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A multiparty session forms a unit of structured interactions among many participants which
follow a prescribed scenarios specified as a global type signature. When a distributed protocol is
engaged in two or more specifications simultaneously, each session following a distinct global type
can be dynamically merged and interfered by another at runtime (through the channel delegation
operation). Previous work on multiparty session types has ignored this dynamic nature, providing
a limited progress property ensured only within a single session, by assuming non-interference
among different sessions and by forbidding delegation.

This paper develops, besides a more traditional communication type system, a novel static
interaction type system for global progress in dynamically merged and interfered multiparty ses-
sions. High-level session processes equipped with global signatures are translated into low-level
processes, in which type-soundness is guaranteed against the local, compositional type system.
This avoids a global linearity-check without scarifying the original expressivity. The interaction
type system automatically infers causalities of channels for the low level processes, ensuring the
entire protocol, starting from the high-level processes which consist of multiple sessions, does not
get stuck at intermediate sessions also in presence of delegation.

Categories and Subject Descriptors: []:
General Terms:

Additional Key Words and Phrases:

December 20, 2009

1. INTRODUCTION

Widespread use of message-based communication for developing network applications to
combine numerous distributed services has provoked urgent interests in structuring se-
ries of interactions to specify and program communication-safe software. The actual de-
velopment of such applications still leaves to the programmer much of the responsibility
in guaranteeing that communication will evolve as agreed by all the involved distributed
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peers. Multiparty session type discipline proposed in [Honda et al. 2008] offers a type-
theoretic framework to validate a messages-exchange among concurrently running multi-
ple peers in the distributed environment, generalising the existing two-party session types
[Honda 1993; Honda et al. 1998]; interaction sequences are abstracted as a global type
signature, which precisely declares how multiple participants communicate and synchro-
nise with each other. Recently the two standardisation bodies for web-based business and
finance protocols [Web Services Choreography Working Group 2002; UNIFI 2002] have
investigated a design and implementation framework for standardising message exchange
rules and validating business logic based on a notion of multiparty sessions, where a global
type plays as a “shared agreement” between a team of programmers who are developing
(possibly) a large size of distributed protocol or software by collaborations.

The initial multiparty session type discipline aims to retain the powerful dynamic fea-
tures from the original binary sessions [Honda et al. 1998], incorporating features such as
recursion and choice of interactions. Among features, session delegation is a key operation
which permits to rely on other parties for completing specific tasks transparently in a type
safe manner. A typical scenario is a web server delegating remaining interactions with a
client to an application server to complete a transaction. The customer and the application
server are initially unknown to each other but later communicate directly (transparently to
the customer), through dynamic mobility of the session. When this mechanism is extended
to multiparty interactions engaged in two or more specifications simultaneously, further
complex interactions can be modelled: each multiparty session following a distinct global
type can be dynamically merged and interfered by another at runtime via the channel del-
egation operation, grouping several structured conversations.

Previous work on multiparty session types [Honda et al. 2008] has ignored this dynamic
nature, providing a limited progress property ensured only within a single session, by as-
suming non-interference among different sessions and by forbidding delegation. More
precisely, although the previous system assures that the multiple participants respect the
protocol, by checking the types of exchanged messages and the order of communications,
it cannot guarantee a global progress, i.e, that a protocol which merges several global sce-
narios will not get stuck in the middle of a session. This limitation prohibits to ensure a
successful termination of a transaction, making the framework practically inapplicable to
a large size of dynamically reconfigured conversations.

This paper develops, besides a more traditional communication type system (§ 4), a
novel static interaction type system (§ 5) for global progress in dynamically merged and
interfered multiparty, asynchronous sessions. High-level session processes equipped with
global signatures are translated into low-level processes which have explicit senders and
receivers (§ 2.5). Type-soundness of low-level processes is guaranteed against the local,
compositional communication type system (§ 4.4).

The new calculus for multiparty sessions offers three technical merits without sacrificing
the original simplicity and expressivity in [Honda et al. 2008]. First it avoids the overhead
of global linearity-check in [Honda et al. 2008]; secondly it provides a more liberal policy
in the use of variables, both in delegation and in recursive definitions; finally it implicitly
provides each participant of a service with a runtime channel indexed by its role with which
he can communicate with all other participants, permitting also broadcast in a natural way.
The use of indexed channels, moreover, permits to define a light-weight interaction type
system for global progress.
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Fig. 1. The three buyer protocol interactions

The interaction type system automatically infers causalities of channels for the low level
processes, ensuring the entire protocol, starting from the high-level processes which consist
of multiple sessions, does not get stuck at intermediate sessions also in the presence of
delegation.

2. SYNTAX

Before presenting the syntax of our calculus formally, we provide a small example, in order
to give a basic idea of the functionalities and the linguistic features of our language.

2.1 Merging Two Conversations: Three Buyer Protocol

We introduce our calculus through an example, the three-buyer protocol, extending the
two-buyer protocol from [Honda et al. 2008], which includes the new features, session-
multicasting and dynamically merging two conversations. The overall scenario, involving
a Seller (S), Alice (A), Bob (B) and Carol (C), proceeds as follows.

(1) Alice sends a book title to Seller, then Seller sends back a quote to Alice and Bob.
Then Alice tells Bob how much she can contribute.

(2) If the price is within Bob’s budget, Bob notifies both Seller and Alice he accepts, then
sends his address, and Seller sends back the delivery date.

(3) If the price exceeds the budget, Bob asks Carol to collaborate together by establishing a
new session. Then Bob sends how much Carol must pay, then delegates the remaining
interactions with Alice and Seller to Carol.

(4) If the rest of the price is within Carol’s budget, Carol accepts the quote and notifies
Alice, Bob and Seller, and continues the rest of the protocol with Seller and Alice
transparently, as if she were Bob. Otherwise she notifies Alice, Bob and Seller to quit

the protocol.
Figure 1 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.

Then multiparty session programming consists of two steps: specifying the intended
communication protocols using global types, and implementing these protocols using pro-
cesses. The specifications of the three-buyer protocol are given as two separated global
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types: one is G, among Alice, Bob and Seller and the other is G;, between Bob and Carol.
We write principals with legible symbols though they will actually be coded by numbers:
in G, we have S =3, A= 1 and B =2, while in G, we have B=2,C = 1.

G, = Gy =

b
1. A — S: (string). 1. B — C: (int).
2. S — {A,B}: (int). 2. B — C: (T).
3. A — B: (int). 3. C — B: {ok:end, quit:end}
4. B — {8,A}: {ok:B — S: (string). T =
5. S — B: (date);end ®({s,A},
6. quit : end} {ok :!(8,string);?(S,date); end,

quit : end})

The types give a global view of the two conversations, directly abstracting the scenario
given by the diagram. In G, line 1 denotes A sends a string value to S. Line 2 says S
multicasts the same integer value to A and B and line 3 says that A sends an integer to B.
In lines 4-6 B sends either ok or quit to S and A. In the first case B sends a string to S and
receives a date from S, in the second case there are no further communications.

Line 2 in G, represents the delegation of the capability specified by the action type 7' of
channels (formally defined later) from B to C (note that S and A in 7 concern the session
on a).

We now give the code, associated to G, and Gy, for S, A, B and C in a “user” syntax
formally defined in the following section':

S = a[3|(y3).y32(title);y3! (quote); y3&{ok : y3?(address);ys!{date);0, quit: 0}
A = a[l](y1)y1!("Title");y1?(quote);y;!{quote div 2);y; &{ok : 0, quit: 0}
B = al2](y2).y2?(quote);y,?(contrib);

if (quote - contrib < 100) then y, @ ok;y,!("Address");y,?(date);0
else b[2](z2).22!{quote - contrib - 99);z2!{(y2)); z2&{ok : 0, quit : 0}

C = blJ(z1)-21?(x):212(());
if (x < 100) then z; @ ok;r @ ok;z!("Address");1?(date);0
else z1 @ quit;t d quit; 0

Session name a establishes the session corresponding to G,. S initiates a session involv-
ing three bodies as third participant by @[3](y3): A and B participate as first and second
participants by a[1](y) and a[2](y2), respectively. Then S, A and B communicate using
the channels y3, y; and y», respectively. Each channel y;, can be seen as a port connecting
participant p with all other ones; the receivers of the data sent on y, are specified by the
global type (this information will be included in the runtime code). The first line of G, is
implemented by the input and output actions y3?(title) and y;!{("Title"). The last line of
Gy, is implemented by the branching and selection actions zo&{ok : 0, quit: 0} and z; ® ok,
z1 P quit.

In B, if the quote minus A’s contribution exceeds 100€ (i.e., quote - contrib > 100), an-
other session between B and C is established dynamically through shared name b. The del-

'n the examples we will use the following font conventions: variables (bound by an input action) are in ifalics
and constants (when their value is not relevant) are in sans serif; string literals are in monospace font and double
quoted.
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Fig. 2. The three buyer protocol (with recursion): additional interactions

egation is performed by passing the channel y; from B to C (actions z2!{(y2)) and z; ?((¢))),
and so the rest of the session is carried out by C with S and A. We can further enrich this
protocol with recursive-branching behaviours in interleaved sessions (for example, C can
repeatedly negotiate the quote with S as if she were B). What we want to guarantee by static
type-checking is that the whole conversation between the four parties preserves progress
as if it were a single conversation.

