMN. The one we
are most concerned with is Choreography. Choreography formalises the way
that business participants coordinate their interactions, and it focuses on the
exchange of information (messages) between participants. Choreography is a
definition of expected behaviour, basically a procedural business contract, between
interacting participants. It presents message exchanges and their logical relation
as conversations.

The basic element is a BPMN Choreography task and in that sense, a Chore-
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Figure 2.19.: Basic Elements of BPMN

Initiating
Participant .
Band [ Participant A

Choreography
Task Name |- Task Name
Band

Participant -{__Participant B
Band

Initiating
Message ;

/—;_
Participant A

Choreography
Task Name

Participant B

Return /O
Message EI
Figure 2.20.: Construction of a Choreography Task

ography defines the order in which Choreography tasks occur. A Choreography
task represents an interaction, which is one or two message exchanges between
two participants, as shown in Figure

Figure 2.21] is an example of a Choreography diagram. In Section [6.2]
we illustrate how to present timed choreographical session types in BPMN

choreography diagram.
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The bands display the names of the
Participants (Roles/Entities)

Additional Participants can be added on
-_@ssage .~ |additional bands (for Sub-Processes)
I want to see < . I need my
the Doctor IYI I feel S'CKE:] medicine L
Patient [ Patient ) Patient ( Patient
( ) Doctor Handle Handle Handle O
Request Symptoms Prescription Medicine
Dr. Office Dr. Office Dr. Qffice Dr. Office
Go see the Pickup your Here is your
Doctor EI medllcme, then ™. medicine
eave
~|The Message is shaded, so it — - .
is not the initiating Message -|The unshaded Participant is

the initiator of the Activity

Figure 2.21.: An Example of Choreography
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3. Timed Multiparty Session Types

This chapter introduces the theory of Timed Multiparty Session Types. First,
we give the semantics of timed global types and local types and the projection
algorithm. Then we give a simple m-calculus for programs with delays that can
be used to synchronise the communications in a session. A compositional proof
system for the mt-calculus enables a modular verification for time-error freedom.
In Section we define the two conditions for ensuring that process will not
deadlock because of inappropriate constraints and present time-progress property
to guarantee that a process enjoys progress property if its untimed counterpart does

not deadlock. The last parts are related works and the conclusion of this chapter.

3.1. Motivation: for Distributed Timed Protocol

The scenario, provided by our partner, the Ocean Observatories Initiative (OOI)
[OOI], motivates us to add time in session types. The use case is about deploying
a sensor network that consists of different ocean instruments controlled via remote
service agents. In many OOI use-cases, execution time is important: requests are
associated with deadlines; services are scheduled at specified time intervals. These
time requirements can be expressed by combining global protocol descriptions
from MPSTs and time from CTAs. We show the example of a three-party
protocol that calculates the average water temperature via periodic sampling. In
this protocol, we have three participants: a master M that initiates the sampling
activity, a worker W that is a sensor with fixed and periodic response time w, and an
aggregator service A that accumulates the data; their time constraints are expressed
using clocks xy, xy, and x,, initially set to 0. We visualise the protocol using a
Message Sequence Chart (MSC)-like notation. Delays / (average latency of the
network) and w (sampling time) are expressed in milliseconds. Note that in this
scenario, clocks can be reset at different times but time elapses at the same pace
for all the participants of the protocol.

(1): Initially, M sends W a message of type task and then resets its clock xy
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Figure 3.1.: Message Sequence Chart-like Notation of the Three-party Protocol

(setting xy := 0). After at least /, W can receive the message and reset xy.
(2): W completes the task and replies to M with a message of type data in at most
w time units. M receives and resets xy at time xy = 2/ +w.

(3): Msends A a message of type data along with either label MORE, indicating the
sampling continues for another iteration, or label STOP, which means that enough
data has been gathered.

(4): If MORE was selected, then M assigns W another task with label MORE, resets

xy and another iteration begins.

(5): If STOP was selected then M tells W that this session ends.

3.2. Timed Multiparty Global Session Types

Global types [CDCYP15, [HYCO8] are specifications of the interactions (causali-
ties and carried data types) of multiparty sessions. As they can be automatically
projected onto a set of local types that describe the protocol from the view of each
participant, global types are fundamental for local verification for processes. Thus

it is necessary to start with the defining syntax of global types.

3.2.1. Syntax of Timed Global Types

We extend global types with constraints on clocks, yielding timed global types
(TGs). We use the definitions from timed automata in Section [2.3.1} let X be a

set of clocks ranged over by xi,...,x,, taking values in R=° and n be the number
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of participants in the protocol. A clock assignment v : X — RZ° returns the time
of the clocks in X. And v +1 returns the clock assignment mapping all x € X to
V(x) +t. We write v for the initial assignment mapping all clocks to 0 (when the
domain is understood). The set ®(X) of clock constraints over X is defined as:

O = true|x>c|x=c|-0|6 A&
where ¢ is a bound time constant in QZO and we can derive false, <, <, >, V in

the standard way. The set of free clocks in J, denoted as fin(8), is inductively as:

f(true) =0  fa(x>c)=fu(x=c)={x}
fn(=8) =fn(8)  fn(81 A82) = fn(81) U fn(8)

We write 8(X) when fn(8) = %, and let v |= & denote that J is satisfied by v. A reset
predicate over X, ranged over by A, is a subset of X. The empty set of A means that
no reset occurs, otherwise the clock for each x € A is set to 0. We write [A — 0]v
for the clock assignment that is like v except all clocks in A are assigned to 0.
Participants (p, q,p1,- .- € N) interact via asynchronous message exchange. An
interaction consists of a send action and a receive action, and each action annotated
with a clock constraint and a reset predicate. The constraint specifies when that
action can be executed and the reset predicate specifies if clocks must be reset or
not. For simplicity, we assume that each participant is associated with one clock

and denote by x; the clock of p.

Definition 3.2.1 (Syntax of Global Types). The syntax for sorts S, timed global

types G is:
S == (G)| (T,d) | bool | nat | ...
G = p—q:{li:(S){A}.G}lier | ut.G | t | end
A a= {6077\‘078177\’1}

In G, type p — q: {li : (Si){A;}.Gi}ic; models an interaction: p chooses a
branch i € I, where [ is a finite set of branch indices, and sends q the branching
label /; along with a message of sort S;. Then the session continues as G;. It is noted
that sort (7',8) stands for session delegation. Each interaction branch is annotated
with a time assertion A; = {80, Ao, 8, A1}, where 8o and Ao defined on {x;} are
the clock constraint and reset predicate for the output action, and d; and A; defined
on {xq} are for the input action. We write p — q: (S){A}.G’ for the interactions
with only one branch. In recursive type ut.G, a type variable t is associated to the

recursion body G. We assume that type variables are guarded in the standard way
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and end occurs at least once in G . We write P(G) as the set of participants of G.

Example 3.2.2 (Temperature calculation). We show below the global timed type
G for the protocol in §3.1. We write _ for empty reset predicates.

Bé = {XM = O,XM}

def . 1 pl /
G ;f M— W: (task){Bg,B; }.ut.G B — {1 < vy}
G = W—M:(data){B3 B3}. B2 = [xw < woxa)
M — R: {more: (data){B3,B3}. B2={xy=20+w, _}
M — W: more(task){Bg,Bi}.t, By ={xu=2+w, _}
stop : (data){B3,B3}. B = {31+ w < xp,xa}

Bg = {XM = 2[+W,XM}

M — W : stop(){Bg,B?}.end
{Bg,B1}.end} BY = xy = 20x)

3.2.2. Labelled Transition System for Timed Global Types

The LTS for TGs is defined over states of the form (v, G) and labels as:

€= pqll(S) | pq?l(S) |t
where pq!/(S) is a send action (i.e., p sends [(S) to q), pq?/(S) is the dual receive

action, and t € RZ? is a time action modelling time passing. We denote the set of
labels by L and let

subj(pq!l(S)) =
subj(qp?l(S)) =
subj(t) =0
The syntax of G is extended with p ~~ q: {/: (S){A}.G} to model the state in
which message /(S) has been sent by p but not yet received by q (as in [DY13]).

%
P

When defining the semantics for 7Gs, we need to prevent time steps that are
too big and would make the clock constraint of some of the actions ready to be
executed, or ready actions, unsatisfiable. The ready actions are those that have
no causal relationship with actions that occur earlier, syntactically. The TG in
(3.1) has two ready actions since the send actions of p and of k can happen in any
order due to asynchrony; the time elapsing intervals that would invalidate either
{xp <20} or {xx < 10} should be prevented.

p—q: (int){xp, <20, _,true, _ }k —r: (int){x <10, _,x, =10, _} (3.1)

In general, a ready action can have multiple branches and hence be annotated with

a set of constraints (e.g., {§;}ic;). Below, function ready(G,D) returns the set
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of constraints of all ready actions in G. D is a participants and is initially empty.
It is used to keep track of the causal dependencies between actions. We write
ready(G) for ready(G,0).

ready(p — q: {/i : (Si){80i,20i,01is M} -Gitier, D)

. {80i}icr Uici ready(Gi,DU{p,qa}) ifpgD
N Uicrready(G;,DU{p,q}) otherwise
ready(p~ q: {l: (S){d0,r0,01, N }.G},D)
) {8} Uready(G,DU{q}) ifq¢ D
N ready(G,DU{q}) otherwise

ready(ut.G,D) = ready(G,D)
ready(t,D) = ready(end,D) =0

We write v =" ready(G) when the constraints of all ready actions of G are still

satisfiable in v. Formally,
v =" ready(G) iff V{3, }ic; € ready(G)3r >0, je€I, v+t |=39;

By requiring the satisfiability of some j € I we allow that each action can be
executed at any time allowed by its constraints, instead of the earliest possible time.
In this way, the semantics of 7Gs specify the full range of correct behaviours.

The transition rules for global types are given in Figure We assume the
execution always begins with initial assignment vo. Rule [seLect| models the
usual selection activity except that the clock constraint of the selected branch j is
checked against the current assignment, i.e., Vv = 8¢, and the clock assignment Vv’
is updated with reset predicate Ap. Rule |srancu] is dual for selection. Rule | tive |
shows time passing by incrementing all clocks; the clause in the premise prevents
time steps that make the clock constraints of some ready action unsatisfiable.

Rules [ asynci] and | async2 | model interactions that appear later (syntactically)

but are not causally dependent on the first interaction. For instance, in (3.2]) below
p— q: (int){x, <20, _,true, _ }.r = k: (int){xy <10, _,true, _} (3.2)

the second interaction could happen before the first one as p and r are not causally
related; in this case (3.2)) would move by | asyncl | to

p—q:(int){xp <20, _ ,true, _ }.r ~ k: (int){x; <10, _,true, _} (3.3)
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jel Aj:{50,7\,0,51,}u1} V’ZSO V/:p\,()i—>0]\’

1;{S;)
(v,p = q: {li: (S)H{A}.Gihier) 25 (Vip~ q:11(S;){A;}.G))
| SELECT|
VES V =[N—0v L J
BRANCH
v.p~ aq: {11 ({80, 20,8016 2 (v )

V,.Gut.G/]) & (V.G

|REC]

(v,ut.G) 5 (V.G
Vkel (v,G) - (V.G,) pagsubjt) (#1

(v,p = q:{li: (Si){Ai}.Gi}ier) 4 (Vsp = q: {li: (Si){Ai}.Gi}ier)

|ASYNCI |

(v.6) & (V.G) af subi(l) o)
(vp~a:{l: (){A}GY) 5 (Vip—a:{l:(S){A}.G'})

v+t E=* ready(G) v

v,G) & (v+1,G)

Figure 3.2.: Labelled Transition for Timed Global Types

3.3. Timed Local Types

Similarly, we extend local types with constraints on clocks, yielding timed local

session types (TLs).

3.3.1. Syntax of Timed Local Types and Projection Definition

Definition 3.3.1 (Syntax of Local Types). The syntax for sorts S and timed local

types T is:
S == (G) | (T,d) | bool | nat | ... (sort(T,d) is for session delegation)
T L= p@ {ll : <Si>{Bi}-Ti}ie[ | p&{ll . <Si>{Bi}-Ti}i€[ |,Ut.T ‘ t ‘ end
B == {3}

In 7, we model interactions from a participant’s local viewpoint. It is

denoted either as selection types p @ {l; : (Si){Bi}.Ti}ic1 or branching types
p&{l; : (Si){Bi}.Ti}ic;. We write the projection of G onto p € P(G) as G .
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The definition is standard except each time assertion {8¢, Ao, 8;,A;} is projected
onto the sender/receiver by keeping only the output part {dp,Ap} or the input
part {8;,Ar}, e.g., if G =p—q:{li: (Si){Bi,B;}.Gi}ics then G ly=q® {I; :
(Si){Bi}.Gi lptier and G Lq=p&{l; : (S){Bi}.Gi lq}ier.

Definition [3.3.2] describes how to project algorithmically a TG onto its
participants. In this chapter, we consider the global types that are projectable on

all their participants.

Definition 3.3.2 (Projection). Given G the projection of Gonap € G, written G |,

is recursively defined as follows assuming p # qg:

a®{li: (Si){Boi}.Gilr}ier ifr=p
(1) p—a:{li: (Si){Boi,Bii}.Gi}ier 4r= { p&{li : (S){B1;}.Gi Iz }icr ifr=q
UierGi dr otherwise
pt.(Gle) ifGle#t
end otherwise

(2) (/Jt'G) de= {

(3) tl.=t
(4) end|,=end

If no side condition applies then G is not projectable on p. The time assertions
are projected straightforwardly: {8¢,Ao,8;,As} is projected onto the sender side
by keeping the output part {dp, Ao} and onto the receiver side by keeping the input
part {8;,A;}. The rest of project definition is standard. Case (1) uses the merge
operator LI [YVPHQ9, IDY11] to ensure that if the locally observable behaviour
of the projected local type is not independent of the chosen branch, then it is
identifiable by r via a unique label. If the branches cannot be merged then the
side condition of case (1) is not satisfied.

The merge operator LI [YVPHQ9,IDY11] is defined below

p&{l;  (SH{B}.Ti}ier LD &A1+ (S{B}}.T Y jes &

P& ({l : (SO{Bi}-Ti ke g Ul - (SOAB} T beeru
U{lk : <Sk>{Bk}.Tk LJ Tk/}kelﬁ])
where for each k € INJ, pr = p}, Sk = S}, and By, = B

and ensures that either (a) the locally observable behaviour of the projected local
type is either independent of the chosen branch (i.e., G; .= G, | foralli, j € 1), or
(b) the chosen branch is identifiable by r via a unique label. If the side condition of

the merge operator is not satisfied then the two timed local types are not mergeable;
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in this case, the side condition of case (1) of Definition [3.3.2] of projection is not

satisfied.

Definition 3.3.3 (Projectable TG). We say that G is projectable if there exist
{ Ty }pen(c) such that for all p € P(G), G |p= T,

In this chapter, we implicitly consider all G projectable.

Example 3.3.4 (Temperature calculation). We show below the local timed type G
for the protocol in §3.1]. We write _ for empty reset predicates.

Glu & we(task){BLl}.
ut. W& (data){B2}.
R® {more : (data){B3}. 4 Bl = {on = 0y}
W@ more : (tas13<>{B0}.t, Bl = {I < xy,xy}
stop : (data){Bg}- B3 = {xy < w,xy}
Wstop : (){Bj}.end} B2 ={xy=2l+w, _}
Gly ¥ M&(task){B!}. By ={xy=20+w, _}
ut. M@ (data){B3}. B} = {31+ w < xp,xn}
M&{more : (task){Bi}.t, Bg = {xy =21+ w,xy}
stop: (){B4}.end} B ¥ (=20}
Gln & ut.u&{more: (data){B3}.t,
stop : (data){B}}.end}

3.3.2. LTS for Timed Local Types

The LTS for TLs is defined on states (v, T), labels £ and by the rules in Figure[3.3]
using the same sets of labels as for timed global types, where v is a clock
assignment with domain xp.

In rule [LTive|, V41 =" ready(T) is defined as in but relying on the
function ready() on timed local types from Definition [3.3.5]

Definition 3.3.5 (Ready local clock constraints).

ready(p @ {li: (Si){8i, Mi}.Ti}ier) = ready(p&{li: (Si){di i} Titier) = {8;}ier

ready(ut.T) = ready(T)
ready(t) = ready(end) =0
Given a set of participants {1,...,n}, we define the configurations s ::=
(Th,..., Ty,
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jel Bi={§A} viES V =[A—0]v

s |LSEL]
v, a® {li: (S){B} Ti}ier) 1% (v, 1))
jel Bj={8\} vE3 v;sp;HO]v Lok
(Voq&{li (S8} Tihier) =205 (v, T))
L / ! *
v, T[ut.T/t)) — V,T')  v+rE*ready(T) |LREC/LTIME]

(vutT) 5 1)  vT) 5 (v+1,T)
Figure 3.3.: Labelled Transition Rules for Local Timed Types

W) where W = {wjj}izje(1,. ) are unidirectional, possibly empty (denoted by

ERRES)

€), unbounded channels with elements of the form /(S). The LTS for configuration

is defined as follows and v is the overriding union (i.e., Dje{1,....,} Vi) of the clock

5eey

assignments V; of the participants.
vV, (T1,. . T W) 5 (VL(T7,... T W) iff:

C=pqll(S) = (Vp.Tp) 5 (V5. T) Awhy = wpq- [{S) A (ij # pa= wij =W, AT, =T})
(=pq(S) = (Va.Ta) = (VL TY) AL(S) - Why = Wpq A (ij # pa = wij = W), ATj = T))
(=t=Vi#je{l b (iT) 5 (vitt,T)Awyj=w,(withp,q,i,j € {1,...,n})
We denote by ~ the standard weak bisimulation, and often omit initial assign-
ments.
We prove that soundness and completeness are preserved through projection.

Before showing the theorem, we present the following lemma.

Lemma 3.3.6. Let G be a (projectable, see Definition TG, and Vv be the
overriding union of the assignments vy, of all p € P(G), then for all p € P(G):

v+t =" ready(G) iff Vvp+t|="ready(Glp)

Theorem 3.3.7 (Soundness and completeness of projection). Let G be a timed
global type and {Ti,...,T,} = {G lp}per(c) be the set of its projections; then
G~ (Tl,...,Tn,é).

Proof. The proof of Theorem proceeds as the proof of Theorem 3.1 [DY13]].
First, we define (as in [DY13]) a behaviour-preserving subtyping relation 7 <
T’ between timed local types which allows adding branches in branching types

but not selection types. This subtyping is extended to configurations as follows:
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(v, T W) < (V',T',W) if w =W, v=V"and Vp € P, T, < T, and we obtain the
following property: if (v,T,w) < (V/,T/,W') then (v,T,w) ~ (V/, T/, W).

Second, to match global and local types step by step, as in [DY13], we extend
projection to intermediary steps and define projected configuration of a global type
G, written [[G]] {qu}pq c(g) 10 take into account the content of channels by adding

into the channels the messages sent in intermediary states i.e.,

[~ q": {1 (S){A}.G}H{Wpatpaer(6) = [GI{Wpatpaer(c)Wpa = Wprq - 1(S)]

Third, as in [DY13] we prove the following step equivalence which directly
yields the theorem: if [[G]] < (v, T, W) then G & G & (v,T,w) = (V,T'.W)
and [[G']] < (V/, T',W).

The step equivalence is proved by induction on the structure of the transition of
G. For soundness we assume (v, G) EN (V/,G’) and show that the corresponding
configuration (v, T, W) can then make a step £ into (v, 7", w") < (V/,T’,w') where
(V,T',W) is the projection [[G’ H{qu}pqeip(c) of G'. All the cases are identical
to [DY13]], observing that, by projection, if the clock constraints of G are satisfied
then also the constraints in the corresponding configuration are satisfied since both
cock constraints and reset predicates of G are the same as those of its projections.
The only step that is not treated in [DY13] is the time transition by |Tive|. This
cDese follows by Lemma In fact, if (v,G) - (V/,G') then the premise
of |TiMe| —V+1 =" ready(G) —is satisfied. By Lemma[3.3.6] v+1 =* ready(G)
yields v+t =* ready(T;) for all projections 7; hence the premise of |LTime| for
all 7; is satisfied and the configuration can make a time step ¢.

Completeness proceeds similarly to [DY13] except the step | Tive | which also
follows by Lemma|[3.3.6] O

3.4. Multiparty Session Processes with Delays

In this section, we present the theory of timed multiparty session calculus. We
define the semantics of multiparty session processes with delay primitives and
show the process reduction rules. The typing system of timed session calculus
is defined for verifying the program. We also extend to runtime processes that
include runtime queues and define the corresponding reduction rules and proof
rules. Finally, we define and prove the theorems of type preservation and timed

error-freedom.
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3.4.1. Syntax of Timed Session Calculus

We model processes using a timed extension of the asynchronous session calculus[CDCYP135]].

The syntax of the calculus with delays is presented below.

Definition 3.4.1 (Syntax of Timed Session Calculus).

P == un|(y).P Request

| uli](y).P Accept

| clp]<l{e); P Select

| clp]>{li(z).P; }ier Branching

| clp]<{(c,v); P Delegate

| clp]>((y)).P Session receive
| delay(t).P Delay

| ifethenPelse( Conditional

| P|Q Parallel

| 0 Inaction

| uX.P Recursion

| X Variable

| (va)P Hide Shared

| (vs)P Hide Session

| s:h Queue

h:= 0|h-(p,q,m) (queue content)
m = 1{v) | slp] (messages)
cu= S|y (session names/variables)
ust= alu (shared names/variables)
e= v| el ope (expressions)

v = clultrue | ... (values)

Process u[n](y).P requests, along u, to start a new session y (with n participants)
as participant 1 and continues as P. Process u[i](y).P accepts an invitation to
engage in a new session as participant i. Select c[p]<(e);P sends message /(e)
to participant p in session ¢ and continues as P. Branching is dual. In e we let
op denote predefined binary operators over expressions. Request and accept bind
y in P; branching binds z; in P;. We introduce a new primitive delay().P that
executes P after waiting exactly ¢ units of time. Note that 7 is a constant (as in
[BYO7, ILZ0S5) [LP12]). We often omit 0, and the label in a singleton selection or
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0) A Tl allOLR — (9Lt PO 5:0) £

LINK

slql<l{e);P|s:h — Pls:h-(p,q,l{v)) (elv) |[ser]

slaj>{li(zi).Pities | s: (p,a,Lj(v))-h  — Pj[v/zj]|s:h (jeld) | Bra |
slal<{(s'[P')):Pls:h —  Pls:h-(p,q,s'[p']) [ DeL]
sla>((¥)-Pls:(p,a.s'[p]) - — Pl'[P]/y][s:h [sRec]

Hjejsj hj | [Tic;delay(t).P, — Hjejsj hj | [Tic; Pi | DELAY |
P— P P#(vii)(delay(t).R| Q") imply P|Q— P |Q | com |

Figure 3.4.: Reduction for processes

branching. We denote with fnP the set of free variables and names of P. We define
programs as processes that have not yet engaged in any session, namely that have
no queues, no session name hiding, and no free session names/variables.

The reduction rules are given in Figure In |seL] we write e | v when
expression e evaluates to value v. Rule |[DeLay] allows a delay to elapse
simultaneously for a number of parallel processes. Note that # must be the same for
all P; and that we can use the structural equivalence rules to conveniently arrange
delays. Rule |com| (n stands for s or a) enables part of the system to reduce as

long as the reduction is not by | DeLay | on P. The other rules are standard.

Example 3.4.2 (Temperature calculation). Process Py is a possible implementation
of participant M of the protocol in Example [3.3.4} note the correspondence between
Py and G |y from Example Assuming that at least one task is needed
in each session, we let task() be a local function returning the next task, and

more_tasks() return true if more tasks have to be submitted and false otherwise.

Be X sM[W] < (task());uX delay(2l +w). s|M][W]>(y);if more_tasks()
then s[M|[R] <more(y);s[M][W] <more(task()); X
MR

else s[M][R] astop(y);s[M][W] <stop();end
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3.4.2. Structural Equivalence and Proof Rules

Structural equivalence for processes is the least equivalence relation that satisfies
the standard rules from [CDCYP15] plus the following rules for delays:

Plo=P Plo=0|P (P|Q)|R=P|(QIR

()P Q= (wn)(P|Q) ifn¢fmQ

(va)(va')P = (vi')(vn)P (vr)0 =0

X .P = PuX .P/X]

(vs)s:0=0

s:(p,qn)-(p.qn") -h=s:(p'.q,n) (p,qn)-h  ifp#p orq#q

The rules at the top are standard. We just recall that rule (vs)s : @ = 0 is for garbage
collection of queues of terminated sessions, and the rule for queues in the last line
(on the top) is for permuting messages that are causally unrelated (i.e., can be
received in any order due to asynchrony). At the bottom, delay(z).delay(t').P =
delay(r +1').P breaks a delay into smaller intervals, delay(0).P = P always
allows time to elapse for idle processes, and the rules in the second line distribute

a delay within a shared name restriction and in parallel compositions.

Proof rules. We validate programs against specifications based on TLs, using
judgements of the form I' - P> A and I' - e : § defined on the following
environments:
r:=0|Tu:S|TX:A Az=0|Ac:(v,T)

The type environment I" maps shared variables/names to sorts and process variables
to their types, and the session environment A holds information on the ongoing
sessions, e.g., A(s[p]) = (v,T) when the process being validated is acting as p
in session s specified by T; v is a ‘virtual’ clock assignment built during the
validation.

Resets can generate infinite time scenarios in recursive protocols. To ensure

sound typing we introduce a condition, infinite satisfiability, that guarantees
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regularity across different instances of a recursion.

Definition 3.4.3 (Infinitely satisfiable). G is infinitely satisfiable if either: (1)
constraints in recursion bodies have no resets, no equalities nor upper bounds (i.e.,

x < corx<c),or (2) all participants reset at each iteration.

In the rest of this section, we assume that 7Gs are infinitely satisfiable. As
usual, in the validation of P we check I' = P'> A where P’ is obtained by unfolding
once all recursions uX.P” occurring in P. This ensures that both the first instance
of a recursion and the successive ones (all similar by infinite satisfiability) satisfy
the specification.

We show in Figure proof rules for programs. Rule |VReq| for session
request adds a new instance of session for participant 1 to A in the premise. The
newly instantiated session is associated with an initial assignment vq for the clock
of participant 1. Rule | vacc| for session accept is similar but initiates a new session
for participant i. Rule |vBra] for branching processes checks all the branches
in 1. If the received message is a session (i.e., S; = (7;,04)) a new assignment
zi+ (vg,Ty) is added to A in the premise. This can be any assignment such that
V4 |= 84. Rule | vseL] for selection processes checks that the clock constraint §; of
the selected branch j satisfies the current assignment v, and updates, in the session
environment of the premise, the clock assignment as prescribed by A;. Rule | vDeL |
for delegation requires 8, to be satisfied in the assignment v, of the delegated
session, which is removed from the premise. Rule |vTmve]| increments the clock
assignments of all sessions in A. Rule |VEnp| validates 0 if there are no more
actions prescribed by A. Rule | vDer| extends I' with the assignment for process
variable X. Rules |vPar| and [vconp| are standard. Rule [vcacd] validates, as

usual, recursive call X against I'(X) (and possibly some terminated sessions A').

3.4.3. Extension to Runtime Processes

In this subsection, we extend the typing system of programs to type run-time
processes in which sessions have been initiated and queues may be non-empty.
This extension is necessary for subject reduction.

