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Abstract. A session takes place between two parties; after establishing a con-
nection, each party interleaves local computations with communications (send-
ing or receiving) with the other party. Session types characterise such sessions
in terms of the types of values communicated and the shape of protocols, and
have been developed for the Tecalculus, CORBA interfaces, and functional lan-
guages. We study the incorporation of session types into object-oriented lan-
guages through the language MOOSE, a multi-threaded language with session
types, thread spawning, iterative and higher-order sessions. Our design aims to
consistently integrate the object-oriented programming style and sessions, and
to be able to treat various case studies from the literature. We describe the de-
sign of MOOSE, its syntax, operational semantics and type system, and develop a
type inference system. After proving subject reduction, we establish the progress
property: once a communication has been established, well-typed programs will
never starve at communication points.

1 Introduction

Object-based communication oriented software is commonly implemented using ei-
ther sockets or remote method invocation, such as Java RMI and C# remoting. Sockets
provide generally untyped stream abstractions, while remote method invocation offers
the benefits of standard method invocation in a distributed setting. However, both have
shortcomings: socket-based code requires a significant amount of dynamic checks and
type-casts on the values exchanged, in order to ensure type safety; remote method in-
vocation does ensure that methods are used as mandated by their type signatures, but
does not allow programmers to express design patterns frequently arising in distributed
applications, where sequences of messages of different types are exchanged through
a single connection following fixed protocols. A natural question is whether we can
offer a high-level language abstraction that enables tractable description of type-safe
communication patterns seamlessly integrated in object-oriented programming idioms.

A session is such a sequence of interactions between two parties. It starts after a con-
nection has been established. During the session, each party may execute its own local
computation, interleaved with several communications with the other party. Communi-
cations take the form of sending and receiving values over a channel, and additionally,
throughout interaction between the two parties, there should be a perfect matching of
sending actions in one with receiving actions in the other, and vice versa. This form of
structured interaction is found in many application scenarios.

Session types have been proposed in [16], with the aim to characterise such ses-
sions, in terms of the types of messages received or sent by a party. For example, the



session type begin.!int.!int. ?bool . end expresses that two i nt -values will be sent,
then a bool -value will be expected to be received, and then the protocol will be com-
pleted. Thus, session types specify the communication behaviour of a piece of software,
and can be used to verify the safety, in terms of communication, of the composition
of several pieces of software executing in parallel. Session types have been studied
for several different settings, i.e., for Tecalculus-based formalisms [4, 5, 11,16, 18, 24],
for CORBA [25], for functional languages [13,27], and recently, for a W3C stan-
dard description language for web services called Choreography Description Language
(CDL) [6, 28].

In this paper we study the incorporation of session types into object-oriented lan-
guages. To our knowledge, except for our earlier work [8], such an integration has
not been attempted so far. We propose the language MOOSE, a multi-threaded object-
oriented core language augmented with session types, which supports thread spawning,
iterative sessions, and higher-order sessions.

In the design of MOOSE, we were guided by our wish that it should have the fol-
lowing properties:

object oriented style We wanted MOOSE programming to be as natural as possible to
people used to mainstream object oriented languages. In order to achieve an object
oriented style, MooOSE allows sessions to be handled modularly using methods.

expressivity We wanted to be able to express common case studies from the literature
on session types and concurrent programming idioms [22], as well as those from the
WC3 standard documents [6, 28]. In order to achieve expressivity, we introduced
the ability to spawn new threads, to send and receive sessions (i.e., higher-order
sessions), conditional, and iterative sessions.

type preservation We wanted to be able to guarantee that execution preserves types,
i.e., to obtain the subject reduction property, and this proved to be an intricate task.
In fact, several session type systems in the literature fail to preserve typability after
reduction of certain subtle configurations, which we identified through a detailed
analysis of how types of communication channels evolve during reduction. In order
to ensure linear usage of channels, we had to forbid their aliasing, and therefore,
these cannot be stored in the fields of objects.

progress We wanted to be able to guarantee that once a session has started, i.e., a
connection has been established, threads neither starve nor deadlock at the points of
communication during the session, a highly desirable property in communication-
based programs. Establishing this property was an intricate task as well, and, to the
best of our knowledge, no other session type system in the literature can ensure it.
The combination of higher-order sessions, spawn and the requirement to prevent
deadlock during the session posed the major challenge for our type system.

The remaining sections are organised as follows. Section 2 illustrates the basic ideas
of MoosE through an example. Section 3 defines the syntax of the language. Section
4 presents the operational semantics. Section 5 describes design decisions. Section 6
illustrates the typing system. Section 7 is devoted to basic theorems on type safety and
communication safety. Section 8 discusses the related work, and Section 9 concludes.
The Appendix gives complete definitions and proofs. Also more detailed explanations
and examples can be found in [22].



2 Example: Business Protocol

We describe a typical collaboration pattern that appears in many web service busi-
ness protocols [6, 28] using MOOSE. This simple protocol contains essential features
by which we can demonstrate the expressivity of MOOSE: it requires a combination
of session establishing, higher-order session passing, spawn, conditional and deadlock-
freedom during the session.

In Fig. 1 we show the sequence diagram for the protocol which models the purchas-
ing of items as follows: first, the Seller and Buyer participants initiate interaction over
channel c1; then, the Buyer sends a product id to the Seller, and receives a price quote
in return; finally, the Buyer may either accept or reject this price. If the price received is
acceptable then the Seller the Seller connects with the Shipper over channel c2. First the
Seller sends to the Shipper the details of the purchased item. Then the Seller delegates
its part of the remaining activity with the Buyer to the Shipper, that is realised by send-
ing c1 over c2. Now the Shipper will await for the Buyer’s address, before responding
with the delivery date. If the price is not acceptable, then the interaction terminates.

Buyer Seller Shipper
cl
SEETTEETTYFETTEEETE L
cl: prodlD R
' C
cl: price Aw--4B : connect overc
. Cc:X
cl: accept > c2 A —p B : send value of x over ¢
oot cl:c2
c2: prodDetails ||  A'—»»B: send channel c2 over c1
c2:cl _
cl : custAddress ':
P cl : delivDate

Fig. 1. Sequence diagram for item purchasing protocol.

In Fig. 2 we declare the necessary session types, and in Fig. 3 we encode the given
scenario in MOOSE, using one class per protocol participant. The session types BuyPr oduct
and Request Del i very describe the communication patterns between Buyer and Sel | er,
and Sel | er and Shi pper , respectively. The session type BuyPr oduct models the sending
of a Stri ng, then the reception of a doubl e, and finally a conditional behaviour, in which
a bool is (implicitly) sent before a branch is followed: the first branch requires that an
Addr ess is sent, then a Del i veryDet ai | s received, and finally that the session is closed,;
the second branch models an empty communication sequence and the closing of the ses-
sion. We write BuyPr oduct for the dual type, which is constructed by taking BuyPr oduct
and changing occurrences of ! to ? and vice versa; hence, these types represent the
two complementary behaviours associated with a session, in which the sending of a
value in one end corresponds to its reception at the other. In other words, BuyProduct’
is the same as begi n. ?Stri ng. ! doubl e. ?<?Addr ess. ! Del i veryDet ai | s. end, end>. Note
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that in the case of the conditional, the thread with ! in its type decides which branch is
to be followed and communicates the boolean value, while the other thread passively
awaits the former thread’s decision. The session type Request Del i very describes send-
ing a Product Det ai | s instance, followed by sending a ‘live’ session channel of type
?Address. ! Del i veryDetails. end.

sessi on BuyProduct =

begin. ! String. ?doubl e. ! <! Address. ?Del i veryDet ai | s. end, end>
session RequestDelivery =

begin. ! Product Detail s.! (?Address. ! DeliveryDetails.end).end

Fig. 2. Session types for the buyer-seller-shipper example

Sessions can start when two compatible connect ... statements are active. In Fig. 3,
the first component of connect is the shared channel that is used to start communication,
the second is the session type, and the third is the session body, which implements the
session type. The method buy of class Buyer contains a connect statement that imple-
ments the session type BuyPr oduct , while the method sel | of class Sel | er contains a
connect statement over the same channel and the dual session type. When a Buyer and
a Sel | er are executing concurrently their respective methods, they can engage in a ses-
sion, which will result in a fresh channel being replaced for occurrences of the shared
channel c1 within both session bodies; freshness guarantees that the new channel only
occurs in these two session bodies, therefore the objects can proceed to perform their
interactions without the possibility of external interference.

In the body of method buy once the session has started, the product identifier,
prodl D, is sent using c1. send( pr odl D) and the price quote is received using c1. r ecei ve.
If the price is acceptable, i.e., c1.recei ve <= maxPrice , then true is sent and the first
branch of the conditional, starting on line 9 is taken. In this case, the customer’s ad-
dress, addr, is sent and an instance of Del i veryDet ai | s is received. If the price is not
acceptable, then f al se is sent and the second branch of the conditional starting on line
11 is taken, and the connection closes.

The body of method sel I implements behaviour dual to the above. Note that in c1.
receivel f{...}{...} the branch to be selected depends on the boolean value received
from the other end, which will execute the complementary expression c1. sendl f (. .)
{...}{...}. The first branch of the former conditional contains a nested connect in
line 25, via which the product details are sent to the Shi pper, followed by the actual
runtime channel that was substituted for c1 when the outer connect took place; the
latter is sent through the construct c2. sendS(c1), which realises higher-order session
communication. Notice that the code in lines 25-26 is within a spawn, which reduces to
a new thread with the enclosed expression as its body.

Method del i very of class Shi pper should be clear, with the exception of c2. recei veS
(x){..} which is dual to c2. sendS(c1) . In the former expression, the received channel
is bound to variable x.

The above example shows how MoOOSE achieves deadlock-freedom during a ses-
sion: because sessions take place between threads with complementary communication
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class Buyer {
Address addr;

voi d buy( String prodl D, double maxPrice ) {
connect cl BuyProduct {
cl.send( prodiD);
cl.sendl f( cl.receive <= maxPrice ) {
cl.send( addr );
DeliveryDetails delivDetails := cl.receive;
H null; /* buyer rejects price, end of protocol */ }
} /'* End connect */
} /'* End nethod buy */

}
class Seller {
void sell () {
connect cl BuyProduct {
String prodl D := cl.receive;
doubl e price := getPrice( prodiD); // inplem omtted
cl.send( price );
cl.receivelf { // buyer accepts price
Product Details prodDetails := new ProductDetails();
[l ... init prodDetails with prodl D, size, etc
spawn { connect c2 RequestDelivery {
c2.send( prodDetails ); c2.sendS( cl );} }
H onull; /* receivelf : buyer rejects */ }
}
}
}

cl ass Shipper {
voi d delivery() {
connect c2 RequestDelivery {
Product Details prodDetails := c2.receive;
c2.receiveS( x ) {
Address cust Address : = X.receive;
DeliveryDetails delivDetails := new DeliveryDetails();
[l... set state of delivDetails
x.send( delivDetails ); }

Fig. 3. Code for the buyer, seller and shipper.

patterns, whenever we have c. send(v) eventually an expression of the shape c. r ecei ve
will appear in the other thread, unless the thread diverges or an exception occurs. Like-
wise for the other communication expressions. Therefore, no session will remain in-




(type) t x=C]| bool | s | (s,5)

(direction) tu=1]7?
(session) s ::= begin.p p =Tend | TLHp,p) n:=m/|p
ni=¢ | Tt [T(p) | T(mm | T(M* | LI
(class) class ::= class C extends C { ff meth }
(method) meth i=tm (tX) {e}| tm (£ X,nx) {e}
(expression) e = x| v | this|e;e| efi=e| ef]|e.m(&)|new C|new (s,5)

| [NullExc | spawn{e } | connectus{e}

| u.receive | u.send(e) | u.receiveS (x){e} | u.sendS(u)
|  u.receivelf {e }{e} | u.sendIf (e){e }{e}

|  u.receiveWhile {e} | u.sendWhile(e){e}

(identifier) ui=c]|x

(value) v i=c | null | true| false| [o
(thread) P:= e | P|P

(heap) hi= 0] h-Jo—(C,f:¥)] | h-c

Fig. 4. Syntax, where syntax occurring only at runtime appears 'shaded .

complete, because for every action we can guarantee that the co-action will eventually
appear and the communication will take place, again, unless there is divergence or an
exception. Note that exception means a null-pointer exception or a connection error.