2.2 Three Buyer Protocol (with recursion)

We now describe a variant of the example of Section 2.1 that uses recursion; in particular,
the scenario is basically the same, the only part that changes is that, if the price exceeds
the budget, Bob initiates a negotiate with Carol to collaborate together by establishing a
new session: Bob starts asking a first proposal of contribution to Carol. At each step Carol
answers with a new offer. Bob can accept the offer, try with a new proposal or give up.
When Bob decides to end the negotiate (accepting the offer or giving up) he communicated
the exit to Carol and, as before, Carol concludes the protocol with Seller. The auxiliary
process Daniel (D) (as well as the session ¢) is used as a kind of temporary store for the
delegation channel y, during the negotiation between Alice and Bob. Figure 2 depicts the
part of the protocol involving possible recursion (case (b), right).

The communication protocols are described by the following global types; these are
similar to the ones of Section 2.1. In particular G, is exactly the same (since the server
does not notice the further interactions among the buyers). Instead, G; is now more in-
volved since we have a recursive part which represents the (possibly) recursive negotiation
between Bob and Carol; finally G, simply register the transfer the delegation channel to
Carol.
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S = a[3](y3).y32(title);y3!{quote); y3&{ok : y3?(address);y3!(date); 0, quit: 0}
A = a[l]l(y1)y1/("Title");y; ?(quote);y; {quote div 2);y  &{ok : 0, quit: 0}
B = a[2](y2).y2?(quote);y2?(contrib);

if (quote - contrib < 100) then y, @ ok;y,!("Address");y,?(date);0
else b[2](z2).
def X(x,z,y) =
2x);22(x1);
if good(x1) then z@ ok;z!((y)); 0
else if negotiable(x|) then y & more; X (newproposal(x;),z,y)
else y @ quit; z!{((y)); 0
in X (firstproposal(quote),z,y7)
C = b[l](z1). def Y(u) = u?(¥');u!{offer(x’));
y&{ok : u?((r));t ®ok;t!("Address");1?(date); 0
more : Y (u),
quit : u?((¢));t ® quit; 0}
inY(z1)

Fig. 3. The three buyer example with recursion.

G, = G

=
1. utB — C: (int).
1. A — S: (string). 2. C  — B: (int).
2. S — {A,B}: (int). 3. B — C: {ok:B—C:(T);end,
3. A — B: (int). more : t,
4. B — {S,A}: {ok:B—S: (string). quit:B— C: (T);end}
5. S — B (date);end T=
6. quit : end} ®({s,A},
{ok :!1(8,string); ?(S, date); end,
quit : end})

The code of the example is in Figure 3. Again, it is similar to the previous one, but
for the recursive negotiation between Bob and Carol, and for the presence of the auxiliary
process and session.

2.3 User syntax

The syntax for processes initially written by the user, called user-defined processes, is
based on [Honda et al. 2008]. We start from the following sets: service names, ranged
over by a, b, ... (representing public names of endpoints), value variables, ranged over by
x,x',..., identifiers , i.e., service names and variables, ranged over by u,w,..., channel
variables, ranged over by y,z,t ..., labels, ranged over by [,I’, ... (functioning like method
names or labels in labelled records); process variables, ranged over by X, Y, ... (used for
representing recursive behaviour). Then processes, ranged over by P,Q..., and expres-
sions, ranged over by e,¢’, ..., are given by the grammar in Table 1.

For the primitives for session initiation, 7[n|(y).P initiates a new session through an
identifier u (which represents a shared interaction point) with the other multiple partici-
pants, each of shape u[p|(y).Qp where 1 < p < n— 1. The (bound) variable y is the channel
used to do the communications. We call p, g,... (ranging over natural numbers) the par-
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P = un(y).P Multicast Request | if e then P else Q Conditional
| ulp](y).P Accept |  P|Q Parallel
| yl{e); P Value sending | 0 Inaction
| y2(x); P Value reception | (va)P Hiding
| NP Session delegation | defDinP Recursion
| y(2)): P Session reception [ X{ey) Process call
|  y®LP Selection
| y&{li : P }ier Branching e u= v|x

u = x |a Identifier | eand e |note...  Expression

n= a |true |false Value D = X(xy=P Declaration

Table I.  Syntax for user-defined processes

ticipants of a session. Session communications (communications that take place inside an
established session) are performed using the next three pairs of primitives: the sending and
receiving of a value; the session delegation and reception (where the former delegates to
the latter the capability to participate in a session by passing a channel associated with the
session); and the selection and branching (where the former chooses one of the branches
offered by the latter). The rest of the syntax is standard from [Honda et al. 1998].

2.4  Global Types

A global type, ranged over by G, G , .. describes the whole conversation scenario of a mul-
tiparty session as a type signature. Its grammar is given below:

Global G = p—II:(U).G Exchange U := S|T
| p—IL:{li:Gi}ticr Sorts S = bool|...|G
| utG |t |end

We simplify the syntax in [Honda et al. 2008] by eliminating channels and parallel com-
positions, while preserving the original expressivity (see § 7).

The global type p — I1: (U).G' says that participant p multicasts a message of type
U to participants p; (px € I1) and then interactions described in G’ take place. Exchange
types U,U’, ... consist of sorts types S,5',... for values (either base types or global types),
and action types T,T’,... for channels (discussed in §4). Type p — I1: {/; : G;}ies says
participant p multicasts one of the labels /; to participants p; (px € IT). If /; is sent, inter-
actions described in G; take place. Type ut.G is a recursive type, assuming type variables
(t,t',...) are guarded in the standard way, i.e., type variables only appear under some pre-
fix. We take an equi-recursive view of recursive types, not distinguishing between ut.G
and its unfolding G{ut.G/t} [Pierce 2002, §21.8]. We assume that G in the grammar of
sorts is closed, i.e., without free type variables. Type end represents the termination of the
session. We often write p — p’ forp — {p’}.

2.5 Runtime Syntax

User defined processes equipped with global types are executed through a translation into
runtime processes. The runtime syntax (Table II) differs from the syntax of Table I since the
input/output operations (including the delegation ones) specify the sender and the receiver,
respectively. Thus, c!(IL, e) sends a value to all the participants in IT; accordingly, ¢?(p, x)
denotes the intention of receiving a value from the participant p. The same holds for

ACM Transactions on Programming Languages and Systems, Vol. V, No. N, M 20YY.



8 . L. Bettini et al.

P = c\(ILe)P Value sending | caIL):P Selection
| c?(p,x); P Value reception | c&(p,{li: P}ier) Branching
| c!{p,c')); P Session delegation | (vs)P Hiding session
| c?((a,y)); P Session reception | s:h Named queue

\
c u=y|sp] Channel

m = (q,ILv) |(a,p,s[p']) | (a,1L,1) Message in transit

h == mh|g Queue

Table II. Runtime syntax: the other syntactic forms are as in Table I

delegation/reception (but the receiver is only one) and selection/branching.

We call s[p] a channel with role: it represents the channel of the participant p in the
session s. We use ¢ to range over variables and channels with roles. As in [Honda et al.
2008], in order to model TCP-like asynchronous communications (message order preser-
vation and sender-non-blocking), we use the queues of messages in a session, denoted by
h; a message in a queue can be a value message, (q,I1,v), indicating that the value v was
sent by the participant q and the recipients are all the participants in IT; a channel mes-
sage (delegation), (q,p’,s[p]), indicating that q delegates to p’ the role of p on the session
s (represented by the channel with role s[p]); and a label message, (q,I1,!) (similar to a
value message). The empty queue is denoted by &. With some abuse of notation we will
write /i - m to denote that m is the last element included in s and m - i to denote that m is the
head of h. By s : h we denote the queue & of the session s. In (vs)P all occurrences of s[p]
and the queue s are bound. Queues and channels with role are generated by the operational
semantics (described later).

We present the translation of Bob (B) in the first three-buyer protocol with the runtime
syntax: the only difference is that all input/output operations specify also the sender and
the receiver, respectively.

B = a[2](y2).y2?(3, quote); y22(1, contrib);
if (quote - contrib < 100) then y, @ ({1,3},0k);y2!({3}, "Address");y2?(3,date); 0
else b[2](z2).22! ({1}, quote - contrib - 99);25' ({1, y2)); 22&(1,{ok : 0, quit : 0}).

It should be clear from this example that starting from a global type and user-defined
processes respecting the global type it is possible to add sender and receivers to each com-
munication obtaining in this way processes written in the runtime syntax. We call pure a
process which does not contain message queues.

3. OPERATIONAL SEMANTICS

The operational semantics consists of some reduction rules and some structural equivalence
rules that permit rearranging the terms in order to apply a specific reduction rule.