We first extend timed local types to include run-time queues.
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[u:GFPrAy[1]: (vo,[ G1)
dom(vg) = {x1}
I u:Gkunl(y).P>A

Tu:GEFPrAy[i]: (vo,| Gi)
dom(vo) ={x;} i#1
[u:GFulil(y).PrA

jel Fl—e:Sj F"PDA,CI([)\.j’—)O]V,T/‘) V)ZSJ'
'+ C[p] <llj<e>;Pl>A,C : (V,p@{li : <Si>{8i,>‘ai}~Ti}i61)

CEPoAc: ((A=0lv,T)  VvES v,EY,

CEclp]<a{(c);PrAc: (v,p® {(T4,84)){8,A}.T"),c" = (va, Tu)

Viel F,Ziisil—PiDA,Ci([7\4'-)0]\’,7}) V'ZSI'

Uk clplo{li(zi)-Pi}ier>A, ¢ 2 (v, p&{li = (Si){8:, Ai} - Ti }ier)

TFPoAc: ((M=0v,T),y: (v, Ty) VES vsE8,
TF cp]>((y).PoAc: (v,p&{(Ty,84)){8,A}.T")

dom(A))Ndom(A) =0 THP>A i€{1,2}
F"P1|P21>A1,A2

I'Fe:bool THP>A i€{l,2}
'k if ethen Py else P,>A

I'EPo{c;: (vi+t,T;)}ier
't delay(t).Po{ci: (vi,T}) }ier

Ve € dom(A)  A(c) = (v,end)
'-0>A

TX:AFPoA
I'uX.P>A
Ve € dom(A')  A(c) = (v,end)
TX:AFXbA N

Figure 3.5.: Proof Rules for Programs
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M == (p,U)|M;M Message Types

T M|T|M;T Generalised Types

S = M|(v,T) Generalised Specifications
U == IS)

The equivalence relation = for generalised specifications is as follows:

(U U M= (U (p,U;M ifp#p
M =M implies M; T =M';T
T =7’ implies (v, T) = (v,7")

We will use (generalised) session environments mapping s[p| to generalised
specifications. A session environment can be combined with another session

environments containing only message types as follows:

Aslpl :M';M  if A=A s[p] : M’
As{slp] : M} = .
A,slp] : M otherwise

Figure [3.6] generalises the proof rules for programs in Figure [3.5]to processes.
The proof rules for queues are on the top of Figure[3.6] The generalised proof rules

rely on the following definitions:

e A=ANifc:S€Aand S # (v,end) imply ¢: S € A" with § =" and vice

versa.
o AxA' =A\dom(A)UA \dom(A)U{y: 5«85 |y:S€ANy: S5 e}

S$;8 if S is a message type
o Sx85'=< 55 ifS isamessage type

undefined otherwise

Note on coherence of § The projection of the generalised local timed type | Tq

is a straightforward extension of the one in [[CDCYP15]] (where constraints are just

projected as they are). The duality relation of local timed types, written T <1 T” is

also derived from [CDCYP15] (where the relation holds for any clock constraints

and reset predicate). (v,T) < (V,T) if T > T'. We say that A = {s[p;] : Si}ies is

coherent if s[p| : (v,T) € Aand | Tq # end imply s[q] : 7" € Aand | Tq < T'p.
Reduction rules for session environments are in Figure
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I'ks:h>A I'tv:S

TFs:050  Trs:h (o, ()oAi{slp]: (@i(S)) o /e
I's:h>A
: T’ ] - . . |QDEL|
T st h (poa P e AP : (v 1) ) (a0 (T.0)F
I'EPrA A=A I'EP>A T-QOsA ] .
TFPoA THP[QsA+A [EQUIVI/LGPAR]
[a:(G)FP>A THPoAN;{s[p]:SiYier  {s[pi]: Si}ier coherent
' (va)P>A [k (vs)P>A
|GNRES/GSRES |

Figure 3.6.: Proof Rules for Processes (the rules on the top are for queues)

icdJ 9 ':V ifA\;=0thenV =velseV =0

{slpl: (v, Msq @ {1 = ({8, A} Tj} jes) } — {slp] = (Vs M3 (@, li{Si)): Ti) }

[RSend]
ieJ §Fv ifA;=0thenV =velsevV =0 RRec]
{slp] : (v, {a, 1i(Si)); T)ssla) : (V. p&{L; - (Si){8;,Mi} T} jes)} —
{slp]: (v,T);s[q] : (V',T1)}
Viel,jel, vij+t |=ready(7;) Rtime]
silps] : (vijs Tp) Yjen Yier — {{silpy] + (Vij+1,%;) } jess Vier
A— A A not after A
[RPar]

AUA" — ANUA

A’ not after Aif Vs[p] € Dom(A), A(s[p]) = (v,.S) implies
A (s[p)) is either (v,5) or (0,5’) for some S’

Figure 3.7.: Reduction Rules for Specifications
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3.5. Type Preservation of Timed Processes

The proof rules in Figure[3.5|ensure type preservation under structural equivalence,

which we prove below after giving an auxiliary lemma.
Lemma 3.5.1. If A = ApxAg and dom(Ap) Ndom(Ag) =0, then A+t = (Ap +
1)* (Ag +1) and dom(Ap+t) Ndom(Ag+1) = 0.

Before proving the theorem of type preservation under equivalence and

reduction, we need auxiliary lemmas.

Lemma 3.5.2 (Inversion Lemma). The following holds (by induction on deriva-

tions):
1. fTEP|QO>Athen A=Ay %Ay, and T+ P>Ap and T H Qb A,.

2. IfTF c[p]<li(e); P A then

a)The:S

b) iel,

c) A=AN,c: (v,p&{l: (S{8;, A} T} jes),

d) §; =V,

e) TEP>A c: (V,T;) withV' =V if \; = 0 and V' = 0 otherwise.
3. IfTFc[p]<{(c')); P>A then

a) A=N,c: (v,p®((T4,80)){8,A}.T),c" = (Va, Ta),

b) dEv,

¢) 84 =V,

d) TEPrA c: (V,T)withv' =vif\; =0and V' =0 otherwise.
4. IfT'tc[p]>{li(zi)-Pi }ic1> A then

a) A=A c: (v,p&{l;i: (Si){0i,Ai}.T; Yier),

b) Yiel § v,

) VielITkEPR/zipAc: (V,T;) withV =v if ,; =0 and V' =0

otherwise.

5. IfTFclp]>((v).PrA then

a) A=A c: (v,p&{((T;,84)){8,\}.T),
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b) 6,’ ):V,
¢) 84 = Va,
d TEPoANc:(V,T),y: (va,Ty) with V' =v if Ay =0 and V' =0
otherwise, and V4 |= 3.
6. IfT'+delay(t).PrA then
a) A={c;: (vi,Ti)},
b) F"PD{C,‘ : (Vith,Ti)}
7. IfTEs:h-(p,q,l[{v))>A then

a) A=N;{s: (g, (S},
b) Tk s:hoA

8 IfTFs:h-(p,q,5[p]) >A then

a) A=A;{s:(q,((T,82)))},5'[p'] : (Va, Tu),
b) Tks:hoN

Lemma 3.5.3 (Satisfiability upon validation). If I' = P> A with A = {c; : (V; +
t,T;) }icr for somet > 0 then Vi € I, vi+t =" ready(T;).

Proof. The proof is my induction on the proof tree of P, with a case analysis
of the final rule. We only show the case for selection. The cases for delegation
and branching proceed similarly to the case for selection. The remaining cases
are straightforward (e.g., for parallel, delay and recursion they hold by inductive

hypothesis, for end and recursive call ready() is trivially satisfiable). If the last
rule is |vsed|, ' c[p] <l (e); P>A. By Lemma @)

A= A/,C : (V+t,p@{lj : <Sj>{8j,7\.j}.Tj}jej) kel 3.4
and
Oy =V+t 3.5
By Definition [3.3.5]
ready(p @ {/; : ($;){8;,A;}.Tj}jes) = {8} jes (3.6)

By Definition it is sufficient that one of §; is satisfiable for {;}c; to be

satisfiable. Hence by (3.5), (3.6) is satisfiable after 7 in v, i.e., v+1 =* {8} jes.
The thesis follows by induction. O
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Theorem 3.5.4 (Type preservation under equivalence). If ' = P>A and P = P’
thenT = P'>A.

Proof. We only show the cases for delay processes. The other cases are as in
[CDCYP15].

The case for delay(¢).0 = 0 follows from the fact that both processes can
always be validated (for all 7): the first by one application of rule | vTive]| and one
of |Exp |, and the second one application of rule [Exp|.

The case for delay(r +1').P = delay(t).delay(t’).P proceeds as follows. If
'+ delay(r).delay(t').P>A then by Lemma[3.5.2](6) we obtain ' P>A+1+1'
which by associativity of sum of non-negative reals yields

CFP>A+(t+1) 3.7)

By proof rule |vTive| on (3.7) we obtain I' - delay(z +1¢').P>A as required. If,
reversely I' - delay(t +¢').P>A by applying once Lemma (6) we obtain
'+ P>A+ (t+1') which by associativity of + yields

CFPoA+t+1 (3.8)

By applying twice rule | vTive]| on (3.8)) we obtain I'F delay(r).delay(¢').P>A .
The case for delay(t).(va)P = (va)delay(t).P proceeds as follows. We first
consider the case I' - delay(z).(va)P>A. By premise of | vTive],

Tk (va)PsA+t (3.9)
and by premise of | GNRes | on
Ia:(G)FP>A+t (3.10)
We apply as a premise of | vrive | obtaining
I'a:(G) F delay(r).P>A (3.11)

and apply (3.11) as the premise of |GNRes]| obtaining I' - (va)delay(r).P>A as
required. The case for I' - (va)delay(t).P>A proceeds similarly.
The case for delay(t).(P | Q) = delay(t).P| delay(z).Q proceeds as follows.
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If '+ delay(¢).(P | Q)>A then by premise of | VPar|
'k delay(t).P>Ap 't delay(t).0>Ap (3.12)
where A = Ap * Ag and by the premise of | vTive| on each judgement in (3.12)
CFPsAp+t  TFQbAg+t (3.13)

We apply both judgements in (3.13) each as the premise of | vPar| and by Lemma

@.5.1):
THP|QbA+t (3.14)

We apply (3.14) as the premise of | vTive]| obtaining I' - delay(7).(P | Q)> A, as
required. The case for ' delay(t).(P | Q) >A proceeds similarly. O

Theorem 3.5.5 (Type preservation for open systems). If ' P>A and P — P/,
then there exists A’ such that A — A and '+ P' >N

Proof. Theorem[3.5.5|requires to extend the typing rules for programs to processes
(this extension is mechanical and similar to the one in [CDCYP15]], and is reported
in Appendix [3.4.3). The proof is by induction on the derivation P — P’, with a

case analysis on the final rule (using Theorem 3.5.4]for the structural equivalence).

e |Link]| - This case proceeds as in [CDCYPI13] (Appendix A - Proof of
Theorem 4.1).

e [seL] - If the reduction is by |seL] then s[q|<l;j(e);P|s:h— P|s:h-
(p,q,/(v)) (with e | v), and by hypothesis

I'tslql<lj(e);P|s:h>A

By Lemma [3.5.2] (1))
Tk s[q)alj{e): P> A (3.15)

and
I'ks:hoAy (3.16)

with A; x Ay = A. By Lemma[3.5.2| (2) on (3.13)

A=Ay s:(v,q@ {Li: (i) {8 Mi} Ti}ier) (3.17)
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with I' = e : §; which, by subject reduction of expressions, yields
'=v:s; (3.18)

Furthermore, also by Lemma [3.5.2](2)) on (3.13):

CEP>A},s: (V,T;) withv' =vifA; =0and V' =0 otherwise (3.19)
8=V (3.20)
By |[Qsexp] on (3.16) we derive
Chs:h(p,q,0i(v)> A0, {s:(q,1;(S;)} (3.21)
Using |GPar] on (3.19) and
CEPls:h(p,qli(v)>(A),s: (V,T;))+ Agi{s: (q,;(S)}

Note that by |RPar | with premise |RSexp | — the latter can be applied thanks
to (3.20) — on A; * Ay where A, is as in (3.17):

(A1,s: (v, @l (S8, Mk Tibier) x Ao — (A1, 51 (V! T))) % (A2, {2 (q,1;(S;)) })

|Bra| - If the reduction is by |Bra] then s[q]>{/;(z).P;}ier | s: (p,q,Lj(v)) -
h —s P;[v/z;] | s : h, and by hypothesis

'+ S[(ﬂ D{li(zi)-Pi}iEI | A (p,q_7 lj<v)) -h>A
By Lemma [3.5.2] (1)
FI‘S[C]JD{I,‘(Z,‘).P,’},‘GI >A; (322)

and
I'Es:(p,q,lj(v) -hoAs (3.23)

with A; %Ay = A. By Lemma[3.5.2] @) on (3.22)

Al = /1,S2 (V,q&{li : <Si>{8i,7\«i}-Ti}ieI) (3.24)
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and

Viel TrFPv/z]lpAls:(V,T;) withv' =vifX; =0and v =0 otherwise

(3.25)
Viel §v (3.26)

By Lemma [3.5.2](7) on (3:23)
Ths:hoAy, A=A {s: (q,0{S))) (3.27)

Using |GPar] on (3.25) and (3.27) for all i € I
CEPv/zj] | s:h>(A],s: (V,T})) Ay

Note that by |RPar | with premise |RRec| — the latter can be applied thanks

to (3:26) —on A x Ay:
(A1, 50 (v, a&{li: (S {8, hi} - Tiier) Ay, {51 (a, 1i(S)) } — (Af,s: (V! T))) %Ay

| SRec | - If the reduction is by | srec] then s[q]>((y)).P |s: (p,q,s'[p]) -h —
P[s'[p']/y] | s : h, and by hypothesis

Tk slal> ()P |s: (p,q,5'[p])-h>A

By Lemma [3.5.2] (T))

Tk s[q]> ().P> A (3.28)

and
I'i-s: (p7q7sl[p/]) h>Ay (3.29)

with A %Ay = A. By Lemma[3.5.2] (3)) on (3.28)

A =A,s: (v,q&((T4,8)){8,0).T) (3.30)

and
CE PP /yeALs: (V. T),s' 0] (Va, Ta) (3.31)

with V' = v if A; = 0 and V' = 0 otherwise; and

) }: v 8d }: A\ (3.32)
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By Lemma [3.5.2](8) on (3:29)
Chs:h>A, A=A {s:{q,((Ty,8,))) },5'[0] : (Vva, Ty)  (3.33)
Using |Gpar] on (3.31) and (3.33):
CEPI [P/ | s:h>Als: (V,T),s'[p]: (Va, Ty) x A,

Note that by |RPar| with premise |RRec| — the latter can be applied thanks

to@—onAl *Ap:

(A0 (v, a&((T4,8a)){8,A}.T) x A, {s: (q, (T, 8a))) }. 5 [P'] : (Va, Tu) —
(A],s: (V,T))x A,

|DEL| - If the reduction is by |Dec| then s[q] < {((s'[p']));P|s:h— P |s:
h-(p,q,s'[p']), and by hypothesis

Tk sla]<{(s'[p]);P|s:h>A
By Lemma [3.5.2] (T))
Tk slq] < ((s'[p'])): Po Ay (3.34)

and
I'ks:hoAy (3.35)

with A; %Ay = A. By Lemma[3.5.2] (3)) on (3:34)

A =A),s: (V,q® (Ty,82)){8,A}.T),5'[p'] : (va, Tu), (3.36)
and
CHPeAls: (V,T) withv =vif A =0and V' =0 otherwise (3.37)

) ): v and J, ): Va4 (3.38)
By |QDEL] on (3.35) we derive

Ths:h(p,q,s'[p']) > A2, {51 (q, ((T4,84))) } (3.39)
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Using |Gpar | on (3.37)) and
CEP|s:h(p,,((T;84))) & (A5 (V! T)) %A, {5 (q, (T, 8a))) }

Note that by |RPar] with premise |Rsenp | — the latter can be applied thanks
to (3:38) — on A; x A, where A, is as in (3.17):

(A1, (v, a® (T, 8a)) {8, A} T) %Ay — (AL, (V' (q, (T4,84))); T)) + A
with

( /175: (Vlv <Q7 <(Td78d)>>;T))*A2 = (All,s: (V/7T))*A27{s; (qv <<Tda6d)>>}

e [DeLay] - If the reduction is by [DeLav| then delay(t).P; [ [Tjess;: hj —
P[ljess;: hj, and by hypothesis

't delay(t).P | Hsj thi>A
jer

By Lemma [3.5.2] (1)

[tdelay(r).P>Ar TH[]sjthjpAy  (3=381%8)  (3.40)
jeJ

By Lemma (6) on (3.40}- judgement on the left hand side) A; = {s;[p;] :
(v, Tj)} jes and

CEPoAT (A = {s;lp;]: (Vi +1,T))} jes) (3.41)

Using (3.41)) as a premise of (| vPar ), observing that dom(A;) Ndom(Ay) } =
0 implies dom(A}) Ndom(Ay)} =0

CEP[[]sj:hj>A) A, (3.42)
jeJ

By Lemma on (3.42)(recall A} = {s;[p;] : (vj+1,T))}jes), T is

satisfiable after 7 in v;, hence by |RTiME| A — A} x Ay.

Theorem 3.5.6 (Type preservation). If '+ P>0 and P — P’ then T P'1>0.
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Proof. In the statement of Theorem[3.5.6] P is typed against empty A meaning that
either (1) P has not started any session yet, or (2) P models a whole system, that is
including all participants of all ongoing sessions, technically P = (v§)P’ for some
§" and with P’ having no free session names.

This is a special case of Theorem [3.5.5] The proof of Theorem 3.5.5|subsumes

that of Theorem [3.5.6). O

Time-Error Freedom

A standard corollary of type preservation is error-freedom. An error state is
reached when a process violates the constraints prescribed by its type. Technically

we proceed as follows:

1. Inthe syntax we annotate selection and branching with clock constraints and
reset predicates, and add error and clock processes:
P = ...|c[p|<l{e){d,A};P | c[p]>{li(z;){di,Ai}.P;}icr | exror | (s,V)

2. We add error | P = error to structural equivalence;

3. In the reduction rules we modify |Link] so that a clock process with initial
assignment is introduced for each participant in the new session, let | TivE |
increment all clock assignments, extend | Sec|/|Bra | so that they check clock
constraints against clock assignments and appropriately reset, and we add
two rules (| SeLErr | and | BRaERR]) that move to error when a process tries

to perform an action at a time that does not satisfy the constraint, e.g.,

slql<l(e){8,A};P | (s,v)|s:h— error|(s,v)|s:h (VI~S) |SELERR]

The proof rules are adapted straightforwardly (with error not validated against

any A).
Lemma 3.5.7. I[fT'F P> A, then P # error.

Proof. The proof of Lemma3.5.7)is mechanical by induction on G proceeding by

case analysis and inspecting the extended proof rules. O
Theorem 3.5.8 (Time-error freedom). If '+ P>A, and P —* P’ then P' # error

Proof. Technically, we can prove error-freedom through the following steps.
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P == u[n|(y).P Request

| ulil(y).P Accept

] clp]<{8,A}l(e); P Select

| c[p]>{{8i,Ai}li(zi).Pi}ies Branching

| clp] <{8,A}{(c",V)); P Delegate

| clp]>{8,A}(()).P Session receive

| delay(z).P Delay

| if ethen Pelse Q Conditional

| P|O Parallel

] 0 Inaction

| uX.P Recursion

] error Error

| X Variable

] (va)P Hide Shared

| (vs)P Hide Session

] (c,v) Clock Assignment
| s:h Queue
h:= 0|h-(p,qm) (queue content)
m = [{v) (messages)

c = sy (session names/variables)
usz= alu (shared names/variables)
ni= als (names)

Figure 3.8.: Extended Syntax of Processes for Time-error Freedom.

Step 1 - extend processes In our scenario an error state, which we call error,
is a state reached when a process violates the clock constraints associated with
the action prescribed by the corresponding local timed type. To model reduction
to error states we extend the syntax of processes with clock constraints, reset

predicate and clock assignment (see Figure [3.8)).

Step 2 - extend reductions The extended reduction rules are given in Figure[3.9]
plus rules |1¢T]|, |IFE|, |Cont], [STR], and |com], from Figure that remain
unchanged. Rule |Link] extends session initiation by adding an initial clock
assignment (s[i],vo) for each participant i of the new session. The rules for
selection and branching, [ser| and |Bra] check clock constraints against clock
assignments and appropriately reset the clock assignments. Rules | Dev | and | SRec |
for session delegation update the set of clock processes. Time actions by | DELay |

increment the clock assignments. We introduce error reductions to be triggered
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when a process tries to perform an action in a time that does not satisfy the
prescribed constraint: |EBra|, |ESeL|, |EDEL| and |ESRec| are error reductions for
send, branching, delegation, session receive. Note that rules |EBra| and |ESREc|
can be applied both when p tries to read too early or too late w.r.t. the prescribed

time.

Step 3 - Extended Validation Rules Figure gives the extended proof rules
for processes with errors and clocks. We show the rules that are different from
Figure [3.5]and omit the rules that are unchanged.

LetI'- Py>A and Py —* P — P'. We proceed by induction and assume that
P # error and proceed by case analysis on the last reduction P — P’.

In the case analysis, we use again induction on the (depth of the tree of the)
reduction rule applied. The inductive cases, |Cont|, |STr] and |com|, and are
straightforward. We consider now the base cases. If the last reduction is by rules
I_LINKJ, I_DELAYJ, LSELJ, |_BRAJ, I_DELJ, I_SRECJ, LIFTJ, or LIFFJ, then P 75 error since
(1) the rules do not introduce error processes, and (2) error processes are a run-time
process which cannot appear as a continuation of P. Furthermore, we can proceed
similarly to Theorem and show that I - P'> A’ for some I and A’ (obtained
by some reduction from I" and A). This yields the result for these cases.

The only reductions that introduce error processes are |ESeL|, |[EBra|, |EDEL],
|ESRec|. We consider |EseL] (the others proceed similarly). Assume |ESeL] can
be applied to P which is therefore of the following form: s[q]<{8,A}/{e); P’. Then
by |ESEL]

-VEJd (3.43)

By hypothesis P is well typed. By inspecting the validation rules, the derivation of
s[q] <{8,A}{{e); P’ is done by applying the rule |vseL|

Ike:S; THP|(s,V)pAs:(V,T) vV =[A;—»0lv VvED
TFs[ql<{8,A}{e);P | (s,V)>A,s: (v,q® {li: (Si){8i,Ni}. T/ }icr)

with the condition v |= 3, which contradicts (3.43) and the fact that |ESeL]| can be
applied. The fact that none of the reductions that introduce errors can be applied
(together with the fact that P # error) yields the theorem. O
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Vie{l,..,n} s¢&fnP,

o)) P [ Thega, oy ali]0)-B — (v5) (Thieqr, oy (BT Gl Vo) [5:0) 1)
elv V=Rk—=0v JdFv (s

s[q]< {8, A} {e);P |s:h| (s,v) — P|s:h-(p,q,l(v)) | (s,V)
j€J  V =[A—=0v  J vV ™

slalo{{8i, Ai}li(zi)-Pities | s+ (pra,1i(v)) - | (s,V) — Pj[v/zj]

|s:h|(s,V)
V=A—=0v dFvV ™

slal {8, AL ('[P, V)i P | s: b | (s,v) | (S'[P], V") — P
[s:h-(p,q, ('[P, V")) | (s[p],V')

V=A=0lv 8FvV |sRec]

slal> {8, AH ()P |5 = (p,q, ('], V")) - 1 | (s,v) — P[s'[p'] /]

|s: k[ (s[p],V) [ ('], V")
deLay(t)-P | TLjes(s; ¢ Ay | Tl (s50pel- ) | — P -

| TTjes (s hj | erK;(sj[PkLVk‘i‘t))

JEJ TV | EBRA |

sla]> {{8:,Ai}i(zi).P;tics | s:h| (s,v) — error|s:h|(s,V)
OV | ESEL|

sla]<{8,A}(e);P|s:h| (s,v) —> error |s:h|(s,V)
T/ OV TRGENY |EDEL |
sla] < {8, A} ('[P, Vs P s : B[ (5,v) | (s[P'],V") — error
|s:h ] (s,v) [ (TP, V")

-0 ':V LESRECJ

sla]>{8,A}((y)).P|s:h|(s,v) —> error|s:h|(s,V)

Figure 3.9.: Modified/Added Rules of Extended Reductions
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Tou:GEP| (y[1],vo)>A,y[1] : (vo,G 1)
dom(vo) = {x1} vo(x1) =0
[u:GFunl(y).PrA

| VREQ]

Lou:GE P (y[i],vo)>A,y[i]: (Vo,G }1)
dom(vo) ={xi} Vo(xi)=0 i#1
[u:GEuli](y).PrA

| vacc|

jel Tke:S; VV=A—0v JiEvVv
CEP|(c,V)|TI(ci,vi)>A,c: (V! T;)
I'tclp]<{8,A}j{e); P | (c,v) [ TI(ci, Vi)
DA, C: (V,p@ {l,’ : <Si>{8i7>\ai}-Ti}i61)

V=RA—=0Vv VvEJd VviE§
L'EP|(c,V)|TI(ci,vi) A e (V,T)
' C[p]<]{6,7\,}<<cl,vd>>;P’ (C,V) ‘ (Clvvd) ‘ H(Ci7vi)
A c: (V,p® ((Ty,04)){8,A}. T"), ¢ : (Va, Ty)

LVSELJ

| VDEL |

Viel Vi=[h—O0v VESY;

F,Z,’ : Si - Pl ‘ (C,V;) | H(Ci,Vl‘)DA,CI (V,‘,Ti)
It clple{{8i Ai}li(zi)-Pities | (c,v) [ TI(ci, Vi)
DA,C: (V,p&{li : <S,‘>{6[,7\.i}.7}},‘€])

VvV =[A—0lv VES viE
Fl_P’ (cvvl) ‘ H(Ci7vi)l>A7C: (V/vT/)vy: (Vdde)

'k cla]e{8,AHW)-P | (c,v) [ (¢, va) [ TI(ci, Vi)
BA, ¢t (v, p&{(Ty,8,)){8,\}.T")
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LVSRECJ

CEP|(s,v+1)] H(ci,vi—i-t)b{c,- S(Vi+1,T) ber
Ut delay(r).P | (s,v) [ [(eivi)o{ei: (vi, ) Yier

dom(A;) Ndom(Ay) =0
CEP>A P=P | (c,v)=cddom(A;) i#je{l,2}
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| VPaR |
I'H P] | PzDAl,Ag

Ve € dom(A)  A(c) = (v,end)
rHo| H(c,-,v,-)pA

LVENDJ

Figure 3.10.: Extended Reduction Rules with Error Processes
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p—q: <int>{xp>37 —7xq:4a —}

p—q:(int){x, >3Ax, <4, _xq=4, _}

p—q:(int){x, >3, _,xq>4, _}

q—r:{li:{xg>3, _,true, _}, L:{xq <3, _,true, _}}

ut.p— q: (int){xp < 1, _,xq =2,xq}.p = r: (int){xp < 5,xp,true,x; }.t
ut.p — q:(int){xp <1, _,xq=2,xq}.p = r: (int){xp < 1,xp,true,x; }.t

A

Figure 3.11.: Examples of non-feasible global types and their amended feasible
versions

3.6. Time-Progress of Timed Processes

This section studies a subclass of timed global types characterised by two
properties, feasibility and global satisfiability, which ensure progress in terms of
time. Then we show the theorem of time-progress to verify the progresses of timed

processes.

3.6.1. Feasibility and Wait-freedom

A TG G is feasible iff (vo,Go) —* (v,G) implies (v,G) —* (V/,;end). Intuitively,
G is feasible if every partial execution can be extended to an infinite one (note
that executions reaching end are infinite). The specified protocol may get stuck
because a constraint is unsatisfiable, for example it is false, or the restrictions posed
by previously occurred constraints are too strong. In Figure[3.T1} in (1), if p sends
(int) at time 5 (which satisfies x, > 3) then there exists no x4 satisfying xq = 4 (x4
must be greater than or equal to 5 to respect the global flowing of time); (2) amends
(1) by restricting an earlier constraint; (3) amends (1) by relaxing the unsatisfiable
constraint. In branching and selection at least one constraint associated to the
branches must be satisfiable, e.g., we accept (4). In recursive 7Gs, a constraint
may become unsatisfiable by the restrictions posed by constraints that occur after,
syntactically, in the same recursion body. In the second iteration of (5) xq = 2 is
made unsatisfiable by the restriction x, < 5 from the first iteration (e.g., p may
send q the message when x4 > 2); in (6) this problem is solved by restricting the
second constraint on xp.

Global Satisfiability. Timed global type Gy is wait-free iff (v, Go) —* Pl
(v,G) and p ~ q : {l : ($){80,A0,01,M}.G'} € G imply &(x) D v(x) < x.
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Intuitively, Gg is wait-free when in all its distributed implementations, a receiver
checking the queue at any time satisfying the constraint §;, never has to wait for
the message. We give below that a process (i.e., P | Q) can get stuck despite being

a correct implementation (with respect to the validation rules) of a feasible 7G.

G = p—q:(int){xp <3V, >3, _,xg<3Vxq>3, _}.
a—=p:i{lii{xg>3, _xp >3, _}, hi{xg<3, _ %<3, _}}

Glqg = p&(int){xq<3Vxq>3, _}.p@{l:{xq>3,_}, bh:{xq<3, _}}

Glp = q®(int){xp <3Vx, >3, _}a&{li:{xp >3, _}, bh:{x, <3, _}}

Q = slp,ql>(x)-sla,p]ah();0
P = delay(6).s[p,q]<(10);s[q][p]>{/i.0, .0}

Q implements G |4: it receives a message from p and then selects label /; both
interactions occur at time O which satisfies the clock constraints. P implements
G lp: it waits 6 units of time, then sends q a message and waits for the reply.
We can validate P | Q against {s[p] : (Vo,G lp),s[q] : (Vo,G lq)} which by
Theorem[3.5.8]all interactions conform to the specification. However the execution

of P | Q will get stuck, i.e., the session cannot proceed as prescribed.

3.6.2. Auxiliary Definitions for Reasoning on Clocks

We extend the definition of clock constraints by allowing them to be defined on
more than one clock. This allows us to compose constraints, and to determine the
possible times at which an action in G can happen on the basis of the constraints
that occur earlier of that action in G. The aim is to check for the satisfiability of a

constraint in all possible execution scenarios.

Definition 3.6.1 (Extended clock constraints). The set of extended clock con-

straints 6 on X is:

O u= true|x>e|x=¢e|-8[81 NS |

e = x|cl|lete

The extension of fc(8) to constraints on multiple clocks is straightforward.

Hereafter we implicitly assume constraints are extended constraints.

Definition 3.6.2 (0 + X). The sum of a constraint with a clock, written 8+ x is

defined inductively as follows: true +x = true, (x’' bop e) +x = x’ bop (e +x) with
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bop € {A,V,=}, (=8) +x = —(8+x). The sum of a constraint with a vector of
clocks is §+% = (8+xo) + & with X =xo+ .

3.6.3. Time Graphs

To make dependencies between constraints explicit when checking feasibility and
wait-freedom, we create a representation of global timed types as time graphs.
Let G be a timed global type; a subterm G’ of G, written G’ € G, is a timed
global type that appears in G. To build the time graph of G we first annotate each
G' € G with a distinguished name, ranged over by . We denote the nodes n of
a timed graph in the form of: (@,i,!) for an output action in the branch i of an
interaction; (m,7,?) for an input action of branch i; (,ut) for a recursive type;
(m,t) for a type variable and the special node end. We build the set of nodes from

an annotated timed global type as follows:

nodes(m:p—q:{li: (S{Ai}.Gi}ticr) = {(@i#)|iel, #c{,2}}U
Uicrnodes(G;)

nodes(n: ut.G') = {(m,ut)}Unodes(G)

nodes(t) = {(my)}

nodes(n : end) = {end}

The set of nodes deriving from G but not from the subterms of G, written
t_nodes(G), is defined as nodes(G) \ {n | n € nodes(G’) and G’ € G}. Vice
versa, we use the function termg(n) to return the subterm of annotated type G
corresponding to node n. We will use the following auxiliary functions that can be

defined straightforwardly from termg(n). Let n € nodes(G) and
termg(n) =p — q: {li : (Si){d0:, 0,81, Mi}-Gitier

then:

e subj(n) returns the participant that is performing the action associated to n.
More precisely: let n = (@, i,#); then subj(n) = p if # =! and subj(n) = q

otherwise.
e const(n) returns: dp; if n = (m,i,!), and §;; if n = (1,7, ?).

e resInfo(n) returns: Ag; if n = (7,4,!), and A;; if n = (1,1, ?).
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All functions above return 0 if termg(n) is not an interaction type.