3 A Concurrent Object Oriented Language with Sessions

In Fig. 4 we describe the syntax of MOOSE. We distinguish user syntax, i.e., source level
code and runtime syntax, which includes null pointer exceptions, threads and heaps.
The syntax is based on FJ [19] with the addition of imperative and communication
primitives similar to those from [2,5, 8, 16, 18,27]. We designed MOOSE as a multi-
threaded concurrent language for simplicity of presentation although it can be extended
to model distribution; see § 8.

Channels We distinguish shared channels and live channels. Shared channels have
not yet been connected; they are used to decide if two threads can communicate,
in which case they are replaced by fresh live channels. After a connection has been
created the channel is active; data may be transmitted through such live channels only.
The types of MoOOSE enforce the condition that there are exactly two threads which
contain occurrences of the same live channel: we call it bilinearity condition.

Types The metavariable t ranges over types for expressions, C ranges over class names
and s ranges over session types.

Session types are the types of shared channels. Each session type s starts with the
keyword begin and has one or more endpoints, denoted by end. Between the start and
each ending point, a sequence of session parts describe the communication protocol.



Session parts, ranged over 1T, represent communications and their sequencing; the
symbol ! means output, while ? means input, and t is a convenient abbreviation that
ranges over {!,?}. Asexpected, !t and ?t respectively express the sending and reception
of a value of type t, while !(p) and ?(p) represent the exchange of a live channel, and
therefore of an active session, with remaining communications determined by type p.

The conditional session part has the shape 1(111, T, ): when fis ! this type describes
sessions which send a boolean value and proceed with 11 if the value is true, or T, if
the value is false; when 1 is ? the behaviour is the same, except that the boolean that
determines the branch is to be received instead.

The iterative session part (1) * describes sessions that respectively send or receive
a boolean value, and if that value is true continue with 11, iterating, while if the value is
false, continue to following session parts, if any.

Session parts can be composed into sequences using “.”, hence forming longer ses-
sion parts inductively; note that we use € for the empty sequence.

A complete session part is a session part concatenated either with end or with a
conditional whose branches in turn are both complete session parts. We use p to range
over complete session parts.

Each session type s has one corresponding dual, denoted 5, which is obtained by
replacing each ! by ? and vice versa. Note that the carried type itself is not dualised,
for example begin.?(p).end = begin.!(p).end. The pair (s,s) is the type of a shared
channel in which both directions of communication (i.e., s and 5) can occur. This type
is used in the expression new (s,5) to build a fresh channel which can be used to
establish a private session, as we will see in Example 4.1.

Class and method declarations Class and method declarations are as expected, except
for the restriction that at most one parameter can be a live channel. Example 5.4 shows
that allowing multiple live channels as parameters can lead to deadlock.

User syntax The syntax of user expressions e, e’ is standard with the exception of the
channel constructor new (s,s) discussed above, and the communication expressions,
i.e., connect us{e} and all the expressions in the last three lines. The first line gives
parameter, value, the receiver this, sequence of expressions, assignment to fields, field
access, method call, object and channel creation. The values are channels, null, and
the literals true and false. Thread creation is declared using spawn { e }, in which the
expression e is called the thread body.

The expression connect us{e} starts a session: the channel u appears within the
term {e} as the subject of session communications that agree with session type s.

The remaining eight expressions, which realise the exchanges of data, are called
session expressions, and start with “u._”; we call u the subject of such expressions. In
the above explanation session expressions are pairwise coupled: we say that expressions
in the same pair and with the same subject are dual of each other.

The first pair is for exchange of values (which can be shared channels): u.receive
receives a value via u, while u.send (e) evaluates e and sends the result over u.

The second pair expresses live channel exchange: in u.receiveS (x){e } the received
channel will be bound to x within e, in which x is used for communications. The ex-
pression u.sendS (u’) sends the channel u’ over u.



The third pair is for conditional communication: u.receivelf {e }{e’} receives a
boolean value via channel u, and if it is true continues with e, otherwise with e’;
u.sendIf (e){e’}{e”} first evaluates the boolean expression e, then sends the result via
channel u and if the result was true continues with e’, otherwise with e”.

The fourth is for iterative communication: u.receiveWhile {e } receives a boolean
value via channel u, and if it is true continues with e and iterates, otherwise ends;
u.sendWhile (e ){e’} first evaluates the boolean expression e, then sends its result via
channel u and if the result was true continues with e’ and iterates, otherwise ends.

Runtime syntax The runtime syntax (represented as shaded in Fig. 4) extends the user
syntax: it introduces threads running in parallel; adds NullExc to expressions, denoting
the null pointer error; finally, extends values to allow for object identifiers o, which
denote references to instances of classes. Single and multiple threads are ranged over
by P,P’. The expression P | P’ says that P and P’ are running in parallel.

Heaps, ranged over h, are built inductively using the heap composition operator
*.”, and contain mappings of object identifiers to instances of classes, and channels. In
particular, a heap will contain the set of objects and fresh channels, both shared and
live, that have been created since the beginning of execution. The heap produced by
composing h-[o — (C,f : V)] will map o to the object (Cf : V), where C is the class
name and f : v is a representation for the vector of distinct mappings from field names
to their values for this instance. The heap produced by composing h - ¢ will contain the
fresh channel c.

Heap membership for object identifiers and channels is checked using standard set
notation, we therefore write itas o € hand c € h, respectively. Heap access is denoted by
h(o) for objects, and returns the object pointed to in the heap by the given identifier, or
L if there is no such mapping. Heap update for objects is written h[o — (C,f : V)]; note
that in this case we assume that the object identifier, whose mapping is to be updated,
is already in the heap.

4 Operational Semantics

This section presents the operational semantics of MOOSE, which is inspired by the
standard small step call-by-value reduction of [2,3,23] and mainly of [8]. We only
discuss the more interesting rules. We start by listing the evaluation contexts.

E:= []|Ef|Eie|Ef :=e|o.f:=E|Em(€)|o.m(V,E,E)
| c.send(E) | u.sendlf (E){e}{e’}

Notice that connect u s{E}, u.receiveS (x ){E}, u.sendlf (e ){E}{e}, u.sendlf (e){e }{E},
u.receivelf {E}{e}, u.receivelf {e }{E}, u.receiveWhile {E }, and u.sendWhile (e ){E }
are not evaluation contexts: the first would allow session bodies to run before the start of
the session; the second would allow execution of an expression waiting for a live chan-
nel before actually receiving it; the remaining would allow parts of a conditional or
iterative session to run before determining which branch should be selected, or whether
the iteration should continue.
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In NewC, init(bool ) = false otherwise init(t) = null.

Fig. 5. Expression Reduction

Expressions Fig.5 shows the rules for execution of expressions which correspond to
the sequential part of the language. These are standard [3, 9, 19], but for the addition
of a fresh live channel to the heap (rule NewsS). In rule NewC the auxiliary function
fields(C) examines the class table and returns the field declarations for C. The method
invocation rule is Meth; the auxiliary function mbody(m,C) looks up m in the class C,
and returns a pair consisting of the formal parameter names and the method’s code. The
result is the method body where the keyword this is replaced by the receiver’s object
identifier o, and the formal parameters X are replaced by the actual parameters v.

Threads The reduction rules for threads, shown in Fig. 6, are given modulo the stan-

dard structural equivalence rules of the Te-calculus [21], written =. We define multi-step

. def
reduction as: —= (— U=)"

When spawn{ e } is the active redex within an arbitrary evaluation context, the
thread body e becomes a new thread, and the original spawn expression is replaced by
null in the context.

Rule Connect describes the opening of sessions: if two threads require a session on
the same channel name ¢ with dual session types, then a new fresh channel ¢’ is created
and added to the heap. The freshness of ¢’ guarantees privacy and bilinearity of the
session communication between the two threads. Finally, the two connect expressions
are replaced by their respective session bodies where the shared channel ¢ has been
substituted by the live channel ¢’

Rule ComS gives simple session communication: value v is sent by one thread and
received by another. Rule ComSS formalises the act of delegating a session. One thread
awaits to receive a live channel, which will be bound to variable x within expression
e, and another thread is ready to send such a channel. Notice that when the channel is
exchanged, the receiver spawns a new thread to handle the consumption of the delegated
session. This strategy is necessary in order to avoid deadlocks in the presence of circular
paths of session delegation; see Example 4.2.
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awn Par Sir
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Connect

E1[connect c s{e1}]|Ez[connect cs{es}],h — Eile1[C/c]]|Ezlea[c/c]],h-c’ ¢’ ¢h
ComS

Ei[c.send (v)]|Ez[c.receive],h — Ejq[null]|Ez[v],h

ComSSs

E[c.receiveS (x){e}] | Ealc.sendS (c)],h — Ex[null] | e[¢/x] | Ea[null],h
ComSlf-true

E1[c.sendlf (true){e1}{e2}]| Ez[c.receivelf {e3}{es}],h — Ei[e1]|Ez[es],h
CommSlf-false

E1[c.sendlIf (false){e1}{e2}]| E2[c.receivelf {e3}{es}],h — Ei[e2]|Ez[es],h

ComSWhile
E1[c.sendWhile (e){e1}]| Ez[c.receiveWhile {e2}],h —

Ei[c.sendlf (e){e1;c.sendWhile (e){e1}}{null}] | E2[c.receivelf {ey;c.receiveWhile {e2} }{null}],h

Fig. 6. Thread Communication

In rules ComSIf-true and ComSIf-false, depending on the value of the boolean,
execution proceeds with either the first or the second branch. Rule CommSWhile sim-
ply expresses the iteration by means of the conditional. This operation allows to repeat
a sequence of actions within a single session, which is convenient when describing
practical communication protocols (see [6, 8]).

The following two examples justify some aspects of our operational semantics.