Table IIT shows the rules of the process reduction relation P — P’ (we use —* and /—
with the expected meanings). Rule [Link] describes the initiation of a new session among
n participants that synchronise over the service name a. The last participant @|[n](y,).Py,
distinguished by the overbar on the service name, specifies the number n of participants.
For this reason we call it the initiator of the session. Obviously each session must have a
unique initiator. After the connection, the participants will share the private session name
s, and the queue associated to s, which is initialized as empty. The variables y; in each par-
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all](y1)-Py | ... | @[n](yn)-Po — (vs)(Pi{s[1]/y1} [ ... [ Ba{s[n] /yn} [ 5: 2) [Link]
SIMILe);P | s:h—P|s:h-(p,ILv) (elv) [Send]
slpl'((a.s'P'D):P | s:h—P|s:h-(p,q,5'[P']) [Deleg]
slpl®(ILI);P|s:h— P|s:h-(p,IL1) [Label]
slpj)2(q,x); P [ s (q,{j},v) - h — P{v/x} | s:h [Recv]
s[pI2(@y):P |z (ap,s'[p]) - — P{S'[P']/y} | s h [Srec]
slpjl&(a,{li - Pitier) |s:(a.{j}.liy) - h— Py [s:h (ig€l) [Branch]
if ethen Pelse Q — P (e | true) ifethenPelseQ— Q (e false) [If-T, If-F]
def X (x,y) = Pin (X(e,s[p]) | Q) — def X(x,y) = Pin (P{v/x}{s[p]/y} | Q) (elv) [Def]
P—P = (vr)P—(vr)P P—P = P|lQ—P|Q [Scop,Par]
P—P = defDinP—defDinP [Defin]
P=PandP —Q andQ=Q0' = P—Q [Str]

Table ITII.  Reduction rules

ticipant p will then be replaced with the corresponding channel with role, s[p]. The output
rules [Send], [Deleg] and [Label] push values, channels and labels, respectively, into the
queue of the session s (in rule [Send], e | v denotes the evaluation of the expression e to the
value v). The rules [Recv], [Srec] and [Branch] perform the corresponding complementary
operations. Note that these operations check that the sender matches, and also that the
message is actually meant for the receiver (in particular, for [Recv], we need to remove
the receiving participant from the set of the receivers in order to avoid reading the same
message more than once).

Processes are considered modulo structural equivalence, denoted by = (Table 1V); be-
sides the standard rules [Milner 1999], we have a rule for rearranging messages when the
senders or the receivers are not the same, and also splitting a message for multiple recip-
ients and the rules for garbage-collecting messages that have already been read by all the
intended recipients. By using structural rules we could write the [Recv] and [Branch] rules
in a simpler way, instead of their more verbose versions:

spjl?2(a,x);P | s: (q,IL,v)-h — P{v/x} | s:(q,IT\ j,v)-h (p; € II)

S[pj]&(qa{li:Pi}iGI) |S: (qanalio)'hHPiO ‘S: (qan\jali())'h (pj eIl ip GI)

We conclude this section by showing some reduction steps using the example of the
three buyer protocol of Section 2; we will consider a simplified version of the example
(i.e., the Buyer3 always selects the ok label, without the if ... then ... else ...) and we
will concentrate on the part involving delegation. Thus, we assume that the seller and the
first two buyers (Alice and Bob) have already established a connection (the session name
is s%) and that Bob is about to establish a connection with Carol; the first line represents
the server that is waiting to conclude the transaction with participant 2. We give some
reduction steps in Table V. In the computation, Carol plays the role of Bob (participant 2
in the session s%) transparently to the seller.
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10 : L. Bettini et al.
Pl0=P P|Q=Q|P (P|Q)|IR=P[(Q|R)
(vr)P| Q= (vr)(P|Q) ifr¢fn(Q)
(vi')P= (VPP (vII0=0 def Din0=0
def Din (vr)P = (vr)def Din P if r ¢ fn(D)
(def DinP)|Q=def Din(P|Q) ifdpv(D)Nfpv(Q)=0
def Din (def D' inP)=def Dand D' in P if dpv(D)Ndpv(D') =0
s:(q,0,v)-h=s:h s:(q,0,l)-h=s:h
s:(q,I,2)-(d,\I1,2)-h=s:(d,IT,Z)(q,ILz) - h if [INIT =0 orq#q’
s:(q,ILz)-h=s:(q,Il',2)-(q,11",2)-h where IT=IT'UIT” and IT NIT" = 0

Table IV.  Structural equivalence (r ranges over a, s and z ranges over v, s[p] and [.)

(vs?)(s[3]> (2, {ok : s*[3]2(2,address);s*[3]! ({2}, date); 0, quit: 0}) |
b[1](z1)-z11{{2}, quote div 2 —99); 251((2,5*[2]));....) |
b[2)(z2)-227(1,x);222((1,1));z2 < ({1}, 0k);2 < ({1,3},0k); £1({3},...);£2(3, date)

— by using [Link] (and the structural congruence for scope extrusion)

(vs?s?)(...as above... | s’[1]1({2},quote div 2 —99);s2[1]1((2,s%[2])); ... |
sP12]2(1,x); 82 [2]2((1,0)); 57 [2] < ({1}, 0k); 4 ({1,3}, 0k);£1{{3},...);12(3, date))

—* by using [Send] and [Recv] the result of quote div 2 — 99 is communicated

(vs®sP)(...as above... | s[1]1((2,57[2]));s?[1] > (2, {ok : 0, quit: 0}) |
sP12]2((1,1)):s2[2] a ({1}, 0k)s 1 < ({1,3},0k);21{({3},...);£2(3, date))

—* by using [Deleg] and [Srec]

(vs®sP)(...as above... | s°[1]> (2, {ok: 0, quit: 0}) |
sP2]a({1},0k);s%2] @ ({1,3},0k);s[2]1({1},...);59[2] 2(3, date))

—* by using [Label] and [Branch]

(vs®s?)(s7[3]> (2, {ok : s%[3]2(2, address); s?[3]!({2},date); 0, quit: 0}) | O |
s7[2]<({1,3},0k);s[2]1{{3},. . .);s*[2]2(3, date))

Table V. Example of reduction

4. COMMUNICATION TYPE SYSTEM

The previous section defines the syntax and the global types. This section introduces the
communication type system, by which we can check type soundness of the communica-
tions.

4.1 Types and Typing Rules for Pure Runtime Processes

We first define the local types of pure processes, called action types. While global types
represent the whole protocol, action types correspond to the communication actions, rep-
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resenting sessions from the view-points of single participants.

Action T == (ILU):T send | ut.T  recursive
| 20p,U);T receive | t variable
| oL {li:Ti}ier)  selection | end end
|  &(p,{li:T;}ic1) branching

The send type !(IL,U);T expresses the sending to all p for p; € IT of a value or of a channel
of type U, followed by the communications of 7. The selection type &{I1,{l; : T;}icr)
represents the transmission to all py for p; € IT of a label /; chosen in the set {/; | i € I}
followed by the communications described by 7;. The receive and branching are dual and
only need one sender. Other types are standard.

The relation between action and global types is formalised by the notion of projection
as in [Honda et al. 2008]. The projection of G onto q (G | q) is defined by induction on G:

KILU);(G' [ q)
2p,U); (G I q)

(p—I:(U).G')q=
G'lq
(p—=T:{li:Gi}ier) [q=
©I1,{l;: G | a}ier)
&(p,{li : Gi | a}ier)
Gilq

ifq=p,
if q = py, for some p; € I,

otherwise.

ifq=p
if q = py for some p; € I1
if 9 #p,q # pxVpx € Il and

Gilq=Gj[qforallijel.

(ut.G) 1q=ut(Glq) tlaq=t end|q=end.

As an example, we list two of the projections of the global types G, and Gy, of the three-
buyer protocol:

G, |3 = 2(1,string); 1{({1,2},int); &(2, {ok :?(2,string); ! ({2}, date); end, quit : end})
Gp |1 = 22,int);2(2,T); &{{2},{ok : end,quit : end})

where T = ®({1,3}, {ok :!{{3},string); ?(3,date); end, quit: end}).
The typing judgements for expressions and pure processes are of the shape:

I'e:S and T HPB>A

where I is the standard environment which associates variables to sort types, service names
to global types and process variables to pairs of sort types and action types; A is the session
environment which associates channels to action types. Formally we define:

Fa=0|T,u:S|,X:ST and A:=0|Ac:T

assuming that we can write I',u : S only if u does not occur in I, briefly u & dom(T)
(dom(T") denotes the domain of T, i.e., the set of identifiers which occur in I'). We use the
same convention for X : S T and A (thus we can write A, A’ only if dom(A) Ndom(A") = 0).