Definition 3.6.3 (Time graph of a TG). The time graph of G is a pair (N, E) where
the set of nodes N = nodes(G) and E is defined as follows:

e (I/O dependency) for each (m,i,!) and (n,i,?) in N, ((m,i,!),(n,i,?)) € E,

e (single participant dependency) for each pair of nodes n; = (n,i,#) and
ny = (m,7,#) in N, if termg(nz) € termg(n;), subj(n;) = subj(ny) and
n 7é o’ then (n1,n2) cE.

e (syntactic dependency and recursion) for each node n € N:
1. iftermg(n) = wt.G' then (n,t_nodes(G')) € E, and

2. ifn=(n,i,#) and termg(n) =p—q:{1;: (S;){00;, 20,01, M1 }.G}} jes
then for all j such that G; € {t,end}, (n,t_nodes(G;)) € E.

The edges of the time graph of G define an immediate successor relation (i.e.,
(n,n’) € N) between nodes written n < n’. We refer to a path in the time graph
as ng <g ... <G n, or more concisely ng,...,n,. We say that a path ng,...,n,
has postfix n;,...,n, for 0 < i < m. A path from n to n’ is a path of the form
n,...,n’. We write n, p for the path obtained by appending path p to n. Similarly,
we write p,n for the path obtained appending node n to p. We write p \ p for
the path obtained by removing from p all the nodes in p’ (assuming node names

unique within a path).

3.6.4. Checking Feasibility and Wait-Freedom
Feasibility

To check feasibility for G we need to check for the satisfiability of each constraint
in G, in every possible scenario that satisfies the previously occurred constraints.
We also need to take care that each constraint occurring in the body of a recursive
global timed type can be satisfied when the body is executed infinitely many times.

If global types contain recursion, we must consider that the action associated
to each node n in a recursion body can be executed in two different scenarios:
(1) in the first iteration, (2) in successive iterations. In (2) we must consider
that the time scenario in successive iterations is affected by time constraints
occurring syntactically after n in the recursion body. To account for this, we check

feasibility on the one-time unfolding of all the recursions in a 7G. We will show
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the conditions by which only one unfolding is sufficient to guarantee that n will be

also satisfiable in any successive unfolding (hence iteration instance).

Step 1 : all-unfolding. The first step for checking feasibility of G is to make the
one-time unfolding of all recursions in G proceeding bottom-up, that is starting
from the latest occurrences of recursion definitions. Let ti,...,t, be the type
variables occurring in G where if i < j then ut; does not occur after ut; in G. The
all-unfolding of G wrt ty,...,t,_1,t, is defined recursively as the all unfolding
of G[G),/ut,.G,] where G|, = G,|ut,—1.Gp—1/t,—1] wrt t,...,t,_;. Hereafter we
leave the vector of process variable implicit and simply refer to the all-unfolding
of G.

Step 2 : the time graph. A time graph is generated on the all-unfolding of G.

Step 3 : the dependency constraints We define for each node of the time graph
of G a dependency constraint that models the possible time scenarios in which the
action associated to that node is executed (i.e., a virtual time). This virtual time
is calculated by considering that the current instant in time must not precede the
time of past actions. The time of past actions is determined considering the past
constraints (as reset may have occurred, the virtual time must be appropriately
shifted forward wrt constraints referring to reset clocks).

We model the time scenario of node i as 8, and use a function R that takes a
node and a participant and returns the sum of clock states in which this participant
has reset the clock.

Let us set default initial values to recursively calculate the time scenario of
a node: §y = true and R(ng,p) = 0 for all p € P(G). Let n be a node in the time
graph of the all-unfolding of G with § = const(n), subj(n) =p,and M = {n' | n’ €
N and n’ <G n}.

8 & Awenrd (9) A (3(3p) [/ 5p] + R(xl,p)) A (5 < 1)
_ YoemR(@',p) +xp if resInfo(n) = {xp}

Rinp)i= 4 70T
YovemR(@,p) otherwise

Definition 3.6.4 (Dependency constraint and dependency reset). Let n be a node
inGand M ={n' |n' € N andn' <gn}. The dependency constraint of n is defined
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as follows:

def =
8n = /\n’EMSn’

The dependency reset of n is defined as follows:

Rp) ¥ Y R@,p)

n'eM

Step 4 : checking satisfiability of time graph We define time graph satisfiabil-
ity (Definition [3.6.6) in terms of node satisfiability (Definition [3.6.5).

Definition 3.6.5 (Satisfiable node). Let n be a node of the (all-unfolding) time
graph of G, subj(n) = p. We say that n is satisfiable if:

On(%) D Ix.(8(x) +R(n,p)) AN (¥ <x) ifconst(n)=29

true otherwise

Definition 3.6.6 (Satisfiable time graph). The time graph of G is satisfiable if
1. all nodes n that are not of the form (1,i,!) are satisfiable, and

2. for all (m,i,!) (with termg((m,j,!)) =p — q: {li : (S1){Ai}.Gi}ic1) there
exists j € I and node (7, j,!) in the graph tree of G that is satisfiable and
such that end € G;.

Condition (2) ensures that, in case of branching, at least one branch is
satisfiable, and that there is always at least one satisfiable path to end. Note
that j can be equal to i. Also note that if a branch i cannot be taken then the
node associated with the receive/branching (T, 7, ?) is trivially satisfiable as its node

constraint is false.

Step 5 : checking for infinite satisfiability of nodes in recursion bodies
Although in the chapter we assume infinite satisfiability, we provide here a method
to explicitly check it. Namely, we check that all recursions in G are infinitely
satisfiable (see Definition [3.6.8).

First, we give a general characterisation of constraints that make recursive
types possibly unsatisfiable, if clocks are not reset. These constraints, which we
will call bad constraints, are either unrepeatable constraints (e.g., equalities) or

upper-binding constraints.
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Definition 3.6.7 (Bad constraint). A constraint 8 is bad, written B(d), if one of the

following conditions hold:

3 is of the form x = e or of the form x < e
0 =081 Ad, and B(9;) for some i € {1,2}
0 =01V & and B(9;) for bothi € {1,2}

We require that, in presence of bad constraints in a recursion loop, the clock is

reset at least once within each possible computation in the recursive scope.

Definition 3.6.8 (Infinitely satisfiable G). Let p = n,p’ be a path in G such that
termg(n) = G'. We say that p is infinitely satisfiable if either of the following
holds:

1. foralln' € p, resInfo(n’) =0 and =B(const(n')),

2. forallp € P(G') there existsn' € p such that subj(n’) = p and resInfo(n’) #
0

We say that all recursions in G are infinitely satisfiable if each pathnodes(G'),...,t
such that ut.G’' € G is infinitely satisfiable.

Definition 3.6.9 (Feasibility checker). To check for feasibility of a G: (I-2)
generates the time graph for the all-unfolding of G, (3) annotates the nodes of the
graph with their dependency constraints and resets, (4) checks that the time graph
is satisfiable, and (5) checks that all recursions in G are infinitely satisfiable. We
write by, G if G satisfies the checker.

Wait-freedom. Global Satisfiability can be checked following a similar ap-
proach as for Progress Enablement(steps 1,2,3,4) but substituting Definition [3.6.3]
(satisfiable node) with Definition [3.6.10|(wait-free node).

Definition 3.6.10 (Wait-free node). Let ny = (7@,i,!) and ny = (1,i,?) be nodes of
the (all-unfolding) time graph of G, subj(n)) = p. We say that n, is wait-free if:

On, (X) A (8(x) +R(ns,p)) D (¥ <x) ifconst(ny) =0

true otherwise
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3.6.5. Time-Progress for Processes

We study the conditions under which a validated program is guaranteed to proceed
until the completion of all activities of the protocols it implements. We define an
erasure function for timed processes: The erasure erase(P) is defined inductively
by removing the delays in P (i.e., erase(delay(t).P) = erase(P)), while leaving
unchanged the untimed parts (e.g., erase(u[n](y).P) = u[n|(y).erase(P)). The
other rules are homomorphic. Under the assumption that erase(P) can progress,

we investigate under which conditions P is also ensured to progress.

Definition 3.6.11 (Time erasure). The erasure erase(P) of time from a process P

is defined inductively as follows:

erase(u[n|(y).P) = u[n](y).erase(P)
erase(u[i](y).P) = u[i](c).erase(P)
erase(c[p]<l{e);P) = c[p|<l{e);erase(P)
erase(clpl> (h(z) Pli) = cp]> {liz)-erase(P) i
erase(c[p] <((c'));P) = c[pla((c));erase(P)
erase(c[p)> () P) — clpl> () erase(P)
erase(delay(t).P) = erase(P)

erase(ife thenPelseQ) = 1ifethenerase(P)elseerase(Q)
erase(P| Q) = erase(P) | erase(Q)
erase(0) =0

erase((vn)P) = (vn)erase(P)
erase(uX.P) = uX.erase(P)

erase(X) = X

erase(s:h) = s:h

Definition 3.6.12 (Non-deferrable process). A process is non-deferrable if no

action ready to execute in any of its threads is a time action, namely if defr(P) =
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true with defr() defined as follows:

defr(alnl(y).P) = false
defr(ali](y).P) = false
defr(s[q|<l{e);P) = false
defr(sla]>{li(zi).P}ier) = false
defr(s[q]<((s'[p])); P) = false

defr(s[q|> ((y))-P) = false
defr(delay(t).P) = ift > 0 then true else defr(P)
defr(ife thenPelseQ) = false

defr(P| Q) = defr(P)Vdefr(Q)
defr(0) = true

defr((vn)P) = defr(P)
defr(uX.P) = false

defr(X) = false

defr(s: h) = true

We say that P is non deferrable if defr(P) = false.
Lemma 3.6.13. If erase(P) — then erase(P) is of one of the following forms:
1. an](y).Pr | TTicqa,... ny ali](y)-Pi
2. s[a]<l{e);P|s:h
3. sla]o{li(z)-Pitier | s: (p.a,1;(S))) - h (FEI)
4. sl ()P s h
5. slal> (@)-P 5+ (pa,s'[p)) -
6. ifethenPelseQ
7. P| Q with P and Q non-deferrable
8. (vn)P

Lemma 3.6.14.  [. iferase(P)=an|(y).Pi |[lic(2,..n} ali](y).P;, then3Py,....P,,

14 207-”7InEOS“ChthatPEdelaY(tl)'a[ ]( )Pl |Hl€{2 ..... n} delay(t). [ ](y)Pll
and P; = erase(P)) foralli€ 1,...,n
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2. iferase(P) =s[q|<l{e); Py |s: hthen 3P|t >0 such that P= delay(t).s|q]<
I{e);P| | s:hand P| = erase(P)).

3. iferase(P) = s[q|>{li(zi).Pi}icr | s: (p,q,lj(v))-h (j€I)then 3P/t >0
for i € I such that P = delay(t).s[q]>{li(zi).P}ict | s : (p,q,l;(v)) and
P, = erase(P)) foralli€ I

4. iferase(P) =s[ql<(S'[p'])); P1 | s : h then 3P} ,t > 0 such that
P=delay(t).s]q]<({(s'[p']));P| | s: h and P\ = erase(P}).

5. if erase(P) = s[q] > ((2)).P1 | s : (p,q,5'[p']) - h then 3P[,t > O such that
P=delay(t).slq]>((z).P| |s: (p,q,s'[p]) - h and P; = erase(P)).

6. if erase(P) = if e then P; else P, then 3P{,P,,t > 0 such that P =
delay(t).if e then P{ else P, and P; = erase(P)) fori € {1,2}.

7. iferase(P) =Py | P, then 3P|, P;,t) > 0,1 > 0 such that P = delay(t;).P] |
delay(ty).P; with P; = erase(P/) and P! non-deferrable fori € {1,2}.

8. if erase(P) = (vn)P' then 3P",t=0 such that P = delay(t).(v)P" and

erase(P’) =P
Proof. The proof is mechanical by Lemma|[3.6.13] O

In case (7) of Lemma [3.6.14] observe that we can always find non deferrable
continuations P| and P as we can collect the delays in front of the process by

structural equivalence rule delay(r).delay(s').P; = delay(r +1').P;.

Lemma 3.6.15. If P is non-deferrable and erase(P) — P’ then P — P" with
erase(P")=P.

Proof. Mechanical, by induction on the derivation of erase(P), proceeding by
case analysis using Lemma|[3.6.13|and Lemma [3.6.14] O

Proposition 3.6.16 (Conformance). If P — P’ then erase(P) —* erase(P’).

We say that: (1) P is a deadlock process if P —* P’ where P’ /— and P’ #
0, and (2) P is session delay if for each delay process of the form delay(r).P’
occurring in P, there are no session request and session accept in P'. We say that I”
is feasible (resp. wait-free) if for all u € dom(T"), I'(u) is feasible (resp. wait-free).
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Lemma 3.6.17 (Time progress - parallelism and interleaved sessions). Let I" be a
feasible and wait free mapping, I' = Py>0, and Py —* P where P is session delay
and

P=delay(t).P|R  forsomet >0 and non-deferrable R

If erase(P) is not a deadlock process and erase(P) — then R —.

Proof. Without loss of generality we assume that for some L

R=R|[]si: 1
leL
We proceed by induction on the complexity of R’, proceeding by case analysis on
the possible form of process R'.
The complex cases are those for receive and session receive, (i.e., R’ is stuck
waiting for messages). In all other cases one can immediately show that R’ reduces.

In fact,

e R’ cannot be a of the form u[n](y).R” or u[i](y).R” since (1) erase(P) is
deadlock free hence all the other corresponding session requests or accepts
to start session y are in P, and (2) P is session delay hence none of the

corresponding session accepts/delay can be in P;.

e R’ cannot be a delay process as P it is non deferrable (Definition [5.6.3) by
hypothesis,

e if R is of the form s[q] </(e);R" or s[q] < {(¢’)); R” then one can immediately

show that R can reduce by |SeL| or | SRec].

e in the inductive cases (e.g., for hiding and parallel processes) the result

follows by induction.
We will show the case for R’ being an input process. The case for session receive
is similar hence omitted.

Case R' = s[p|[a] > {lx(z) Rk tker - In this case:

R = spl[a] > {l(z)-Ritwer | [ T hu
leL

We proceed by contradiction assuming I' feasible and wait-free, erase(P)
deadlock free, erase(P) — and R /—. If R /— we have the following cases

79



depending on where the corresponding output of s[p|[q] > {lk(zk)-Ri }rer is:

1. the corresponding output appears (immediately or after some other input) in

some continuation Ry,
2. the corresponding output appears in P, for some i € [

3. the corresponding output does not appear.

If (1) or (3) then we contradict that erase(P) is deadlock free. If (2) then
we contradict the fact Py was validated against a feasible and wait-free I in
fact: feasibility ensures that there exists at least one execution of the types of
sessions of s; where a selection/delegate happens before or at the same time of the
corresponding receive/session receive, and by wait-freedom since in one execution
the output does not precede the input then in all correct implementations the output
does not precede the input, hence the output for a non deferrable (Definition
input does not occur after ¢; > 0 time which contradicts fact that the output appears
in P;. L]

Theorem 3.6.18 (Timed progress in interleaved sessions). Let I' be a feasible and
wait-free mapping, T - Py>0, and Py —* P. If P is session delay, erase(P) is
not a deadlock process and if erase(P) — then P —.

Proof. We prove Theorem [3.6.18] by induction on the proof of P, proceeding by
case analysis on the possible forms of P according to Lemma[3.6.13]

Case Lemma [3.6.13] (I): Since we assume that P is session delay then this
case can only occur if P = erase(P), hence the thesis follows immediately by the
hypothesis.

Cases Lemma [3.6.13| (2), (3). (@), and () proceed similarly. We show the case
for Lemma[3.6.13|(3): erase(P) =sq|>{li(zi)-Pi}icr | s: (p,a.1i(S;))-h  (JEI).
By Lemma[3.6.14] (3)

P =delay(r).erase(P)[P//P] |s: (p,q,l;(S;))-h (j€I) (3.44)

By two reductions by rule |str| with premises by rules |Tive| and then |Bra]| on
(3.44)
P — erase(P)[P//P] | s: (p,q,[j(S;)) - h— Pj|s:h (3.45)

and by reduction rule |Bra| on erase(P)

erase(P) — erase(P;) |s:h (3.46)
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Finally, by (3.45) and (3.46)), since
erase(Pj)|s:h=erase(P;|s:h)

we have the thesis for this case.

Case Lemma (6): immediate considering that e | true in both P and
erase(P) (the erasure does not affect the conditions of conditional statements as
such conditions do not involve delays).

Case Lemma [3.6.13| (7): erase(P) = P| | P, and erase(P) — P{ | P,. By
reduction rule | Com|

P — P| (3.47)

By Lemma[3.6.14] (7)
P =delay(t;).Q | delay(t2).Q2

erase(Q;) =P, i€ {1,2} (3.48)

and
Q; non-deferrable, i € {1,2} (3.49)

If t; =1, then delay(#;).Q; | delay(f2).Q» — Q1 | Q2 by a | Tive] reduction.

By (3.48), (3.49) and (3.47) Q1 — hence by |com|
0110 — 010

hence done.

If 1) # 1o, assume without loss of generality that #; > ,. After a | Tive | reduction

delay(t1).Q1 | delay(f2).Q2 — delay(ti —1).01 | Q2

with Q) non-deferrable. This case holds by Lemma[3.6.17]

Case Lemma (8): immediate by induction.
O]

Note that if P implements a single session then erase(P) is deadlock
free [CDCYP135]; this yields the following corollary. We characterise processes
implementing single sessions, or simple, as follows: a process P is simple
if By —* P for some Py such that a : (G) - Py>0, and Py = a[n](y).P; |
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[Ticq2,..ny @li](y).P; where Py, ..., P, do not contain any name hiding, request/ac-

cept, and session receive/delegate.

Corollary 3.6.19 (Time progress in single sessions). Let G be feasible and wait-
free, and P be a simple process with a : (G) F P>0. If erase(P) —, then there
exists P' such that erase(P) — P' and P —" P” such that erase(P") =P'.

Proof. Since P is simple, by the Proposition of progress for a simple process in
[HYCOS], P has no delegation input or output. Thus P is a session delay process.
By Theorem [3.6.18] the corollary is proved. O

3.7. Related Works

Calculi with Time

A few proposed timed w-calculi or other kinds of timed calculus are reviewed. In
this section, we list some of the typical references. Since we focus on how to
model time into session types/session calculus, here we present the ways in which
these researchers model time/time constraints in their works.

The authors of [LZ02] propose a process algebra for modelling real-time speci-
fications of mobile systems, which is called © RT-calculus. They combine existing
research on static, real-time processes with Milner’s mt-calculus, and they aim to
use the © RT-calculus to specify and reason about dynamic temporal behaviour
and dynamic configuration of concurrent systems as simply and expressively as
possible so as to achieve a minimal extension to the original w-calculus. The only
change is that it introduces a ‘timeout operator’, denoted as P > Q, which behaves
as P before ¢ time units and as Q at and after ¢ time units. They also distinguish
when an action is possible (enabled) and when an action happens (fired), because
of possible delay between these two states.

The work in [FEW 04| presents a dense-time extension of T-calculus, on the
basis of time consuming transitions. Similar to the previous one, the authors try
to minimise the changes to the original mt-calculus while maintaining simplicity
and expressiveness for modelling concurrent real-time systems. In the proposed
semantics, the authors introduce a ‘time guard’ denoted as A that specifies a time
interval before a process can proceed. The time guard has the format [f,in, fmax],
where t,,;, and f,,, are the time lower and upper bound for reaching the target
state. Also, the authors define a timed labelled transition system (TLTS), whose
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solutions result in two time sets ACTIVE (the set of incoming transitions of state
S) and ARRIVE (the set of time at which the target state of a transition can be
reached).

In the paper [LZOSl, the authors define a timed extension of asynchronous
m-calculus with a transaction construct, called the calculus webm, for describing
protocols and interfaces of web services. Despite the lack of an agreement on
web transaction standard, the authors propose webn that models the main issues
of web transactions, that is, interruptible processes, failure handler and time. The
important part in the syntax of webm is the web transaction construct, denoted as
< P;Q %, where P is the body, Q is a compensation, n means time steps and x
is the abort message, which indicates the transaction is discarded. The construct
means that it will behave as P if it does not terminate and it will perform as Q after
n time steps or if an abort message x is received.

The authors [BYOQ7] propose types of a distributed timed m-calculus and an
approximate bisimulation that could be used as a tool for analysing probabilistic
processes. In their typing, the time information is modeled as a ‘timer construct’
denoted as timer’ (a(%).P,Q), with 7 > 0. It has two functions: (1) timeout, which
means that after # time units it turns into Q, unless (2) it has been stopped, that is,
a message has been received by the timer at a. The flow of time is achieved by a
timestepper function ¢, which acts on processes. It models the implicit broadcast

of time passing and its two main rules are:
¢(timer"*'(a(%).P, Q)) = timer' (a(%).P,Q)  @(timer' (a(%).P,Q)) = Q

This typing semantics enables all existing typing rules unchanged without ad-
ditional typing. Later the authors incorporate probabilities of message loss to
calculus and propose approximate bisimulation, which ignores the transitions that
are below the probability threshold. This bisimulation is proved to be a congruence
and can be used for verification of protocols in distributed systems, for example,
verifying an RFC protocol as presented in the paper.

The previously stated works are similar that they are all extended w-calculi with
time constructs. Compared with above research, we directly achieve the extension
on multiparty session types. In this way, we pass the responsibility of expressing
timing actions to global types, not in asynchronous 7-calculus as the above works
do; and our timed session calculus only shows the time passing. The benefits

of directly extending multiparty session types are: (1) we can check feasibility
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and wait-freedom easily from timed global types; (2) we can guarantee the type-
safety and time error-freedom for timed processes and (3) we can describe real-
time protocols in timed global types in a simple and elegant way. In addition,
reset operations in our time assertions enable the timed session types to be more
expressive than those without resets.

The authors in [LP11] propose the basic semantics of C3, an extension of the
Conversation Calculus (CC) [VCSO08, [Viel0Q] that provides an explicit treatment
of time issues and exceptional behaviour in structured communications. The
CC is a process calculus that addresses issues in service-oriented computations,
such as distribution, context sensitiveness and loose coupling. It is observed that
in the specification of practical instances of structured communications, timed
behaviour is often accompanied with exceptional behaviour; thus it is necessary
to include the behavioural pattern that consists of a default behaviour and a
compensational behaviour in case of unexpected conditions. Furthermore, the
authors extend the original CC by replacing the simple conversation context with
a timed, compensable conversation context denoted as n « [P; Q].. Here n denotes
the identity of conversation context and process P is the default behaviour of n.
P is observable as long as the duration ¢ is greater than 0; as soon as t = 0, the
compensating behaviour Q will replace the default behaviour. Name k means an
abort mechanism; receiving the kill signal sets ¢ to zero at once. Through examples,
the authors prove that C achieves the function of implicit conversation abortion
related with time passing. One of the drawbacks, as authors have mentioned, is that
the encoding of this method is untyped; thus the design should be more careful.

COWS (Calculus for Orchestration of Web Services) [LPTQ7] is a new lan-
guage for modelling different and typical aspects in Service Oriented Computing
(SOC), such as receive conflict and routeing of correlated messages. However,
it turns out that timeout, which is not implemented by COWS, is important for
dealing with service transactions or message losses. Motivated by closing this
gap, the authors extend COWS with timed orchestration constructs to model the
timed-related activities in SOC. In their extension language, the basic actions are
instantaneous and time passing is modelled as explicit actions, called wait activity.
The wait activity ®, gives the time interval, whose value is given by the evaluation
e, the execution service has to wait for. The authors illustrate the effectiveness of
the semantics through three application examples. The problem of this proposed
extended language is that it lacks the expressions of its corresponding labelled

transition systems, behavioural equivalence and typing systems, thus it makes the
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language seem incomplete for practical use.

In [LOPQ9], the authors propose a unified framework as a declarative approach
for modelling and reasoning about SOC systems. This approach takes a set of
time condition components into consideration instead of only focusing on the
specification of flow controls within processes. The authors base their research
on utcc, a timed Concurrent Constraint Programming process algebra [OV08],
in which time is divided into time units or intervals. The syntax of processes
includes some timed-related operations: (local %,c¢)P means binding the variables
X in P under a constraint ¢ and unit delay next P indicates execution of P in
the next time interval. The authors introduce their framework by combining
utcc with language primitives by Honda [HVK] and providing the encoding of
the original session calculus in [HVK] into utcc. Then they describe a timed
extension of the calculus and present the encoding of this timed extension into
utcc. The case study of electronic booking illustrates the usage of proposed
framework. One disadvantage of this framework is that time extension only
involves session engagement processes; the time requirements within the session
cannot be modelled in this framework.

The above three research works extend other kinds of calculi with time.
Compared with timed multiparty session types, though practical implementations
of their theory are presented, the above extensions suffer similar problems as those
based on m-calculus, such as less expressiveness and no guarantee for type-safety.
In addition, recent work [N'Y17] shows that timed multiparty session types can be
applied to build a dynamic verification framework for real-time systems based on
Scribble.

Feasibility

Feasibility was first introduced in a different context in [AFKS&7]], as a necessary
requirement of the definition of fairness in the study of nondeterministic systems.
This paper gives a concrete definition in the context of real-time interactions and
states its decidability for infinitely satisfiable 7Gs. [Iri99] models distributed
timed systems as a parallel combination of timed automata, and gives an algorithm
to check deadlock freedom and time progress for timed automata. The algorithm,
based on syntactic conditions on the states relying on invariant annotations, is not
directly applicable to checking feasibility e.g., on the timed automaton derived
from a 7G.
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3.8. Summary

This chapter presents the theory of multiparty session types extended with time.
By introducing time constraints and reset as predicates, timed global types can
model real-time communicating protocols with choices and recursion. Timed local
types are the projection of global types to each participant in the communication
systems. Labelled transition systems for global types and local types are defined
to describe the behaviours and traces of the program. Then the theory of timed
session types is attested in m-calculus. We propose a decidable proof system
for m-calculus processes that ensures type safety and time-error freedom. Two
conditions, feasibility and wait-freedom, are defined and with the theorem of time

progress, we can verify progress property of processes.
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4. Choreographical Multiparty Session
Types

In this chapter, we introduce new choreographical multiparty (global and local)
session types that solve open problems of expressiveness and algorithmic projec-
tion posed in [CDCP11]]. We develop a new typing system for multiparty session
mobile processes generalised with choice, fork, merge and join constructs, and
prove that typed processes conform to the type safety property. We also define
the conditions for well-formedness of choreographical global types to ensure that

global types are well-behaved.

4.1. Motivation: Fork and Join

The theory of multiparty session types proposed in [[CDCYP15]] describes the
value/channel exchange, branching and recursion behaviours for communicating
protocols. However, in concurrent systems, especially in business use cases, it
is common that one participant could multitask, communicating with multiple
participants at one time. For example, a web server should be able to handle
multiple requests from different clients simultaneously. This requirement of
concurrent operations exposes the problem of expressiveness of multiparty session
types; we lack constructs for describing parallel operations in multiparty session
types. To address this problem, we present a new global type syntax which
encompasses previous systems [HYCO8, ICDCYP15]] with extended constructs
(join and merge) and generalised graph syntax.

The main feature of these choreographical session types is to explicitly
distinguish the branching points from the forking points (where concurrent,
interleaved interaction can take place). Such a distinction is critical to avoid
state explosion and to directly and efficiently type session-based languages and
processes. In process calculus, the parallel operation can be decomposed into a

choice: a | b = a.b+ b.a. From this equation, we find that one state is expressed as
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U — S: Request

S — U: Form US!Request US?Request|
SD?Qfeck DS!Result
SU!Form SD?Record|

US?Submit
uS!Submif SU?Invalid

SD!Check
SU?Success

DS?Result

i

SU?For

U — S: Submit

S = D: Check S = U: Invalid

A

X _TOE+O

SUlInvalid

D — S: Reply

®

SU!Success SD!Record

[MiEH

[S — U: Success ] [ S = D: Record ]

SD!Record

O

SU!Success

.

Figure 4.1.: Register Example: Global View in Activity Diagram (Left) v.s. Local
View in State Transition Diagram (Right)

two states. If we have three parallel actions, then the decomposition is:
alb|c=ab.c+a.cb+b.a.c+b.ca+c.ab+cba

and then we summarise that if n actions are parallel, then the number of decom-
posed states is the permutation number P(n) = n!, which grows exponentially with
n. Therefore, distinguishing fork/join with choice/merge could help avoid state
explosion and describe parallel processes in a precise manner.

We illustrate with a simple scenario, named Register, shown in Figure We
show the example in two ways: from the global view, the example is represented
as a BPMN-like [BPM] activity diagram, where ’+° stands for exclusive gateways
and ’|” for fork/join, and interactions are presented in session type conventions;
from the local view, we illustrate the scenario in state transition diagrams for each
participant in the protocol (state transition diagrams are only used for illustration
and their connection with local types is not discussed in this thesis).

This scenario comprehensively combines recursion, fork, join, choice and
merge. It models a protocol that describes a membership registration process. This

process involves three participants: a user U who wants to register as a member
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of the website, a server S of the website that deals with the requests from users,
and a remote database D that keeps records of membership. The user sends a
registration request by clicking the register button on the web page, and the server,
upon receiving the request, replies with a form for the user to fill in. After the user
finishes and submits the form, the user information is sent to the website server
and then the server communicates with the remote database to ask whether the
application is valid or not. If the database reports the application with problems,
such as the email address has been registered or the name has been occupied,
then the server will inform the user that this registration is not valid and report
where the problem is. Then the registration loops until the submitted application
is valid. In that case, the server notifies the user that the registration is successful

and simultaneously requires the database to store the user information.