Example 4.1. demonstrates asynchronous call-backs using new channel creation and
spawn. When the method is called with o.m ( new (s,5)), then after line 2, there will
be two threads, which will then communicate over the private channel x; the first thread
will execute e, and the second thread will execute e’.

int m (s,5) x) {
spawn { connect x s { e} };
connect x 5 { e }

N N

10
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Example 4.2. demonstrates the reason for the definition of rule ComSS which creates a
new thread out of the expression in which the sent channel replaces the channel variable.
A more natural and simpler formulation of this rule would avoid spawning a new thread:

Eilc.receiveS (x){e}] | E2[c.sendS (c’)],h — Eile[c</x]] | E2[null],h

However, using the above version of the rule the threads P1 and P, in the table below
reduce to
c.send(5); cj.receive | null, h-cl’

where ¢/ is the fresh live channel that replaced c 1 when the connection was established.
However, both ends of the session are in one thread, so the last configuration is stuck.

connect ¢l begin.?int.end { 1 [connect ¢l begin.!int.end{
connect c¢2 begin.?(!int.end).end { |2 | connect c2 begin.!(!int.end).end {
c2.receiveS(x) { x.send(5)} }; s | c2.sendS(cl)
cl.receive 4|}
} s [}
P1 P2

5 Motivating the Design of the Type System

This section discusses the key ideas behind the type system introduced in § 6 with some
examples, focusing on type preservation and progress.

Type preservation In order to achieve subject reduction, we need to ensure that at any
time during execution, no more than two threads have access to the same live channel,
and also, that no thread has aliases (i.e., more than one reference) to a live channel.

Example 5.1. demonstrates that bilinearity is required for type preservation, and that in
order to guarantee bilinearity we need to restrict aliases on live channels. Assume in
the following, that in the threads P1, P> and P; the variables x, y and z, all point to the
same live channel c in heap h.

x.send (3);x.send (true) | y.send (4);y.send (false) | z.receive;z.receive, h

Py P Ps

It is clear that P3 expects to receive first an integer and then a boolean via channel c; but
P5 could communicate first with P, and then with P, (or vice versa) receiving two inte-
gers. Therefore, we need to distinguish a shared channel, i.e., one where a connection
has not been established yet, from a live channel, i.e., one where a connection has been
established. In order to make this distinction, shared channel types start with begin. To
avoid the creation of aliases on live channels, we do not allow live channel types to
be used as the types of fields, nor we allow more than one live channel parameter in
methods.

Example 5.2. demonstrates that guaranteeing bilinearity requires restrictions on send-
ing/receiving live channels. In the following, assuming that the three threads, P4, P, and
P5 could be typed, for some p1 and po,

11
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1 | connect cl begin.p1 { 1 connect cl begin.p1 {
2 connect c¢2 begin. py { 2 cl.receive;
3 c2.sendS(cl) }; 3 cl. send(3)
4 cl.receive } 4 }
Py P2

1 connect c¢2 begin.p2 {

2 c2.receiveS(x){ x.send(4) }

s |}

P3

then, starting with the heap h, the above three threads in parallel reduce to:

c’j.receive | c/.receive; c}.send(3) | cj.send (4), h-{c’,ch}

where ¢} and c/, are the fresh live channels that replaced respectively c1 and c2 when
the sessions began. Clearly, this configuration violates the bilinearity condition.

We therefore need a notion of whether a live channel has been consumed, i.e.,
whether it can still be used for the communication of values. There is no explicit user
syntax for consuming channels. Instead, channels are implicitly consumed 1) at the end
of a connection, 2) when they are sent over a channel, and 3) when they are used within
spawn . However, the types do distinguish consumed channels, because the type of a
closed channel is suffixed with end. In § 6.1 we show that P1 is type incorrect for any
p1and py.

Progress in MOOSE means, that indefinite waiting may only happen at the point where
a connection is required, and in particular when the dual of a connect is missing. In
other words, there will never be a deadlock at the communication points. This can only
be guaranteed if the communications are always processed in a given order, i.e., if there
is no interleaving of sessions.

Example 5.3. demonstrates how session interleaving may cause deadlocks.

connect ¢l begin.!int.end { 1 connect cl begin.?int.end {
connect c2 begin.?int.end { 2 connect c¢2 begin.!int.end {
cl.send(3); c2.receive} 3 c2.send(5); cl.receive}
} o}
Py P,

In the above example we have indefinite waiting after establishing the connection, be-
cause P; cannot progress unless P, reaches the statement c1.receive, and P, cannot
progress unless Py reaches the statement c,.receive, and so we have a deadlock at a
communication point. Note that nesting of sessions, does not affect progress. Let us
consider the following processes.

P] = connect c1 begin.?int.end{c.receive;connect c, begin.lint.end{c2.send (5)} }
P} = connect c1 begin.lint.end{c1.send (3);connect cbegin.?int.end{cy.receive } }

P4 = connect c1 begin.lint.end{connect ¢, begin.?int.end{cy.receive };c1.send (3)}
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Parallel execution of P; and P; does not cause deadlock, while parallel execution of
P; with P5 does, but it does so at the connection point for c,. However, deadlock at
connection points is acceptable, since it will disappear by putting a suitable connect in
parallel.

In order to avoid interleaving at live channels, we require that within each “scope”
no more than one live channel can be used for communication; we call this the “hot
set.” The formal definition can be found in § 6. In § 6.1, we show that P; and P, are
type incorrect.

Example 5.4. demonstrates that allowing methods with multiple live channel parame-
ters may cause interleaving. Consider a method m of class C with two parameters x
and y both of type ?int and body x.receive;y.receive. In this case the two threads P;
and P, below produce a deadlock due to the interleaving of sessions.

connect cl begin.!int.end { 1 [connect cl begin.?int.end {
connect c2 begin.lint.end { 2 connect c2 begin.?int.end {
cl.send(3); c2.send(3)} 3 new C.m(c2,cl)}
} a |}
P1 P2

In order to avoid problems like the above, we restrict the number of live channel
parameters to at most one.

We argue that the above conditions on live channels are not that restrictive. First,
we can represent most of the communication protocols in the session types literature, as
well as traditional synchronisation [22, § 3], while at the same time ensuring progress.
Secondly, since these conditions are only essential for progress, if we remove hot sets
from typing judgements, we will obtain a more relaxed type system which allows dead-
lock on live channels, but still preserves type safety.

6 Type System

We type expressions and threads with respect to a fixed class table, so only the classes
declared in this table are types. We use the same table to judge subtyping <: on class
names: we assume the subtyping between classes causes no cycle as in [19]. In addition,
we have (s,s) <:s and (s,5) <:§, as in standard T-calculus channel subtyping rules
[17]: a channel on which both communication directions are allowed may also transmit
data following only one of the two directions.

The typing judgements for threads have two environments, i.e., they have the shape:

2+ P:thread

where the standard environment I' associates types to this, parameters and objects,
while the session environment X contains only judgements for live channels. These
environments are defined as follows, under the condition that no subject occurs twice.

M:=0]|Fx:t|lthis:C|l,0:C Zu=0|Zu:n|Zu:]
When typing expressions we need also to take into account which is the unique (if
any) channel identifier currently used to communicate data. This is necessary in order
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to avoid session interleaving. Therefore we record a third set, the hot set s, which
can be either empty or can contain a single channel identifier belonging to the session
environment. Thus the typing judgements for expressions have the shape:

MZ,ste:t

where $ is either @ or {u } with u € dom(X).
We convene that typing rules are applicable only when the session environments in
the conclusions are defined.

Spawn Weak

M ske:t closed(Z) MZ;0Fe:t uedom(Z)
;%5 Fspawn{ e }:Object Mz {ulte:t
Meth

M3gske:C MZ;skej:ti ief{l...n}
M2p.21...20; 8 Fe.m(eg...en) it

mtype(m,C)=t;...tp—t

MethLin
M3 {u}re:C M2;{uttei:t; ie{l...n}

M¥.21...2n{u:n};{utFem(er...enu):t

mtype(m,C)=t;...tp,n —t

Fig. 7. Some Typing Rules for Standard Expressions

Expressions We highlight the interesting typing rules for expressions in Fig.7 and
Fig. 8. Looking at these rules two observations on hot sets are immediate:

— in all the rules but Conn, ReceiveS and Weak the hot sets of all the premises and
of the conclusion coincide;

— inall the rules whose conclusion is a session expression the hot set of the conclusion
is the subject of the session expression.

These two conditions ensure that all communications use the same live channel, i.e.,
that sessions are not interleaved. In rule Conn instead the live channel becomes shared
and therefore in the conclusion the hot set is empty. Since u.receiveS (x){e} in rule
ReceiveS receives along the live channel u a channel that will be replaced to x, the hot
set of the premise is {x} while that of the conclusion is {u}. Lastly rule Weak allows
to replace an empty hot set by a set containing an arbitrary element of the domain of
the session environment.

The session environments of the conclusions are obtained from those of the premises
and possibly other session environments using the concatenation defined below.

- n.n'=n.n’ if n=morn'=¢ otherwise n.n' = L.
- 2.Y = Z\dom(¥) U ¥\ dom(Z) U{u:Z(u).Z'(u)|u € dom(Z)Ndom(Z')}
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Conn
M0;0Fu:beginp T\u;Zu:p;{ulbe:t
I;Z;0F connect u begin.p{e}:t

ie{1,2}

Send Receive
Mz {ulke:t Mok kFt:tp
MZ{ult};{u}Fu.send( e):Object M;{u:?t};{u}F u.receive :t
ReceiveS SendS
M\x;Zx:p;{x}Fe:t closed(Z) Mok Fp:tp

M {u:?2(p)}.Z; {u} - u.receiveS (x){e} : Object  T;{u’:p,u:1(p)};{u} F u.sendS(u’) : Object
Receivel f SendIf

MZuni;{utkeiit ie{l,2} M;21;{u} Fe:bool M2,uini;{ulbtei:t
M2,u?(n1,N2);{u} - u.receivelf {e; }{ea }:t M2 {Z,u{n1,n2)};{u} Fu.sendlf (e){e1 }{ea }:t
ReceiveWhile SendWhile

M{u:m;{u}Fe:t M {u:m};{u} Fe:bool M{u:n} {ul et

M {u2(m*}; {u} F u.receiveWhile {e } :t M {u el 0" }; {u} F u.sendWhile (e){e'} :t

Fig. 8. Typing Rules for Communication Expressions

The concatenation of two live channel types n and n’ is the unique live channel type (if
it exists) which prescribes all the communications of n followed by all those of n’. The
extension to session environments is straightforward. The typing rules concatenate the
session environments to take into account the order of execution of expressions.
In the following we discuss the three most interesting typing rules for expressions.
Rule Spawn requires that all sessions used by the spawned thread are finally con-
sumed, i.e., they are all complete live channel types. This is necessary in order to avoid

configurations that break the bilinearity condition, such as spawn { c.send (1) };c.send (true).

To guarantee the consumption we define

closed(Z) =Vu:neZ3p.n=p

Rule MethLin retrieves the type of the method m from the class table using the
auxiliary function mtype(m,C). This rule expects the last actual parameter u to be a
channel identifier that will be used within the method body directly as if it was part of
an open session. Therefore the hot sets of all the premises and of the conclusion must
be {u}. The session environments of the premises are also concatenated with {u:n}
which represents the communication protocol of the live channel u during the execution
of the method body.