Table VI presents the typing rules for pure processes. Rule |[ MCAST | permits to type a
service initiator identified by u, if the type of y is the n-th projection of the global type G
of u and the number of participants in G (denoted by pn(G)) is n. Rule [ MACC| permits
to type the p-th participant identified by u, which uses the channel y, if the type of y
is the p-th projection of the global type G of u. The successive six rules associate the
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I'te; : bool
Tu:Sku:S |[Name] TI'F true,false:bool ——— |BooL|,|AND|
I'Fe; ande; : bool

I'tu:(G) THPrAy:G[n pn(G)<n I'tu:(G) THPrAyY:Glp
[MCAST] [MAcc]
't uln)(y).PrA 't ulp](y).P>A

I'te:S THPrAcC:T Cx:SEPrAc: T
|SEND| [RcV]
't cl(ILe); PoA,c: (I1,S);T 't c?(q,x);PrA,c:2(q,S);T

I'FPoAc:T C'FPoAc:T,y: T
| DELEG| [SREC]
TFel{p,d));PoAc: Wp, T'); T, - T’ T'Fc2(q,y);P>A,c:2(q,T');T

'-PoAc:T; jel T'FP>AcCc: T, Viel
[ SEL| |BRANCH
Tk ce®(IL1); PoA, et &L {L : Ti}ier) 'k c&(p, {li: Pitier) > A c 0 &(p, {li : Titier)

CFP>A TFQOBA
——— |Conc|
CHP| QAN

I'le:bool THP>A FFQDA Aendon]y F,a2<G>'_PDA
L1F] |INacT| —————— |NREs]
[k if e then P else QA oA 'k (va)PrA

I'ke:S Aendonly X:ST,x:SEP>y: T X:STFQO>A
[Var] | DEE|
ILX:STEX(e,c)pA,c: T 't def X(x,y) =Pin Q>A

Table VI. Typing rules for pure processes

input/output processes to the input/output types in the expected way. Note that, according
to our notational convention on environments, in rule | DELEG | the channel which is sent
cannot appear in the session environment of the premise, i.e., ¢’ & dom(A) U {c}. Rule
| CONC]| permits to put in parallel two processes only if their sessions environments have
disjoint domains. For example we can derive:

Frad({1,3},0k);z!{({3},"Address");z?(3,date);0>{t : T}

where T = ®({1,3}, {ok :!({3},string); ?(3,date); end, quit: end}).

In the typing of the example of the three-buyer protocol the types of the channels y; and
71 are the third projection of G, and the first projection of Gy, respectively. By applying
rule [MCAST| we can then derive a : G, F S>0. Similarly by applying rule [MACC] we
can derive b : G, - C0.

4.2 Types and Typing Rules for Runtime Processes

We now extend the communication type system to processes containing queues.
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—00,2);T~T

—{IL,2); (I, Z);T =~ §/(I1,Z); (I, Z);T if IINIT' =0
—W(ILZ):T ~ (T, Z); (11", Z);T it [1=IT UII", IV NI = 0

Table VII. Equivalence relation rules on message types.

Message T == N|ILU) message send
|  ®(ILl) message selection
| ;T message sequence

Generalised T = T action
| T message
| T,T continuation

Message types are the types for queues: they represent the messages contained in the
queues. The message send type (I1,U) expresses the communication to all p; for p; € IT
of a value or of a channel of type U. The message selection type ®(I1,1) represents the
communication to all py for p; € ITof the label / and T; T’ represents sequencing of message
types (we assume associativity for ;). For example ©({1,3},0k) is the message type for
the message (2,{1,3},0k). A generalised type is either an action type, or a message type,
or a message type followed by an action type. Type T; T represents the continuation of the
type T associated to a queue with the type T associated to a pure process. An example of
generalised type is ©({1,3},0k); !({3},string); ?(3,date); end.

In order to take into account the structural congruence between queues (see Table IV)
we consider message types modulo the equivalence relation ~ induced by the rules shown
in Table VII (with §j € {!,®} and Z € {U,1}).

We start by defining the typing rules for single queues, in which the turnstile - is deco-
rated with {s} (where s is the session name of the current queue) and the session environ-
ments are mappings from channels to message types. The empty queue has empty session
environment. Each message adds an output type to the current type of the channel which
has the role of the message sender. Table VIII lists the typing rules for queues, where ; is
defined by:

/ A : — A/ .7/
Afsla] T = {i,s[q]'.T T fA=As[g T
,sla]: T otherwise.
For example we can derive b,y 51 (ok, {1,2},3)>{s[3] : ©({1,2},0k)}.

In order to type pure processes in parallel with queues, we need to use generalised types
in session environments and further typing rules. Table IX lists the typing rules for pro-
cesses containing queues. The judgement I' Fy P> A means that P contains the queues
whose session names are in X. Rule | GINIT | promotes the typing of a pure process to the
typing of an arbitrary process, since a pure process does not contain queues. When two
arbitrary processes are put in parallel (rule | GPAR]) we need to require that each session
name is associated to at most one queue (condition XNY' = @). In composing the two
session environments we want to put in sequence a message type and an action type for the
same channel with role. For this reason we define the composition * between local types
as:
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LQINITJ F"{S}sihDA I'kv:S

Chiys: 200 Ty sh (qTLv)> A {sfq] : (T, S)}

|QSEND |

Ik stheA
Chygys:h-(q,p,8' ')A : T {sld) : p, T')}
Thiys:ihoA
kg s:h(q,IL1)>A; {s[q] : &(IL,1)}

| QDELEG |

|QSEL|

Table VIII. Typing rules for queues

C'FP>A I'Fs P>A  Aend only
[GINIT| | WEAK |
ko PrA [y PrAxA

ke PrA Thy ObA ZNY =0
| GPAR |

Thyup P QoAxA
'ty P>A  co(As) I'a:(G)Fs PrA
——— | GSREs] ——— |GNRES]
[hy\ (vs)P>A\s 'ty (va)PrA

[X:ST,x:SFPo{y:T} T,X:STksQ>A

| GDEE|
I'ty def X(x,y) =Pin O>A

Table IX. Typing rules for processes

T.T' if T is a message type,
T+«T' =TT if T is a message type,
1L otherwise

where L represents failure of typing.
We extend * to session environments as expected:
Ax A = A\dom(AYUA\dom(A)U{c:T*T' |c:TeA&c: T e N}

Note that * is commutative, i.e., Ax A" = A’ x A. Also if we can derive message types only
for channels with roles, we consider the channel variables in the definition of * for session
environments since we want to get for example {y: end} * {y : end} = L. An example of
derivable judgement is:

Fsp P st (3,{1,2},0k) > {s[3] : ©({1,2},0k); !({1},string); ?(1,date);end }
where P = s[3]!({1},"Address");s[3]?(1,date);0.

4.3 More on Communication Type System

Definition 4.1. The projection of the generalised local type T onto q, denoted by T | q,

is defined by:
\WU;T' | q if q = py for some p; € I,
(MILU:T) Ta=<_, :
T I q otherwise.
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W;T' | q if q=py forsome p; €11,
(MLUyT) [g=q " 1% NP P
T q otherwise.
@®{l;: T; | q}ier if q = p for some p; € I,
Tilq if 9 # px Vpx € ITand
Tilq=Tjlq
foralli,jel.
&{l;: T; | q}ies ifq=p,
Tilq ifq#p
(&(p,{li: Ti}ier)) Ta= Vpx € IT and
Tilq=Tjlq
foralli,jel.

(&L {l;: Titier)) Q=

®LT | if g = py for some p; €11,
(@<H,l>;T>rq={ aramp P

(ut.T) Iq=ut(T [q) t[q=t end|q=end

Definition 4.2. The duality relation between projections of generalised local types is
the minimal symmetric relation which satisfies:

Tlq otherwise.

end > end tt ToaT' = ut.T o< ut.T’ WU, T < 2U;T'
ViEIT,‘IX]Ti/ = @{li : T,'},'e[le&{l,' : Ti/}iel
dicell=L&T=xT, = @Z;TN&{Z,'ZT,'},'E[

Definition 4.3. A session environment A is coherent for the session s (notation co(A, s))
ifslp]:T€AandT [q#endimplysq]: 7' € Aand T [ qr<iT’ | p. A session environment
A is coherent if it is coherent for all sessions which occur in it.

4.4 Subject Reduction

Since session environments represent the forthcoming communications, by reducing pro-
cesses session environments can change. This can be formalised as in [Honda et al. 2008]
by introducing the notion of reduction of session environments, whose rules are:

[pl: 1({j}, U); T,slpj] :2(p,U); T} = {slp]: Tslp,] - T}
—{slpl : ;&L {li : TiYien)} = {slp): T &(IL,4); Ti}

[pl: &({j}, 0T slpjl - &(p, {li: Titier)} = {slpl: Toslp;]: Ti}  ifl=1i
—{slpl: }O,U); T} = {slpl: T} {slp]:®(0,1);T} = {s[p]: T}
—AUA" = NUA'IfA = A.
The first rule corresponds to the reception of a value or channel by the participant p;, the
second rule corresponds to the choice of the label /; and the third rule corresponds to the
reception of the label / by the participant p;. The fourth and the fifth rules garbage collect

read messages.
Using the above notion we can state type preservation under reduction as follows:

THEOREM 4.4 TYPE PRESERVATION. If 'ty PoA and P —* P/, then T by P'> A
for some A such that A =* A,
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Note that the communication safety [Honda et al. 2008, Theorem 5.5] is a corollary of
this theorem. Thus the user-defined processes with the global types can safely communi-
cate since their runtime translation is typable by the communication type system.