4.2. Global Types for Choreographical Multiparty
Sessions
In this section, we present the syntax of global choreographical session types and

illustrate with several examples. We also present the well-formedness conditions,

which ensure the global types are well-behaved.

4.2.1. Syntax of Global Types

We introduce new choreographical global types, which improve the expressive-

ness of multiparty session types.

Definition 4.2.1 (Choreographical Global Types). The syntax of global types is
defined below.

G = defGinx Global type
G:= x=p—p:l(U);xX  Labelled messages
|  x=x|x" Fork
|  x=x+X" Choice
| x|x =x" Join
| x+x'=x' Merge
| x=end End
U := (G)|bool|nat|--- Sorts
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Although it is based on multiparty session frameworks, choreographical global

types are different from the basic syntax of global types in three aspects.

1. We define flexible fork, choice, merge and join operations in global
session types. Distinguishing fork and choice in global expressions brings
two benefits: when analysing the behaviours of participants by transition
diagram, we could save state space state and present the interactions in
clear and neat graphs; we gain precise thread management because we can
distinguish mutually exclusive threads, which are presented in choices, and

independent threads, which are shown in pairs of fork/join.

2. We introduce the state variables x in global types to represent the successive
states of the interactions. These state variables not only help express
flexible operations (so that we could write complex protocols that are hard to
describe in the syntax of basic session types), but also facilitate the process

of generating state transition diagrams in the global view.

3. Recursion notation is removed but we could express recursion in flexible

choice/merge pairs.

A global type G = def G in xo describes a set of interactions among the
participants in the protocol. It is noted that = in the global syntax represents a state
equivalence relation, not equality. The communication starts from xg, denoted as
the initial state, and continues according to the interactions specified in G. The
interactions are modelled as labelled message exchanges x =p — p' : [{U);X'.
This transition describes that the sender p can go from state x to the continuation
x' by sending message [ with type U, and the receiver p’ goes from x to x’ upon
receiving it. All other uninvolved participants can go from x to x for free. Sort
types S include channel types (G) or base data types, and message types U are
either sort types S or local types 7 for delegation. x = x’ 4+ x” represents the
branching made by the sending participant, between continuation with state x" or
x". The merging construct x' +x” = x shows that the choices are closed, that is,
two mutually exclusive branches share the same continuation. x = x' | x” expresses
forking the two concurrent interactions, and allowing the interleaved actions in x’
and x”. Similarly, these forking threads are combined by the joining operation

x" | x” = x. x = end denotes session termination.

Example 4.2.2 (Global Types of the Register Example). We show the global types
of Register example in Section {1 below.

90



GRegister =def Gin X0

X0 = U— S: Request(nat);x;

X] = S — U: Form(unit); X,
X+Xg = X3

X3 = U— S: Submit(string);X4

X4 = S — D: Check(string);Xs

Xs = D — S: Reply(nat);xq

X6 = X7+Xg

X7 = S —U:Invalid{nat);x9

Xg = Xio| X1

X10 = S —U: Success(bool);x;2

X1] = 8 — D: Record(string);x;3
X12 ! X3 = X4

X4 = end inXxgp

We illustrate the syntax in the Register example shown in Example [{4.2.2]
GRegister> the global type, represents the protocol in the form of choreography that
describes the interactions between participants and not merely a collection of local
behaviours. Initially, we write def G in Xy where G represents the transitions
between state variables, and where x( is denoted as the initial state of all the
participants. A transition of the form xg = U — S : Request(nat);x; corresponds to
an activity that U sends S a message Request carrying a value of type nat, which
informs the websites that request is for registration. Then this activity is followed
by the interactions that happen in x;. A transition X¢ = X7 4 Xg denotes a choice that
is done by S. If the server finds that the application is invalid based on the Reply
message from the database, then the server will inform the user about this invalid
message. Then X, X9 = X3 denotes a merging point, which indicates the recursion
by continuing with x3. If the registration request is passed, then the server is
supposed to forward messages to user and database simultaneously. A transition
X3 = X19 | X11 describes such an interaction that should continue concurrently with
the actions of X9 and of x;;. In a symmetric way, the transition X, | X;3 = X4
corresponds to the join of two concurrent threads that reach points x;» and X;3
respectively. After joining into a single thread Xxj4, the protocol reaches the end

point.

Example 4.2.3 (Choreographical Global Types). We give more complicated

examples in Figure 2] with their graph representation for the purpose of
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illustrating the expressiveness of choreographical session types. More examples
are available in Appendix [A.T]

1. G shows a protocol that Alice recursively sends messages to Bob This

example illustrates that the recursion is presented using merge construct.

2. G describes a choice between directly communicating with Carol or with
Bob first. It is noted that the last interaction from Carol to Bob in Xg iS
important; without this transition, Bob could reach a deadlock by waiting

forever for a message from Alice, if x3 is chosen.

3. Gj presents a use case called the Alternating Bit Protocol. Alice repeatedly
sends Bob the alternating messages Msg, and Msg, but will concurrently
wait for the acknowledgement Ack; before sending another Msg;. This
protocol structure requires a general graph syntax and cannot be represented
in existing session type framework. But it is representable in the choreo-

graphical global types.

4. G4 shows a simple example of the usage of forking followed by immediate
joining. The possible traces of G4 are ay3d, Payd, of3yd, Bady and af3dy.
The traces represented by this global type are not easily representable by
tree-based representation: it is easy to write with a standard syntax of the
relation between messages o, § and &: (o | B);9; but y should follow
without linking with o or 8. Only a graph-like syntax can represent such set

of traces without introducing a choice-based enumeration.
5. Gs follows the structural shape of the G3, replaces forks by choices and
joins by merges.
4.2.2. Well-formed Global Types

This subsection defines well-formedness of global types, which consists of four

conditions: sanity, well-threadedness, local choice and linearity.

Sanity Conditions for global types should prevent possible syntactic confusions
about which continuations to follow at given point. A global type G = def G in xo

satisfies the sanity conditions if the following three conditions are met.

1. (Unambiguity) Every state variable x except xo should appear exactly once

on the left-hand side and once on the right-hand side of the transitions in G.
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G| =defxp+xp = x3 Q>+

x| = Alice — Bob : Msg(string); X2 iN X0 " AlicesBob:Msg

G, =def xg = x| +x3 Q
X = Alice — Bob : Book(string); X, X
Xy = Bob — Carol : Item(nat); X4 Py
x3 = Alice — Carol : Film(string);Xs
X4 + X5 = Xp Bob-Carol:ltem

X = Carol — Bob : Order(string);x7 V.
x; = end in xo o e

G3:defx0:x1 ‘Xz

X|+X3=X4
X7 +X5 = Xg
x4 = Alice — Bob : Msg, (string);x7
X7 = Xg | X9
xg = Bob — Alice : Ack; (unit);Xjo
X6 | X9 = Xq1

X] = Alice — Bob : Msg,(string); X2

X2 = X3 | X14

X13 = Bob — Alice : Ack, (unit); xs : 1
X10 | X14 = X3 in Xo Bob-Alice:Ack2 |
@
S 4
G4:defX0:X]‘X2 v
x; =A—B:o(U);x3 g Y —
Alice—~Bob:a } [ Alice»Bob:B ]
x) =A—=B:B{U);x4 i v
X3 =X5 | X |
3= %s | X6 | .
X4 | X5 = X7 M
X =A —B: 'Y<U>,X8 [ Bob~Carol:3 } [ Bob~Carol:y ]
x7 =A—B:3(U);x9 e

Xg | X9 = Xj é

X10 — endin X0

O
Gs =defxg =x1 +x ij

X +X3 =X4 Yy Py
X +X5 = Xg Y Y

x4 = Alice — Bob : Msg, (string);x;

X7 = Xg + X9

xg = Bob — Alice : Ack; (unit);xjo \
X6 +X9 = X[ *

X1 = Alice — Bob: Mng (String>;X12

X2 = X13 +X14
X3 = Bob — Alice : Acks(unit);Xs

+
Xio+X14 = X311 %o +
L |
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2. (Unique start) x appears exactly once, on the left-hand side.
3. (Unique end) end appears at most once.

The conditions (1-3) are self-explanatory.

Thread correctness aims at verifying connexity, the ability to reach end
(liveness) and that global types should always join states that occur concurrently
and only them: this prevents both deadlocks and state explosion.

Inspired by [FHY 14]], we find that both choreographical session types and Petri
nets can express flexible fork/join and choice/merge operations. And there exist
well-established theories of reachability, liveness and boundedness for Petri nets
[RR98]]. For simplicity, our approach is to translate global types to Petri nets first
and then to verify thread correctness using theorems of Petri nets. Before defining
well-threadedness, we present a translation from choreographical global types to
Petri nets. Recall the basic definitions of Petri nets in Section a Petri
net is a quadruple (P, R, F,mp) with P a set of places, R a set of transitions, F C
P x RUR x P the flow relation, and my the initial marking.

Definition 4.2.1 (Petri net translation). The Petri net P(G) = (P,R, F,my) of global
type G = def G in Xq is defined as:

P= {xx; € G}
R= {ri_>j\x,-:p—>p’:l<U>;xje5vX,-:xj—i—xke(~?\/xi:xk+xj€5v
xi+xk:xj6(~}\/xk+xi:xj€5}u
{risjxlxi=xj|xc € é}U{riﬁj_ﬂxi |xj =x¢ € 5}

F= {(X,7is3),(risg,Xj)|xi =p—p' : {U);x; € G}U
{(X,-,ri_>j),(ri_>j,xj)\xi:Xj—i—xkEéVXi:xk—i—ijé}U
{(X,‘,riﬁj),(I’iﬁj,Xj)|X,'+Xk:XjEé\/Xk+Xi:Xj€(~;}U
(%0715 (P X)), (Fisy o X0) [Xi = X | ¢ € G YU
{(%i,75.555), (X, 71,5 0), (s om Xe) [Xi | Xj = x4 € G}

mo= {Xo}

We now state well-threadedness as a Petri net property. These properties are

classically decidable.

Definition 4.2.2 (Well-threadedness). A global type G = def Gin Xq satisfies the
well-threadedness condition if P(G) is:

1. weakly-connected, and

94



Gomr = defxg=x1+Xxp

X; = A—B:Msg(string);x3
Xy = A—B:Msgy(string);xs
X3|x4 = X5
Xs = B— A:Msgz(nat);Xe
X = endinxg
Gojoc = defxp=x1+x;
X; = A— B:Msg;(string);x3
X, = B— A:Msgy(string);xs
X3+X4 = Xj5
Xxs = endinxgp

Figure 4.3.: Incorrect Global Types

2. safe (i.e. 1-bounded), and
3. deadlock-free, and

4. if a transition X = end is in G, then the marking where all places are empty

except for X with one token, is reachable.

G_ in Figure shows an illegal join waits for two mutually exclusive
choice messages. As a result, B at X5 reaches deadlock, since he is expecting
both Msg; and Msg, from A.

Local Choice is important for the consistency of a choreographical global type
with respect to branching. For a global type G = def G in xo, we need to ensure
that each choice is clearly labelled and is local to a participant. To realise this
effect, we define a function Rev(G)(x) in Figure |4.4] which returns the set of all
the participants that expect at least one message starting from x. Also, Rev(G)(x)
returns the label / of the received message and the encountered merging points X.
The equality Rev(G)(x1) = Rev(G)(x2) holds if V(p : 1 : %1) € Rev(G)(x1),V(p :
L:x)€ Rcv(é) (x2),11 # I VX1,X; share a non-null suffix.

To guarantee that choices are local to one participant, we define a function that
asserts that a unique sender p is active in each branch x; and x, for a choice
X = X| +X; € G. This is written ASend(G)(x) = p and is undefined if more than
one active sender exists, that is, the choice is not local to a unique participant p
(The function ASend(G)(x) = p is defined in Appendix . G0 in Figure
shows an illegal global type that violates this condition since the active senders of

branches x; and x, are Alice and Bob and choice is not localised to either of them.
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= Rev(G,0,0)(x) (remembers recursive calls and receivers)

ifx=p—p :l{U):XeGAp eporifx|x' =x G
G.%,p)(x)={p : [ :X}UR(G,X,p'p)(x) ifx=p—p :l{U:XeGAD ¢P
Rev(G,%,B)(x) = Rev(G,%,p) (X' ) URev(G,%,B)(x") ifx=x+x" € Gorx=x |x" €G
G

ifx+x =x"€GAX' €xorifx=end € G
Rev(G,%,B)(x) = Rev(G,%x",p) (x") ifx +x=x"e€GAX' ¢ %

Figure 4.4.: Receiver Computation (up to permutation of | and +)

Definition 4.2.3 (Local Choice). A global type G = def G in xo satisfies the local
choice conditions if for every transition x = x' +x" € G, we have (1) (Choice
awareness) Rev(G)(x') = Rev(G)(x”); and (2) (Unique sender) 3p, ASend(G)(x) =
p.

Linearity is to avoid processes from race-conditions, To realise linearity we
require that two concurrent branches with the same messages label should not
appear. This condition, linearity, is enforced by comparing the results of
Lin(G)(x;) and Lin(G)(x;) when a forking transition X = x; | X, occurs in G.
The Lin function is defined in Figure This function works in a similar way
on labels as the Rcv function on message receivers. As with Rcv, the equality
Lin(G)(x) = Lin(G)(xz) holds if ¥(pp' : I : &) € Lin(G)(x1),V(pp : b : %) €
Lin(G)(x),1; # I, VX1, %, share a non-null suffix. For example, linearity condition
would prevent the two parallel branches with labels Msg; and Msg, from both
being renamed Msgp in G, since they can be received concurrently and thus

receiver will confuse.

Definition 4.2.4 (Linearity). A global type G = def G inxo satisfies the linearity

condition if, for every transition x =x' | X" € G, we have Lin(G)(x') = Lin(G)(x").

Well-formedness We say that a global type G = def G in xg is well-formed, if it
satisfies the sanity, thread correctness, local choice and linearity conditions. We
can easily check that global types from Ex. are well-formed. It is noted
that well-formedness of classic multiparty session types [CDCYP15] also requires
sanity conditions and local choice conditions. By adding fork/join constructs, we

also need to ensure thread correctness and linearity conditions.
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Lin(G)(x) = Lin(G,0,0)(x) (remembers merges and joins)
Lin(G, %, %;)(x) = 0 ifx+x =x" € GAX" exorx=end € G
Lin(G, %, %;)(X) = {pp : [ : X;} ULin(G, %, ;) (X')

ifx=p—p : (U)X eGAp ¢P

Lin(é,i,n,ij)(x) = Lin(é,im,i])(x’) ULin(G, X, X;)(x") if x=x"+x" € G
Lin(G, %y, X;)(x) = Lin(G, %y, X;)(x') ULin(G,%,,X;)(x") ifx=x'|x" € G
Lin(G, %y, X;)(x) = Lin(G,X,x",X;) (x") ifxX+x=x"€e GAX" ¢x

Lin(é,i,n,ij)(x) = Lin(é,im,ijx”)(x”) iftx |x=x"€G

Figure 4.5.: Linearity Computation (up to permutation of | and +)

4.3. Local Types and Projections

Local types, defined in Definition [4.3.1] describe the actions of session from end-
point view of participants and each process implementation should follow the
projected local types. Similar to global types, a local type 7 follows the shape
of a state machine definition, and are of the form def T in X0.

Definition 4.3.1 (Syntax of Choreographical Local Types).

T = defTinx local type
T == x=!{(p,l{U)).X send
| x=2(p,l{U)).Xreceive
| x=x indirection
| x=x@x’ internal choice
| x=x"&x’ external choice
| x+x' =x" merge
| x=x"|x" fork
| x|x' =x" join
| x=end end

The local type of send !(p,/(U)) expresses an action of sending p a message
with label / and type U, and receive ?(p,/(U)) is the symmetric action of receiving
from p a message with label / and type U. Other behaviours, like fork, join and
end, are same as global types. Note that merge is used for collecting both internal

and external choices.
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We define the projection in Definition {.3.2] to project a well-formed global
type G to the local type of participant p, denoted as G [ p . The projection
is straightforward: the interaction x = p — q : [{U);x’ is an output action from
p’s viewpoint and an input action from q’s viewpoint; otherwise it marks as
an indirection link from x to x’ for other participants. Choice x = x’ +x” is
projected as the internal choice if p is the participant who decides which branch
to choose, and this is guaranteed by well-formedness of global types; otherwise,
the projection is noted as an external choice. For local types, we also define a
congruence relation = over T in Figurewhich removes the indirections, locally
irrelevant choices, and the unused local threads. Appendix includes examples
illustrating how local congruence relation is applied to simplify graphs.

Definition 4.3.2 (Projection Algorithm).

defGinx[p = defGlspinx

[
x=p—=p :U;X [zp = x=p,[{U))X
x=p—p U)X [gp = x=2p,[(U))X
x=p—=p: lUsX [gp" = x=x(p¢{p,P'})
X|X’=X”f5p _ X|X/=X”
XZX’!X”f(;p _ X:X/’X”
x=x+x"lzp = x=xox’
(if p = ASend(G)(x))
x=x+x"zp = x=x&Xx’
(otherwise)
x+x' =x"zp = x+x=x'
x=end[zp = x=end

Example 4.3.1 (Register Example). We illustrate our projection algorithm by
showing the result of the projection of the global type GRregister t0 the three local
types of the user Tregisteru, the server Tregisiers and the client Tregisterp in Figure
Local type congruence rules are used to simplify the result. When comparing
with the state transition diagram in Figure [4.1] we can observe the similarities in

syntactic structure.

We define Local State Equivalence Relation as X[ | in Figure The
local states are considered as equivalent if no message exchange occurs. This

equivalence relation is used in the proof of subject congruence in Section .5 We

98



TRegistery = def xo="!(S, Request(nat)).x;
x| =?(8, Form(unit)).x,

X7 + X9 =X3
x3=1(S, Submit(string)).X4
X4 =X7 & X3

x7="7(8, Invalid(nat)).Xq
x3 ="7(8, Success(bool)) X4
x14:end in X0

TRegisters = def xg =? (U, Request(nat)).x;
x| = ! (U, Form(unit)).x,
X7 + X9 =X3

x3="? (U, Submit(string)) .x4
x4 =!(D, Check(string)).Xs
x5 ="7(D,Reply(nat)).Xe

X6 = X7 D Xg
x7=(U, Invalid(nat)).Xq
Xg =X10 | X11

x10="(U,Success(bool)) X2
x11 =!(D,Record(string)).x;3
X12 | X13=X14
Xj4=end inXxgp
TRegisterd =  def Xg + X9 =X3
x3="7(8, Check(string)).Xs
x5 =1(S,Reply(nat)).xq
X6 —=X9 & X11
x11 = (S, Record(string)).X4
Xi4=end inXxgp

Figure 4.6.: Register Example: Local Types

Tx=x = T[x/x]

X] =XPX3,X0+X3=X4 = X|=X4
X =X &X3,X0+X3=X4 = X =Xy
X1 +X=X3,X3 =X &X4 = X =X4
X| =X | X3,X [X3=X4 = X=Xy

Figure 4.7.: Local Type Congruence (up to commutativity of | and +)
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X|X'=X'|X X|X|X")=7X|X)|X"

x=xeT x=x|x"€T x|xX=x"eT
Xx] =7 X[x] X=X |x"] X[x|x]=;X[x"]

x=xX&x'cT x=x&x"cT x=xox'cT
Xx=7X[x]  X[x]=5X[x"] X[x] =5 X[x]
x:X/EBx”ET X+X’=X”€f X+X':x"€f
X[x] =7 X[x"] X[ =X[x"] X[x]=7X[x"]

Figure 4.8.: Local State Equivalence

T=% Th — 75, T =T xiendef
T — ;7 TFx>0
x=x T x=!(pl{UNX eT  x=2p, U)X €T
T — ;T T PO T Y, g
X:X1|X2€T Xllxzszf
T = i Toxe — 77
x:xl@xzef szl&xzef X1+x2:X€f
T = % T = iy T — ;T T —

X|+Xx=x, X; =xX®x,eT T, — TTV‘Z]’ T — =T

T — f‘T’
s onx NN T o in o
T — T{I/

X+X =%, X, =X &xpeT T — O T
T — f‘T’
X—l—X]:Xg,X/l:X/z&X/ef T — TT“‘TII (Izl 5 *f%
T — T{I/

Figure 4.9.: Transition Rules for Local Choreographical Types
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define the transition rules for local types in Figure 4.9] as auxiliary theorems for

proving type safety.

4.4. General Multiparty Session Processes

This section introduces general multiparty session processes. We give the
syntax of choreographical session calculus and show the operational semantics
to allow processes to reduce. Also, we define the typing system for processes for
verification. The extension to run-time processes is defined to show the transitions

of session environment.

4.4.1. Syntax of Choreographical Session Calculus

Similar to local types, process calculus also follows the shape of the choreo-
graphical global types defined in Section .2.1} new external and internal choice
operators are added to allow branching with different receivers and merging with

different senders; and forking and joining threads are included in the syntax.

Definition 4.4.1 (Process and Network Syntax). The syntax of processes and

network for choreographical session calculus is defined below.

P:=def PinX definition

P:= process transition
| x(¥) = x(G).X'(é) init
| x(X) = x[p|(y).X'(€) request

x' () send
x'(é) receive

y) | X" (2) parallel

| x(%) = x/(%) & x"(%) external choice
() [¥(5) =x'(D) join

| x(%)+x'(¥) =x"(%) merge

| x(X) = (va) xX'(ax new name

(%)
(%)
(%)
(%)
(%) )
| x(X) =if e thenx'(¢') else x”(¢”) conditional
(%) )
()
(%)
(%)
(%)

| x(X)=0 null
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X = state

| x(V) thread

| X | X parallel

| (va)X restriction

| 0 null
N:= network

| P def

IN|IN parallel

| (va)N new name

| 0 null

| (vs)N new session

|s:h queue

| a(s)[p] invitation
vi=a | s[p] | true | false | ... values
ex=v |x|ene| .. expression
h:=0 | h-(p,q,l{v)) messages

A process starts from a definition P = def Pin x(v), and v instantiates the
parameters of x in P. The form of process actions P follows the shape of global
and local types and processes is based on a functional style to pass values around
continuations. Variables X in x(¥) on the left-hand side of a process action are
binding variables on the the ¥ appearing in the right-hand side. y in request and
receive are also binding variable.

Session initiation is of the form x(¥) = x(G).x'(¢) where G is a global
type. It follows an interaction pattern defined in G to the shared channel a
that x is substituted to. The variables in € are all bound by X. After a session
initialisation, participants can accept the session with x(%) = x[p](y).x'(€), and start
the interaction, where the variables in é are bound by X and by y, which receives
the session channel.

The sending action x!(p,/(e)) allows sending to p a value e labelled by a
constant / in session x. The reception x?(p,/(y)).x'(&) is the symmetric action
to receive a message with a label [ from p. It is noted that the message is then
received in variable y that binds in x/(&).

x(X) = X'(9) | x"(Z) express forking threads and § and Z are subsets of %.
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The join action combines parallel threads. The conditional process if e then
x'(&’) else x”(&") for internal choice and the (x'(X) & x” (X)) for external choices
represent traditional selection actions in session types. The merge action collects
choices. Note that fork, join, external choice and merge only allow a restricted use
of bound variables in continuations. x(X) = (va)x'(a%) is name creation of a new
shared name a. 0 is an inactive agent.

The process states X are defined from the state variables defined in P. The
network N, with restrictions of the form (va)N, means a parallel composition of
definition agents.

Session instances are represented by session restriction (vs)P. The message
queue s : h stores the messages in transit for the session instance s. A session
invitation, denoted as a[p](s), invites participant p to start the session s on channel
a.

We say that a network is initial if it only consists of shared name restrictions

and parallel compositions of def P in x(¥).

Operational Semantics We define the operational semantics for processes and
networks in Figure 4.10] The labels used in the reduction of processes are defined

as below.
oB = 1t | slp,ql{v) | slp,a]?(v) | a(G) | a(p)[s]

The rules consist of two parts. The first part shows the transitions of the form
PHX%X' representing that a process in a state X can transit to state X’ with action
o.. The second part defines reductions within networks with transitions N — N’
e | v corresponds to the evaluation of expression e to v.

In the first part, rule [iniT] initiates a session, and rule [Acc] signifies the
process’s acceptance for participate in a session. Rule [SEnp] outputs a message
from p to g, with X substituting by ¥ and evaluating e to v. Rule [Rcv] receives a
message and instantiates variable y to the received value v. Rule [New] represents
name creation. A branch with the value of e is internally chosen in Rule [1rT]. Rule
[Ext] shows the external choice, and depending on which label o is received, either
the left or right state variable is invoked.

For the second part, rules [Der] and [Tau] raise to the network level. [IniTy]
is used in combination with [IniT] to creates an empty queue s : € together with
invitations for participant. Rule [Accy] consumes an invitation in the session if

someone signals as ready by [Acc]. Other contextual rules are standard. We write
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5 - e [INIT]
X(%) = x(G).X (&) F x(¥) =5 ¥/ (V)
/R =a  e[v/F[s/y] LV [Acc]
x(8) = p () X () F x(7) “2h x/(7)
x5/ =slq]  e[f/Hlv  e[p/F LV (SEND]
sla,p|!l{v
X()?) _— <p,l<e>).X,(€~) - X(\7) M X/({}/)
x[7/%] = slq el/3Av/y| LV [Rcv]
s U
x(5) =x2(p, 1(3)).x (&) Fx(7) 2L, )
~ / ~a ¢ - ~ T oy NEw]
X(%) = (va)X (af) b x(%) = (va)x'(ab)
e[v/x] Ltrue  [v/5] |V [IFT]
x(%)=if e then x'(&') else x"(¢") - x(¥) = X' (V)
e[v/x] Lfalse  &"[7/x] | V" [IFF]
x(%) =if e then x'() else X" (%) F x(¥) = x"(¥"")
Px(%) =X (%) & X"(£) - X (7) & X (Exr)
P.x(%) =X/ (%) & X"(%) F x(7) 5 X
_ PFX% X'~ [DEF]
def PinX > def Pin X/
P sp,ati(v) P puT]
Plls:h—P || s:h-(p,q,l{v))
P M) P [GET]
Plls:(p,q,l(v))-h—P|s:h
p alG) /
P po,....;k €G s&fn(P) [INIT
— : N
P— (vs)(P'[|s:ella(s)[po] || --- || a(s)[px])
als)[p) g p % X(
P—= P [Accxl PLP:[TAU] __PFXo j Xo [PAR]
Pllals)p— P PoP PEXIXS XX
N o ~ _ ol ~ O/
NAI?IEX_)%/ [WEAK] PFX;XOjXO_X STR fl_X_)Xoc aga/ [RES]
PP P EX%X PEXSX Pt (va)X = (va)X
NN NN N=No=»Ny=N
[RESy] [PARy] [S ]
) N= ()N N[N N[N N-N -

Figure 4.10.: Operational Semantics of Session Calculus
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—* for the multi-step reduction.

Example 4.4.2 (Register Example). We write here an implementation of the
Register example from Section The global and local types are referred to
Figure 4.1 and Figure 4.6

Py, Ps and Pp, respectively correspond to the user, server and remote database.
Py initiates the session by announcing Gryage On shared name a. According to
rule [IniTy], it creates a session name s, a message buffer and invitations for U,
S and D. Py then joins the session as the user U, the variable z being used to
contain the session name. Py proceeds with Xg(yo,z) where yy is the integer 1
to represent the number for request, and z the session name. The execution of
xo(y0,2) sends a message Request with payload integer 1 in the message buffer
and user continues interactions as described in the process. Ps starts in x(a, form)
where a is the shared name and form is a generated registration form. It joins
the session as S, gets in variable z the session name s and continues with xq (i, z).
The registration information i, from user is checked recursively with D until valid
information is obtained and S notifies user with the success message number i3
and notifies database to record this user information with command number i4.
Similarly, P, begins with x(a) by joining the session as D, helps server to check the
uniqueness of user with message d;, and sends the result back with correct/error
indicator d,. The information will be eventually recorded with command number

d3 from the server.

4.4.2. Typing Multiparty Interactions

in this subsection, we define the typing system for choreographical session
calculus. What is different from existing multiparty typing systems is that we
need to gather the typing constraints of the transitions P in P, and keep track
of associations such as x; =!(p,/(U)).x,. The typing system relies on matching
between local types and inferred transitions in order to keep the typing system for

processes simple.

Environments We write u as a shared channel a and its variable x and ¢ as a

session channel s[p] or its variable. The environments are defined as:
:=0|TuU Ax=0]|Ac:T Yu=0|Xx:0
I" is the standard environment that associates variables to sort types and shared

names to global types. A is the session environment that associates channels to
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Py = def X(x yo) = x<GReg1ster> (x yO)
X' (x,y) = x[U](2)-x0(y0, 2)
X0(¥0,2) = z! (S, Request(yo)) X1 (z)
x1(z) = 22(S, Form(y1)) x2(y1,2)
x2(y1, z)+X9(y3 z) =x3(y2,2)
x3(y2,2) = 2! (S, Submit(y1)) X4(2)
X4(z) = x7(2) & X3(2)
x7(z) = z?(8, Invalid(ys)) .x9(y3,2)
x3(z) = 2?(8, Success(y4)).X14(y4,2)
x14(v4,2) =0 in x(a, 1)
=def x(x,ip) = x[S](z).x0(i0,2)
x0(i0,z) = 2? (U, Request(i1)) X1 (io, i1,2)
xi (o, i1,2) = 2! (U, Form(io)) X2(z)
X2(2) +x9(z) = x3(2)
x3(z) = z?2(U, Submit(iz)) X4 (i2,2)
X4(l2, ) =z!(D, Check(ir)).X5(z)
x5(z) = 27 (D, Reply(i3)) X6(i3,2)
x6(l3 z) =if iz =0 then x7(i3,z) else xg(i3,2)
x7(i3,2) = 2! (U, Invalid(i3)) X9 (z)
xs(i3,2) = X10(i3,2) | X11(is, 2)
x10(13 z) = 2! (U, Success(iz)) .x12(z)
x11(i4,2) = z!(D,Record(is)) . X13(z)
x12(2) | X13(2) = x14(z)
x14(z) =0 in x(a, form)
Py =def x(x) =x[D](z).Xo(2)
X0(2) +X9(z) = x3(2)
x3(2) = 22(8, Check(d)).xs(d12)
xs(d1,2) = z!(S,Reply(da)) Xe(2)
X6(2) = Xo(z) & X11(2)
x11(2) = z?(S,Record(d3)).x14(d3,7)
x14(d3,2) =0 inx(a)

Figure 4.11.: Register Example: Processes
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session types. What is different from multiparty session types is that we use X to
keep tracking state variable associations in the typing system, since we introduce
state variables in local types and processes. We say I',u : U only if u & dom(T),

and it is similar for other variables.