Rule Conn ensures that a session body properly uses its unique channel according
to the required session type. The first premise says that the channel identifier used for
the session (u) can be typed with the appropriate shared session type (begin.p). The
second premise ensures that the session body can be typed in the restricted environment
I\ u with a session environment containing u : p and with hot set {u }.
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Methods The following rules define well-formed methods.

M-ok . MLin-ok
this:C,X:t; 0; Ok e:t this:C,X:t; x:n; {x}Fe:t
tm (tX) {e}:okinC tm (tX,nx) {e}:okinC

Rule M-ok checks that a method that does not have live channel parameters is well-
formed, by type-checking its body and succeeding with both an empty session envi-
ronment and an empty hot set i.e., it ensures that no channel can be used outside the
scope of a session within the method body. Rule MLin-ok, performs the same check
but requires that the last parameter is a live channel which is the element of the hot set
in the typing of the method body.

Thread In the typing rules for threads, we need to take into account that the same
channel can occur with dual types in the session environments of two premises. For this
reason we compose the session environments of premises using the parallel composi-
tion defined below.

- n|n’ =] ifn=n’otherwisenn’= L;and | [n=n| [=]| I=L.

- Z|¥ =Z\dom(Z) UZ'\dom(Z)U{u:Z(u)||Z'(u)|u € dom(Z)Ndom(Z")}
Using the above operator, the typing rules for processes are straightforward. Rule Start
promotes an expression to the thread level; and rule Par types a composition of threads
if the composition of their session environments is defined.

Start Par
Mz, ske:t M>+P:thread T;3+ P :thread
M2+ e:thread 2| +P|P :thread

6.1 Justifying Examples
In this subsection we discuss the typing of the threads shown in § 5.

Example 5.1: The thread Py |P, is not typable since the parallel composition of the
corresponding session environments is undefined.

Example 5.2: The thread P; cannot be typed since:

— the expression in line 3 can only be typed by rule SendS which requires for the sent
channel c1 a live channel type terminating by end in the session environment;

— the expression in line 4 can only be typed by rule Receive which requires also a
live channel type different from € for the channel c 1 in the session environment;

— Seq to type the composition of these two expressions requires concatenation of the
corresponding two session environments to be defined, but this is false since a type
terminating by end cannot be concatenated to a live channel type different from .

Examples 5.3: Neither thread can be typed. For example, to type the expressions in line
3in Py using rule Send, {c1} and {c2} should be the hot sets, respectively. Thus rule
Seq cannot type the composition of these two expressions, since this rule requires the
premises to share the same hot set.

Example 5.4: 1t is clear from the rules Meth and MethLin that a method can have at
most one live parameter, so the method is not typable.
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6.2 Type Inference

We have shown that the type system gives enough flexibility to typecheck interesting
protocols. On the other hand, the structure of the typing judgements is somewhat com-
plex: ideally, one would like to be able to have only standard environments, without
having to worry about sessions environments and hot sets. We show in fact that this is
the case, by giving appropriate inference rules. The inference judgements derived by
these rules have the shapes

Mke:t||Zs and It P:thread ||

respectively for expressions and threads. This means that sessions environments and
hot sets are derived instead than assumed. Fig. 9 gives some inference rules. All rules
are applicable only if all the sets in the conclusion are defined.

Connl
ket ||Zs Z(u)=n s=begino(n]) ugdom(l) I"=Tifuisanameelsel,u:s

I connectus {e}:0(t) || o(Z)\u;0

Receivel ReceiveS|
ok Me:t [ s x¢T sC{x} Z(x)=n

I u.receive :@| {u:?@};{u} T Fu.receiveS (x){e}:Object | {u:?(n|)}.Z |;{u}

SendSl
I+ ok

[ Fu.sendS(u’): Object || {u”:W.end,u:!(YP.end)}; {u}

Fig. 9. Some Inference Rules

We extend the syntax of types with two kinds of variables, type variables and part
of session type variables, ranged over respectively by ¢and . The type variables stand
for types and the part of session type variables stand for part of session types. Rule
Receivel introduces type variables since we do not know the type of the data that will
be received. Rule SendSlI introduces part of session type variables since we do not know
the type of the channel that will be send.

Comparing the typing with the inference rules it should be clear that we only have
to take into account the absence of non-structural rules as usual (i.e., rules which do not
depend on the shape of the subject). We only comment some notation. In rule Connl
we do not know if the session environment inferred for e contains a premise for u: thus
we define

Z(u) = ifu € dom(Z) then Z(u) else €.

In the same rule the operator | appends end to n if n is a session part, propagates in-
side the final branches of n if n is of the shape Tt1(n 1,n2), and does nothing otherwise.
These operators are also used in rule ReceiveSl.
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An inference substitution is a substitution mapping type variables to types and part
of session type variables to part of session types. We use ¢ to range over inference
substitutions. We use inference substitution only in rule Connl in order to unify the
session type s with begin.n where n| being inferred may contain variables. That is, we
require s = begin.a(n ).

The following proposition (whose proof by induction on deductions is standard)
relates the type system and the inference system as expected, showing that the inference
computes the least sessions environments and hot sets.

Proposition6.1. 1. IfI;Z;sFe:tthenTte:t’ || Z';s" whereo(t’) =t ando(Z') C
> for some inference substitution o and s’ C 5.
2. IfFe:t || Z;5 then for all inference substitutions o we get: [;0(Z); s Fe:o(t).
3. If I+ P:thread then I + P:thread || £’ where o(X') C X for some inference
substitution o.
4. If T+ P:thread || Z then for all inference substitutions o we get: I';0(Z) - P:
thread.

Note that the inference of X does not rely on $ so that we can obtain the same result for
the system without s.

O 5:int || 0;0
O+ x.send (5):Object || {x :lint};{x}
OF cp.receiveS (x){x.send (5)} :Object || {c2:?(lint.end)};{c2}

O+ e :Object || 0;0 OF cq.receive: Q| {c1:?¢}; {c1}

O+ e;cq.receive Q| {c1 :?¢}; {c1}

O+ connect cq begin.?int.end{e;c1.receive } :int || 0;0

where e = connect cbegin.?(lint.end).end{c.receiveS (x ){x.send (5)} }

Fig. 10. An example of type inference

As an example we show the inference for the thread P; of Example 4.2 in Fig. 10.

We could also easily modify the inference rules in such a way such that the session
types in the connect expressions are inferred. It is enough to modify the inference rule
for connect avoiding to use the inference substitution for obtaining the required session
types. More precisely the new inference rule is:

Connl’
MM-e:t] s Z(u)=n ugdom(l) I"=rifuisanameelsel,u:s

I F connect u begin.n | {e}:t || Z\u;0

Thanks to this rule, users do not have to declare the session type explicitly in connect;
for example, the user can write only: connect ¢ {c.send (true);c.send (false)} instead
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of connect c begin.!bool.!bool.end {c.send (true); c.send (false) }. However we think
the explicit declaration is sensible as an aid for design and documentation, as well as
for determining the types of the data exchanged in the protocol communications.

7 Type Safety and Communication Safety

7.1 Subject Reduction

We will consider only reductions of well-typed expressions and threads. We define
agreement between environments and heaps in the standard way and we denote it by
I+ h: ok. A convenient notation is I'; Z; s F e;h, which is short for I';%;5 e : t for
somet and I - h: ok. Similarly I';~+ P;hmeans ;2 - P : thread and I - h : ok. We
first show that the type system of Section 6 satisfies the subject reduction property.

Theorem 7.1 (Subject Reduction).

-Nske:t,and ;25 Fe;hand e,h — e/, imply I';2";5 - e’;h" and
Msske' :twithF Crrand>cCy’.
- M;Z2-P;hand Ph— P/ 0 imply ;2" F P/;h with T C M and Z C ¥/

The proof uses generation lemmas and substitution lemmas in a standard way. The
novelty of this proof relies on a detailed analysis of the relations between session envi-
ronments for typing expressions inside evaluation contexts and the filled contexts. More
precisely we introduce a partial order on session environments in Definition 7.2. When
proving type preservation for the case E[e],h — E[e’],h’, we apply Lemma 7.3 to ex-
trapolate properties of the session environment used for typing e out of that used for
typing E[e]. Similarly for the case when two threads communicate by the communica-
tion rules in Fig. 6.

Definition 7.2 (Prefix Order on Session Environments).

1. n < n’is the smallest partial order such that 1< Ttn;
2. 3<% ifuineZimpliesu:n’e% andn=<n'.

Notice that = < & iff &’ = =.Z" for some 2",

Lemma 7.3 (Subderivations).

If a derivation  proves I';%; 5 - E[e]:t then © contains a subderivation whose con-
clusion is the typing of the showed occurrence of e: I';%/; 5’ Fe:t’and ¥’ < 5.

The proof is by induction on evaluation contexts.

7.2 Communication Safety
Even more interesting than subject reduction, are the following properties:

P1 (communication error freedom) no communication error can occur, i.e., there can-
not be two sends or two receives on the same channel in parallel in two different
threads;
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P2 (progress) typable threads can always progress unless one of the following situa-
tions occurs:
— anull pointer exception is thrown;
— there is a connect instruction waiting for the dual connect instruction.
P3 (communication-order preserving) after a session has begun the required commu-
nications are always executed in the expected order.

These properties hold for a thread obtained by reducing a well-typed closed thread in
which all expressions are user expressions. We write [Jo<i, i foreg|e; | ... [en1.
We say a thread P is initial if 0;0 P : thread is derivable and P = [o<; -, €; Where e;
is a user expression. Notice that this implies 0;0 + P; 0. For stating P1, we add a new
constant CommErr (communication error) to the syntax and the following rule:

Eile]|Ezle’] — CommErr

if e and e’ are session expressions with the same subject and they are not dual of each
other. We can now prove that we never reach a state containing such incompatible ex-
pressions.

Corollary 7.4 (CommErr Freedom). Assume Py is initial and Py, ® —— P,h. Then P
does not contain CommeEtr, i.e., there does not exist P’ such that P = P’| CommErr.

The proof of the above theorem is straightforward from the subject reduction theorem.
Next we show that the progress property P2 holds in our typing system.

Theorem 7.5 (Progress). Assume Py is initial and Py, —— P,h. Then one of the fol-
lowing holds.

In P, all expressions are values, i.e., P = [To<i<n Vi’

P,h — P’.h';

P throws a null pointer exception, i.e., P = NullExc | Q; or

P stops with a connect waiting for its dual instruction, i.e., P = E[connect cs{e }]| Q.

The key in showing progress is the natural correspondence between irreducible ses-
sion expressions and parts of session types formalised in the following definition.

Definition 7.6. Define [ between irreducible session expressions and parts of session
types as follows:

c.receive 0%t c.send(v) Ot c.receiveS (x){e} O?(p) c.sendS(c’) O!(p)

c.receivelf {e1}{e2} O?(N1,n2) c.sendlf (v){e1}{e2} OXN1,N2)
c.receiveWhile {e} O?(1)* c.sendWhile (v){e } ON(10)*

Notice, that the relation e [0 1t reflects the “shape” of the session, rather than the
precise types involved. For example, e (?t implies e 0?t’ for any type t’.