4.5 From User Syntax to Runtime Syntax via Types

Given a user process P and the set of global types associated to the service identifiers which
occur free or bound in P we can add the sender and the receivers to each communication,
by getting in this way a process in the runtime syntax. We define two mappings with
domain the set of user processes: the first one (denote by |G T u]) depends on a global
type G and on a service identifier u, while the second one (denote by |T % y|) depends on
an action type T and on a channel variable y. The mapping |G 1 u] (Table X) calls the
other mapping with the appropriate projection and channel variable when it is applied to
a session initiation on the identifier u, and leaves the process unchanged otherwise. The
mapping |7 % y| (Table XI) adds the sender or the receiver to the communications which
use the channel y and it does not affect the other processes. An interesting clause is the
fifth one, in which |7’ § '] is applied to the body of the channel reception y' (T’ is the
action type of y'). In the last but one clause 7" is the unique type such that [T’ % y|(X(ey))
occurs in (the evaluation of) |7 % y|(Q). More precisely we evaluate this type by applying
to Q the mapping |7yt X |() defined in Table XII.

In order to get the runtime version of an user process P we need to apply to P the
mapping |G T u|, for each service identifier # which occurs free or bound in P, where G is
the global type of u. Note that when u is a bound variable we need to apply |G 1 x| only
to the scope of x.

We say that a closed user process P = €[y1?(x1); Q1] ... [ym?(xm); Q] with bound ser-
vice identifiers xi,...,x, and service names a, with ¢ € L is a correct implementation of
the protocols described by Gy, ...,G,, and GQ for ¢ € L if we can derive

LGl 1 ac)eer(€120x1); [Gr 1 x1J(QD)] - [y ?(0m): [Gon T %] (Qm)]) >0

from {a;: G, | £ € L}.

(G 1 u(@[n](y).P)=u[n](»).|G 1 % y|(P)

(G 1 u](ulp](y)-P) =ulp](»)-G Ip ¥ y|(P)

|G t ul(pref;P) = pref;|G 1 u|(P) u ¢ pref
|G + ul(if e then PeIse Q) =if ethen |G T u|(P) else |G T u|(Q)

G 1 ul(P]Q)=|G T ul(P)||G 1 ul(Q)

[G 1 ul(0)=0

[G T uJ((va)P) = (va)|G T ul(P)

|G 1 ul(def X(xy)=Pin Q) =def X(xy)= |G T u|(P)in |G T u|(Q)

[G 1 ul(X{ey))=X(ey)

where pref is any session initialization or communication command.

Table X. Application of a global type and a service identifier to a user process.
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[ MILS);T £ y](yNe); P) = y(ILe); | T % yJ(P)
[2(p,S):T # ] (v?(x); P) = y2(p, X) [T % y)(

[ {ILT');T £ y UG P) =y (LY [T % ) (P)
[T £y UGN P) = y"<<y>>:P

20, T');T % y]020); P) = y2(p, Y )s T % yJ(IT" % ¥ |(P
&L {l; : Ti}ier) (P

(P
P)
k3

Fy]vel;P) = y& (p,;); | T % y)(P) jel
(& (P, {li : Tiyier) ] (v&{li : Pikier) = y&(p,{li : [T % yJ(P)}ier)
[T i y](pref;P) = pref;|T % y|(P) y & pref
|T % y|(if e then Pelse Q) =if e then |T % y|(P) else |T % y|(Q)
LTiyJ(PIQ)=LTiyJ(P)\Q y€0
[T J(PIQ)=PHTiyJ(Q) yEP
lend ¥ y](0) =

L7 % yJ((v )) (Va)LTiyJ()

[T % y|(def X(xy') = Pin Q) =def X(xy/) = [T" £ /| (P) in |T % y}(Q)
where T/ = [T 4y § X |(Q)
IT £ y)(X(e')) = X(ey)

Table XI. Application of a local type and a channel variable to a user process.

[ MILS:T hy b X|(vNe)sP) =(T by g X](P)
[2(p,S): T by b X](?(x);P) = [T iy X|(P)

[ {ILT');T gy b X (O )s )=LThyh XJ(P)

L2 T'): Ty g X]O02(("):P) =T by s X|(P)

(&L {Li: Tihier) by b X |0 ®13P) = [T by J() jel
[&(ps{li i Titier) 1y 8 X |(0&{li : PYier) = [T by b X |(P))  jE€I&XEP;
[Tyt X|(pref;P) = [T §y 1 X](P) y & pref
[ThyhX|(ifethenPelse Q)= |T 1yt X|(P) XeP
[ThyhX|(ifethenPelse Q)= Tyt X|(Q) XeQ
[ToyuX|(P1Q)=[ThybX]|(P) Xerp
[TayaXJ(P1Q)=[Tty5X](Q) XeQ
[ToybiX|((va)P)= [T byt X](P)

[T 4y X](def X'(xy') =Pin Q)= T 1y 5 X](Q) X#X'
[TayiX](X(ey))=T

[T5yX](0)=end

Table XII. Application of a local type and a channel variable and a process variable to a user process.

5. PROGRESS
5.1 Progress Property and Channel Relations

This section studies progress: informally, we say that a process has the progress property
if it can never reach a deadlock state, i.e., if it never reduces to a process which contains
open sessions (this amounts to containing channels with roles) and which is irreducible in
any inactive context (represented by another inactive process running in parallel).

Definition 5.1 Progress. A process P has the progress property if P —* P’ implies
that either P’ does not contain channels with roles or P’ | Q — for some Q such that

P’ | Qis well typed and Q /.

We will give an interaction type system which ensures that the typable processes always
have the progress property. The crucial point to prove the progress property is to assure
that a process, seen as a parallel composition of single threaded processes and queues,
cannot be blocked in a configuration in which:
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(1) there are no thread ready for a session initialization (i.e., of the form @ln](y).P or
alp](y).P). Otherwise the process could be reactivated by providing it with the right
partners;

(2) all subprocesses are either non-empty queues or processes waiting to perform an input
action on a channel whose associated queue does not offer an appropriate message.

Progress inside a single service is assured by the communication typing rules in § 4. This
will follow as an immediate corollary of Theorem 5.3. For ensuring progress, we need to
introduce a few relations which statically analyse causalities and usage of channels.

Let us say that a channel qualifier is either a channel with role or a channel variable. Let
¢ be a channel, its channel qualifier ¢(c) is defined by: (1) if ¢ =y, then £(c) = y; (2) else
if ¢ = s[p], then £(c) = s. Let A, ranged over by A, denote the set of all service names and
all channel qualifiers.

The progress property will be analysed via three finite sets: two sets .4 and % of
service names and a set Z C AU (A x A). The set .4 collects the service names which are
interleaved following the nesting policy. The set % collects the service names which can
be bound. The Cartesian product A x A, whose elements are denoted A < A, represents
a transitive relation. The meaning of A < A’ is that an input action involving a channel
(qualified by) A or belonging to service A could block a communication action involving
a channel (qualified by) A’ or belonging to service A’. Moreover Z includes all channel
qualifiers and all service names which do not belong to .#” or % and which occur free in
the current process. This will be useful to easily extend % in the assignment rules, as it will
be pointed out below. We call A" nested service set, 2 bound service set and % channel
relation (even if only a subset of it is, strictly speaking, a relation). Let us give now some
related definitions.

Definition 5.2. [Mario: I eliminated the syntax for . Already defined, moreover this
is not syntax|

PBU{a} if e=ais aservice name
B otherwise.

(1) #BU{e} = {

2 Z\A = MW |M<WLeR&EMALEL FAIU{A |V e R &AL #1}
Z\ A if A is minimal in Z

1 otherwise.

(3) ZW\A = {

@) pre(f(c), %) = (BU{L(c)}ULL(c) <A | A€ R &l(c) £ A}

where Z7 is the transitive closure of (the relation part of) &Z and A is minimal in % if
AN <LeR.

A channel relation is well formed if it is irreflexive, and does not contain cycles. A
channel relation Z is channel free (cf(%)) if it contains only service names.

The channel relation is essentially defined to analyse the interactions between services:
this is why in the definition of pre({(c), %) we put the condition ¢(c) # A. A basic point
is that a loop in Z represents the possibility of a deadlock state. For instance take the
processes:

P = b[l](y1).E[2](z2).y1?(2,x);z2!(17fa|se);0

P2 =b [2] (yg).a[l](zl ).zl?(Z,x’);y2!<l ,true>;0.
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In process P; we have that an input action on service b can block an output action on service
a and this determines b < a. In process P the situation is inverted, determining a < b. In
P; | P, we will then have a loop @ < b < a. In fact P; | P, reduces to

0 = (vs)(vr) (s[1]2(2,x);[1]1(2, false); 0 | r[2]2(1,%);s[2]1(1, true); 0)

which is stuck. It is easy to see that services a and b have the same types, thus we could
change b in @ in P; and P> obtaining:

P =a[l](y1).@[2](z2).y1?(2,x);22!(1,false); 0
Py =7a[2](y2).a[1](z1).21?(2,x');y2!(1, true); 0.

with two instances of service a and a relation a < a. But also P| | P; would reduce to Q.
Hence we must forbid also loops on single service names (i.e., the channel relation cannot
be reflexive).

5.2 The Interaction Typing System

We will give now an informal account of the interaction typing rules, through a set of
examples. It is understood that all processes introduced in the examples can be typed with
the communication typing rules given in the previous section.

Tables XIII and XIV give the interaction typing rules. The judgements are of the shape:
OFP » X;.N; P where O is a set of assumptions of the shape X[y] » Z ; N ; B
(for recursive definitions) with the variable y representing the channel parameter of X .