Judgements The different judgements are used:

I'Fe:U Expression e has type U under I"

'-P>X Y Left/right variables in P have types X/X under I'
r-p Process P is typed under I"

I'EN Network N is typed under I

Typing Rules We define the typing system for processes in Figure 4.12] Apart
from inferring local types through gathered constraint, the essence of the typing
system is the same as that of [HYCOS,ICDCYP13]]. In the rules, ¥ and Z correspond
to sorts and session types, respectively.

Rule [in11) types the initialisation, where § should contain x and variables in é
appearing in the right hand side. In the type system we record that x =x’ at the
head of 7 and every z; should have type 7 W x=x'. Rule [Req] is similar but we
record the introduced projected local type 7 = G [ p. Rule [senp] types the send
action with recording z; (T; = x =!(p,/(U)).x') and x = x’ for all other sessions.
Rule [Recv] for input is its symmetric rule. It records 7; = T Wx=? (p,l(U)) X' for
z; and x = X for all other sessions. Rule [DeLEG] types the delegation by sending
a session name where we record the type 7 of the sent session name y as the
argument of X. Rule [Carch] is its symmetric rule with recording 7 for y as the
final argument x’.

Rule (Par] types the parallel composition. The operation (7; U %) WX=X) | X2
is defined as def x=x; | x2, ﬁ U T"z in x where 7; = def i in x; and we record
X=X | X, at the head of a union of 7] and ‘Z;. Rule (Joiv] is the symmetric rule.

Rule [1r] describes the internal choice and variables in e and é are covered by
¥. Rule [cuoicg] types the external choice. Rule [MercE] collects the branching.
In [DerF], we write comp({Z;; X}};) if (1) there exists unique X € (UX;) \ (U;Z});
(2) for all x # Xx¢, x appears exactly once in X; and Z’j for a unique i,j. (3) if
Yi(x) = U;T and rh(x) = U';T', then U = 0" and T = T’. The conditions
(1,2) corresponds to the Unambiguity condition in the well-formed global types
defined in Section 4.2.2] and (3) checks the matching of the argument types of
each state variable appears in right ¥; and left Z;-. The rules for expressions

(ITrRUE, NamEs, Not]) are standard. In rule [Res], we record type (G) for a.
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v isﬁw:<G> Vi, T =T wx=x T=G|p
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|
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o

(e)ex:UT | X:0'T

T =T 'wx=2(p,[(U)) X Vj#i,T;=T Wx=x
VX (@2)ex: 0T | X :0' T

j:U,y:UFé:U0

Fx(72) = z:?(p,1(y)

y:Ore:U T=Twx=!(p,(T))x Vj#i,Tj=T Wx=x
x(5zy) = ! (p, I X' (&2)px: UTT | X :0' T

T =T wx=2(p,{T)) X Yj;éi,‘Tj::Z}'de X
"(ezy)>x:UT | X:0'T'T

Vi, T = (‘ZdleTzz)UX X1 %o
01T % 0%

. ~:U1 )71U|—)72:U2
Fx(32) = x1(512) ’Xz(f/zZ)DX.U‘T [ x
J:Uby:0, 5:0Fy:0 Viv(TlL‘U(TZi)—T WX [ X=X
Fx1(512) | %2(522) = x(52)b x1 : O T, %0 : 02 T | x: U T

vi, T = (‘TnU‘Tzl)Ux X1 ©X)
U T, %0 0h T

Fx(32) =z 2(p,I(y)) X
l_

'U] )720|—§2202

J:UFe:U j:UFé:
Fx(yZ) =if e then x;(€,2) else xp(&2Z)>X : 0T [ x

Vi,{Z; ({IhU‘Iz,)UX XI&XZ
Fx(52) = x1(72) & % (52)>x: 0T | x1:0T1,%: 0%

Vi, T, = T Wx| + X=X

Fx1(32) +x2(52) =x(32)> x : U T, %0 : UT [x: 0T’
FPoY | X comp({% | Zi}i) x0:U0=(UZ)\(UX) Tkv:0
I+ def P in xo(¥)

vep WU EL g
I'tu:U

I' = e : bool
't not(e) : bool

I' F true : bool

i =T Wx=x
~—[RES]

[INIT]

[REQ]

[SEND]

[RECV]

[DELEG]

[CATCH]

[PAR]

[JOIN]

[1F]

[CHOICE]

[MERGE]

[DEF]

[NoT]

Vi, T, =defx =end in x
= [NIL]
=0>x:UT |

Vi ‘1: Twx=x
Fx(32) = (va)X (a32)>x: UT [ X : (G)UT’ Fx(¥2)
T'F (va)N THo

I'ENp || N2

Figure 4.12.: Typing System for State Processes
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) B ox(@
x(9) [xX'(2) =x"(®) + x(F[F/3]) | ¥ E/H) =x"(7
x(X)+x (%) =x"(x) F x(¥)=x"(¥)
X(X)+x'(X) =x"(x) + X =x"(v)

x(¥)=0 F x(v)=0
P + X|(va)X = (va)(X|X) (a €X)
P + X|X=X|X
PEX=X" PEX=X

PEX|X =X"|X PP P X=X

def Pin0=0  def Pin (va) X = (va) def Pin X
NJJ0=N N[N =N|[IN N[ (N[N")=(N|N)][ N
N|| (va)N' = (vn)(N||[N) (n¢€N) (vn) 0=0 (vs)(s:h)=0

Figure 4.13.: Structural Congruence for Processes and Networks

We define structural congruence for process states, processes and networks in
Figure 4.13]and omit the same ones as in [CDCYP15].

4.4.3. Typing for Run-time Processes

During runtime, we also need queues to buffer the messages being sent; just
pure processes are not enough to model and verify the communication system.
Therefore we extend and define the typing systems for runtime processes. We use

the following abbreviations for message types.
T = defTinX
T o= Npi,l(Un)): Hp2,22(U2))s - 1(Puy n(Un))

Type T denotes as a message type that contains a sequence of outputs which
represents a sequence of messages stored in a queue [CDCYP15]. Note that we

write single x = € instead of x = end for message type T.
AN = A\dom(A)UA\dom(A)
U{c: A(c)|A(c) | ¢ € dom(A) Ndom(A')}

where B B _
(def Tinx;) | (def T inxp) = def T in (x; | X2)

Wp1, L (UD)Ys -+ {pn, 1 (U)) | (def T in x) = def T" in x

with 7/ = x =!(p1, 11 (U1)).X1, - X, =1p2, b (Un)) Xy 1, T [Xn 1 1/X].
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FPoY | Z comp({Zi; X))
[P+ x(v¢)>

™

(i=1,2)
PAR]

[

[,PHX;>A
[PEX | XobA | A

comp({Z;;

i) [P-XsA
[NIL] — [RDEF]
I'def Pin X>A

FPbE
[,PHO0>¢:defx =endinx

Figure 4.14.: Typing Rules for Run-Time State Processes

[QINIT]

Fl—{s} s:e>0
Ihgys:h>A r'=v:U
[QVAL]

L sth-(q,ILIv)) > A {s[q] :{p,l(U))}
[QDELEG]

r‘f—{x}s:hDA
(A,s'[p'] - T'); {sla] P, (T"))}

I'ts:h- (q7p7l<s/[p/]>)
Figure 4.15.: Typing System for Queues
| denotes the parallel composition of two definition types. or concatenating a

message type to the top of the definition type.
We define choreographical session types which have both message and com-

pleted types.
Generalised T 1= T session
| T message
| T.T continuation

Then ; is defined by:
ANslq:r]:TT ifA=As[q:r]: T,
A{slq:r]: T} = '
Aslq:r]:T otherwise.
Typing Systems The typing of queues and runtime state are similar with
the definition agent, shown in Figure {.15] and Figure B.16] The typing for

network processes and for queues are essentially the same as the typing system
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I'EPrA
— [PR
Fl_g P>A

TFsNEA Ax A
oMm] ; [EQ]
THgNbA

s N>A  co(s,A)
Chgg (VS)N>A\s

I'FsNeA Thg NpA/
Ihgus N||N'SA|A

[GSRES]

[GPAR]

I,a:(G)FsN>A
I's (va)N>A

'ta:(G) Glp=T
[t alp](s)>s[p] : T

[GNRES] [GINIT]

Figure 4.16.: Typing System for Run-Time State Processes

in [CDCYP15]] since at the network level processes can be seen as the same as the

original session calculus.

Transition Rules between Environments

We define the transition system between environments in Figure 4.17]

=T 5 T =7
7 [STR]
o — T
(T,A) = (T,A)

Ca:(G),a)  “S%  (Ta:(G),a)
(Ta:(G),8) P (ra:(G),Aslp]: G Ip)
g O ey
(Casp:T) B2 (A T
g U ey
(C,Asp) s ) B (A sp) )

g lalm)
(A sfp : T [p): 7) BEEED, (A ) )
g AT
(A sfp) ) BYRD (A )7 ] )
(Ii !<qvl<U>> {Ii/ (Zé ?<P71<U>> ‘Ié/
(s[p] : Ti,sla] : T2,A) —  (slp]: T}, s[a] : T, A)

Figure 4.17.: Environment Transition System
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[TAU]
[INIT]

[Acc]

[SEND]

[RECV]

[DELEG]

[CATCH]

[CoM]



defT'inx (T=T) |EQ
def x| +x» :x,T inx

(i=1ori=2) |MErGE|
def x; | x, = x,Tv inxp | x2 = def x| | x, = x,Tv in x |JOIN|

def x =! (p,[({U)).X, T inx ELICHR def x =!(p, (U)X, Tinx  |Senp/]
defx =2 (p, (U)X, Tinx P Getx =2 (p, (U)X, Tinx  [Recv,)

defx:xl@xz,finx 5 defX:xl@x2,finxi
(i=1lori=2) |ConD |

def T in x
defx;+x, =x,T inx;

defTinx; — defTinx|
— 7 — | CHOICE]|
defx=x; &x;,Tinx; — defx=x;&xp,Tinx
defTinx; = defTinx, .
def Tinxy | X, & defTinx||X,

(o) Tisla : B.A) —  (slp): T} sla]: B A)

Figure 4.18.: Type Transition System, Structure Rules and Environment Commu-
nication Rule

In Figure .17, rules |inimAcc] are used for the session initiations and
receptions. Others shows transitions between local types to transitions between

environments. Other rules are straightforward.

4.5. Safety of Typed Multiparty Session Processes

We defines a labelled transition relation between types 7 LT in Figure
with transition labels ¢ for types: ¢ ::= 1 | ! (p,l[{U)) | ?(p,/{U)). Rules [Senp]
describes that the sending action occur when the state variable x points to sending
types. Rule |Recv,| is similar. Others are contextual rules. We also use the labelled
transition relation between environments, denoted by (I, A)% (I, A") and the main
rule for transition is |com| in Figure which represents the reduction between
a message queue and a process at the network level. Other omitted rules are
straightforward.

We say P has a type error if expressions in P contain either a type error for a
value or constant in the standard sense, such as (true+7), or a reception error,

e.g. the sender sends a value with label [y while the receiver does not expect label
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lo.
We first state the subject congruence.

Lemma 4.5.1 (Subject Congruence). Suppose I, PHX>Aand P+X=X'. Then
[,P+X'>A. Similarly for P and N.

Proof. 1. (Process P) For the axioms in Figure[d.13] we use the type equalities
in Figure [4.8] Others are straightforward by induction.

2. (Def agents P) For the case of join and merge, we use the structure rule for
local types defined in Figure 4.18]

3. (Network N) The same as [CDCYP13].
O

The theorem of subject transition and reduction, which is also called type
soundness, states that if a process emits a label, or the network performs a
reduction, then the environment should do the corresponding action, and after

transition, the resulting process and the environment should match.

Theorem 4.5.2 (Subject Transition and Reduction).
1. T,P+X>Aand P XX imply I', P+ X' A with (T,A)% (I, A").

2. TFPrAand PP imply I = P'> A with (T,A) % (I, A").

3. TFs NoAand N — N imply T N'> A with A —* A,

Proof. We prove the theorem by case analysis approach. (Process P)
Case [SEnD] Suppose:
x(52) = x ! (p, 1{e)) X (&2) F x(5&) 220 (57
with x[¢/Z] = s[q], e[¥/5] | v and &[¥/5] J W by [senp]. Then by [state] in Figure[d.14]

L,Px(7)>¢: T

and
P=x(52) = x! {p,1(e)) X (&2)

has type
FPox:UT | X:0'T
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with
jy:UkFe:U, 3:UFé&:U,

and
T =T wx=!(p, (U)X Vj#i,Tj=T wx=x

with z; = x. By substitution lemma,
w:UO & e[p/9]:U,ei[9/3]: U
On the other hand, by |senp,| in Figure 4.18] we have

T = T'wx=! (p,|({U)) x B g

4
This implies, by [senp] in Figure 4.17} with '+ v : U and x[¢/Z] = s[q], we have:
(r,a) “22, ()
where A=¢: T and A’ = A\ s[q] U {s[q] : T} as desired.
Case [Recv] Suppose:
S5\ 19 s ooy SRV s

X(32) = x2(p,1(y)) x'(é2) - x(v¢) ——— x'(V'¢)

with x[¢/Z] = s[q] and &[V/%][v/y] 4 W by [Recv]. Then by [state] in Figure 4.14]

IPEx(ve)>é: T

and
P=x(y2) =x?(p,/(y))-X (é2)
has type
FPox:UT | X:0'T'
with
y:U,y:UFé:U
and

T =T 'wx=2(p,[(U)) X Vj#i,T;=T vx=x
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with z; = x. By substitution lemma,
Ww:UO,v:UFe[p/7]:U,elv/7]: U
On the other hand, by |Recv,| in Figure [.12] we have

T =T wx=2(p, (U)X B,

1

This implies, by [Recv] in Figure4.17, with ' v : U and x[¢/Z] = s[q], we have:
(F, A) S[q,p]?l<v> (1—1’ A/)

where A=¢: T and A’ = A\ s[q] U {s[q] : T/} as desired.
Case [Ini7]

Suppose

x(§2) = x(G).X'(&2) - x(w¢) “(G), X' (¥¢)

with a = x[W/¥], &[w/5] | ¥, By (ni1] in Figure [4.12]

Fx(52) =x(G) X (&) >x:UT | X :0' T’
with §: 0+ é:0,5:0F x:(G) and Vi, T, = T wx=x'. Then by [state] in
Figure 4.14] we have:

L,PEx(we)>¢: T
and, by [vi] in Figure @.17] we have

T, “C A

By [state] in Figure [#.14] we have

[ PHX(56)>é: T
as desired, noting 7, = 7;.
Case [AccepT]
Suppose

alpl(s)

x(52) = x[p] (y) X' (e2y) b x(we) X' (vés)
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with a = x[W/¥], &[w/5] | 7, By (Req] in Figure[d.12]

Fx(32) = x[p](y) X (ezy)>x:UT | X :0'T'T

withy:0Fé:U0,5:U0Fx:(G),Vi,T;=T'wx=x"and 7 = G | p. Then by
(state] in Figure [#.14] we have:

[,PHx(Wwé)>é: T
and, by [Acc] in Figure [d.T7] we have
(T,A) 225 (T,As[p]: T)
By [state] in Figure[#.14] we have

[,PHx(ves)>c: T, s[p]: T

as desired, noting 7, = 7;.

Case [IrT] Suppose
X(§Z) =if e then x,(¢,Z) else X, (&%) F x(¥¢) = X/ (¥¢)
with e[#/7] | true and &, [#/7] | W by (tr11. Then by [stare] in Figure [d.14]

IPEx(e)>é: T

and
P =x(J7) =if e thenx,(€Z) else x1(é22)
has type
FPox:UT | x1:0,7,%2: U,y
with
j:OFe:U j:UFé&:0 5:0Fé&:0,
and

Vi, T, = (T1; U D) WX =X B X
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with z; = x. By substitution lemma,
WUk e[v/9]: U
On the other hand, by |conp| in Figure 4.18| we have

T = (T1iUTi) UX=X; DX, 5

1

This implies, by [Tau] in Figure #.17] we have:

T

(A —  (TL,A)

where A=¢: T.

Case [New] Suppose:

X(52) = (va)xX'(a§%) F x(5¢) = (va)x' (ab¢)

with a &€ v by [Ngw]. Then by [state] in Figure [4.14]

I'PFx(Ve)>¢: T
and
P =x(52) = (va)x (a5?)
has type
FPox:UT X : (G)UT
with

Vi, T = Twx=x

and z; = x. On the other hand, by [Eq) in Figure .18] we have
T'=Twx=x 5 T/
This implies, by [Tau] in Figure we have:

(T,A) = ([,A)

'f':_x
N

where A =
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Case [ExT] Suppose
x(72) = x1(72) & x2(32) F x(7¢) = x; (¥¢)
by [Ext]. Then by (State] in Figure |4.14]

I'PFx(V¢)>¢: T

and
P =x(2) = x1(52) & x2(372)
has type
FPox:UT | x1:UT,%: 0T
with

Vi, 7 = (T, U D) Wx=x; & Xz
with z; = x. On the other hand, by |cuoice] in Figure [4.18] we have
T =(TiUD)Wx=x &xa = T,
This implies, by [Tau] in Figure we have:
o

([,A) = (LA

whereA:c":i‘andA’:A\{XQ:Uai}.

Case [Par]
By the premise of rule [Par] in Figure {.10|

PHXo %X
, where we could obtain that

[P+ Xy Ao
[P+ X)> A,

such that (I', Ag) (T, Ap).
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We assume that there exists
[LPHX>A
Then, by applying the rule |Par| in Figure 4.14} we get

[PEX | X>Ag|A
[PHX) | X>A)|A

, which satisfies (I, Ag | A) = (T, Ay | A).
Case [WEaK]
By the premise of rule [Weak], we are given
PEXSX
, where we could obtain that

[P+ Xy Ao
TP+ XA

such that (T',Ag) = (T, A).
Then, by applying the rule [Weak] in Figure we get

PP PHXSX
, Wwhere we have
F,P,P’,P” FXo>Ag
I,P,P P'+X|>A)
, which also satisfies (I',Ag) — (T, Ap).
Case [STr]

By the premise of rule [str], we are given

PEX=Xo 35X, =X
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, where we could obtain that

[,PHX>A
[,PH Xy Ao
[P+ X)>A)
[LPHX>A

with the transition (T',Ag) % (T, A)).
By applying Lemma [5.5.1] we could get that

[LPHXorA A=A
[PEXDA, A=A

Then, by applying the rule [STr| in section 4.4.3] we get

Then we could obtain
with the transition (I',A) % (I, A).

Case [REs]

By the premise of rule [Res] in Figure {.10]
~ o o

PEX%X

, where we could obtain that

Ia:(G),P-X>A
Ia:(G),PFXpA

with the transition (T, Ag) = (T, Ap).
Then, by applying the rule |Par| in Figure 4.14] we get

[,PF (va)X>A
I,PH (va)X'bA

, which satisfies (I, A) % (I, A').
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(Def agent P)
Case [DEF]

Given the premise of the rule [Der] in Figure d.10] we have
PEXSX

Assume that _
ILPEX>A

[LPHX>A

and we have the transition (I',A) = (T, A").
Then, by applying the rule [State] in Figure d.14]to the above, we obtain that

A is the set of {X; || !} for each P;
A is the set of {X; | X}} for each P,

Again, we assume that

F,ﬁl— def Pin X>Ager
T,PHdef PinX'>A,,,

By the premise of the rule | Der| in Figure 4.12} we have

Agey 1s the set of {X; [| X!} for each P,
Ay, s is the set of {¥; [ Xi} for each P,

This implies that A = Ager, A = A/, 7
By the reduction rule |per| in Figure 4.10, we obtain

def Pin X % def Pin X/

, which we have (I',A) = (I',A').
Case [Tau]

By the rules |Tau] in Figure and |Tau] in Figure 4.17] we obtain that for
every transition, P < P, there exists an environment transition (I,A) = (I, A).

(Network N)
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Case [PuT] Assume
Plls:h—P||s:h-(p,q,l(v))

with
p SRy
Since there is a typed transition, s[p] in P has a type

Ti € (det x =!py, 11 (Un)) x1,T in x)

and s[p] in s : i has a type

T déf!(Pl,ll U)):-: Mpn-1,11 (Un-1))

On the other hand, s[p] in P’ has a type:
B (def T inx)
and s[p]ins:h--(p,q,/(v)) has a type

T> o1, 1 (U)5+ - Hpu 151 Un 1)) oms 11 (Un)

Then by the parallel composition rule, we have 7, | T, = 7} | T}, as desired.
Case [GeT] Similar with [PuT].

Assume
Plls:(p,q,l{v)-h—P|s:h

with

p s[p,al?(v) p

Since there is a typed transition, s[p] in P has a type
T ' (def x =2(pn, 11 (U,)) 1, T in x)
and s[p] ins: h--(p,q,/(v)) has a type

def
Ty S2p1, L {UD); - 3 2Pa1, 11 (Up—1))
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On the other hand, s[p] in P’ has a type:
T (def T inxy)
and s[p] in s : & has a type

T2 E2p1 1 (U) 5+ 2pn- 1,11 (Un1)) 2o 1 (Un)

Then by the parallel composition rule, we have ‘%, | T, = 7} | Ty, as desired.

Case [INITy]

Easy using [GIniT], and noting a parallel composition of a[p;](s) forms the complete
type co(s,A) with A = {s[p;] : %}, hence we can close by name hiding.

Case [Accy] .

By [Gmr] in Figure 4.16] we can assume I' - P || a[p](s) > A, s[p] : G | p with
't a: (G). Then by [Req] in Figure4.12, TH P'>A,s[p] : G | p, as required.
Case [Resy]

This is divided into name binding case and session binding case.

e For name binding case, the transition (va) N — (va) N’ is given.

By applying the rule [GNRes] in Figure[.15]on (va) N and (va) N’ seperately,

we get
Ia: (G)FsNpA

' (va)N>A

Ta: (G)FsN A
[ks (va)N'> A

Then, we apply the rule [Resy] in Figure and get transition N — N'.
Since this is a typed transition, there exists an environment transition
as (T',a: (G),A) — (T',a: (G),A"), which implies the transition (I',A) —
([',A"), as desired.

e The session binding case is similar.
The transition (vs) N — (vs) N’ is given.

By applying the rule [GSREs] in Figure on (vs) N and (vs) N’ seperately,

123



we get
I'EsN>A  co(s,A)

Chg (VS)N>A\s
TCFsN'>A co(s,A)
Iy (V)N DA\ s

Then, we apply the rule [Resy] in Figure and get transition N — N'.
Since this is a typed transition, there exists an environment transition as
(I A) — (T,A’), which implies the transition (I',A\s) — ([,A"\ s), as
desired.

Combine the above two cases, Case Case[Resy] is proved.

Case [Pary]

Given the transition N || N” — N’ || N”, we apply the rule [GPar] in Figure on
N || N” and N’ || N” seperately, and get

CHsNpA g N/pA"
rl—jLﬂj/N H N//DA‘AN
THsN'bA [Thg N/BA”
I'gug N I N'>A | A

Then, by applying the rule [pary] in Figure [4.10] on the transition, we obtain
N—N.

Since this is a typed transition, there exists an environment transition as
(I',A) — (T',A"), which implies the transition (I',A | A”) — (I',A" | A”), as desired.
Case [STry]

Apply the rule [stry] in Figure on the given transition N — N’, we obtain that
N=No—>Ny;=N

AsT'FNpA, by Lemmal[5.5.1] we have I'F No>Ag and Ag = A.

Since the transition Nog — Nj, is well-typed, then we obtain that I" - N{>A{ and
there is a transition (I', Ag) — (I', Af)).

Again, by Lemma I'FN'>A" and Aj = A'. Thus we have the transition
(I',A) — (I',A), as desired.

This concludes all cases for Subject Transition and Reduction Theorems. [
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Theorem 4.5.3 (Type Safety). Suppose I' = N. For any N’ such that N —* N/, N/

has no type error.

Proof. Suppose I' - N has a type error. Then there are reductions such that N —*
(vs)(s: (p,q, (W) -k || P || -~ || P.) || N’ and P; 222200 p; where v does not meet
the specified type. Suppose I' = P;>A, s[p| : Z;. By the transition rules in Figure
‘TJM‘Z;' . Since P; has a type error, I'I/ v : U, which contradicts Theorem
O

4.6. Related Works

Other parallel extensions on session types and choreography We discuss two
related works by Castagna et al. [CDCP11]] and Bultan et al. [BBO12al IBBO12bl],
which seeks extending session to represent choreographies. The authors in
[CDCP11]] describe global choreographies in a language of types with fork (A),
choice (V) and repetition (G)*. The corresponding local types and projection
algorithm are defined and properties like liveness, soundness and completeness of
choreographies are proved to be decidable. The problem is that these global types
extended in [CDCP11]] use series-parallel syntax trees and still lack of the ability to
express general joins and merges: the syntax in [[CDCP11] could represent simple
examples like Ex. [4.2.3] but fail to express examples such as the Alternating Bit
Protocol G3 in and G4 in Example[d.2.3]

In [BBOI12a], the authors define global specifications as a finite state machine
and a sound and complete decision algorithm for realising a choreography
specification. They also state the sufficient conditions for checking reachability of
choreographies and demonstrate the checking in several practical use cases. But
the global specification in [BBO12al| lacks support for parallel composition, when
modelling examples with fork/join operations. The authors do not give a practical
framework, from types to processes to tackle real programs neither. Recently,
[BBO12b] extends [BBO12a] to tackle the synchronisability problem. However,
they still do not consider typing safety for the choreography.

The main differences between the above two works and our choreographical
session types are: (1) [CDCPI11, BBO12a] only investigate the relationship be-
tween global, local specifications and choreographies, without considering typing
programs or processes to ensure safety properties; (2) Bultan et al. [BBOI12a,

BBOI12b] do not mention language for any global description, while the global
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specification in [CDCP11] is not rich enough compared to choreographical session
types; and (3) [BBOI2a, BBO12b|] only propose exponential decision results
and the algorithmic projectability in [[CDCP11]] is more limited compared with

choreographical session types.

Message sequence graphs (MSGs) In terms of graphical expressiveness, Mes-
sage Sequence Graphs (MSGs) is a very comparable representation, which is an
extension of Message sequence charts (MSCs). MSGs shows finite transition
systems where each state embeds a single MSC. The literature in [GMPO4]
investigates variants of MSGs, which provide efficient conditions for verification
and implementability. Some of these conditions are similar to the those of well-
formedness of global types: for example, the local choice condition with additional
data of [GMPO04, Def. 2] corresponds to our local choice condition. [CDCP11,
§ 7.1] gives a detailed comparison between MSGs and global session types.

In general, MSGs, are incomparable with our framework since MSGs’ transi-
tion system is global and non-deterministic. We aim for a global type language
that is compact, precise and suitable for programming. For example, extending
the Alternating Bit Protocol G4p to three parties can easily be implemented
in choreographical session types but it will be written in Compositional MSGs
(CMSGs), a complex extension of MSGs. The main advantage of type-based
approach is that there is no gap between global specifications and programs, and

we can check the properties of programs by static type-checking.

4.7. Summary

We present the theory of choreographical multiparty session types. In order
to solve the problem of state explosion of large-scale protocols and better
support general graphs, the separation of branching and parallel functionalities
is necessary. We define the syntax of global choreographical session types, which
have two features: explicit fork and choice operations and state variable notations.
We describe the well-formedness conditions to guarantee that global types are safe.
Similar changes are applied to local types and a projection algorithm is presented.
We define the operational semantics and typing rules for choreographical session
calculus, and theorems of subject reduction and type safety are proved. Research
works related to choreographies, graphs and parallel extension on session types

are discussed finally.
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5. Timed Choreographical Multiparty
Session Types

In this chapter, we show the theory of timed choreographical multiparty session
types. First, we present the syntax of global session types and define the labelled
transition system. Then we show the syntax of local types and the corresponding
transition system. Next we define the semantics of timed choreographical session
calculus and transition rules. Then we show proof rules for validating the processes
and the typing system for runtime processes. Theorems of subject reduction, type
safety and time error-freedom are proved. We also define the progress-enabling
property and time-progress property to ensure progress of processes. Finally,

related works are compared and reach the summary of this chapter.

5.1. Motivation: An Application of Time and Parallel

Combination

When we are trying to describe and verify more applications using session types,
it is observed that some user cases are hybrid systems that employ both real-
time requirements and parallelism. Among various internet applications, control
and sensor networks require precise timing (like "over the Ethernet &= 65ns") or
deterministic and small delays (like "over the Ethernet < 100us"), and meanwhile,
communicate with other components using multiple concurrent threads. Live
audio and video applications are another good examples because they require a
delay for source-to-destination path and sound/images are sent simultaneously
with other data formats. Besides, some programs that do not need internet
connection also have similar time and parallel requirements. For example, Sonic
Pi [son, IAOB14] is a music application that use generates music via coding.
Producing the music requires that beats are played at periodic and precise timing,
and threads for different chords are performed concurrently and synchronised

whenever required. These use cases inspire us to combine timed session types
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with choreographical session types.