Using the generation lemmas and Lemma 7.3 we can show the correspondence
between an irreducible session expression inside an evaluation context and the type of
the live channel which is the subject of the expression.

Lemma 7.7. Lete be an irreducible session expression with subjectc and I'; X+ E[e]:
thread. Then X(c) = tn withe O 1T
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The proof of Theorem 7.5 argues that if the configuration does not contain waiting
connects or null pointer errors, but contains an irreducible session expression e 1, then
by subject reduction and well-formedness of the session environment, the rest of the
thread independently moves or it contains the dual of that irreducible expression ex-
pression, ez. Then by Lemma 7.7, e1 O 1tand e O Tt Therefore e and e are dual of
each other and can communicate.

Note that the Theorem 7.5 shows that threads can always communicate at live chan-
nels. From the above theorem, immediately we get:

Corollary 7.8 (Completion of Sessions). Assume Py is initial and Py, ® — P, h. Sup-
pose P = [o<i<, €i and irreducible. Then either all e; are values (0 <i < n) or there
issomej (0<j <n)suchthate; € {NullExc,E[connect cs{e}]}.

Finally we state the main property (P3) of our typing system. For this purpose, we
define the partial order C on live channel types as the smallest partial order such that:

- nLmn;

- mnCtmy,m)n  (i€{1,2});
- PiCHpup2) (i€{1,2});

- H{m(m*,€).n C (..

This partial order takes into account reduction as formalised in the following theo-
rem: for any configuration E[eo] | Q, h reachable from the initial configuration and con-
taining the irreducible session expression e, that if it proceeds, then either (1) it does
so in the sub-thread Q, or (2) Q contains the dual expression ey, which (a) interacts
with eg, and (b) has a dual type at ¢ (and therefore, through application of Lemma 7.7
the two expressions conform to the “shape” of their type i.e., n = 1tno with eg 00 tand
e O T), and (c) then the type of channel ¢ “correctly shrinks” asn’ C .

Theorem 7.9 (Communication-Order Preservation). Let Pg be initial. Assume that
Po,0 —— E[eo]| Q,h — P’,h’ where e is an irreducible session expression with sub-
jectc. Then:

1. PP=E[eq]|Q, or

2. Q =E'[ep]|R with e, dual of eg and
(@) Eleo]|E'[ep] |R,h — e|e|R,N;
(b) I;Z,c:nkEleq]:thread and I';%',c : T+ E'[eg)] : thread ; and
(€) T;%,c:n'Fe:thread and ;%' ,c : ' e’ : thread withn’ C n.

8 Rdated work

Linear typing systems Session types for the Tt-calculus originate from linear typing
systems [17,20], whose main aim is to guarantee that a channel is used exactly or at
most once within a term. The objective of the session types in our paper is to check
sequences of channel usages, rather than to verify that a variable or channel is used
linearly (exactly once) within a program.

In the context of programming languages, the work [10] proposes a type system
for checking protocols and resource usage in order to enforce linearity of variables in
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the presence of aliasing; hence, their objectives are different. They implemented the
typing system in Vault [7], a low level C-like language. The main issue that they had
to address is that a shared component should not reference linear components, since
aliasing of the shared component can result in non-linear usage of any linear elements
to which it provides access. To relax this condition, they proposed operations for safe
sharing, and for controlled linear usage. In our system non-interference is ensured by
operational semantics in which substitution of shared fresh channels takes place when
reducing connect, and therefore we do not need explicit constructs for this purpose.
Finally, note that the system of [10] is not readily applicable in a concurrent setting,
and hence in channel-based communication.

Programming languages and sessions In [27] the authors extend previous work [13],
and define a concurrent functional language with session primitives. Their language
supports the sending of channels and higher-order values, and incorporates branch-
ing and selection, along with recursive sessions. Moreover, it incorporates the multi-
threading primitive fork , whose operational semantics is similar to that of spawn, and
also channel sharing. Finally, their system allows live channels as parameters to func-
tions, and tracks aliasing of channels; as a result, their system is polymorphic.

In [25], the authors formalise an extension to CORBA interfaces based on session
types, which are used to determine the order in which available operations can be in-
voked. The authors define protocols consisting of sessions, and use labelled branches
and selection to model method invocation within each session; an object offers sev-
eral methods via a branching construct, and a client selects the branch that corresponds
to the desired method. In this context, sessions represent sequences of method invoca-
tions between two parties. Each branch that corresponds to a method invocation has two
components, the arguments are encoded as being output and the return type as input.
Labelled branches are also used to denote exceptions, when present, and their system
incorporates recursive session types. However, run-time checks are considered in or-
der to check protocol conformance; an attempt to provide static analysis is left as future
work. Note that in their work there is no formalisation in terms of operational semantics
and type system.

We developed our formalism building upon previous experience with £gq0s [8], @
distributed object-oriented language with basic session capabilities. In the present work
we have chosen to simplify the substrate to that of a concurrent calculus, and focus on
the integration of advanced session types. In [8], shared channels could only be associ-
ated with a single session type each, and therefore runtime checks were not required for
connections; however, this assumption is not necessary, and we preferred to compro-
mise such superficial type-checking — the essence of our system is in typing a session
body against the session type.

In our new formulation we chose not to model RMI, and in fact, an interesting
question is whether we can encode RMI as a form of degenerate session in the spirit
of [25]. Also, we have now introduced more powerful primitives for thread and (shared)
channel creation, along with the ability to delegate live sessions via method invocation
and higher-order sessions. None of these features are considered in [8]. We discovered
a flaw in the progress theorem in £4o0s [8], and developed the new type system with hot
sets in order to guard against the offending configurations.
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Subject Reduction and Progress In all previously mentioned papers on session types,
typability guarantees absence of run-time communication errors. However, not all of
them have the subject reduction property: the problem emerges when sending a live
channel to a thread which already uses this channel to communicate, as in our Exam-
ple 4.2. This example can be translated into the calculi studied in [5, 12, 18, 27], and
this issue has been discussed with some of their authors [1].

Although MOOSE has been inspired by the previously mentioned papers, we be-
lieve that MOOSE is the only calculus which guarantees absence of starvation on live
channels. For example, we can encode the counterpart of Example 5.3 in the calculi
in [5, 12, 18, 27]. More details on these two issues can be found in Appendix F.

Note that we can flexibly obtain a version of the typing system which preserves
the type safety and type inference results, but allows deadlock on live channels like the
above mentioned literature, by simply dropping the hot set. In this sense, our system is
not only theoretically sound, but also modular.

9 Conclusion and Future Work

This paper proposes the language MOOSE, a simple multi-threaded object-oriented lan-
guage augmented with session communication primitives and types. MOOSE provides
a clean object-oriented programming style for structural interaction protocols by pre-
scribing channel usages as session types. We develop a typing system for MoOosE and
prove its type safety with respect to the operational semantics. We also show that in a
well-typed MOOSE program, there will never be a communication error, starvation on
live channels nor an incorrect completion between two party interactions. These results
demonstrate that a consistent integration of object-oriented language features and ses-
sion types is possible where well-typedness can guarantee the consistent composition of
communication protocols. To our best knowledge, MOOSE is the first application of ses-
sion types to a concurrent object-oriented class-based programming language. In par-
ticular, the type inference on session environments (Proposition 6.1), and the progress
property on live channels (Theorem 7.5) have never been proved in any work on session
types including those in the Te-calculus.

Advanced session types in the Tecalculus and process calculi An issue that arises
with the use of sessions is how to group and distinguish different behaviours within
a program or protocol. In [18] and subsequently in [27] the authors utilise labelled
branching and selection; the first enables a process to offer alternative session paths
indexed by labels, and the second is used dually to choose a path by selecting one of
the available labels. In [11,15,18, 26], branching and selection are considered as an
effective way to simulate methods of objects. Several advancements have been made,
ranging from simple session subtyping [11] to more complex bounded session poly-
morphism [15], which corresponds to parametric polymorphism within session types.
Our conditional constructs are a simplification of branching and selection, therefore in
essence the same behaviour realised by branching types can also be expressed using our
types.

As another study on the enrichment of basic session types, in [5] the authors inte-
grate the correspondence assertions of [14] with standard session types to reason about
multi-party protocols comprising of standard interleaved sessions.
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In this work, our purpose was to produce a reliable and extensible object-oriented
core, and not to include everything in the first attempt; however, such richer type struc-
tures are attractive in an object-oriented framework. MOOSE can be used as a core
extensible language incorporating other typing systems.

Exceptions, timeout and implementation Another feature not considered in our sys-
tem, although important in practice, is exceptions; in particular, we did not provide any
way for a session type to declare that it may throw a checked exception, so that when this
occurs both communicating processes can execute predefined error-handling code. One
obvious way to encode an exception would be to use a branch as in [25]. In addition,
when a thread becomes blocked waiting for a session to commence, in our operational
semantics, it will never escape the waiting state unless a connection occurs. In practice,
this is unrealistic, but it could have been ameliorated introducing a ‘timeout” version of
our basic connection primitive such as connect (ti meout)u s {e}. However, controlling
exceptions during session communication and realising timeout would be non-trivial if
we wish to preserve the progress property on live channels: to handle more complex
synchronisation incurred by exception and timeout is an urgent further study in order to
apply our framework to more practical communication protocols.

Finally, we are considering a prototype implementation using source to source trans-
lation from MOOSE to Java code. The most interesting parts are: firstly, the choice of a
suitable runtime representation for both shared and linear channels; secondly, the abil-
ity to detect and control implicit multithreading; finally, the efficient implementation of
higher-order sessions.
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A Appendix: Lookup Functions

Fig. 11 defines auxiliary functions used in the operational semantics and typing rules.

Field lookup

fields(D) =f'f’  class C extends D {ff M} € CT

fields(Object) = o =T o
fields(C) = f £/, ft

M ethod lookup

methods(D) =M’ class C extends D {ft M} e CT

methods(Object) = o ~—
methods(C) = M/,M

Method type lookup

class C extends D {ft M} eCcT tm (¥X) {e} €M class C extends D {ff M} eCT m ¢M
mtype(m,C)=T—t mtype(m,C) = mtype(m,D)

M ethod body lookup

classCextends D {fiM}eCT  tm (TX) {e}eM classC extends D {ff M} €eCT  m ¢ M
mbody(m,C) = (X,e mbody(m,C) = mbody(m, D)

Tiseithert orn.

Fig. 11. Lookup Functions

B Appendix: Typing System

We type expressions and threads with respect to a fixed class table CT, and this is re-
flected in the rules of Fig. 13 which define well-formed types.

The subtyping <: is formalised in Fig. 14.

Fig. 13 gives the formation rules for standard and session environments, where the
domain of an environment is defined as usual.

The typing rules for expressions are given in Fig. 16, Fig. 17, Fig. 18 and Fig. 20.
Notice that in rules ReceivelF and SendIF either n1 and n are both complete or both
incomplete parts of live channel types in order to agree with the syntax (see Fig. 4).

Fig. 21 defines well-formed class tables.

C Appendix: Type Inference Rules
We denote fv(P) and fch(P) the sets of free variables and channels in P, respectively.