We say that a judgement ® - P » Z; N ; B is coherent if: (1) Z is well formed;
) ZN (AN UZP)=0. We assume that the typing rules are applicable if and only if the
Jjudgements in the conclusion are coherent.

Initialisation (1): {MCAST} and {MAcc}. Three different sets of rules handle service
initialisations. In rules {MCAST} and {MAcc}, which are liberal on the occurrences of
the channel y in P, the service name a replaces y in #. The addition of « is needed
when y does not occur in %. By combining with {CONC} later, we can detect that the
parallel composition P; | P in § 5.1 creates a circular dependency of channels. Also we can
immediately exclude circular dependencies involving the same service name as in P| | P}
in § 5.1. Both P, | P, and P| | P} reduce to deadlock processes.

Initialisation (2): {MCASTN} and {MACCN}. Rules {MCASTN} and {MACCN} can
be applied only if the channel y associated to a is minimal in &%. This implies that once a
is initialised in P all communication actions on the channel with role instantiating y must
be performed before any input communication action on a different channel in P. For
example, in the following, R; is untypable using rules {MCASTN} and {MACCN}, while
R is typable since the sessions are correctly nested.

Ry = a[1](y).b[1](2)-y?(2,x);2!(2,false); 0

Ry = a[1]().b[1](z).22(2,x);y!(2, false); 0
Note that Ry can be composed with R3 = @[2](y).b[2](z).z!(1,true);y?(1,x);0, which is
also typable by {MCASTN} and {MACCN}. The name a is added to the nested service

set. Remarkably, via rules {MCASTN}-{MACCN} we can prove progress when services
are nested, generalising the typing strategy of [Coppo et al. 2007].
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OFP» %, N B OFPY» %, NP
{MCasT} {MAcc}
O Faln|(y).P » Z{a/y}U{a}; NV ;% O Falp|(y).P » Z{a/y}U{a}; NV ;B
OFP» %N B OFP» %N B
{MCASTN} {MAccN}
O +aln|(y).P » Z\\y; N U{a}; B O Falp|(y).P » Z\\y; N U{a}; B
OFP» X, N B f(Z\y) OFPw» Z, N B f(Z\y)
{MCASTB} {MAccB}
O Fuln|(y).P » Z\y; N ; BU{u} O Fulp|(y).P » Z\\y; N ; BU{u}
OFP» %, N ;B OFP» %, N ;B
{SEND} {Rcv}
Ok cl(Ile);P » {L(c)}UZR; N3 BU{e} O Fc?(q,x);P » pre(€(c),Z#); N ; B

OFP» Z, N B
O Fcl{p, NP » ({€(c),e(c),b(c) < LN YUR)T, N B

{DELEG}

OFPw» %N B RC{c),y )<y}

{SREC}
O Fc2(q.y):P » {lc)}; AN 2
OFP» Z, N ;B
{seL}
OFcd(ILI);P » {l(c)}UZ; N ;B
@"P[P.@,';J%;%i Viel
{BrancH}
® - c&(p, {l; : Pitier) » pre(t(c),\J%): U Ais %
icl icl icl
OFP» Z:N:B OLQw» R N P OFP» RN B ag RUN
{Conc} {NREs}
OFP|Q» (ZUE ), N¥UN, BUR OF(va)P » Z; N ; B\a

O.X[y| » Z; N ;B X(e,c) » Z{L(c)/y}; N BU{e} ey

O.Xp|» #; N BFP > Z; N, B OXY» RN  BFO» B N B
OFdef X(x,y)=PinQ » %', N, #

{DEF}

OFP» B, N B OFQw» X, N A )
IF
@ FifethenPelse Q » (ZUZ) : N UN'; BUR ©r0»0:0:0

{INACT}

Table XIII. Interaction typing rules I

Initialisation (3): {MCASTB} and {MAcCB}. The rules {MCASTB} and {MACCB}
add u to the bound service set whenever u is a service name. These rules are much more
restrictive: they require that y is the only free channel in P and that it is minimal. Thus
no interaction with other channels or services is possible. This safely allows u to be a
variable (since nothing is known about it before execution except its type) or a restricted
name (since no channel with role can be made inaccessible at runtime by a restriction on
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(o) OFs:hw» #Z,0, B : )
QADDVAL
OFs:g» 0:0:0 ©Fs:h-(q,ILv) » Z;0; BU{v}

OFs:hw» Z,0,%

{QAppsEss}
OFs:h-(qp,sp]) » ({s5,s<5IUR)T; 0, B

Ots:ho» Z;,0, B OFP» %, N, B

{QSEL} {SRES}
Ots:h-(qILl) » Z;0;, B OF(vs)P » Z\s; N, B

Table XIV. Interaction typing rules II

u). Note that rule {NRES} requires that a occurs neither in % nor in .#". By these rules,
the following dead-locked process is untypable:

(va)(alp](y)-z!(ILe);0)

The sets .4 and & include all service names of a process P whose initialisations is
typed with {MCASTN}-{MACCN}, {MCASTB}-{MACCB}, respectively. Note that for a
service name which will replace a variable this is assured by the (conditional) addition of
e to A in the conclusion of rule {SEND}. The sets .4 and % are used to assure, via the
coherence condition Z N (A U %) = 0, that all participants to the same service are typed
either by the first two rules or by the remaining four. This is crucial to assure progress.
Take for instance the processes P; and P> above. If we type the session initialisation on b
using rule {MACCN} or {MACCB} in P; and rule {MCAST} in P, no inconsistency would
be detected. But this is impossible since rule {CONC} does not type P; | P, owing to the
coherence condition. Instead if we use {MACC} in Pj, we detect the loop a < b < a. Note
that we could not use {MCASTN} or {MCASTB} for b in P, since y; is not minimal.

Since all four rules {MCASTN},{MACCN}, {MCASTB},{MACCB} only allow to type
nested sessions, we call them nesting rules.

Sending and Receiving. Rule {RCV} asserts that the input action can block all other
actions in P, while rule {SEND} simply adds ¢(c) to Z to register the presence of a com-
munication action in P. In fact output is asynchronous, thus it can be always performed. If
the sent value is a session name, then it is added to the set % of names which can could be
restricted. This is essential in order to force its initialisation with one of the nesting rules.

Delegation. Rule {DELEG} is similar to {SEND} but it asserts that a use of ¢(c) must
precede a use of £(c’): the relation ¢(c) < £(c’) needs to be registered since an action
blocking £(c) also blocks ¢(c’). Rule {SREC} avoids to create a process where two dif-
ferent roles in the same session are put in sequence. Following [Dezani-Ciancaglini et al.
2006; Yoshida and Vasconcelos 2007] we call this phenomenon self-delegation. As an
example consider the processes

Py = b[1])(z1).a[1](y1).y11((2,21));0

P, = b[2](z2).a@[2](y2)-y22((1,x)); x2(2,w); 22! (1, false); 0

and note that Py | P, reduces to (vs)(vr)(s[1]2(2,w);s[2]!(1,false);0) which is stuck. Note
that P, | P, is typable by the communication type system but P, is not typable by the
interaction type system, since by typing y2?((1,x));x?(2,w);z2!(1,false); 0 we get y» < z2
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which is forbidden by rule { SREC}.
We note that rules {MCASTN }-{MACCN} are useful for typing delegation. An example
is process B of the three-buyer protocol, in which the typing of the subprocess

2!1{{1}, quote - contrib - 99);221((1,y2)); 22&(1,{ok : 0, quit : 0})

gives zo < y2. So by using rule {MCAST} we would get first b < y, and then the cycle
y2 < b < yp. Instead using rule {MCASTN} for b we get in the final typing of B either
{a};{b};0 or 0;{a,b};0 according to we use either {MCAST} or {MCASTN} for a. We
will show in details, in the following, the typing rules to prove that the whole process B is
well typed.

Branching and Selection. Rule {SEL} is similar with rule {SEND}, while rule {BRANCH}
needs to record the causality as a union of channel relations of all branchings.

Other Rules for User Syntax. Rule {CONC} is the key to calculate the channel relation
among composed processes has no circularity as explained before. Rule {NRES} checks
that a is neither in the channel relation nor the nested service set (see {MCASTB} and
{MAccCB}). Rules {VAR} and {DEF} relates a process variable and the corresponding
channel relation. In particular, { VAR} replaces ¢(c) to y and records the expression in the
bound service set (like {SEND}). Rules {IF} and {INACT} are standard.

Other Rules for Queues. The first four rules can be understood as rules {INACT},
{SEND}, {DELEG} and {SEL}, respectively. { SRES} deletes the channel from the channel
relation, where session names can only appear (instead of the set % in {NRES}).

An example. As an example we consider again the process B of the three-buyer proto-
col, which we report here for convenience:

B = a[2](y2).y2?(3, quote);y2?2(1, contrib);
if (quote - contrib < 100) then y, ® ({1,3},0k);y2!({3}, "Address");y,?(3,date);0
else b[2](z2).22!({1},quote - contrib - 99); 25! ({(1,y2)); 22&(1, {0k : 0, quit : 0}).