This combination can be divided into two steps: first we merge the syntaxes
of two variants of multiparty session types, including global/local session types
and processes; then we check if the theorems from either of the two frameworks
still hold for the new syntax of timed choreographical session types. On one hand,
merging the syntax appears natural; and it is observed that time and parallelism
are orthogonal, so proofs for some theorems, such as well-formedness of global
types, remain similar. On the other hand, it is challenging to prove theorems that
concern time and rely on structural traces, especially for checking feasibility and
wait-freedom; by introducing fork/merge operations, timers may be interleaved
between parallel branches and this increases the complexity of ensuring safety
regarding time. In this chapter, we will describe the solution to addressing such
complexity.

Before presenting the syntax, we provide a motivating example that is used in
this chapter. It describes a trading process that involves three participants: a trader
T buys or sells securities based on real time stock prices; a Broker B provides
a service to trader, such as offering trading software; and Exchange Center E is
responsible for pushing current stock price to traders and provides a platform for
trading securities between individual investors. For the purpose of illustration,
the trading process is simplified and described as below, with a BPMN activity
diagram in Figure[5.1]

e On one parallel branch, the Exchange Center E should Push the latest stock

price to the trader T every 2 seconds.

e On the other parallel branch T can decide to Buy/Sell securities or do nothing
(Ignore). If Buy/Sell is chosen, then T will send the quantity to the broker B
and B forwards the Action to E.

e If T chooses Ignore, then it sends the information to B and B reports Nothing
to E.

e The process continues until 20 seconds elapse. The Exchange Center E

informs T of the market Close and T sends B message Quit.
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Figure 5.1.: BPMN Activity Diagram for Trading Example
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5.2. Timed Choreographical Global Types

The syntax of global types is inherited from choreographical session types. The
reason is that apart from time assertions, the syntax of global types for timed
session types is a subset of choreographical session types; introducing fork/join
enables session types to express more scenarios than merely choice/merge.

The global types are defined on the basis of choreographical multiparty
sessions with flexible fork, choice, merge and join operations, with each interaction
associated with a time assertion. From global types, we can project them onto local
types that describe the behaviours of each single participant and are used for local
verification of processes.

Before presenting global types, we define variables in time predicates, which
are similar to those of Section[3.2.1] Let X be a set of clocks ranging over xy, ..., x,
and taking values in R=°. A clock assignment v : X — R=0 records the time of the
clocks in X; v+t as the assignment mapping to v(x) +7 for all x € X. We assume
Vo for the initial assignment mapping all clocks to 0. The clock constraints ®(X)

over X are:

d u= true|x>clx=c|8]8 A&
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where ¢ is a time constant ranging in QZO . false, <, <, >, V can be derived in the
standard way.

Participants (p,q,p1,...- € P) communicate via endpoint asynchronous mes-
sage passing. An interaction, which consists of a send action and a receive action,
is annotated with two pairs of a clock constraint and a reset. The clock constraint
specifies when that action can be executed and once the action finishes, the clocks
that appear in reset predicate should be set to 0.

We assume that the sets of clocks accessible by different participants are
disjoint, and that the time assertion of an action performed by a participant only
concerns the clocks owned by that participant. What is different from assumptions
in timed session types is that we allow each participant to have multiple clocks.
Also if the participant appears in two parallel branches, then he should use different

clocks for each branch before the fork point is reached.

Definition 5.2.1. The syntax of timed choreographical global types is as below.

G = defGinx Global type
G:= x=p—p:l(U}{A};xX Labelled messages

|  x=x|x" Fork
|  x=x+X' Choice
| x|x' =x" Join
| x+x' =X Merge
| x=end End
U := (G)|bool|nat|--- Sorts
A= {8,,X,0;, N} Time Assertion

Compared with choreographical multiparty session types, time assertions
are added in the global types. The labelled message exchanges x =p — p’ :
I{U){A};x’ describes that p are the sending message with label / and the payload
type U and p’ is receiving the message. A is a time assertion A = {,,A,,0;,A;},
where §, and A, are the clock constraint and reset for the output action and §; and
A; are for the input action. This transition specifies that: (1) if §, is satisfied, then p
can go from X to the continuation X’ by sending message [ and reset the clock (if A,
is non-empty); (2) if §; is satisfied, p’ goes from x to x’ by receiving the message
and doing reset. The syntax for fork, choice, join, merge and end remains the same
as choreographical global types.

We illustrate the timed choreographical session types with the Trading example
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GTrade = def

Xo+X18 = X
X1 = X2+X3
X) = X4+Xj5
X4 = X¢|X7
X6 = E— T: Push(float){xg, = 2,xg,,2 <xr, <2+ D,x1, };Xs8
X7 = T — B:Buy/Sell(int){xr, < 1,xr,,xs, <1+D, _};Xg
X9 = B—E:Action(int){xs, <2,xp,,xg, <2+ D,xg, };Xi0

Xg | X0 = X1

X5 = X2 \ X13
X12 = E— T: Push(float){xg, =2,xg,,2 < xr, <2+ D,x1, };X14
X13 = T — B:Ignore(bool){xr, < l,x1,,x8, < 1+D, _ };Xy5s
X15 = B — E: Nothing(bool){xg, <2,xg,,xg, <2+ D,xg, };X16
X14 ! X6 = Xy7
X[ +X17 = X3
X3 = E— T: Close(bool){xg, =20, _,20 <xr, <20+ D,xt, };X19
X19 = T—B: lell't<b00|>{x-r3 <5, _,xg, <2542D, _};Xzo
X20 = end in X0

Figure 5.2.: Global Types for the Trading Example

in Section [5.1]in Figure [5.2] D denotes the maximum delay between sender-to-
receiver path and records as 100 us. From the global types, we observe that: (1) the
clocks used in two fork branches, such as xg — Xg and x7 — Xy, are different; (2)
clocks used in two choice branches like x4 — x;; and x5 — X7 could overlap; (3)
clocks used in two choice branches like x, — X153 and X3 — Xp( could be different.

The labelled transition system for global types is defined over states of the form
(v, G) with labels as

C:=pqll{U) | pa?l(U) | 1

where pq!l/(U) is a send action that p sends [(U) to q; pq?/(U) is the dual receive
action, and t € R=? is a time action modelling time passing. We extend the syntax
of G withp ~ q: [(U){A};X to describe the state in which message /(U has been
sent by p but not yet received by q . The separation of send and receive actions
is used to model the asynchronous behaviour in distributed systems. The labelled

transition system for timed choreographical multiparty session types is defined in

Figure[5.3]
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A={8, A0, 80} VES, Vv =[O0

T LSENDJ
(v,ix=p—q: ({UM{A}:X) 55 (Vp~ q: {UY{AL:X)
A= {8077‘0’81')}\‘1'} v ): d; V= [7\“ = O]V I_RECVJ
(vp—q: 1U)Ax) P (v x)
LCHOICElJ
(V,x=x;+%X2) — (V,Xx])
| cHoicE2 |
(V,X =Xi +X2) — (V’XZ)
LMERGEJ
(V,xi+x=x) — (V,X)
| Fork |
(v,x=x1|x2) — (v,X]]|x2)
X| 4 X I =pq!l{U) | pq?{U) | Fork-Com |
(V,x1 | x2) 4 (VX [ x2)
LJOINJ
(v,x; [xo=x) — (v,Xx)
v+t = ready(G) | Tive |

v,G) & (v+1,G)

Figure 5.3.: Labelled Transition System for Timed Choreographical Global Types
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Definition 5.2.2 (Ready clock constraints).

{8(1} U readY(GiaD U {P, q})

ready(x=p—p : [(U){A};x,D) ifpegD
(with A = {8,,2,,8,A:}) B ready(G;,DU{p,q})
otherwise
{8;} Uready(G,DU{q})
ready(p ~ q: [{(U){A};X',D) )
(with A = {8,,%,8:, A} - fa#D
ready(G,DU{q}) otherwise
ready(x =x'+x",D) = ready(x',D)Uready(x",D)
ready(x =x'|x",D) = ready(x/,D)Uready(x",D)
ready(x,D) = ready(x’,D) = ready(x”,D) ifx+x' =x"
ready(x,D) = ready(x',D') = ready(x",DUD’) ifx|x' =x"

ready(G,D) uses a set D of participants, initially empty, to keep track of
the causal dependencies between actions. The ready actions are those that have
no causal relationship with actions that occur earlier, syntactically. ready(G,D)
returns the set of constraints in G associated to ready actions. We write ready(G)
for ready(G,0).

Definition 5.2.3 (v +¢ |= ready(G)). We write v+t |= ready(G) if for all
{8i}icr € ready(G) there exists ' > 0 and j € I such that v+7+1' |=§;

Definition 5.2.4 (Global runs and traces). A timed run r for Gy is an infinite
sequence (Vo,Go) (t1,41) (Vi,G1) (t2,£2) ... of timed states (v;,G;) and timed
labels (¢;,1;), with dom(V;) = {xp,,Xp,,..,%p, | P € P(Go)}, £ € L, and 1; € R=0,
such that:

(1) vo(x) =0Vx € dom(v),
2) (Vi, Gi)(gi,l‘i) (Vi+1 , Gi+1) erif (Vi, G,‘) Z—’) (Vi-H , Gi+1) by the transitions,
(3) to=0,t; =t;_1 +1tif ¢; =t for some t € R=%, and t; = t,_; otherwise.

The trace of a run TR(r) is the sequence of labels (,7) of r. The traces of a timed
choreographical global type TR(G) is the set of all the traces TR(r) such that r is a

run for G.
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Well-Formedness

The well-formedness is concerned with structure of global types and the structure
of timed choreographical session types is based on that of choreographical session
type, thus we could remove the time information from global types and then utilise
the well-formedness conditions in Section4.2.2]to check these conditions in timed
choreographical global types. We define remove(G) as timed choreographical

session types without time assertions.

remove(x =p = p : [{U){A};x') == x=p—p :l(U);remove(x)

Labelled messages
remove(x = x| x”) x = remove(x’) | remove(x”)  Fork
remove(x = x' +x”) == X =remove(X') +remove(x”) Choice
remove(x | X' =x") = x|x =remove(x") Join
remove(x+x =x") = x+x =remove(x”) Merge
remove(x = end) n= end End

Definition 5.2.5 (Well-Formedness for Timed Choreographical Session Types). A
timed choreographical session types G is well-formed if remove(G) satisfies the

well-formedness conditions in Section [4.2.2]

5.3. Timed Choreographical Local Types

Local types, projected from global types, describe the actions of endpoint session

that each participant must follow.

Definition 5.3.1 (Syntax of Local Types). The syntax of local types is defined as
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below.

T = defTinx local type B = {§,A}
x=Np,[{U){B,}).x' send
x =2p,[(U){B;}).x' receive

|

| x=x"|x" fork

| x|x' =x" join

| x=x'"@x" internal choice
| x=x&x’ external choice
| x+x =x" merge

| x=x indirection

| x=end end

Definition 5.3.2 (Selected Projection Rules for Timed Choreographical Session
Types). We define the projection of a well-formed global type G to the local type
of participant p, denoted as G [ p. Projection Rules for send/receive interactions
are shown as below. The remaining rules are same as the projection rules for

choreographical session types .

defGinx[p = defGlszpinx
x=p—=p :U{ALX [gp = x=Up ,[{U{B,})X
x=p—=p :(U{ALX [0 = x=2p,(U)}{Bi})X
x=p—=p :(U{ALX [5p" = x=X (p¢{p.p'})

Example 5.3.3 (Trade Example). Then we could write the local types from
participants Trader, Broker and Exchange Center separately in Figure [5.4]

The labelled transition system for local types is defined over local states of
forms (v,7) and labels /. The rules |Merce], |Fork], |Fork-Com| and |Joiv] are
same as those in global types and Figure [5.5] shows the transition rules that are
different from those in global types.

Inrule [Tive|, v+1 =" ready(T) is defined as in Section [5.2]but relying on
the function ready() on timed local types from Definition
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Ir = defxo+xi3
X]

X

X4

X6

X7

Xg | X10
X5

X2

X13

X14 | Xi6
X111+ X17
X3

Xj9

X20

TIp = defxp+xX3
X1

X2

X4

X9

X5

Xi5

X11 +X17
X3

X20

{TE = defxy+Xjg
X1

X2

X4

X6

X7

Xs | X10
X5

X2

X13

X14 | Xi6
X11 +X17
X3

X20

X]

X) +X3

X4 + X5

X6 ‘ X7

2(E, Push(float){2 < xr, <2+ D, xr, }).Xg
1(B, Buy/Sell(int){xr, < 1,x1,}).X10

X1

X12 | X13

2E, Push(float){2 < xr, <2+ D,xr, }).X14
1(B, Ignore(int){xr, < 1,xr1,}).X16

X7

Xi8

2(E, Close(bool){20 < xr, <20+ D, xr,}).X19
1(B, Quit(bool){xr, <5, _}).X20

end inXxgp

X

X7 +X3

X4 + X5

2(T,Buy/Sell(float){xg, <1+D, _}).X9
I(E,Action(float){xs, <2,xg,}).X11
2(T,Ignore(bool){xs, < 1+D, _}).x;5
I(E, Nothing (bool){xs, <2,xp,}).X17

X3

2(T, Quit(bool){xg, <25+42D, _}).x20
end inXxgp

X1

X7 +X3

X4 + X5

X6 | X7

(T, Push(float) {xg, = 2,xg, }).Xs
?(B,Action(int){xg, <2+ D,xg, }).X10
Xi1

X12 | X13

(T, Push(float) {xg, = 2,xg, }).X14
?(B, Nothing(int){xg, <2+ D,xg, }).X16
X17

X138
(T, Close(bool){xg, =20, _ }).X20
end inxg

Figure 5.4.: Local Types for the Trading Example
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B={8A VES VvV =0y

pall(S) LSENDJ
(v,x=Yq,(U){B}) X) —— (V,X)
B={8A} vES VvV =[A—0v |Recv
v,x =2q, [UYBNX) 2% (v x)
V+1t =ready(T) |Tisee

v, T) 5 (v+1,T)

LINTERNAL—CHOICEIJ
(V,szl@X2) — (val)

LINTERNAL—CHOICEZJ
(v, x=x18x2) — (V,X2)

LEXTERNAL—CHOICEIJ
(Vaxle &XZ) — (Vaxl)

LEXTERNAL-CHOICEZJ
(v,x=x1 &x2) — (V,x2)

Figure 5.5.: Selected Transition Rules for Timed Choreographical Local Types

Definition 5.3.4 (Ready local clock constraints).

ready(x =(p’, [(U){8,A}) X') = ready(x =?(p, {l.U}5,) X) = {3}
ready(x =X ®@x") = ready(x =X’ & x”) = ready(x’) Uready(x")

ready(x) = ready(x') = ready(x”) ifx | x' =x"

(
(
ready(x) = ready(x') = ready(x") ifx+x =x"
(
ready(x = x’ | x") = ready(x') Uready(x")

(

ready(end) =
A configuration of local timed types, ranged over by s, s, ..., is a tuple
(T1,..., Ty, W) where w = {w;;}izjcq1,..ny and w;; is a unidirectional (possibly

empty €) unbounded queue with elements of the form /(U). We let v be the

overriding union (i.e., ®c(1,

{1,...,n}.

The visible transitions for a configuration s = (71,...,T,, W) is

Vi) of the clock assignments v; of participants

(v,s) EN (V',s") where v/ and s’ = (T},...,T,,W') are defined as follows:

o dy,W

1. (vp,Tp) pas), (Vp, Ty) and (i) Ty = T/, vy =V, for all r # p and
(ii) Whq = Wpq - 1(S) and Wiy, = wyy for all rk # pq, or

2. (v, Ty) pAIS), (Vg, Ty) and (i) T = Ty, vy =V, for all r # q and
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(i) I(S) - Wpq = Wpq and Wiy, = wyy for all rk # pq, or
3. Vpe P.(vp,Tp) 4 (Vp+1,Tp) and wpq = wpq for all p # q € P.

The runs of a configuration sg are defined similarly to the runs of a 7G
(Definition but with states (v;,s;) and with the transitions in Definition
The traces of a configuration TR(s) is the set of all the traces TR(r) such that r is a
run for s.

Before presenting the theorem of projection preservation for soundness and

completeness, we show the following lemma, which is similar to Lemma[3.3.6

Lemma 5.3.5. Let G be a projectable, see Definition timed choreographical
global types, and v be the overriding union of the assignments v, of all p € P(G),
then for all G | p:

V+t =" ready(G) iff vp+1="ready(G |p)

Theorem 5.3.6 (Soundness and completeness of projection). Let G be a timed
global type, {Ti,..., Ty} ={G | p}per(c) be the set of its projections, and
(T,...,T,,€) the corresponding initial configuration. Then

TR(G) =TR((Ty, ..., Ty.¥)).

Proof. The proof of Theorem [5.3.6| proceeds as the proof of Theorem 3.1 [DY13]]
and proof of Theorem And it is noted that ready(G) uses Definition

The proof of Theorem [5.3.6] is similar to that of Theorem they both
involve three steps: subtyping of local types, extending projection and proof of
soundness and completeness. The difference is that for this proof, (1) in the
extension of projection, we add projection configuration for fork/join; (2) in proof
of soundness and completeness, we add cases of fork/join transitions for global
types.

First, as in [DY13]], we define a behaviour-preserving subtyping relation 7 < T’
between timed choreographical local types to add branches in branching types
but not selection types. This subtyping is extended to configurations as follows:
(v,T,w) < (V,T',W) if w =W, Vv =V"and Vp € P, T, < T, and we obtain the
following property: if (v,T,w) < (V/,T",w') then (v, T, W) ~ (V/,T',W).

Second, we (1) extend the definition of projection to global intermedi-
ary steps and (2) define projected configuration of a global type G, written

[[G]] {wpq}pqe »(G)> Which takes fork/join into account. The contents of the buffers
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[[G]]{qu}pqeip(c) is defined as:

X,H{qu}pqei’(G) [Wp’q’ = Wp/'q 'l<S>]

X,H {WPq}pqei’ (G)

[x=p"~ q : [{U){A};X] {qu}pqu
[x=p"—q : {U{A};x[[{Wpq}peer(c)

]
]
]
HWea}tpaer(c)
]
]
]

=l
I
[(x = x1 | 2][{wpq}paer(c) = [[X1 | X2l {Wpq}paee(c) if P, € P(G)
[x = x1 +x] = [x]{wpa}tpace(a)
[(x1 | %2 = x][{wpq}paer(c) = [X][{Wpa}paer(c)
[(x1 +%2 = x| {wpq } pacr(c) = [[X]{Wpq}paee(c)
|

[[x=end {qu}pqET(G) = {qu}pqu(G)

Third, we prove the theorem by combining local type subtyping and projection
extensions into the following step equivalence lemma: if [[G]] < (v,T,w) then
G 4 GewTw 5 W) and (G < (V,T'W).

The step equivalence is proved by induction on the structure of the labelled
transition of G. The proof of soundness is by induction rules of LTS of
(v,G) 5 (V/,G'). The cases for labelled messages |Senp], |Recv ], choices
and | Tive] are identical to those in Section Here we prove the cases of fork,
join and merge. For the fork case, where x =x; | X, —  Xj | X, the projected
configuration is [[X = X1 | X2][{Wpq }pqer(G) = [[Xi][{Wpq}pqer(c) With local type
T asx=x) |xp [ p=x=X; | Xp. By fork transition rule for local type, we have
(v,T,w) —  (v,T’,Ww), where T’ is the projected local type of x; | x,. The
cases for join and merge is similar to that of fork because they are only transitions
of syntax expressions and do not involve message exchanges, queue changes and
time changes.

Completeness proceeds similarly to [DY13] and the step |Tive| which also

follows by Lemma/[5.3.5] O

5.4. Timed Choreographical Processes

In this section, we present processes for timed choreographical session types and
the operational semantics to allow processes to reduce. The types systems are
defined for verifying the processes. We also extend to runtime processes, which

are used in proofs in Section[5.5]
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5.4.1. Syntax of Process Calculus

The processes are modelled using a timed extension of the asynchronous choreo-

graphical session calculus in Sectiond.4]

Definition 5.4.1 (Syntax of Process and Network). The syntax of timed choreo-
graphical session calculus is defined below. For the purpose of simple extension,
we add delay(r).x(X) in the syntax definition and remaining expressions are as

same as choreographical session processes.

vi=a | s[p| | true | false | ... values
ex=v|x|eNe| .. expression
h:=0 | h-(p,a,(v)) messages
P:=def Pin X definition
P:= process transition

| x(%) = x(G).X'(é) init

| x(%) = x[p](y).X'(€) request

| x(X) =x!(p,l{e)).X'(&) send

| x(%) =x?(p,l(y)).X'(&) receive

| x(%) = delay(r).x'(%) delay

y ?) parallel
| x(¥) =if e thenx'(¢’) else x”(&”) conditional

| x(¥) =x/(X) & x" (%) external choice
X) join
| x(%) +x'(¥) =x"(%) merge

(va) x'(ax new name

| x(%) =0 null
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X = state

x(V) thread

X |X  parallel
(va)X restriction
0 null
N:= network

| P def

| N|IN parallel

| (va)N new name

| 0 null

| (vs)N  new session
|

|

s:h queue

Q
~

(s)[p] invitation

The operational semantics describe the processes transition and they are
used in subject reductions. Compared with operational semantics rules for
choreographical session processes, we simply add [T-DeLay] to present the passage

of time. The other rules remain the same, shown in Figure 5.6

5.4.2. Typing Timed Choreographical Processes

As to typing rules, we use the same judgement to express the relation between
processes and the corresponding local types. The main difference is that we add
clock assignment in the typing system so that we can track the time passing in the
system. Then the session environment is defined as: A ::= 0 | A c: (v,7T)
where a channel is accompanied by the pair of clock assignment and local types.
The typing systems for all rules are shown in Figure and Figure [5.8]

Rule [T-1n1T] shows the session initialisation, and Rule [T-Req] is similar except
we record the session and projected session type 7 = G | p. It is noted that there
may be delay between [T-Init] and [T-Req], but the actions of [T-IniT] and [T-REQ] cOSt
no time, that is, clock assignment remains unchanged.

Rule [T-senp] records the send type for z;(T; = x =!{p,[(U)).X') and x = x’
for all other sessions, and requires that the clock assignment v satisfies the send
constraint J,, and resets the clock. The rule [T-Recv] is symmetric and similar
changes are applied to rule [T-DeLec] and rule [T-Carch] for session delegation.

Rule [T-DeLay] shows the passage of time ¢ in clock assignment v and recorded
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“ e [T-INIT]
X(%) = x(G).X (&) F x(v) =5 X/ (V)
x[V/%] =a e[v/x[s/y] L 7 [T-Acc]
x(%) = x[p] ()% (&) F x(7) “2, ¥ ()
i/ =sla]  e[F/Flv  ely/qLv
x(£) = ! (p.1(e)) X (@) F x(7) 221, (5
x[V/X] = s[q e[/xv/yl L ‘7// [T-RCV]
) —xp. 1) X/(E) - x(7) s[p,q21(V') /( /)
agv [T-NEW]
x(%) = (va)x () F x(7) % (va)x (aP)
e[i/f] Ltrue  &[3/F] LV (T-1FT)
X(¥)=if e then x'(&') else x"(¢")  x(¥) = X' (V)
; [T-DELAY]
X(¥) = delay(r).x'(¥) — x'(%)
Px(%) =X/ (%) & X"(£) F X' (7) & X (]
P.x(@) =x() &x"() Fx(7) % X
_PEXS X t.oer] L =P [T-TAU]
def Pin X > def Pin X/ PP
P M P [T-PUT]
Plls:h—=P'|[s:h-(p,q,l(v)
P M P [T-GET]
Plls:(p,q,l(v)-h—P|[s:h
Pﬁpl po,--,Pk€G sg{fn(P/) [T-INITy]
P— (vs)(P'||s:e|lals)[po] || ... || als)[px])
e[v/%] Ltalse  &"[v/x] |7 (T-IFF]

X(%)=if e then X' (%) else x" (%) F x(§) = x"(¥"")

Figure 5.6.: Operational Semantics of Timed Choreographical Session Calculus
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y:OFeé:U 7:UFx:(G) Yi,Q;ZQ;,&JXIEI -
Fx(32) =x(G) X' (&Z)>x: (v,UT) | X : (v,U'T")
jy:OFé: U 5:UFx:(G) Vi, T, = ‘T’UX X T=G]lp TREQ]
Fx(92) = x[p](v).X'(&zy) >x : (v, UT) [ x:(v,0 T’T)
j:UFe:U 5:UF&:0 vES,
T =T wx=p, [{U{B,}) X Vj#i,T; =T dx=x S
7 — [T-SEND]
Fx(92) =z 1 (p,l{e)) X' (&) >x: (v,UT) | X' : ([Ao = Ov,U'T")
y:0,y:UFée:U vES
7 = =2p,(U){Bi}) X' Vj#i,T;=T Wx=x
_J — [T-RECV]
Fx(52) = ( )X (&) ex: (v,UT) | X' : ([A—0v,0'T")
jy:OFe: U vES,
T =T ¥x=\p, <T){B Hx Vj;éi,‘Tj:‘Z}’LﬂX:x’
; ——~—  [T-DELEG]
- X(2y) = 2 (p, L) X (&2 px: (v,OTT) | X : (Ao = O]v,0" T")
y:OFe: U vES
T =T Wx=2p,(T){B;}) X Vj#i,T; =T wx=x
— — [T-CATCH]
Fx(52) = 22 (p.1(y)) X' (€Zy)>x: (v,UT) [ X2 ([Ai = O]V, U T'T)
T =T ¥x=x
—— —= [T-DELAY]
Fx(37) = delay(t) X (§2)ox: (v,UT) | X : ((v+1),0T")
J: 0y :0, 5:0F%:0, Vi, T = (T U Di) X=X, [ X T-PAR]
Fx(37) =x1(712) | x2(hZ) >x (V,UT) I xp: (v, Ul‘fl) 20 (v, Uz‘Tz)
y: Ul— V] 'U] y'Ul—fz'UZ Vi,(‘I]iU‘Z‘z,-)_‘I WX ’Xz— [T-Tom]
|

Fx1(512) | 2 (522) = x(52) > x1: (v, 0L T1) %2 - (v, 0o B3) [ x: (v,OT')

Figure 5.7.: Typing System for Timed Choreographical Processes (Part 1)
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j:UFe:U y:UI—él:Ul y:UI—Ez:UZ
Vi, T = (71, U Do) X=X B X,

F x(7Z7) =if e then x;(€)Z) else X(&>7) e
ox: (V,UT) | x1: (v,UL D), x2: (v, U D)
Vi, T, = ({ZliU%i)LﬂX:XI & xo

~ o . ~ =~ = [T-CHOICE]

Fx(52) = x1(52) &% (52)px: (v,UT) | x1: (V,UT),x2: (V,U D)
vi, (TliUTZi) — ‘ZE'EJxl +X2:)~( = ~ = [T-MERGE]

Fx1(32) + % (32) = x(F2) > x1: (V,UT),x2: (V,U D) [x: (v, UT')
= P,’DZI' [I Zi comp({Ei I] Z:},) X - U = (UZ,’) \ (UZZ) I'+v: U [T-DEF]

I+ def P in xo(7)
Vi,i'z‘i&dx:x’ ‘i‘-:’}i'wx:xl T-Res]
Fx(37) = (va)X' (a9?)ox: (v,UT) [ X : (v,(G)UT")
Vi, 7, =def x = engﬂ inx NI
Fx(32) =0>x: (V,UT) |
IEN, TEN, [T-NPAR] M[T—NRES] —_— [T-NNIL]
TFN; |[N> T+ (va)N THO

Figure 5.8.: Typing System for Timed Choreographical Processes (Part 2) and
Network
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x(%) =x'(9) [x"(2) F x(¥) =x(5[v/x]) | x"(2[v/]
xG) [X() =xX'(0) b xG/A) | XE/) =X
x(X)+x'(%) =x"(x) + x(¥)=x"(v)
x(D)+X(0) =x'(D) F X()=x'(7)
x(¥)=0 F x(¥)=0
delay(r+1).x(¥) = delay(r).delay(t').x(X)

X(%)

(va)delay(t).x(%)

=
S~— SN— SN— SN—
|

delay(t).x(%) | delay(t).x'(¥)

Figure 5.9.: Selected Structural Congruence Rules

types remain unchanged. Rule [T-Par] describes the parallel composition of two
concurrent branches, denoted as (7 UZ;) x=X; | Xp, and both two concurrent
branches start with the same clock assignment v. Rule [T-Join] is @ symmetric rule
and at the join point all clocks should synchronise as v. We apply similar changes
to external/internal choice rules [T-1F] and [T-CHoice] and merge rule [T-Merce]. Rule
[T-Res] records the binding and time remains the same. Rule [T-NiL] shows the
termination of a process and the following time information is ignored.

Other rules for state and networks are similar to those in choreographical
session types in Section4.4.2]

The structural congruence rules for parallel/join and delay transitions are
shown in Figure [5.9] The structural congruence rules for state and network are

as same as in Section 4.4.2]

5.4.3. Typing Run-Time Processes

In this subsection we extend the typing system of programs to type run-time
processes, which is necessary for subject reduction.

The definition for message types T is same as in Section We define the
choreographical session types which have both message and completed types.

Choreographical T == T session
| T message

| T;T continuation

Then ; is defined by:
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AN slq:r]:TT ifA=As[q:r]: T,
As{s[q:r]: T} = '
As[q:r]:T otherwise.