Fig. 22 gives some auxiliary operators on sessions environments and hot sets. The
inference rules occupy Fig. 23, Fig. 24, Fig. 25 and Fig. 26.
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Fig. 12. Duality of Session Types.

Class LSesson Wf-Session Tuple Bool
C € dom(CT)
FC:tp Fn:tp Fs:tp F(s,5):tp F bool:tp
Fig. 13. Well-formed Types
Cedom(CT) C<:D D<:E classCextends D {fi M} € CT
(s,5)<:s (s,5)<:5s Cc<:C C<E C<:D
Fig. 14. Subtyping
Emp EVar EOid Ethis
Ft:tp x ¢dom(l) FC:tp o¢gdom(IlN) FC:tp this¢dom(lN)
OF ok Mx:tFok No:Ckok [, this:CF ok
SEmp SERC SECC
u ¢ dom(Z) u ¢ dom(Z)
O+ ok Z.u:nkok Mu T ok
Fig. 15. Well-formed environments
Null Oid True False Chan
Mok Ft:tp INo0:Ck ok I ok I+ ok I+ ok
M:0;0F null: t Mo:C;0,0~o0:C [:0;0 true : bool [:0;0t false : bool r:0;0c:s

Fig. 16. Typing Rules for Values
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Var This Fid

IMx:tkok [, this:CF ok MZske:C i
- . ——————— ft efields(C)
MNx:t;0;0Fx:t I,this:C;0F this:C M,skef:t
Seq NewC
Mmshke:t rs;ske:t NN-ok FC:tp
rzs:stee :t’/ ;0,0 new C:C
FldAss NewS
Mske:C TI;Yske:t , I Fok
; ; ft € fields(C) — —
Mz skef:=e:t r;0;0F new (s,s):(s,s)
Spawn NullPE
Mz;ste:t closed(Z) Mok kFt:tp
I;2;s Fspawn{ e }:Object I:0;0F NullExc :t
Meth

Mg, ske:C MZi;skeiiti ief{l...n}
M2p.21...20; S Fe.m(eg...en):t

mtype(m,C)=t1...tp—t

MethLin
;205 : I Feitt; ie{l...
M 2o {u}e:C Zi{ubFeitty e n} mtype(m,C) =t1...tn.N —t
M¥0.21...2n{u:n};{utFem(er...enu):t

Fig. 17. Typing Rules for Standard Expressions

Conn

0,0 u:beginp M\u;Zu:p;{ulte:t

I;2;0F connect u begin.p{e}:t
Send Receive
M {utte:t Mok Ft:tp
MZ{ult};{u}Fu.send( e):Object M {u:?t};{u} - u.receive :t
ReceiveS SendS
M\x;Zx:p;{x}Fe:t closed(X) Mok Fp:tp
M {u:?2(p)}.Z; {u} F u.receiveS (x){e} : Object  T;{u’:p,u:!'(p)};{u} - u.sendS(u’) : Object
Receivel f Send| f
M3 uni;{ulFeiit ie{l,2} M;21;{u} e :bool M2,uin;{utFeiit ie{l,2}
M Z,u?(N1,N2);{u} - u.receivelf {e1 }{eo }:t M21.{Z2,u{n1,n2)};{u} Fu.sendlf (e){e1 }{ea }:t
ReceiveWhile SendWhile
M{u:m;{u}Fe:t M {u:m};{u} Fe:bool M{u:m} {ul-e:t

M {u2(m*};{u} - u.receiveWhile{e }:t M {u el . *}; {u} F u.sendWhile (e){e'} :t

Fig. 18. Typing Rules for Communication Expressions
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Start Par
Mz, ske:t M>+P:thread T;3+ P :thread

M2+ e:thread ;5|2 +P|P :thread

Fig. 19. Typing Rules for Threads

WeakS Weak Sub Close
M Z:0Fe:t M;0Fe:t uedom() Mske:t MZu:mske:t

t<it
M S u:e0Fe:t M {u}re:t rsste:t’ M3 u:Ttend;s Fe:t

Fig. 20. Non-structural Typing Rules for Expressions

M -ok . MLin-ok
this:C,x:t; 0; OFe:t this:C,X:t; x:n; {x}Fe:t
m (t%X) {e}:okinC tm (t X,nx) {e}:okinC
C-ok .
M:ok inC

class C extends D {fE M} € CT

class C extends D {ft M} : ok

CT-ok e
class C extends D {ft M} :0k  CT:ok

CT,class C extends D {ff M} : ok

Fig. 21. Well-formed Class Tables

Closureof linear channel typesand of environment sessions

n, ifn=p,
nl=J{ntnilnzl), ifn=ntynz), Zl={n:Z(u)]| Ju€dom(¥)}
n.end otherwise.

Union of hot sets

S if either s =5’ or s’ =0,
sws'=<g' ifs =0,
undefined otherwise.

Extension of environment sessions

S(u) ifu edom(Z),
€ otherwise.

Z(u) = {

Fig. 22. Auxiliary Operators for Inference
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Nulll Oidl Truel Falsel Chanl
Mok Ft:tp Mo:Ckok I ok I ok I ok
MEnull:t || 0;0 MNo:Cko:C| 00 I true :bool || 0;0 I+ false :bool || 0;0 N-c:s| 00
Fig. 23. Inference Rules for Values
Varl Thisl FidI
M,x:tk ok I, this:CF ok M-e:Clzs ft & fields(C)
ields
Mx:thkx:t| 00 I, this:C+ this:C || 0;0 M-ef:t| s
Seql NewCl
ket | s r-e’:t' |25’ Mok FC:tp
Meje' it/ | 255wy’ '~ new C:C| ;0
FIdAssl NewSl
FFe:C|Zs Tre:t|Y;s ft < fields(C) I Fok
ields
Mef:=e:t||Z2;5ws’ I~ new (s,5):(s,5) || 0;0
Spawnl NullPEI
Me:t | s N-ok HFt:tp

I+ spawn{ e }:Object | Z |;s

Methl

MFe:Cl Zp;50 MEejtti || Zissi ie{l...n}
N-e.m(ey...en)it || Zo.Z1... Zn;SoWS1W... WS
MethLinl

-e:C| Zo;50 Meeitti || Zissi SiC{u}

ie{l...n}

I+ NullExc:t || 0,0

mtype(m,C)=t1...thp >t

N-em(e1...enu)it | Z0.21...Zn.{u}; {u}

mtype(m,C)=tq1...t,,n —t

Fig. 24. Inference Rules for Standard Expressions

D Appendix: Proof of Subject Reduction

We show that structural equivalence preserves types using a lemma on the parallel com-

position of session environments.

Lemma D.1 (Commutativity of Parallel Composition of Session Environments).
Zj_”(Zz”Zg,) defined =— (Zj_”Zz)”Zg, defined and Zj_”(Zz”Zg,) = (Zj_”Zz)”Zg,.

Proof. By induction on the size of %1.

Lemma D.2 (Preservation of Typing under Structural Equivalence). If ;3,5 P :

thread and P =P’ thenI";3; 5 - P’ : thread.

Proof. By induction on derivations.

The next goal is to prove that term substitution preserves types (Lemma D.8). We

first show three auxiliary lemmas.
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Connl
MFe:t] s Z(u)=n s=beginon]) ugdom(l) I"=Tifuisanameelsel u:s

I connect us {e}:a(t) || o(Z)\u;0

Send| Receivel

Ne:t||Zs sC{u} I ok
I u.send( e ):Object || Z.{ut};{u} It u.receive : Q|| {u:?¢};{u}
ReceiveS|

Ne:t |28 x¢@F sC{x} Z(x)=n
I u.receiveS (x){e}:Object || {u:?(n |)}.Z |;{u}

SendSl
I ok

[ Fu.sendS(u’): Object || {u”:W.end,u:!(Y.end)};{u}

Receivel fl
Fheitt || Zissi Zi(u)=ni Yu' #uZ(u)=3W") siC{u} i€{L,2}

It u.receivelf{e; }{ea }:t || Z1\u,u?(N1,N2);{u}

SendlIfl
Fke:bool | Z050 Theiit | Zsi Zi(u)=ni Yu' #£uZi(u)=%0’) s;C{u} ief{1,2} je{0,1,2}

It u.sendlf (e){e1 Hea}:t || Zo-{Z1\u,u{n1,N2)}; {u}

ReceiveWhilel
et |28 Z(u)=m ZC{u:mmt sC{u}
I+ u.receiveWhile {e}:t || {u 2()*};{u}

SendWhilel
M-e:bool | Z050 Mheqp:it| 281 Zi(u)=m ZC{u:ts} S C{u} ie{0,1}

I u.sendWhile(e){e'}:t || {u ./ {Ty. ) }; {u}

Fig. 25. Inference Rules for Communication Expressions

Start Par
N-e:t| s I-P:thread | = T FP:thread ||’
Ie:thread || I=P|P :thread || ||

Fig. 26. Inference Rules for Threads

Lemma D.3 (Composition of Session Environments & Substitution). If @ ¢ dom(23.25)
then:

1. 31.%; defined = (Z1.52)[07/4] defined.
2. (21.32)[05] = 21[05].22[0"4]

Proof. (1) and (2) follow both by induction on the size of 1.
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Definition D.4 (Channel Occurrences). A free occurrence of the variable x in the
expression e is a channel occurrence if either x occurs as subject of session expressions
or x is the sent channel in sent channel expressions.

Lemma D.5 (Channel Occurrence Property). If I'; ;5 Fe :t, x € fv(e), and x ¢
dom(I") then all occurrences of x in e are channel occurrences.

Proof. By analysis of the typing rules.

Lemma D.6 (Narrowing of Standard Environments). If I',x:t; 2;S Fe :t and x
only has channel occurrencesine, thenl; Z;5 e : t.

Proof. By induction on derivations.

Lemma D.7 (Weakening of Standard Environments). If I'; ;5 e :t then I, x:
t; 55 Het.

Proof. By induction on derivations.
Lemma D.8 (Preservation of Typing under Substitution).

1 IfIM,Xt; 55 et and %:t € and XN dom(Z) = 0 and %N fv(e) = O then
M EFR]s FeRk]t;

2. IfI; ;s et andcisfreshthen; Z[c/u]; S[¢/u] Fe[¢/u]:t .

3. IfMN,this:C; ;s Fe:tandlM; 0; 0Fo:Cthenl; Z;5 Fe[0/this]:t .

Proof. (1), (2) and (3) are proved by induction on derivations.
As usual generation lemmas are handy for subject reduction proofs.
Lemma D.9 (Generation Lemma for Standard Expressions).