In the following we will show the rules of the interaction type system to prove that this
process has the progress property (in particular we illustrate the contents of the sets %, .4
and Z):Mariangiola says: the original example is commented [Mario: I changed a little
the setting to make it more readable. Moreover, this is not an algorithmic system so the
notion of backtrack is not appropriate. Mariangiola’s version is commented]
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Process 4 N B Rule

22&(1,{ok : 0, quit: 0}) 2 0 0 {BRANCH}

2!{(1,y2)) {z2y2:22 =<3} 0 0 {DELEG}

2!{{1}, quote - contrib - 99)  {z2,y2,22 < y2} 0 0 {SEND}

b[2](z2) {y2} {b} 0 {MCASIN} (¥

¥2?(3,date)0 {y} 0 0 {Rcv}

v2!{({3},"Address") {m} 0 0 {SEND}

y2& ({1,3},0k) {2} 0o 0 {SEL}

it () {y2} {py 0 {IF}
The two {RCV} do not change the sets

al2](y2) {a} {p} 0 {MCasT}

Or, alternatively
al2](y2) 0 {a,b} 0 {MCASTN}

Note that choosing to apply rule {MCAST} at point (*) we get
Process Z N R Rule

im(ZZﬁ {b-,)’z:,é?'<)’2} 0 0 {M.C'AST}

if (...) {b,y2,b <y} 0 0 {Ir}
And at that point we cannot apply rule {RCV} (to add the input action y,?(1,contrib))
since we would get Z = {b,y»,y2 < b,b < y2,y2 < y2} which contains a loop.
5.3 Progress Theorem and Proofs

A closed runtime process P is initial if it is typable both in the communication and in the
interaction type systems. The progress property is assured for all computations that are
generated from an initial process.

THEOREM 5.3 PROGRESS. All initial processes have the progress property.

It is easy to verify that the (runtime) version of the three-buyer protocol can be typed in the
interaction type system with {a}; {b};0 and 0;{a,b};0 according to which typing rules we
use for the initialisation actions on the service name a. Therefore we get

COROLLARY 5.4. The three-buyer protocol has the progress property.
5.4  Proof of the Progress Theorem

In the following definitions and proofs we assume that all considered processes are well
typed with the communication type system of Section 4.

LEMMA 5.5. IfOts:h-m » Z;0;, Bthen®Fs:m-h » Z;0; B
PROOF. By inductionon . []

LEMMA 5.6 SUBSTITUTION LEMMA. Let® =P » X% ; NV ; A.
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(I) Letvg %. Then © - P{v/x} » #; N ; B where B' = BU{v},
(2) © & P{slpl/y} » Z{s/y}; N B

PROOF. By inductionon ® =P » Z; .4V ; A.

(1) By induction on P. The only interesting case is when v is a service name a, thus, P =
X[n](y).P" or P = x[n](y).P" and the last applied rules are {MCASTB} or {MACCB},
respectively. Let us consider P =X |[n|(y).P’ (the other case is similar). From {MCASTB}
we have that @ - P » Z'; A", & such that cf (%' \\y) and Z = %' \\y. Now,
P{a/x} ="a[n](y).P'. Since, by hypothesis, cf(%’\\y), thus we can apply {MCASTB},
obtaining ® Fa[n](y).P" » %; N ; ZU{a}. Note that this judgements is coherent
since by hypothesis a ¢ Z.

(2) Easily follows from the definition of ¢(c).

O

THEOREM 5.7 TYPE PRESERVATION UNDER EQUIVALENCE. [If P is well typed and
OrLP» Z; N ; Band P=P,then® P » %, N ; B.

PROOF. Standard inductionon =. O

THEOREM 5.8 TYPE PRESERVATION UNDER REDUCTION. IfPiswell typed and ©
Py B, N, Band P —* P, then® =P w» %', N'; B for some R C R, N'C N
and ' C B.

PROOF. By induction on — and by cases on the last applied rule.
- [Link]. By hypothesis
O kFallly).Pr] ... |aln—1u=1)-Pi1 | @[n](yn)-Pn » Z; N 5 B.

This judgement is obtained by applying rule { CONC} to the subprocesses a[1](y;).Py,...,a[n—

1)(vu=1)-Pu—1,@[n](yn)-Ps- Then we have:
—0 Falll(n).Pr » %15 M P

—0 Fafn—1)(yn—1)-Po-1 ™ Fn-15 N1 Bn

—O Fa(n](yn) Py » %n; Nns B

where Z = (Uj<i<p Zi)" and N = U <j<, A and B = | <j<, Pi. Point 2. of the
the coherence condition (see page 19) implies that the rules {MCAST}, {MAcc}
cannot be used for the same session name with the rules {MCASTN}, {MACCN},
{MCasTB}, {MACCB}.

We consider the case in which P, has been typed with rule {MCASTN} or {MCASTB}
and each P, (1 <p <n—1) with {MACCN} or {MACCB}.

Then for each i (1 <i < n) we must have ® - P, » Z|; A;'; %} such that Z; =
R \\yi, N, C N, B C B (y; is minimal in Z/). By Lemma 5.6(2) we have

© t P{sli]/yi} » Zi{s/yi}; N5 B
By using {CoNC} (and {QINIT}) we have
O F P {s[1]/y1}|...|BAs[n) /yn}ls: & » %3 N B
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where 7' = (Uj<j<p Zi{s/yi}) T A" =Ui<icn A and B' = U, <;<, ;. Note that

this judgement is coherent since s must be minimal in %’ and Z' N (A" UA') = 0.
By using {SRES},

© b (vs)(P{s[1]/y1}]..| Pa{s[n] /yn}]s - &) > Z'\s: N3 B

Finally it is easy to see that Z’ \ s = # (by the minimality of the y; in % and of s in
XN, N C N and B C AB.

[Send]. By hypothesis, ® & s[p|!(IL,e);P | s:h » Z; N ; %, which is obtained by
applying rule {CONC}. Thus,

O Fs[p](IL,e); P » Z1; N3 B OFs:hv» %;0;, %

where Z = (%1 U%,)" and B = %, U %,. The first judgement can only be obtained
by {SEND},ie., @ FP » Z|; N ; PB) suchthat ) = {s} UZ| and B, = B, U{v}.
By using rules {QADDVAL} and { CONC} we obtain

OFP|s:h-(p,ILv) » (Z\U%)"; N B U(BU{}).
Now note that (%] U%,)" C % and B, U(HB,U{v}) = A.

[Deleg]. Proceed as in the previous case, thus obtaining
O Fs[p|!(q,s'[p']); P » Z1; N By OkFs:hw» %;0, %

where Z = (%) U%,)" and B = %8, U %,. By inverting rule { DELEG } we obtain ®
P w» %), N; P where Z) = ({s,5',s < s’} UZ])*. By using rules { QADDSESS}
and {CONC} we have

OFP|s:h-(qp,s[P]) » (Z1U{s,s',s <sYUZ)"; N PB1USBs.

[Label]. Similar to [Send] but simpler (using rule {QSEL} instead of {QADDVAL}).

[Recv]. By hypothesis, ©® - sp;]?(q,x); P | s: (q,ILv)-h » Z; .4 ; AB. Proceed as
in the case of rule [Send], thus obtaining

O Fs[pj|?(q,x);P » Z1; N P OFs:(qILv)-h» %;0, %

where Z = (% U%,)" and B = %, U %,. By inverting rule {RECV} we obtain
OFP » %, N; B where Z| = pre(s,Z)). By Lemma 5.6(1) we obtain © +
P{v/x} » Z;; N ; %, U{v}. Moreover we have ® Fs:h » % ; 0; B, where
B, = B, T{v}. Applying { CONC} we get

(1) @ FP{v/x}|s:(q,II\ j,v)-h » (Z1U%)"; N ; BU{v}UB,.

and note that (2] U%:)* C (%1 U%,)" and B, U{v} UH, = A.
If v=a is a service name, then a € %, implies that a & (#;U%,)" and so a ¢
(#; U%,)". Then (1) is coherent.
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[Srec]. By hypothesis, ®  s[p]?((q,¥));P | s: (a,p,s'[p]) - h » Z; N ; PB. Proceed-
ing as before,

O Fsp|2(qy):P » {s}; A %B1  OFs:(q,psP])-h > %0, %

where Z = ({s} U%,)" and B = %, U %,. In particular (inverting rule {SREC}) we

have ® - P » Z|; N ; B where Z| C {s,y, s < y}. Moreover, by {QADDSESS }

(and Lemma 5.5) we have that © Fs:h » %) ; 0; %, such that %, = ({s,s',s < s’} UZ,)".
By Lemma 5.6(2), we have © - P{s'[p']/y} » Z|; A ; %) where | C {s,s',s <

s'}. By applying rule {CONC} we obtain

O PSP /y}|s:h » (B VR N B1UB,.

Lastly it is easy to see that this statement is coherent and that (%] U%4)" C %.

[Branch]. By hypothesis, ® - s[p;]&(q,{/i : P.}ier) | s: (@, 1L, Liy) -h » %3 N B.
By inverting the rules we have

—OFP » %, N, B Viel

—Ots:(qILLG)-h» %50, %

—% = (pre(s,Uic; Zi) VZ, N =Uic; Ni» B =Uic; Bi VB .

By applying rule { CONC} to the reduced process we obtain

O b Py |s:(a.I\jliy)-h » (ZiyUR)" ;s Ny BiyUR

and the result follows easily.
[If-T, If-F]. Straightforward.