The difference from choreographical session types is that we define the

specifications as follows, which clock assignment is associated with message

types.

r o= T|(Vv,7)
The equivalence relation = for generalised specifications is as follows:
Kp1, L (U1)); (P2, 2(U2)); T =Np2, l2(U2)): Hp1, i (UN)): T if p1 # )

T=T implies T; T =T;7T
T =T’ implies (v,T) = (v,7")

The choreographical proof rules rely on the following definitions:

e A=A ifc:XeAand X # (v,end) imply ¢ : X' € A’ with £ =¥’ and vice

versa.
o AJA =A\dom(A)UAN \dom(A)U{y 2| |y:Z€ANy X €A’}
Y;Y if L is a message type
o X|X=<Y¥.% ifY isamessage type
undefined otherwise
e (def Tinx;) | (def T inx,) =def T in (x| x2)
o1, i (U1))s - -Hpn, 11 (Uy)) | (def T in x) = def T" in x

with T/ = x =!(py, 11 ({U)) X1, X, =1(p2, b (U2)) Xy 1, T [Xp1/X]
By adding clock assignment to environment specification, the typing rule
[T-StatE] for run-time state processes is defined as
FPoXE [ Z comp({Zi: X)) x:(v,UT)ex, Thv:0
[, PFx(v¢)>é: (v, T)

[T-STATE]

The rules for [Par], [Res], [NiL] and [RpEF] are as same as those for choreographi-
cal run-time processes.

The typing system for run-time state processes and typing system for queues
are same as in Section 4.4.2)
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(v,7) PUOML gy reyy
sp.al() [SEND]
(T,A,s[p] = (v, 7)) ——= (L,As[p]: (V!,T"))
(1) FHOOR, (o) vies V=[(umoOv  Trviu
s[a,p] 2L (v)
(T.Asp]: (v, 7)) === (DAslp]: (V. T'))
(vo7) BEEREL (V7)) viEd, V=PemOv
Pl
(T,A,s[p] : (v, T),s'[p] - (v, %)) ————= (T, Aslp]: (v, 7))
(V,T) Pq?1<{1;>{5ir7“i} (V/,{I/) V)ZS,' V/:[}biHO]V v
s[p,a] 2(s"[p
(CAslp]: (v, 7)) “PEED (0 A sfp) 77,5 0] (V, T7))
v+t Izlready(‘f) TinE]
(s[p]: (v, 7)) — (s[p]: (v+1,7))
1 30,M0 2l 8i, A
(V,q-i> Pq <U>{ } (V/’q-i/) (V/,%) Pq <U>{ } (V”,‘Ié/) [COM]
(sfpl : (v, T0),s[a) = (v, D), A) = (slp]: (v, T)),sla) - (v, F), A)

Figure 5.10.: Reduction Rules for Session Environment

Since we add clock assignment to environment definition, then the reduction

rules for session environment also adjust the same changes and are defined in

Figure

5.5. Safety of Timed Choreographical Multiparty Session
Types

We define properties that ensure the soundness and safety of timed choreographical

session types: subjection reduction and time error-freedom.

Lemma 5.5.1 (Subject Congruence). Suppose I',P+X>A and P+ X =X'. Then
[,P+X'>A. Similarly for P and N.

Proof. 1. (Process P) With structural congruence in Section[5.4] the proofs are

are straightforward by induction.

2. (Def agents P) The same as Section [4.5]
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3. (Network N) The same as [CDCYP15].

Theorem 5.5.2 (Subject Transition and Reduction).

1. T,P+X>Aand P+ XX imply I, P+ X' A with (T,A)% (I, A").
2. T P>Aand P%P imply I = P'>A with (T,A)% (T, A).
3. Tks NoAand N — N imply T N'> A with A —* A,

Proof. (Process P)

Case [T-SEnD] Suppose:

X(52) = x ! (p, 1{e)) X' (&2) F x(v¢) ", w57
with x[¢/Z] = s[a], e[i/¥] | v and é[V/§] | W by [T-Senp]. Then by [T-STaTE],

IPFx(ve)>é: (v,%)

and
P =x(§7) = x!(p,l{e)).X(é2)
has type
FPox:(v,UT) | X' : ([h— 0,0 T")
with
jy:UkFe:U, 3:UFé&:U,
and

T = T wx=p , [{U){B,}) X Vj#i,Tj=T wx=x
with z; = x. By substitution lemma,
WUt e[v)3]:U,ei[v/3): U;
On the other hand, by | T-sexn | in[5.3] we have

! <p,l<U>> TI

1

T =T ox=.p , [{U){B,}) X

1
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This implies, by [sexp] in Figure[5.10, with T'F v : U and x[¢/Z] = s[q], we have:
(F,A) S[q,p]!l<v> (F,A,)

where A=¢: (v, T) and A’ = A\ s[q]U{s[q] : T} as desired.

Case [T-Recv] Suppose:
o\ I( ~x ~ oy S
X(32) =x2(p,l(y)).x (€Z) - x(¥¢) ———=x (V¢)
with x[¢/Z] = s[q] and é[V/%][v/y] | W by [Recv]. Then by [T-STaTE],

I,PEx(56)5¢: (v, T)

and
P=x(y2) =x?(p,/(y))-X (é2)
has type
FPox:(v,UT) | X' : ([h— 0,0 T")
with
y:U,y:UFé:U0
and

T =T'ux=p , l{U}{B:}) X Vj#i, T = ‘Ij'ErJX:X'
with z; = x. By substitution lemma,
w:O,v:Ule[d/5]:U,elv/3]: U
On the other hand, by | T-Recv | in Section we have
T =3 wx=20p, 1) {B})x 2L, gy
This implies, by [Recv] in Figure[5.10| with T+ v : U and x[¢/Z] = s[q], we have:

(F,A) S[q,p]?l<v> (F,A,)

where A=¢: (v, T) and A = A\ s[q] U {s[q] : T/} as desired.

Case [T-In1T]
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Suppose
x(5%) = x(G) X' (&2) F x(w&) 25 X/(v¢)
with a = x[w/5], é[w/7] | ¥, By [T-ni1],

Fx(72) = x(G).X'(&2) > x : (V,U%) [ x:(v,0'T"
withj: 0+ é&:0',5:0F x: (G) and Vi, T; = T/ Wx=x'. Then by [T-State], we
have:

[,PEx(wé)>é: (v, T)
and, by [ini1] in Figure 4.17, we have

T,A) “Chra

By [T-StaTE], We have
IPHx(3¢)bé: (v, T)
as desired, noting 7, = 7.
Case [T-AccepT]
Suppose
x(5%) = alpl ()X (@2y) Fx(we) P x(vs)
with a = x[w/5], é[w/7] | ¥, By [T-REq],

Fx(52) = x[p](0) X (&) >x: (v,UT) | X': (v,0'T'T)

withy:0Feé:0,5:U0Fx:(G),Vi,T;=T'wx=x"and T = G | p. Then by

[T-STaTE], We have:

[, PHx(wé)oé: (v, T)
and, by [Acc] in Figure we have

(r,a) P (Al T)
By [T-StatE], We have

[,PHx (ves)>&: (v, T,slp]: T)

as desired, noting 7,/ = 7;.
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Case [T-IFT] Suppose
X(§Z) =if e then x,(¢,2) else x»(&,) F x(¥¢) = X/ (¥¢)
with e[V/§] | true and &, [V/§] | w by (1rr]. Then by [T-StatE] in,

IPEx(V¥¢)>c: (v,i‘)

and

P =x(77) =if e thenx;(¢Z) else x»(&2)
has type

FPox:UT || xi:(v,U D), %2 : (V,Ua D)
with

j:UFe:U j:UFé:U0 §5:UFé&:0,
and

Vi, T, = (Th; U D) WX=X| D X2
with z; = x. By substitution lemma,
WUk e [v/7]: U
On the other hand, by |conp| in Figure 4.18] we have
T = (T,U D) Wx=x,®xs — T
This implies, by [Tau] in Figure we have:

(T,A) = (T,A)

where A=¢: (v,T).
Case [T-NEw] Suppose:
X(52) = (va)x'(ajZ) - x(76) = (va)x'(avé)

with a € ¥ by [T-New]. Then by [T-STatE] ,

T,PFx(3)sé: (v, T)
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and
P =x(§2) = (va)x'(ay?)

has type
FPox:(v,UT) | X :(v,(G)UT")

with
Vi, T = T wx=x

and z; = x. On the other hand, by [Eq) in Figure .18] we have
‘i’ = Tux=x 5 T’
This implies, by [Tau] in Figure we have:

(T,A) 5 (T,A)

where A=¢: (v, 7).

Case [T-ExT] Suppose
X(52) = x1 (%) & x2(72) b x(7€) = xy (7€)
by [T-Ext]. Then by [T-StaTE],

I,PEx(#6)5¢: (v, T)

and
P =x(2) = x1(52) & x2(372)
has type
FPox:UT || xi: (v,UT),xp: (v,UD)
with

Vi, T, = (ﬁiU{Zii) Wx=x; &Xx»

with z; = x. On the other hand, by cuoice] in Figure [4.18] we have

‘Z;:(‘Z]iU{Zii)H'JX:XI&X2 % (Zdlll
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This implies, by [Tau], we have:
o

([,A) = (LA

where A=¢: (v,7)and A = A\ {x2: (v,U B)}.

Case [T-DELaY] Suppose:
x(%) = delay(r).X' (%) & x'(%)
by [DeLay]. Then by [StatE] ,

I'PFx(V¢)>c: T

and
P =x(5Z) = delay(r).X'(7)
has type
FPox:(v,UT) [ X' : ((v+1),0T")
with

T =T ¥x=x

1

On the other hand, we have
Ti=T wx=x5T
This implies, with I' =3 : U, we have
([,A) 5 (I,A))

The proof of the remaining rules are same as those of Theorem {.5.2] This
concludes all cases for Subject Transition and Reduction.
O

We say P has a type error if expressions in P contain either a type error for a

value or constant in the standard sense or a reception error.

Theorem 5.5.3 (Type Safety). Suppose I' = N. For any N’ such that (v,N) —*
(V/,N), N’ has no type error.
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Proof. Suppose I' F N has a type error. Then there are reductions such that
(V,N) —* (V/, (vs)(s: (p,q,L(v)) -k || Py || --- || B,) || N') and P; 222200 p; wwhere
v does not meet the specified type. Suppose I' = P;>A, s[p] : (V/, 7). By labelled
transition of local types in Section v, Q})MQM(V’ ', T/). Since P; has
a type error, I' t/ v : U, which contradicts Theorem[5.5.2] O

Theorem 5.5.4 (Time-error freedom). If '+ P>A, and P —* P’ then P’ # error
Proof. We prove time-error freedom through similar steps:

e Step 1 - extend processes An error state denoted as error is a state
when a process violates the clock constraints associated with the action
prescribed by the corresponding local timed types. To model the reductions
to error states, we extend the syntax of processes with clock constraints,

reset predicates and clock assignment.
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N oo

a | s[p] | true | false | ... values

v|x|enel .. expression
0 | h-(p,a,l{v)) messages
sl |y session names/variables
def Pin X definition

process transition
x(%) = x(G).x' (&) init
x(%) = x[p](v) X' () request
X(%) = x!(p, [(e){80, Ao }) X'() send
x(X) =x2(p,1(y){d;,A:}).X'(&) receive
x(X) = delay(t).X'(%) delay
x(%) =x'() | x"(2) parallel
x(X) =if e thenx'(¢') else x”(¢") conditional
x(%) = x/ (%) & X" (%) external choice
x(¥) | X'(2) =x"(%) join
x(¥) + /(%) =x"(%) merge
x(X) = (va) X'(ax) new name
x(%)=0 null
error Error

state
x(V) thread
X|X parallel
(va)X restriction
0 null
network

P def
N|IN parallel
(va)N new name
0 null
(vs)N new session
(c,v) clock assignment
s:h queue
a(s)|[p] invitation
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x[p/f]=sla]  e[p/f Ly [/ LV
vVES, V =[A,—0lv

X(%) = x! (p, {{€){80, Ao }) X' (&) F x(7) | (s[al,V)

8B, () | (sla). v)

[T-SEND]

" vES V=[N~ 0l
X ) x(¥) | (sla],v)

[T-Rcv]

Vie{l,...n} s ¢ fn(P;)
an](y) [ Tliegz,...my alil (v)- P
= (v$)(Tieq1,...ny (Bils[il /3] | (si],v0)) [ 52 0)

[T-LINK]

o/ =sla] —VESD,
X(%) = x! <I?>al<e>{5o77M }x'(e) = x(¥) | (s[al, V)

s[q,p]!l(v> ror | ( [ ,V)

[T-ESEND]

[/ =sla] —VES
X(%) =x2(p,[(y){8;, Ai}) X' (&) - x(7) | (s[q],V)

s[p,a 2 (V')

[T-ERcCV]

error | (s[q],V)

Figure 5.11.: Extended Operational Semantics with Error State

e Step 2 - extend reductions We extend the reduction rules for [T-Senp] and
[T-Rcv] shown in Figure [5.11] with the rest reductions remain the same. In
addition, we also define the rules [T-Link] to extend session initiation by

adding an initial clock assignment v for each participant of the new session.

e Step 3 - extend validation rules Below we show the validation rules for
processes with errors and clocks. Here we only show the rules that are

different from original validation rules in Figure

Assume that '+ P>A, and P —* P — P’. We proceed with the assumption
that by induction P # error, and continue with case study on the last reduction
P—P.

In the case study, we investigate all the reduction rules for processes with errors

and clocks. The inductive rules, e.g [T-Put] and other reduction rules for P and

156



[T-INIT]

[T-REQ]

[T-SEND]

€),{80,0}) X ( )I(ZnV)
x' 1 ([Ay — O)v, U’T’)

y:U,y:UFé:U vV E9;
T =T ¥x=2(p {lU}B> " Vj#i, T =T wx=x
Fx(52) =22 (P, 1(y), {8, Mi}) X' (&2) | (zi,V)
.(v,U‘T)|] .([kl»—>0]vU"I’)

[T-RECV]

jy:OFé:U vES,

T =T'wx=\(p,[{T))B,.x Vj#i ‘Z}:‘T’Ux x’
FX(yzy)—a( 1(y),{80, o }) X'(&2) | (2, V)
x:(V,UTT) [ x': (Ao OV, 0" T")

[T-DELEG]

j:UFée: U vES;
T =T wx=2(p,{I.T}p)x Vj#i,T;=T Wx=x
FX(yZ)—Zz< 1(y),{8 Ai}) X' (&2y) | (zi,V)
ox: (V,OT) | X2 ([\i— O, 0" T'T)

[T-CATCH]

T = T ¥x=

——~—  [T-DELAY]
Fx(72) = delay(t).X' (3%) | (zi;,V)>x (v UT) [ x':((v+1),07T")

Vi,7; =def x =end in X _
Fx(72) =0 (z;,v)ox: (v,UT) |

[T-NiL]

Figure 5.12.: Extended Typing Rules with Time Assertions
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N, are straightforward. If the process is reduced by the rules for X like [T-Senp],
then P’ # error because these reductions do not introduce error processes,
which are run-time processes and cannot appear as a continuation of P. Thus,
the only reductions that could introduce error processes are [T-ESexp] and [T-ERECV].
Consider rule [T-ESenp], and the other rule is similar. Assume that [T-ESexp] can be
applied on P, then P can be of the form x(¥) =x!(p,l{e),{8,,A,}).x'(€). Then by

[T-ESEND],

% ):80

By the assumption P is well-typed, and the derivation of x(¥) = x ! (p,l{e),

{8,,A0}).x'(€) is done by the rule [T-Senp] among all the validation rules

j:UkFe:U 5:UFé:U  vES,
!

)BoX' Vj#i,Tj =T wx=x
< [T-SEND]

(p.1(e). (80,20} X(22) | (z1.V)
ox: (v,UT) | x': ([Ao = 0]V, 0" T")

with the condition v = 3, which contradicts with the fact that —=v = §, when the
reduction rule can be applied. Thus, the fact is that none of the reductions that

introduces the errors can be applied, with the fact that P # error leads to the
thesis. O

5.6. Sufficient Conditions for Progress Enablement and

Time-progress of Processes

In this section, we define conditions for the progress enabling property and time-
progress property of processes. The satisfaction of this property guarantees
that global types will not get stuck because of unsuitable time assertions. In
Section we start with defining the time graph that presents every state and
transition that could occur during reduction. In Section [5.6.2] based on the global
time graph, we derive the dependency graph for a specified state and extract
the time assertions in this graph. From the trace of time assertions reaching
the destination state, we check if that state is progress enablement or not. The
method of examining progress-enablement in [5.6.2] is adopted from [BLY15]
with adaptation on choreographical global graphs. In Section we show
the time-progress property, which is similar to that in Section [3.6.5} based on

the progress enablement property, we show that timed choreographical processes
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enjoy progress property if the processes with time satisfy progress property.

5.6.1. Time Graph

We define the _* function over vector of states:

. fl* ifX= (f],fg) and fl* :fg*
X =
X otherwise
Then we define
_, x=x" and X' =(x"),or
XEX <~

X =(X,%)AxEX;Aie€{l,2}
Definition 5.6.1 (Parellel Automation). The composition of M; = (X;,xo’,T;), i €

{1,2}, written M;||M,, is the automation ((X; x X»)*, (xo',%0?), T) s.t.

(x;,1,x}) € T; iij:x’j,x,- & X, and i # j{1,2}
(x;,0,x}) € T; if x; € X, and i # j{1,2}

Before introducing the time graph, we extend the labelled messages syntax to

send/receive action as

x=p—p :l[{U){A};x, and
x, =p~p : [(U){A};x

x=p—p : {UY{A}LX =

Then the time graph of global types G is obtained by applying a Time

Transformation Function denoted as TT (G,n,N). The definition is as below:
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TT(G,n,N) =
({n},n,0) ifn=endorneN
(XU{n},n,TU{(n,/,n")}) if n=s—r:,(U){A};n" and [ = sr!l,{A} or
if n=s~>r:l,(U){A};n" and [ = sr?l,{A}
and (X,n',T) =TT (G,n’,NU{n})
({n}UX;UX;,n, ifn=n; +mn; and (X;,n;, T;) =
T,UT,U(n,gn)U(m,em))  TT(G,n;,NU{n}),ie{1,2}
(XU{n},n, TU{(n,e,n")}) ifn=n; |ny and (X,n" T) =
TT(G,n;,NU{n})||TT(G,n,NU{n})
(XU{n;},n;, TU(n;,&,n)) ifn; [my=norn;+m=n
and (X,n,T) =TT (G,n,NU{n;}),€ {1,2}

5.6.2. Checking Progress Enabling

Understanding the past We check that G has progress by analysing paths,
i.e., sequences of events, in 77(G,n,N) . Since TT(G,n,N) gives an over-
approximation of the causal dependencies between actions, we will construct a
graph of the actual dependencies of the underlying actions of a path. We define a
path @ as a sequence of ngn; - - -ng, where for all i € [0,k — 1] there exists / such

that (n;,/,n;;1) € N. We compute the underlying actions of a path via the function:

def
nodes(non; -+ Ng) = 0o lid(ng) ‘N1 Lid(ny) =+ Mk id(ny) (k=0)

And

srilg{8o, Ao} ifn=s—1:1,(U){8,N0,8;,Ai}; 1
ligm= { srU{8i A} ifn =81 [ (U){8, 0,8 A} i0’
0 otherwise
Remarkably, given a path ¢ and two actions ¢; and ¢; in nodes(@), i < j does not
imply that there is a causal dependency between /; and /;.

We define the graph of dependencies of an action ¢, in a sequence of actions

£y---£; This graph is an abstraction of all actions on which ¢; depends. We
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consider two kinds of dependencies: output/input dependencies between send and

corresponding receive actions, and local dependencies within a single participant.

Definition 5.6.1 (Graph of Dependencies). Let dep(g; /) &1 and

{(l1,£2)} Udep(p; £i)i=12 if £1 = pqla(gi, M), 2 = pqla(g2,A2)
{(51,62)} Udep(p;él) if subj(ﬁl) = subj(éz) and
Jef {1 =pq?a(g1, M), {2 = qp'la(g2,A2)

or

dep(p-£1;¢,

{1 =pqla(gi,M), {» =q'pla(g2,\2)}

dep(p;¢2) otherwise

The graph of dependencies of p = ¢ - - - £ (k> 0), written DG(p), is the graph
(D,A) s.t. A=dep(ly -+ b—1;6) \ {(€i, ) | 1 <i< k} and D={{, | 3(4;,¢)) €
AAre{ij}}. This is a graph whose nodes form a subset of {/1,..., 01}
and whose edges model causal dependencies between actions and the graph is

computed backwards starting from /.

idx(p) £ {i | £; € D}

i def ) ViV ifOszmax{j<i‘€j€D/\x6€j}
Wip) =

X
Vi otherwise

aIIpast(p)déf /\ absolute, (¢;)
icidx(p)

elapse(p) & /\ vi <vj
(£i,t;)eA

absolute, (¢;) & lard () {x—Wi(p)}

x€X

Given a graph of dependencies DG(p), we define several functions that allow
us to construct predicates that model the past. First, we transform the guard of an
action ¢; such that its solutions are the possible absolute times, that is total time
passing from the initial configuration of the system, in which one may execute ¢;
with taking into account the last reset of each clock in p. Next, we accumulate the
information in DG(p), by (1) in idx(p), recording the indices of all the actions on
which ¢; depends; (2) in allpast(p), calculating the conjunction of all constraints
in absolute time ; and (3) in elapse(p), recording the fact that time never decreases

between two causally dependent actions.
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Predicting the future We now give the definition of progress enabling that
allows to check whether the past implies the existence of a satisfiable future. We
use the functions defined above to check whether a given event in 77 (G,n,N) can

meet its time constraints.

Definition 5.6.2 (Progress enabling (PE)). A node n is progress enabling (PE) for
p € id(n) if for all paths ¢ such that ny &, letting: p = nodes(¢-n) and
k=1p|, lx =mlp, V="{v; } i € idx(p)}; the following holds

Vv Jvi : allpast(p) A elapse(p) == absolute,(fx) A A,cvvi < i

A pair (n,Q) is recursively progress enabling (RPE) for P C Pif ¢ =€ and P = 0;
or if n is PE for n|;yy) and (n’,¢’) is RPE for P\ id(n) with @ = e-¢" and n S,

For a pair (n, ), if guard(¢x) =V ¢, 6;, the pair (n, @) is wait-free for P C Pif
for every j € J, the following is satisfied

Vv v @ allpast(p) A elapse(p) == absolute,(8;) A A,cyvi < vk

where absolute, (8;) = §; {x > Wxi(p)}xex

Given a node n in T77(G,n,N) and a participant p, the above definition
ensures that for all possible past clock valuations, there exists a future time where

participant p has the possibility to execute action n|ig(n)-

5.6.3. Time-Progress for Timed Choreographical Processes

In order to verify if a validated program is guaranteed to proceed until the
completion, we still need to define the theorem of time-progress. Again, we define
an erasure function for timed choreographical processes by removing the delays in
P and leaving unchanged the untimed parts. Under the assumption that erase(P)

can progress, we investigate under which conditions P is also ensured to progress.

Definition 5.6.2 (Time erasure). The erasure erase(P) of time from a process P

162



is defined as below:

erase(x) = x(G).erase(x/) if x(%) = x(G).X'(&)
erase(x) = x[p|(y)-crase(x) if () = x[p] () X (¢
erase(x) =x!(p,l(e)).erase(x’) if x(%) = x!(p,l{e)).X'(€)
erase(x) =x?(p,l(y)).erase(x’) if x(%) = x?(p,1(y)).X'(é)
erase(x) = erase(x) if Xx(%) = delay(z).X'(X)
erase(x) = erase(X;) | erase(xy) if x(¥) = x1(F) | x2(2)
erase(X) =if e then erase(X;) else erase(X;)

if X(¥) =if e thenx;(&’) else x,(&")

erase(X) = erase(X;) & erase(x;) if x(X) = x1(¥) & x2(%)
erase(X)) | erase(x;) = erase(x) if x1 () | x2(2) = x(%)
erase(X|) + erase(xy) = erase(X) if x; (X) +x2(%) = x(X)
erase(x) = (va) erase(x) if x(¥) = ( a) X'(ax)
erase(x) =0 if x(¥) =
erase(s:h)=s:h

Definition 5.6.3 (Deferrability). A process P is deferrable iff one of the following

holds:
P =delay(t).xand 7 >0

P =delay(t).x, t = 0 and x is deferrable
P =X | x; and both x; and x; are deferrable
P e {0t}
P=s:h
P = (va)P' and P’ is deferrable
Intuitively, a process is non-deferrable if no action ready to execute in any of

its threads is a time action. We say that P is non deferrable if P is not deferrable.

Lemma 5.6.4. [f erase(P) —> then erase(P) is of one of the forms that are
as same as the eight cases in Lemma [3.6.13] in Section [3.6.5| with the ninth case

(external choice)
9. x'(x) & x" (%)

Lemma 5.6.5. Besides the eight cases in Lemma 3.6. 14} we need to add external

choice.

9. if erase(P) = erase(x;) & erase(xy) then 3x),x5,t > 0 such that P =
delay(t).x] & x5 and x; = erase(X]) fori € {1,2}.
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Proof. The proof is mechanical by Lemmal5.6.4] O

Lemma 5.6.6. If P is non-deferrable and erase(P) — P’ then P — P with
erase(P") =P

Proof. Mechanical, by induction on the derivation of erase(P), proceeding
by case analysis using Lemma [3.6.13] Lemma [3.6.14] (for first eight cases),
Lemmal[5.6.4]and Lemma[5.6.5| (for external choice case). O

Proposition 5.6.7 (Conformance). If P — P’ then erase(P) —* erase(P’).

Similarly, we define that: (1) P is a deadlock process if P —* P’ where
P’ +/— and P # 0, and (2) P is session delay if for each delay process of the
form delay(¢).P’ occurring in P, there are no session request and session accept
in P'. We say that I is progress enabling if for all u € dom(T"), I'(u) is progress
enabling.

Lemma 5.6.8 (Time progress - parallelism and interleaved sessions). Let I' be a
progress enabling mapping, I = Py 0, and Py —+ P where P is session delay
and

P=delay(t).P|R  forsomet > 0 and non-deferrable R
If erase(P) is not a deadlock process and erase(P) — then R —.

Proof. We assume that for some L

R = R/ ‘ HS[ . h]
leL
We continue by induction on the complexity of R’, proceeding by case analysis on
the possible form of process R'.
In all other cases, one can immediately show that R’ reduces, and for receive

and session receive are the complex cases.

e R cannot be of the form x(G).R” or x[p|(y).R" since (1) erase(P) is
deadlock free, which means that all the other corresponding session requests
or accepts to start session y are in P, and (2) P is session delay, which means

that none of the corresponding session accepts/delay can be in P;.

e R’ cannot be a delay process as P it is non deferrable (Definition [5.6.3) by
hypothesis,
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e if R is of the form x! (p,{e)).R” then one can immediately show that R can
reduce by |T-Senp .

e in the inductive cases (e.g., for hiding and parallel processes) the result

follows by induction.

We will show the case for R’ being an input process.
Case R' = 5[p| : x?(p,1(y)).R" . In this case:

R=slp|:x2{p,I(y)).R" | Hs; hy
leL
We continue with contradiction by assuming I' progress enabling, erase(P)
deadlock free, erase(P) —» and R /—. If R /— we have the following cases
depending on where the corresponding output of s[p] : x? (p,/(y)).R" is:

1. the corresponding output appears (immediately or after some other input) in

some continuation R”,
2. the corresponding output appears in P,

3. the corresponding output does not appear.

If (1) or (3) then we contradict that erase(P) is deadlock free. If (2) then we
contradict the fact Py was validated against a progress enabling I': the property of
progress enabling ensures that in all correct time implementations the output does
not precede the input, hence the output for a non deferrable input does not occur

after t; > 0 time which contradicts fact that the output appears in P;. O

Theorem 5.6.9 (Timed progress in interleaved sessions). Let I be a progress
enabling mapping, T+ Py>0, and Py —™" P. If P is session delay, erase(P)
is not a deadlock process and if erase(P) —» then P —.

Proof. We prove Theorem [5.6.9] by induction on the proof of P, proceeding by
case analysis on the possible forms of P according to Lemma [3.6.13]and Lemma
[5.6.4] Cases from Lemma [3.6.13| (I) to (8) are identical to the proof of Theorem
[3.6.18] Here we present the case for external choice.

Case Lemmal[5.6.4](9): the erasure does not affect the conditions of conditional
statements as such conditions do not involve delays, thus decision of external
choice immediately follows both P and erase(P).

O
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Note that if P implements a single session then erase(P) is deadlock
free [DY12]; this yields the following corollary. We characterise processes imple-
menting single sessions, or simple, as follows: a process P is simple if Py —* P
for some Py such that a : (G) - Py>0, and Py = a[n](y).P1 | [Tiega,...ny al1](y)-P;
where Pj,...,P, do not contain any name hiding, request/accept, and session

receive/delegate.

Corollary 5.6.10 (Time progress in single sessions). Let G be feasible and wait-
free, and P be a simple process with a : (G) - Pr0. If erase(P) —, then there
exists P’ such that erase(P) — P' and P —" P” such that erase(P") =P'.

Proof. Since P is simple, by the Proposition of progress for a simple process in
[DY12], P has no delegation input or output. Thus P is a session delay process.
By Theorem[5.6.9] the corollary is proved. O

5.7. Related Works

In this section, we compare several related works on timed session types and

choreographies.

Timed Multiparty Session Types: In [BYY14], we present the theory of timed
multiparty session types that models real-time distributed systems with branching
and recursions. The theory of time error-freedom and properties of feasibility
and wait-freedom are defined to guarantee that modelled protocol enjoys progress
property in terms of time. Compared with timed session types, the theory presented
in this chapter is advantageous in two aspects: (1) by distinguishing parallel and
choice operations, timed choreographical session types are more flexible and able
to model complex real-time concurrent systems; (2) we define the property of
progress-enabling as a general solution of feasibility and wait-freedom checking
for timed choreographical session types, and we could verify this property with
standard model checking tools.