M5 Fx:timpliess¥=s5=0andx:t’'el forsomet’<:t.
MZ;skc:timpliesZ=s=0andt =s.
%5 Fnull it impliesZ=5=0.
%8 Fv:it withv € {true,false} implies~ =5 = 0and t = bool.
MZsko:timplies=s=0andt =C.
I%;5 F NullExc:t impliesZ =5 = 0.
;2,5 this:t impliesX =5 =0andt =C and this:C’' € I" for some C’ <: C.
M5 kFegexitimpliesZ=3>1.5ands =51 =s0andt =t, and ;3,5 - ejt,
(ie{1,2}).
9. IMZskhef=c¢e':timpliesZ=31.3,ands =51 =S2andM;23;51 Fe:Cand
;32,52 ¢€’:t andft € fields(C).
10. I';Z;5 Fef:t impliesT;Z;5 Fe:Candft € fields(C).
11. ;58 Fe.m(e1...en):t implies T;ZoFe:Cand s =5 and ;%581 F ej it
(1<i<n)and
(a) either ¥ =%4.%1...Zy and mtype(m,C) =t...tn—t;
(b) or¥=%0.%1...Zp—1.{u:n}and s ={u} and mtype(m,C) =tq...th_1,n —
t.
12. T;2Z;5F new C:t impliesZ =5 =0andt =C.
13. I; %8 F new (s,5):t impliesZ=s5 =0and t = (s,3).

NG~ LNE
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14. T';%; 8 Fspawn{ e }:t implies closed(Z) and t = Objectand I';Z;5 Fe:t.
Lemma D.10 (Generation Lemma for Communication Expressions).

1. T;%;8 Fconnect us {e}:t implies s = begin.p and I'; 0;0 - u : begin.p and and

Mu;Zu:p;{ulte:t.

%5 u.receive:t impliesX=u:?t and$ = {u}.

3. M;ZskFusend( e ):t impliesX=%"{ult}ands ={u} andt = Object and
M2 {ulte:t.

4. T; %5 u.receiveS(x){e} : t implies Z={u?(p)}.2" and s = {u} and t =
Object and closed(Z) and '\ x ; &', x :p; {x} Fe:t’.

5. ;%5 Fu.sendS(u’):t impliesZ={u’:p,u?(p)} and s ={u} and t = Object.

6. [;Z;8  u.receivelf {e1 }{ex }:t implies £ =% u?(n;,n) and s = {u} and
M2 uin;{ul ket (i€{1,2}).

7. T;%;5 Fusendlf (e){e1 }{e2}:t implies T = 21.{Zp,u {N1,N2)} and s = {u}
and;Z1;{u} Fe:bool and ;Zz,u:ni;{u}tej:t (i€{1,2}).

8. I';Z; 5 Fu.receiveWhile{e}:t impliesZ=u?(m*ands ={u}and M u:m{u}
e:t.

9. I;Z;5 F u.sendWhile(e){e’} :t impliesZ=u: (M. )* and s = {u} and ;u :
T {u}te:bool and ;u:T;{u}Fe’:t.

o

Lemma D.11 (Generation Lemma for Threads).

1. ;2 e:thread impliesT;Z; s Fe:t.
2. I'ZF Py |Py:thread implies ¥ = ;|22 and ;& - Py ithread (i € {1,2}).

The last lemma shows sufficient conditions for replacing expressions by expressions
inside evaluation contexts extending to session environments the partial order which
takes into account reduction introduced in Section 7.

Definition D.12 (Suffix Order on Session Environments). = C 2’ if u :n € Z implies
u:nezandnCn’

Lemma D.13 (Context Substitution).
fr;2.Z;s HE[e]:tand ;Y5 Fe:t’and I, 2";5' e’ :t” are such that:

1. all subjects in 1 and '’ are fresh;
2. 2 =22 |;
3. 23 24

where 3, =3" -5 5,=5 3" 33=5"-31and 34 =% — 3, then,[";2".5;5 I-
Ele]:t.

Proof. By inductionon E.
Theorem 7.1 (Subject Reduction).
-Zske:t,and ;25 Fe;hand e,h — e/, imply I';2';5 - e’;h" and

Mxskte :twithF CrMandxCy’.
- MZFP;hand Ph— P/ h imply ;2 - P;h withT C T and 2 C &',
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Proof. By induction on reduction: we only consider the four more interesting cases.
Rule Spawn. I'; Z; s - E[spawn{ e }],h implies by definition I'; Z; $ - E[spawn { e }]:
thread and I';Z; 5 F h.

2,5 - E[spawn{ e }]:thread = I";Z;$ I E[spawn{ e }]:t
by Lemma D.11(1)
=Y, Fspawn{e }:t' &Y <%
by Lemma 7.3
=Y =3] &t'=Object &
r2;s'Fe:t”
by Lemma D.9(14)

Y LI=E=3%73" by definition
=25 s FEnull]:t by Lemma D.13 and rule Null
= [;Z";5 - E[null]:thread by rule Start

r2;s'Fe:t” = ;%2;s'Fe:thread by rule Start

From ;X" - E[null]:thread and ;2" + e : thread we get [';Z"||Z - E[null] | e : thread
by rule Par and we conclude remarking that 2”||2' = ¥’ UY¥" = ¥'.2" = Z since &’ =
5.

Rule Connect. I";Z;5 + Eq[connect u1s{e1}]|E2[connect uss{e2}],h implies by def-
inition I'; ;5 F Eq[connect uis{e1}]|Ez[connect ups{es}]:thread and I';Z;s F h.
Lets; =sandsy =5.

I 2;5 F Eqfconnect ussi{e1}]|Ez[connect uzsa{eo}]:thread =
I;%;;8i F Ei[connect ujsi{ei}]:t; (i€ {1,2}) & T=21||%

by Lemma D.11(2) and (1) =
;%8 - connectujsi{ei}]:t] (i€ {1,2}) & & < Z;

by Lemma 7.3 =
M0F u:si &sj=begin.pi & Z,u:pi;{ui} et (ie{1,2})
by Lemma D.10(1) =
M2 cinis{c}Feil/u]:t] (i€ {1,2})

by Substitution Lemma =
M2, cmis{c} FEileilc/uil]:ti (i€ {1,2})

by Lemma D.13 =
;% c:ni - Eilei[¢/u;]]:thread (i € {1,2})

by rule Start =
M2 c ZI}— El[el[c/u 1]] | Ez[ez[c/u 2]] ‘thread

by rule Par

We conclude remarking that I'; Z,c :JF h - c.

Rule ComS. I';Z;5 + Eq[c.send (v)]| E2[c.receive],h implies by definition I';Z;5 +
Ei[c.send (v)]|E2[c.receive]:thread and I';Z;s F h.

I;Z;5 F Exfc.send (v)]|E2[c.receive] :thread =
;21;81F Ex[c.send (v)]:it1 & ;22,82 F Epfc.receive] ity & £ = 34|22
by Lemma D.11(2) and (1)
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I 21;51F Eqfc.send (v)] ity =
M5 csend(v):t) &3 <33

by Lemma 7.3 =
2i={cMt{}and 5] ={c}andt| =Objectand &I;0F v:t{
by Lemmas D.10(3) and D.9 (2), (3), (4), (5) .

I %; 52 Exfc.receive] ity = M 25;55 - c.receive it & ¥, < ¥ by Lemma 7.3.

;25,85 F c.receive :t5 implies 2, = {c ?t5} and s5 = {c} by Lemma D.10(2). Let
cthn € Z1 and ¢ 2t5.N € Zp. By Lemma D.13 and rule Null I';27;51 = Ex[null] :
ty where 2] =31\ cU{c:n}. From ;0 v :t}, we get I;X7; 52 F Ex[v]:ty by
Lemma D.13 where Zj = 35\ c U{c:N}. We conclude using rules Par and Start.

Rule ComSS.T; Z+ Ej[c.receiveS (x){e}] | E2[c.sendS (c’)]: thread implies by LemmaD.11(2)

and (1) T'; Z1;51 F Ex[c.receiveS (x){e}] :tyand ; Zp; 52 F Ez[c.sendS (c’)] : t 2 with
S =315

From I"; 21;51 F Eq[c.receiveS (x){e}] : t1 using Lemma 7.3 and Lemma D.10(4) we
obtain I'; X; 51 - c.receiveS (x){e} : t) with 2] < %1 & 2} = {c ?(p)} .2] & Z; =
¥ .2 & 51 ={c} &t} = Object.

FromI; ;52 - Ez[c.sendS (¢’)] : t 2 using Lemma 7.3 and Lemma D.10(5) we obtain
M 3585 csendS(c’) i thwith 3 <3 & 25 = {c':p/,cl(p)} & 3 =3530 &
S5 ={c} &’ = Object. Since 21| =5 is defined we also have p = p'.

M 295 {c}Fc.receiveS(x){e} :t] = T\ x; 2], x:p;{x} Fspawn{e }:t}
by Lemma D.10(4)
=T cip{c elc)x] th
by Lemma D.8(2)
=T; 3% c":pkelcx]: thread
by rule Start

From I"; Z1;51 F Ex[c.receiveS (x){e}] : t1and I'; Z7;5; I c.receiveS (x){e} : t} we
get; X7+ Eq[null | : thread by Lemma D.13 and rules Null and Start.

FromT ; 25;82 F Ez[c.sendS (c’)] :tpand I; 25,55 F c.sendS (c’) 1t we get I; X5 -
Ex[null ] : thread using Lemma D.13 and rules Null and Start.

Applying rule Par to I'; 37.c’:p F e[c//x] : thread, T; Z% + Eq[null ] : thread and
;34 F Ep[null] : thread we derive I'; =% ¢’ : p||Z}' |24 F e[c/x]|E1[null ] |E2[null ] :
thread. By case analysis we can show that Z7,c’: p||Z7’||Z5 = Z and this concludes the
proof.

E Appendix: Proof of Progress

LemmaE.l. If;Z,u:nkP:thread thenP=e|Q,X=%3,u:n|[Z2and M Z,u:nk
e :thread.

Proof. By Lemma D.11(2) and the definition of ||.

Lemma E.2. Assume Py is initial and Py, — P,h. Then I';Z + P;h for some I', Z,
such that all predicates in > are .
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Proof. Pg initial implies that it is typed with the empty session environment. Looking
at the proof of the Subject Reduction Theorem for threads it is clear that Connect is the
only rule in which one needs add premises to the session environments. Moreover the
added premise is c :] where c is the fresh created channel.

Lemma 7.7 Let e be an irreducible session expression with subject c and I'; Z - E[e]:
thread. Then X(c) = tn withe O 1T

Proof. By Lemmas D.11(1) and 7.3 we get I';X';s Fe:t’ forsome &' <X and t’.
Observing that the session environments in the typing of values are always empty from
Lemma D.10(2), (3), (4), (5), (6), (7), (8), (9), we get Z(c) =Ttn withe O TT

Lemma E.3. If connectus{e} is a well-typed expression and e = C[e’] where C[ |
is an arbitrary context and e’ is a session expression with subject u’ then one of the
following conditions holds:

1. u=u’;
[]=Cq[connect u’s'{Cy|
1=C1

2.C 1H;
3. C[] =Cq[u’.receiveS (x){Cy|

1} andu’ =x;
Proof. By inductionon C[].