While timed session types are mapped into a subset of communicating timed
automata in [BYY14], the authors in [BLY15] solve a reverse problem, that is,
constructing timed global types from a collection of CTAs. The authors classify
CTAs with four properties and define characterisation for checking satisfiability
of these properties. By referring multiparty compatibility property in CFSMs
[DY13]], an algorithm is presented to build timed global types in [BY Y 14]] that are
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trace equivalent to the original CTA systems. Though progress-enabling property
is proposed in this work, we check this property from timed choreographical
global types, while in [BLY 15]], this property is verified against local synchronous
transition systems. In addition, as authors base their work on the theory of
timed session types, where fork/join operations are absent from global syntax, the

constructed global types may be not optimised.

Choreographies: In [DY12]], the authors extend the theory of multiparty session
types with parallel operations for flexible expressions and precise thread manage-
ment. Also, the projected local types are translated into the format of CFSMs
denoted as multiparty session automata and properties like buffer boundedness,
liveness and progress are defined. A recent work [LTY15[] studies the reverse
direction to construct global session types from local CFSMs. The authors present
the characterisation of a subset of CFSMS that can be constructed into global
graphs and define an algorithm to convert the CFSMs into choreographical global
session types in [DY12]]. Compared with these two works, the theory of timed
choreographical session types absorbs the strengths, which are flexible fork/join,
choice/merge and constructions of global graphs for tracking traces. Also, the
extended theory has the potential to translate timed choreographical session types

into a large set of CTAs and vice versa.

5.8. Summary

Motivated by Chapter 3 and 4, we aim to propose a theory of generalised timed
multiparty session types to connect these two research branches. The syntax
of global types and local types is presented, as well as the labelled transition
system and projection rules. We define the semantics of timed choreographical
session calculus and transition rules. Then the list of proof rules for validating the
processes and the typing system for runtime processes are presented. We prove the
theorems of subject reduction, type safety and time error-freedom. Also, we define
the progress-enabling property and time-progress property for checking progress

of timed choreographical processes.
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6. Conclusion and Future Work

This thesis presents the theory of timed choreographical multiparty session types.
Instead of formalising the theory directly, we take three steps. First, we propose the
theory of timed session types, where time assertions are added to labelled message
interactions and other syntaxes are as same as multiparty session types. Second,
in choreographical session types, we introduce flexible fork/join and choice/merge
operations in global and local types, and this introduction changes the semantics of
primitive multiparty session types, except labelled message interactions. Finally,
since time assertions only guard message interactions, we infer that time and
parallelism are independent, and we can easily merge the semantics of timed
session types and choreographical session types together. With these three steps,
we realise the objective of this thesis.

In the last chapter, we start with summarising the key points in this thesis. Then
we present several future work ideas of enriching the theory and implementing

timed choreographical session types.

6.1. Conclusion

The m-calculus, a continuation of process calculus CCS, is a process algebra
that uses message-passing to exchange channel names and is applied to a high-
level description of concurrent mobile communicating systems, in which network
configurations may change over time. As it costs time to pass messages from one
endpoint to another, the asynchronous 7-calculus is used to model such inherent
asynchrony in distributed computation. Later it is observed that in concurrent
systems, interactions are often accompanied by a significant amount of message
exchanges with various types. Then session types were introduced as a formal
framework in the polyadic ®-calculus with type systems, so as to allow the typing
of channel names by structured sequences of types and represent the trace of usage
of the channels. Since some conversations require message changes between

more than two participants, multiparty session types are proposed to describe
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and verify behaviours in such systems by way of allowing one session to be
owned by multiple participants. In recent years, several extensions appear to gain
more expressivity and more computational properties, such as design-by-contract
[BHTY10] and association with Communicating Finite State Machines [DY12].

In distributed systems, time-related specifications, such as deadline and
timeout, could appear in protocol descriptions, by imposing restrictions on
interactions to ensure the quality of the provided service. These specifications
cannot be simply described by design-by-contract because time variables are
special in the way that they are continuously increasing with time. This case is
worse when the system recurs infinitely as time variables could grow extremely
large without resetting their values. Thus, we propose the theory of timed
multiparty session types to solve this problem.

Motivated by a distributed timed protocol, we add time assertions for send/re-
ceive interactions to the semantics of global types. A time assertion consists of
time constraints for specifying if actions meet their requirements, and a reset
predicate for setting the clock of participants to 0. The semantics for choice,
End and recursion are the same as standard multiparty session types. With the
definition of ready() function to record the next time constraints of participants
in the system, we describe the labelled transition system for timed global types to
track the trace of actions and time passing. Similarly, we provide the semantics
and transitions systems of timed local types, for analysing behaviours from local
views, and we show that soundness and completeness of local types are preserved
through projection.

Compared with standard session calculus, we add the delay primitive delay().P
to describe time elapse to achieve minimum extension. We also show the reduction
rules for timed processes and structural congruence for delay().P action. The
proof rules are changed because we add a clock assignment, which records
time values for all participants, to the session environment when validating the
processes.

Furthermore, we investigate properties of timed session types: (1) we show and
prove the theorems of type preservation under equivalence and subject reduction,
which are inherited from multiparty session types; then (2) we present the theorem
of time error-freedom, which indicates that if proof rules are conducted for all
timed session types, then processes will not get stuck because of time error.

One challenging issue is that deadlock could be introduced by an inappropriate

trace of time restrictions. Thus, we define two properties — feasibility and wait-
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freedom — to prevent such inappropriate trace causing deadlock. We also formulate
the theorem of session delay to ensure that processes still enjoy the progress
property if timing part is removed from processes.

Parallel computation is a natural feature in distributed programming to improve
performance and efficiency. If we want to model in the session types, one problem
we face, as we increase the scale of programs, is the state explosion due to the
lack of a parallel operation. As one of the techniques to reduce analysing states,
subtyping cannot solve this problem. Therefore, we need to propose a generalised
version of session types with parallel operations.

One way of evolving standard session types is to distinguish branching and par-
allel semantics. Thus, the syntax of global types contains a choice/merge operand
and a fork/join operand for these two functionalities respectively. However, adding
parallel operations can introduce new problems for well-formedness checking of
global types, such as unmatchable numbers of fork operands and join operands.
Besides the conventional properties inherited from standard multiparty session
types, like sanity conditions and local choice, we also add thread correctness
and linearity conditions to well-formedness checking for choreographical session
types. In this way, the theory of well-formedness ensures the safety at the level of
global types.

We apply similar changes to local types and give the projection algorithm for
that syntax.

The session calculus is also extended with external/internal choices and
fork/join transitions. The operational semantics for choreographical session
calculus is provided to allow us to reduce the processes. Based on the operational
semantics, we define the typing rules for state processes. Then the typing system
is extended with run-time processes, in which message queues are included in the
typing rules.

We find that typed multiparty session processes enjoy type safety property.
With the lemma of subject congruence, we proved the subject reduction theorem;
the network that is composed of typed processes is guaranteed to have no type
errTor.

Now we have proposed two independent semantics for multiparty session
types, and each one addresses independent problems. Another question, however,
arises when we want to use session types to describe protocols that include both
concurrent computing and time-related requirements. It is hard to model and verify

such systems in two individual frameworks of session types; the algorithm for
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feasibility and wait-freedom checking in timed session types cannot be applied to
fork/join operations directly. In order to deal with the problem, we propose the
theory of timed choreographical session types.

The global types are based on generalised session types, and each send/receive
interaction is associated with a time assertion. Then we define the labelled
transition system and global timed runs for timed choreographical session types.
Similarly, time assertions are attached to local interactions and we prove the sound-
ness and completeness preserved through projection. Compared with generalised
processes, timed choreographical session calculus is simply an extension with
a delay primitive. The time constraints and resets are included in operational
semantics and typing systems.

We prove some theorems in a similar way as we prove those in timed session
types and generalised session types, such as time error-freedom, because of
orthogonality between time and parallel design. The algorithm for time progress-
enabling check is different; we need to construct the roadmap with extinct parallel
and choice representations first, and then find the dependency path for checking,
based on this graph. Thus, well-typed and time progress-enabling processes are

guaranteed to enjoy progress property.

Evaluation:

Comparing to other works, this is the first attempt to add time in multiparty
session types and merge different variants together. In this way, expressiveness
of multiparty session types are improved.

The proposed theory in this thesis leads to theoretical foundation for imple-
mentations. Based on timed multiparty session types, a verification framework
with timed runtime monitors [NY17] are proposed and implemented in Scribble
and Python language. Based on choreogrpahical session types, [LI'Y17] presents
ChorGram, a tool of implementing the generalised multiparty compatibility and
analysing message-passing programs. More implementable ideas are discussed
later in Section

6.2. Future Work

We discuss ideas for future work in three aspects. First, we present the possible

subtyping and bisimulation theory for timed choreographical session types. Then
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we discuss the potential of visualising the global types in Harel’s Statecharts and
BPMN choreographies. Second, we describe the idea of incorporating dependent
types into multiparty session types so as to express data flow control. Last, we
discuss possible implementation issues, like the Scribble expressions for time and

choreographical extensions and monitor implementation.

6.2.1. Further Improvement on Timed Choreographical Session
Types

Subtyping The formalism of [GHOS]| enables session types to describe protocols
for richer behaviours. If the local types are ‘upgraded’, such from int to real
number, without changing the global-level validation, run-time communication
errors will occur because of type mismatch between send and receive actions.
Subtyping solves this problem by allowing that a subset of types will not reduce to
errors. In some sense, subtyping gives session types great flexibility to validate a
large set of programs.

The work of applying subtyping to timed choreographical session types at
least includes the following steps: 1) we define the subtyping rules for session
types and typing rules for subtyped session types; 2) then we need to define and
prove soundness, substitution, structural congruence, type safety and completeness
[CDCY14]; 3) we convert typing rules to algorithmic subtyping rules and provide
inference rules for the type checking algorithm to ensure that typable processes

can proceed safely.

Bisimulation [Par81]] is a relation between two transition systems that are
observed to have same behaviours: for state transitions, we could find the same
sequence of actions. This feature can be useful for validating large-scale systems
[KY14]; if we could find a section of the large program is bisimilar with another
previously validated well-typed session types, then we could treat this section as
a safe super-state, and save efforts that need to be spent on verifying the scalable
programs.

The preparation work for bisimulation of timed choreographical session types
has been done: we define the labelled transition system for global types and
local types, in which each label is associated with a local time assertion. Then
we will define typed relation [Koul3] and typed barbs. And based on the

definitions, we will provide the reduction-closed congruence and asynchronous
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G = def

X0 = Xj ‘Xz

X1 = A —B:[(string);x3

X) = X4+Xs5

x4 = A—C:h(nat){xa <3,xc <5};%6

X5 = A—>C:l3<nat>{xA >3,XC>5};X7
X6 +X7 = X3
X3 ’Xg = X9

X9 = end inXxg

Figure 6.1.: Global Types for the Example

timed choreographical session bisimulation.

Other visual formalisms that are used for displaying actions and state transi-
tions can be potentially translated into session types in order to verify behaviour
safety. Here we particular discuss the possibility of expressing Harel’s Statecharts

and BPMN choreographies in timed generalised session types.

e Harel’s Statecharts, as an extension of state diagrams, are widely used in
the design of event-driven systems, such as communicating protocols and
distributed real-time systems. In this statechart, one event can trigger two
components in the system to transition simultaneously. This feature is
consistent with interactions in session types. Here is an example of how we

could represent timed choreographical session types in Harel’s statecharts.

Inspired by the work of constructing global graph from CFSMs [LTY135],
we could abstract communicating behaviours in Harel’s Statecharts as timed
choreographical session types and further validate if the system is deadlock-

free and safe.

e BPMN, similar to flowcharts and UML activity diagrams, is a graphical lan-
guage that describes end-to-end business processes and by hiding complex
technical details, this formalism can be easily understood in all areas of
business. The BPMN choreography models, specifies and analyses how
participants exchange messages through their interactions. This feature
addresses the same problem as session types do; thus we could translate
the choreographies into timed choreographical session types to check if the

target processes are safe or not.
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Figure 6.2.: Harel’s Statecharts for Example

We will first identify the session types expression for each individual
components in BPMN choreography. With these basic building blocks,
we could decompose a choreography into separate choreographical tasks,
connected with proper gateways. Then based on these pieces and logical
relations between them, we could synthesise a global session type for further
validation and code generation. Figure [6.3] shows an example that could be

expressed in timed choreographical session types in Example[6.1]

6.2.2. Possible Extensions to Multiparty Session Types

The previous subsection describes the future improvements on timed choreograph-
ical session types. Here we enlarge the scope by discussing the extensions to
multiparty session types in order to further enhance expressiveness.

When designing a communicating protocol, we sometimes find that only
writing the communication interactions between participants is not enough; we
may also want to annotate how data is changed during the whole communicating
system, and the relations between the messages being sent and received. Then
analysing the data flow of the protocol could solve the problem. The current
version of session types, however, focuses on interactions between participants,
so it can not provide sufficient information about data flow analysis. Since this
analysis could be important in some systems, we need to extend session types with
explicit data flow annotation.

In session types of design-by-contract, we have the assertions to guard the
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Figure 6.3.: BPMN choreography for Example

interactions. By contrast, in timed session types, we not only have time constraints,
as a special type of assertions, but also have reset operations, assigning the time
variable to zero. Based on this observation, this assignment operation could be
integrated into session types. This integration could reflect one aspect of how data
has been modified.

Another way of refining data flow is to find the relations between interaction
messages. Dependent types could provide the solution to this problem.

Incrementor = C — I : Send_num(v:int);I — C: Result(v; : v+ 1 — int);end

This dependency helps us to reflect message relations; thus we gain better data

flow control.
Comparator = P — C: Send_num; (v, :int){temp < v };

P — C: Send_numy(v, :int);

C — P : Result(vs : {temp,v,} — bool);end
Sometimes dependent types are not enough to represent complex data transi-

tions. For example, we send a table of historical data of weather temperatures to
a cloud server and ask what is the possible degree Celsius of tomorrow’s weather.
The process of making this prediction is complex and we are unable to describe
how the server makes the forecast. The general global view of this application
is that we send a table and a number to the cloud server and the server replies a
number back to us. Recall that our goal is to find the dependent relation between

data in the communicating system. One simple but expressive way is to use
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function/method expression.
Forecast = C — S: History(hist : str);

C — S: Request(date : int);
{prediction = fregression(hist,date)};

S — C: Reply(prediction : float);end
For the previous three extensions, we cluster the first two together and compare

them with the last one based on the transparency of the message: data modification
and data dependency are exposed in the expression of session types; the last
extension hides details and it is easy to design internal transition functions and
offer more security and satisfy easy-understanding considerations. We could adopt
different specifications for different applications: for simple systems with public,
transparent data, we could use the first two options; for systems with complex data
processing and private data fields, we could apply the last option for data flow

analysis.

6.2.3. Implementation

We will implement these timed choreographical session types in Scribble [Scrl].
Scribble is a language for describing and validating protocols among commu-
nicating systems. Here is the procedure of how Scribble works: The protocol,
an agreement which prescribes how participants in the communicating system
should behave, is firstly written in the Scribble language; then a local description,
according to a projection algorithm, is automatically produced from the global
protocol. Based on the theory of session types, Scribble checks the properties of
the protocol, such as deadlock-freedom and soundness. If the protocol is verified,
then Scribble can generate the skeleton codes for each endpoint projection, with
user specified languages. Also, monitors are associated with endpoint projection
to monitor the activities of local programs in order to ensure that the endpoint
implements the expected behaviours.

According to the procedure, we could also decompose the future work of
implementing timed choreographical session types in Scribble into the following
steps: design global/local expressions, build the verification modules, enlarge
the library of code generation, and build the monitors for endpoints. Due to
the independence between time and structure of global types, we could extend
Scribble with timed session types first and then with choreographical session types

separately.
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global protocol SimpleConversation(role A, role B)
[xAQA: xA<1l || xA>5][xb@B: reset (xB)]
msg (string) from A to B;
[xb@B:xB<3][]
ack (boolean) from B to A;

Figure 6.4.: Scribble Example with Time Extension

Time Extension in Scribble has been proposed in [NBY14|] and completed
in [NY17]. Scribble is extended with time annotation illustrated in Figure6.4]
Algorithms for checking feasibility and wait-freedom are implemented. The
example programs and timed runtime monitors are presented in Python. In
addition, the monitors are responsible for verifying message types, synchronisation
between clocks and triggering exceptions when violation occurs.

Further improvements could be to evaluate the robustness of communications
and dynamically adjust parameters at runtime. Robustness [BMS13] in timed
automata is defined as the ability of a system to resist slight perturbations or time
errors. These variations are usually caused by delays in communication channels,
imprecise clocks, or longer execution time than expected. Due to the unpredictable
variations during runtime execution, we will need to measure some parameters,
such as Round-Trip Time (RTT), and make adjustments according to the analysis
of tolerance to time error. For example, we could measure the RTT as tgr7; then we
may require the timed constraints to shrink as tp < m — tgyr, where m is predefined
upper bound for that constraint. By adjusting the runtime assertion, we could

guarantee the performance of the protocol.

Choreography Extension of multiparty session types is non-trivial. In gener-
alised session types, we use auxiliary X to annotate states for describing state
transitions. Although choreographical session types introduce great flexibility,
they bring complexity in designing the Scribble language; while we can easily
write nested expressions, it is difficult to describe the interleaved expressions, such
as the example in Figure[6.5] So the implementation of fork/merge will inevitably
make many more changes to the Scribble language than timed session types do.
We propose two possible ways for implementing choreographical session types
in Scribble. One is to introduce a state variable x to note interactions and relations
between them. Then we could write Scribble in the same way as session types.

The disadvantage is that the Scribble language will be changed greatly: recursion
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G = def

X0 = X1 | X2

X1 = A —B:Msg;(string); X3

X2 = X4 | X35

X4 = B— A:Msgy(nat);Xe

X5 = B— C:Msgsz(nat);xy
X3 | X = Xg

Xg = A — C: Msgy(string); X9
X7|X9 = Xjo

X10 = .. inXxgp

Figure 6.5.: An Example of Choreographical Timed Global Session Types with

Interleaved Join/Merge
global protocol SimpleFork(role A, role B, role C){

state x[11];
x[0]: x[1] Par x[2];
x[1] Msgl (string) from A to B then x[3];
x[2]: x[4] Par x[5];
x[4]: Msg2(nat)from B to A then x[6];
x[5]: Msg3(nat)from B to C then x[7];
x[3] Par x[6] : x[8];
x[8] Msg4 (string) from A to C then x[9];
x[7] Par x[9] : x[10];
x[10]: ......

Figure 6.6.: Illustration of Scribble Extension with State Variable x

are removed and a large set of state variables are introduced.

Another way is that we only note the interactions and use the goto keyword to
jump between interleaved session types. Figure illustrates how this keyword
could work on the example. The weakness of this method is less explicit than
the first one because the person writing Scribble code should know the structural
relations between interactions very clearly and may need such auxiliary BPMN-
like graph notations.

Moreover, in verification, we need to implement well-formedness checking
and time progress-enabling checking. At runtime, the monitors may hold an action
checklist to note which actions complete. This checklist is used to determine if the

interactions following a merge operation could happen or not.
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global protocol SimpleFork(role A, role B, role C){

transition T13,T46,T57,T89;

join J1,02;

PAR {
Msgl (string) from A to B as T13 goto Jl1;
Msg2 (nat) from B to A as T46 goto Jl;
Msg3(nat) from B to C as T57 goto J2;
Jl: [pre (T13 & T46)]
Msg4 (string) from A to C as T89 goto J2;
J2: [pre (T57 & T89)]

Figure 6.7.: Illustration of Scribble Extension with goto
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A. Supporting Materials for Chapter 4

A.1. Appendix for Section 4.2.1]

Additional Global Type Examples

In Figure [A.T] we give several additional global type examples that illustrate some

particular features that were not developed in the main sections.

1. A simple one-message (Msg of type nat) is exchanged between Alice and

Bob.Figure
2. A protocol with a simple choice between messages Book and Film.
3. Alice and Bob concurrently exchange the messages Book and Film.

4. Gy features an initial choice between directly contacting Carol or to do it
through Bob. Note that without the last interaction from Carol to Bob (in
X¢), if the chosen path leads to x3, Bob enters a deadlock, waiting forever for

a message from Alice.

5. This global type represent the extension of the Alternating-Bit protocol to
three messages. As we can see the global type only linearly increases in

size, while the CFSM it represents double its number of states.

Local Choice Condition

We list here some omitted definitions and examples from the main section.

Active Sender The active sender computation is not as much a counting
algorithm as a verification method that checks whether a given choice has a unique
(i.e. local) responsible participant. In particular, the deduction rules gather the

active senders on each branch and restrict it to be a singleton p.
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G = defxg = Alice — Bob: Msg(nat);x;
’ x; = end in xo

Alice»Bob:Msg .

G, =defxp =x1+Xxp

X; = Alice — Bob
X, = Alice — Bob
X3 +X4 = X5

x5 = end in Xg

: Book(string); X3
: Film(string); x4

(—b Alice~Bob:Book

(O

>Q

L»‘ Alice-Bob:Film }—A

G; =defxg =x; | X2

x| = Alice — Bob
X; = Bob — Alice
X3 | X4 = X5

x5 = end in Xg

: Book(string); x3
: Film(string); X4

Bob—Alice:Film

@3¢

% ®,

Alice~Bob:Book

G4 =def xg = x1 +x3
X; = Alice — Bob : Book(string); X
Xy = Bob — Carol : Ifem(nat);x4
x3 = Alice — Carol : Film(string);xs

X4 + X5 = Xg

X¢ = Carol — Bob : Order(string);x7
x7 =end in Xg

G5 =def x
X

X2 + X5

X3 + X7

X4 +Xg

X6

X11

X13

X12 | X3

X15
X16
X17
X10
X19
X20
X2]
X14

X18

X22

X| | X2
X3 | X4
X6
X3
X10

Alice — Bob:

X12 [ X13
Bob — Alice

X15

Alice — Bob:

X17 | X138

Bob — Alice
X19

Alice — Bob
X21 \ X22

Bob — Alice
X5 in Xg

Msg, (string); X1y

: Acky (unit); X4

Msg, (string): Xie

: Acka (unit); X7
: Msgs(string); a0

: Acks (unit); g

Alice—>Bob:Msg3

l Alice—~Bob:Msg1l

| —|

Alice—~Bob:Msg2
Bob—Alice:Ack2

Bob—Alice:Ackl

Bob—Alice:Ack3

=
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_ x=end€G ~x1:end€5 X €Xo
G}—Xiil,fjll]xtiz,f)z G}—Xllil,f)lﬂXZZf(z,ﬁz
_ X1 €EX1 XEX _ X1+X2=X€6
G"Xliil,f)lHXz:fQ,ﬁg G"Xliil,anXz:fQ,ﬁg
(xl\x:x/eé\/ﬂxlzx'eé) 5Fx’:i1,p1ﬂxz:i2,f>2
B CN;FX1Zi17I31ﬂX21}27f>2
(X1+X=X/€G\/X+X1=X/EG) Gl—X/:ihﬁlﬂXz:iLf)z
GFx 1X1,P1 [ X2 1 X2, P2
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xi=p—p :l{U;X|€G pepr GHX|:x|%X,pP1 [ x2:%0,P2

ngl :X1,P1 [ X2:%2,P2
GExp:%0,P2 [ X1 : Xy, Py

GFx X1,P [ x2:%2,52
x=xX1+%E€G GFx:0,p[x:0,p
ASend(G)(x) =p

Figure A.2.: Active Sender Computation

Local Choice Example (Local choice) is essential for the consistency of the
distributed interaction with respect to choice.

Consider the following incorrect global type:

G-cha =defxg = Xx;+Xx3
X; = Alice — Bob: Item({string);x;
X, = Bob — Dave : Book(string);X4
x3 = Carol — Bob : Film(string);Xs
X4+X5 = X6
X¢ = endinXxg

This global type is incorrect because both Alice and Carol are supposed to make
a local choice between Item and Film (prevented by ASend (éﬁch,a_)(xo)). Even if
Alice were to send message Film, it forgets to inform Dave of the choice, which
may result in him waiting forever for a message Book that will never come (it
is prevented by the condition Rcv(éﬁch,a,)(xl) % Rcv(éﬁch,a.)(m)). Note that Gs
satisfies the local choice property.

The following incorrect examples illustrates how local choice can also prevents

two identical labels from being in the two branches of the same choice (it confuses
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Bob):

G-jin =defxg = x;+x3
X; = Alice — Bob: Film(string);x,
X, = Bob— Alice: Book(string);x4
x3 = Alice — Bob: Film(string);Xs
X4 +X5 = Xg
X = endinxg

A.2. Appendix for Section 4.4

New Name Creation The following P; corresponds to uX .x[p](y).(va)y! (p,l{a)).X
where uX.P represents the standard recursion. This agent sends a fresh name

whenever asked.

Py =defxo(x) = x[p](y).x1(x,y)
Xl(x7y) = (Va)xz(x,y,a)
x2(x,3,2) = y!{p,l(2))Xo(x) in Xo(b)

The following P, represents (va)uX .x[p](y).y!(p,l{a)).X which sends the

same name each time.

P, = (va)defxo(x,z) = z[p](y)xi(x,2,y)
x1(x,2,y) = yUp,l1{x)).x0(x,z) inxo(a,b)

A.3. Examples for global types and well-formed inference

This appendix lists examples of global types, thread collection rules, local types,

and automata.

Example 1. This example corresponds to G4 in example
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G4:def X) = X|+X3

X] = A—=B:l{U);x
Xp = B—)CI1/<U,>;X5
x3 = A—=C:I"(U");xy
X4+X5 = Xg
Xe = C—B:I(U);xy
x; = end
Automaton (we omit empty channels).
(XOaX()?XO) ACl”
“Sau T
(x2,X0,X0,AB : 1) (x4,X0,X0,AC: 1)
| AB2I \ac2”
(x2,%2,X0) (X4,X0,X4)
VB! ycBY
(x2,X5,X0,BC: 1) (x4,X0,X7,CB : [)
yBC
(x2,Xs,Xs)
| cBl .
(x2,X5,%7,CB : ]) y
CB?
\
(x2,x7,%7)

For A, we have Xy = X; = X3 and X = X4 = X5 = Xg = X7.
For B, we have X = X| = X3 = X4 = X5 = X.

For C, we have Xy = X; =X, = X3 and X4 = X5 = X¢.
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Local types.

'2:4 = def X0
X1
X3
X4 +X5
X7
'2;; = def X0
X
X2
X4 + X5
X6
X7
(IC = def X0
X2
X3
X4 + X5
X6

X7

Example 2. Global type.

G7 =def xo+x4
X1
X2
X3
X5
X6

X7

X PX3
! <B,Z<U>>.X5
1C,I"(U)).x4

X7

end

x| & x4
?2(AL{U)) Xz
1{c,I'(U")) x5
X6
2(C,I{U)).x7
end

X) & X3
2(B,I"(U")) x5
2(B,I"(U")) x4
X6

1(B,I{U)).x7
end

X|
A—B:o(U);x2
X3 + X5
B—A:B(U);x4
B—A:Y(U);Xe
A—C:3(U);x7
end
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Automaton.
BA??
(X0,X0,X0) <— (X2,X0,X0,BA : B)

AB!OL\L TBA!B

(X2,X0, X0, AB : 0) ——> (X2,X2,X0)

BAly

BA?
(X67X67X0) ~— (X2,X¢,X0,BA: ’Y)

AC!Si

(x7,X6,X0,AC SRC? (X7,X6,X7)

Example 3. Global type syntax based on a syntax trees, even with recursion, is
not enough to represent concurrent, yet not independent, interactions, we present
here an example that illustrates that situation. The alternating bit protocol is an
example that cannot be written using a syntax tree. An informal argument is
that, in syntax trees, join points are always constrained by the well-parenthesised

characteristics of fork points.

Gg = def X0 = X||X2

X; = A—B:o(U);x3
x; = A—B:B(U);x4
X3 = Xs5|X6

X4 |Xs = x7
X¢ = A—B:y(U);xg
x;7 = A—B:3(U);xg

X3 |Xo = Xio
X;9 = end in Xq

The possible traces are oryBd, Boryd,ayd, fody,ody.
It’s easy to write with a standard syntax a representation for the relation
between messages 39, but y should always follow o without being linked with

or 9. Only a graph-like syntax can represent that set of traces.
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(%0,%o0)

y x
(x1 | X6,%0,AB : B) ABlot (x1 | x7,X0,AB : )
m i
ABla ABla
AB?y
(x1 | X6,X1 | X6) (x5 | X6,X0,AB : Bot) (x5 | x2,X0,AB: Q) (x5 | x7,X0,AB : you) (x1 | x7,X1 | x7)
AB!f ABly
AB?0
AB?B
ABlo (x5 | X6,X0,AB : af}) (X5 | X2,X5 | X2) (x5 | x7,X0,AB : 0y) ABlo.
AB?0 AB?0
(X5 | X6,X1 | X6, AB : 1) (x5 | X6,Xs5 | X2,AB : ) (X5 | X7,Xs5 | X2,AB 1Y) (x5 | x7,%1 | X7,AB: Q)
AB?B ABYY AB20
AB?0
(x9,X9)

Figure A.3.: Example 4: global state machine

Example 4.
Gg = def X0 = X||X2

X;] = A—B:oU);xs
X = X3+X4
x3 = A—B:B{U);xe
x4 = A—B:yU)x

X6 +X7 = Xg

Xs|Xs = X9
X9 = end in Xq

We give the global state automaton in Figure[A.3]
For A, we have X) =X | Xp =X; | X3 =X; | X4 and X5 | Xp = X5 | X3 = X5 | X4
and X; | X¢ =X | X7 =X | Xg and X5 | Xg = X5 | X7 = X5 | X3 = X9.

For B, we have Xg =X | X =X | X3 =X | X4 and X5 | Xg = X5 | X7 = X5 | X3 = Xo.
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