We say that e directly originates e’ in the reduction P,h — P’,h’ if one of the
following conditions holds:

- Ph—e|Q,h1 —€’|Q,hy — P’ 1;
— e =E[spawn{ ej }|,and ¢’ = E[null] and
P,h —— E[spawn{ e1 }]|null|Q,hy — E[null]|e1|Q,hy — P’ K;
— e =E[spawn{ e }],ande’ = e and
P,h — E[spawn{ e1 }]|null|Q,h1 — E[null]|e1|Q,h, — P’,1’;
— e = Ej[connect cs{e1}],and e’ = Eq[e1[/c]] and
P,h —— Ej[connect c s{e1}]|Ez[connect c5{e2}]|Q,h1 —
Exfe(c/c]) | Ezlealc/c]]|Q,hy — P,
— e = Ep[connect c5{e>}],and e’ = Ez[e[c/c]] and
P,h —— Ej[connect cs{e1}]|E2[connect cS{e2}]|Q,h1 —
Exfea(c/c]) | Exleafc/c]]|Q,hy — P,
— e =Ejfc.send (v)], and e’ = Ej[null] and
P.h — E1[c.send (v)]| E2[c.receive]| Q,h1 — E1[null] |[E2[v]|Q,hy — P’,h’;
— e = Ep[c.receive], and e’ = E[v] and
P,h —— Ej[c.send (v)]|E2[c.receive]|Q,h; — E1[null] |E2[v]|Q,ha — P’ h’;
— e = Ejfc.receiveS (x){e}], and e’ = E1[null] and
P,h —— E1[c.receiveS (x){e }] | E2[c.sendS (c")]|Q,hy —
E1[null]|e[</x] | E2[null] |Q,hy —— P’.H;
— e = Ejc.receiveS (x){e}], and e’ = e[c/x] and
P,h —— E1[c.receiveS (x){e }] | E2[c.sendS (c")]|Q,hy —
E1[null]|e[</x] | E2[null] |Q,hy —— P’.H;
— e = Ep[c.sendS(c’)], and e’ = Ep[null] and
P,h —— E1[c.receiveS (x){e }] | E2[c.sendS (c")]|Q,hy —
Ex[null] |e[¢/x] | E2[null]|Q,hy —— P’,H;
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e = Ej[c.sendIf (true){e1}{e2}], and e’ = E1[e1] and

P,h — Ej[c.sendIf (true){e1}{e2}] |E2[c.receivelf {e3}{ea}]|Q,h1 —
Eile1]|Ez[es]|Q,h2 — P'.H;

e = Ep[c.receivelf {e3}{e4s}], and e’ = E3[e3] and

P,h —— Ej[c.sendlf (true){e1}{e2}] | E2[c.receivelf {e3}{es}]|Q,h1 —
Eile1]|E2les]|Q,ha — P/, h;

e = Ej[c.sendIf (false){e1}{e2}], and e’ = E1[e2] and

P,h —— Ej[c.sendlf (false){e1}{e2}]| Ez[c.receivelf {e3}{ea}]|Q,h1 —

Eile2] |Ezlea]|Q,h2 —— P',1;

e = Ej[c.receivelf {e3}{es}], and e’ = Ez[e4] and

P,h — Ej[c.sendlf (false){e1}{e2}]| E2[c.receivelf {e3}{ea}]|Q,h1 —

Eile2] |Ezlea] |Q,h2 —— P',1;

e =Ei[c.sendWhile(e){e1}],and e’ = E1[c.sendlIf (e ){e1;c.sendWhile (e){e1}}{null}]
and P,h —— Ej[c.sendWhile (e){e1}] | E2[c.receiveWhile {e2}]|Q,h1 —
E1[c.sendlf (e){e1;c.sendWhile (e){e1}}{null}]]
Ex[c.receivelf {eo; c.receiveWhile {e2} } {null}] | Q,ha — P’.};

e = Ep[c.receiveWhile{e,}],and e’ = E[c.receivelf {e; c.receiveWhile {e2} }{null}]
and P,h —— Ej[c.sendWhile (e){e1}] | E2[c.receiveWhile {e2}]|Q,h1 —
E1[c.sendlf (e){e1;c.sendWhile (e){e1}}{null}]]
Ex[c.receivelf {eo; c.receiveWhile {e2} } {null}] | Q,ha — P’.1;

The relation e originates e’ in the reduction P,h — P’ k' is the reflexive and tran-

sitive closure of e directly originates e’ in the reduction P,h —— P’,1’.

In the following we convene that the fresh channels created reducing a thread take

successive numbers according to the order of creation, i.e. they are cq, c1,.... This
means that if P,h — Q,h’ — R,h” and c; is a channel created in the reduction P,h —
— Q,N, and c;j is a channel created in the reduction Q,h" — R,h”, then i < j. This
allows us to define the active channel of a session environment as the channel with the
maximum index which is the subject of a premise whose predicate is not the empty live
channel type (i.e. € or end).

Lemma E.4. Assume Py is initial and Pp,0 —— P,hand I';Z + P;h, and P = E[e]|Q
where e is an irreducible session expression, and ¥ = 21|22 and I'; Z1 - E[e] : thread.
If c is the active channel of 23 then c is the subject of e.

Proof. Assume by contradiction that the subject of e is ¢ j with j #iand ¢ € dom(Z1);
by construction j < i. Let e’ be an expression which originates E[e] in the reduction
Po,® —— P,h and which does not contain c; or c . We need to examine some possible
cases:

e’ has open first a session on c j and then a session on c;: in this case we cannot use
cj as subject by Lemma E.3;

e’ has open first a session on c; and then a session on cj: this case is impossible,
since j < i;

e’ has first received c j and then has open a session on c;: in this case we cannot use
cj as subject by Lemma E.3;

e’ has first received c; and then has open a session on c: this case is impossible,
since j < i;
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— ¢’ has received both channels c; and c: this is impossible too, since after reception
of a new channel a new thread is always generated, so two received channels cannot
belong to the session environment of the same expression.

Theorem 7.5 (Progress). Assume Pq is initial and Py, ® —— P, h. Then one of the fol-
lowing holds.

In P, all expressions are values, i.e. P = [o<j<n Vi’

P,h — P’.h;

P throws a a nuII pointer exception, i.e P = NullExc |Q; or

P stops with a connect waiting for its dual instruction, i.e. P= E[connect cs{e }]| Q.

Proof. If P = NullExc |Q or P = E[connect cs{e}]|Q the proof is immediate. Also
P=e|Qwithe,h — e’ h'is easy, since we get P,h — e’ |Q,h.

The only interesting case is P =V |Q, where V is a parallel of values and Q is
a parallel of evaluation contexts containing irreducible session expressions. Let Q =
[Mo<i <n Ei[ei]. By Subject Reductionwe have I'; Z - P; h. This implies X = Xq ... || Zn—1
and ;3 FE; [ei]:thread by Lemma D.11(2). Each Z; has an active channel: let ¢ be
the active channel with the maximum index between all these. By Lemma E.2 2(c) =]
and then by definition of | each channel occurs exactly in two session environments
between X1,...,%, with dual live channel types. Let ¢ occurs in X1 and 3, with types
1L and Ttn respectively. Then by Lemma E.4 c is the subject of e; and e2. Lemma 7.7
givese1 O 1tand e, O Tt Therefore e and e are dual of each other and can communi-
cate.

Theorem 7.9 (Communication-Order Preserving). Let Pg be initial. Assume that
Po,0 — Eleo]|Q,h — P’,h’ where eg is an irreducible session expression with sub-
jectc. Then:

1. P = [eo |Q,
2. Q=FE'[e |RW|the dual of eg and
@ Eeo]o TIRA — e|e’|R,I;

() T;%,c r]FE[eo] thread and I'; Z’ c:NkE'[eg) : thread; and
(€) T;%,c:n'Fe:thread and ;¥ ,c : ' e’ : thread with ' C .

Proof. By the proof of the Progress Theorem (Theorem 7.5) if the reduction step
Eleo]|Q,h — P,

does not reduce Q alone, then Q = E’[eg] | R. By the Subject Reduction Theorem (Theo-
rem7.1)["; >+ E[eo]|E'[eb] |R: thread, which implies by Lemma D.11(2) % = 31| 2| =3
and ;2 - Eleq] : thread and I'; X5 - E'[eg)] : thread and I'; 33 - R : thread. Again by
the proof of the Progress Theorem channel c is the active channel of Z; and 2, with
dual live channel types. Let X3 =3, c:Ttnand 2, = ¥, c:Ttn. Lemma 7.7 giveseg O 1T
and eg O Tt Therefore eg and e, are session expressions dual of each other and then
they can communicate. Thus we have:

Efeo] [E'[eg] [R,h — e e’ |R N
We consider only the case eq = c.receive and e = c.send (v) and TT1="2t, the proofs
in all cases being similar. Then we have e = E[v] and ¢’ = E/[null ] and R" =R by

the reduction rule ComS. Lastly from the proof the Subject Reduction Theorem we get
MNZ,c:nte:thread and ;%' ,c : N ke’ : thread.
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F Appendix: Subject Reduction and Progressin Related Work

Subject Reduction In all previously mentioned papers typability guarantees absence
of run-time communication errors. However not all of them have the subject reduction
property. The problem comes from sending a live channel to a thread which already
uses this channel to communicate, as in our Example 4.2. In the calculi of [5, 12, 18],
this example translates as follows:

1 [accept x(u) in

2 | accept y(w) in
3 throw wu];

request x(u) in
request y(w) in
catch w(z) in
z![5];
u?(j);

a AN W N e

These two processes in parallel are well typed in [18]: they reduce to (vu)(u![5]; u?(j))
which is stuck and not typable, since a channel restriction can be typed only if in its
body the channel type is L.

The type system of [5] rejects the parallel of the initial processes since a channel
name is required to be fresh in order to be catch.

Using channel polarities and requiring a “balancing” condition for channel types
only at top level (vu)(u![5];u?(j)) is typable also in the system of [12].

The same example can be rewritten in the language of [27] as follows, and there
again it breaks subject reduction.

1 |// funl x y = 1 |// fun2 x y =

2 [let u=request x in 2 [let u = accept x in
3 let w=request y in 3 let w=accept y in
4 let z = receive win 4 send u on w,

5 send 5 on z; 5 close w

6 let j =receive uin

7

close u; close w

Progress Our present work has been influenced by the analysis done in all previously
mentioned papers, however our language is the only guaranteeing absence of deadlocks.
For example in the language of [27] we can type the parallel of the following processes
(obtained by translating the threads of Example 5.3):

1 |// funl x y = 1 |// fun2 x y =

2 [let u=request x in 2 [let u = accept x in
3 let w=request y in 3 let w=accept y in
4 let i =receive uin 4 send 5 on w,

5 let j =receive win 5 send 6 on u;

6 close u; close w, 6 close u; close w,

Note that in the above two nested sessions are established, however no session can
proceed, because the progress of each is dependent on the progress of the other: before
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line 4 of the left hand process can reduce, line 5 of the right hand process must be made
available in parallel; a similar dependency occurs between lines 4 and 5 of the right
and left hand processes, respectively. Furthermore, observe that such deadlocks can
also occur due to interdependencies among three or more processes, in which case they
cannot be detected easily. We believe that such configurations are clearly undesirable,
and for this reason our typing system rejects interleaved sessions.

The same problem arises in the calculi of [5,12,18], where previous example is
written as follows:

accept x(u)

1 | request x(u) in 1

2 request y(w) in 2 accept y(w
3 u?(i); 3 W [5];

4 w2(j ) . ul[6];
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