[Def]. Let’s assume O + def X(x,y) =P in (X(e,s[p]) | Q) » Z#; A ; PB. Note
that by rule | DEF] y is the only free channel which can occur P. By inspecting the
inference rule, as before, we must have:

(@ @=0,Xy» %, A,

b) P w» % N B,

(c) O FX{es[pl) » %' {s/y}; N, B U{e};

d @+Qow %", N A,

where Z = (%' {s/y}UZ" )", N = N"UN" B =P T{e} B

By Lemma 5.6 we have @' + P{v/x}{s[p]/y} » Z{s/y}; A ; " U{v} and then by
rule {CoNC} @' F (P{v/x}{s[p]/y} | Q) » Z; N ; Bsincee | vimplies B U{e} =
' U{v}. By rule {DEF} we conclude ® +def X (x,y) = Pin (P{v/x}{s[p]/y} | Q) »
R, N A.

[Scop, Pat, Defin, Str]. For the congruence rules the thesis follows from the induction
hypothesis.

LEMMA 5.9. IfTFs PoAand ® P » Z; N ; B, then:

(1) slp]: T €AandT #endimply s € %;
(2) s € % implies A(s[p]) # end for some p.

PROOF. Standard by induction on P. [
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LEMMA 5.10. [f®@ P » Z; N ;B and a ¢ ZU N and P =aln|(y).P or P =
alp](y).P', then no channel with role occurs in %.

PROOF. The last applied rule must be {MCASTB} or {MACCB} and then we must
have ® WP » %', NV ; % and #Z = %' \\y. Note that the condition cf (%' \\y) prevents
channels with roles to occur in Z’. [

In the following definition we use C[ | to denote a context with a hole defined in the
standard way.

Definition 5.11 Precedence. (1) The channel ¢ precedes ¢’ in the process P if one of
the following condition holds:
—P =C[c?(q,x); Q] and ¢’ occurs in Q;
—P =ClcK(p,c')); Ql;
—P =C[c?((q,y)); Q] and ¢’ occurs in Q;
—P =Clc&(q,{li : P}ier)] and ¢’ occurs in P; for some i € I,
—P=C[s:h-(q,p,s[p/]) - #'] and ¢ = s[p] and ¢’ = 5'[p’].

(2) The channel ¢ weakly precedes ¢’ in the process P if either ¢ precedes ¢’ in P or one of
the following condition holds:
—P =C[c!{I1,e); Q] and ¢’ occurs in Q;
—P =Clc!{{p,co)); Q] and ¢’ occurs in Q.

LEMMA 5.12. If® P » %; ./ ;% and s|p| precedes s'[p'] in P and s # s/, then
s<seR.

PROOF. By inductionon P. [

LEMMA 5.13. Let P be initial and P —* P'.

(1) If s[p| weakly precedes s'[q) in P', then either s # s' or p = q;
2) IfP=P |s:N-(q,p,5[p])-hthens #s.

PROOF. We show both points simultaneously by induction on —*. In an initial P there
are no channels with roles. As for the induction step we discuss the more interesting cases.
- Rule [Link] creates a new channel with a unique distinguished role for each parallel
process. Both 1. and 2. follow trivially by the induction hypothesis.

- When the reduction step is obtained by rule [Srec] we must have s : (q,p,s'[p']) - h. By
induction hypothesis we must have s # s'. By Theorem 5.8 we can derive a channel relation
for the left hand side of the reduction rule [Srec] using the interaction typing rule {SREC}.
Therefore s[p] and s'[p'] are the only channels with role in P{s'[p]/y} and point 1. follows
immediately.

- When the reduction step is obtained by rule [Deleg] note that the session delegation
command must have been typed by rule | DELEG]. For this reason we get s[p| # s'[p/].
Since s[p] precedes s'[p’] in the session delegation command, then by induction s = s’
implies p = p’. We then conclude s # s'.

O

Definition 5.14. Define o< between processes, message queues and local types, as fol-
lows:
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< se);Poc (ILS) T ¢?(q,x);Po<?(q,S); T
)

<< )iPoc (ILT): T C”(( )P e<2(q,T):T
C®<H,l>,P°<69<H {li: Titier)  c&(a,{li : Pi}icr) o< &(p.{li : Ti}ier)
(q,H,V)~/’l°<!<H,S>;T (q7p/ D ho(’< T>’T

slp
(qanal>h“@<n7{l 'T}161> X< > o< T
where i € 1.

Definition 5.15. A process P is ready in a process Q if one of the following conditions
holds:

—Q=P;

—Q =P | R for some R;

—Q = (va)R and P is ready in R, for some R, a;
—Q = (vs)R and P is ready in R, for some R, s;

—Q =def D in R and P is ready in R, for some R, D.

Definition 5.16.

—An input process is a value sending, session delegation or label selection.

—An output process is a value reception, session reception or label branching.

—The identifier u is the subject of w[n](y).P and u[p](y).P.

—The channel c is the subject of c!{I1,e); P, c?(q,x);P, c'{(p’,c")); P, c?((q,y)); P, c B
(I1,1); P and ¢&(q,{L; : P }icr)-

—An output type is a type of the shape (ILU); T, ®{IL{/; : T;}icr), or &(IL1);T

—An input type is a type of the shape 2(IL,U); T, or &(p,{l; : T; }icr)-

LEMMA 5.17. Assume that

—OFPY» %, N B;

—% contains service names which are not bigger than channels with roles and less than
at least one channel with role;

—mno ready process in P is an output or a conditional or a process call or a session initial-
isation on a variable.
Then P contains one ready session initialisation on a free service name which belongs

to ZUN.

PROOF. If P is a session initialisation on a free service name which belongs to Z U .4
there is nothing to prove. Otherwise the proof is by induction on P.

P cannot be a session initialisation on a free session name which does not belong to
Z\J ., since otherwise Z could not contain channels with roles by Lemma 5.10.

P cannot be an input process since otherwise by Lemma 5.12 a channel with role would
be less than all channels with roles which occur in Z.

IfP="P ‘ P, thGHQZ(%lUﬁz)"_ and ® P » %1, M; B and O P, »
Py Nay By for some Z|, X5, since the last applied rule for deriving® =P » Z; N ; B
must be {CONC}. Note that at least one between #| and %, must contain session names
which are not bigger than channels with roles and less than at least one channel with role.
Therefore by induction either P; or P, contains a ready session initialisation on a free
service name which belongs to Z U ./
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If P =def X(x,y) =P in Q, then @, X[y| » Z'; N'; B -0 » Z; N ; B since
the last applied rule for deriving ® = P’ » %'; 4", %' must be {DEF}. Therefore by
induction Q contains a ready session initialisation on a free service name which belongs to
RIN.

If P=(va)P,then® P » Z; N ; B where B = B\aand ag ZU.N, since
the last applied rule for deriving ® - (va)P » %; A ; % must be {NRES}. Therefore by
induction P’ contains a ready session initialisation on a free service name which belongs
to ZU.N.

O

LEMMA 5.18. Assume that

—I |_Z P>A;

—@ kP » Z; N ;B is proved without using rule {SRES};

—s is minimal in %,

—no s[p| precedes s|q] with p # q in P;

—no ready process in P is an output, a conditional, a process call, a session initialisation
on a free channel or on a variable.

Then:

(1) if A(s[p)) is an input type then P contains a ready input process Q with subject s[p]

such that Q o< A(s[p]);

(2) if A(s[p)) is an output type then P contains the queue s : h and h < A(s[p]).

PROOF. The proof of both points is by induction on P. Note that P cannot be a session
initialisation on a bound channel, i.e. we cannot have P = (va)Q where Q is a session
initialisation on the channel a, since in that case the channel relation for Q should contain
a < s and this is impossible by Lemma 5.10.

(1). If P is an input process, then by Lemmas 5.12 and 5.13 the subject of P must be s[p]:
obviously P is ready. Note that P is a user process and then I' - P>A by Lemma A.2(1).
We get P < A(s[p]) by Lemma A.1(8), (10) and (A.1).

If P=P | P, then by Lemma A2(6) Z =X, UXy and A=A x Ay and ' b5, P> A
and I' by, P,>As. Since an input type is never a message type we have either A(s[p]) =
A (s[p]) or A(s[p]) = Ax(s[p]). Assume A(s[p]) = A(s[p]). Moreover, since the last ap-
plied rule must be {CONC}, ® - P » Zi; M; By and O - P, » Fs; N3 P and
R=(%1 U%>)". Note that by Lemma 5.9 %, contains s. Moreover s is minimal in %,
since Z1 C Z%. Therefore by induction P; contains a ready input process Q with subject
s[p| such that Q o< A(s[p]).

If P =def X(x,y) =P in Q, then by Lemma A2(9) I,X : ST,x: S+ P>y: T and
I[LX:SThkFy O>A. Moreover ©,X[y| » Z; N, B +Q » Z; N ; B, since the last
applied rule for deriving ® =P » %’; 4", %' must be {DEF}. Therefore by induction
Q contains a ready input process Q with subject s[p] such that Q o« A(s[p]).

If P = (va)P', then by Lemma A.2(8) I',a : (G) Fx P'>A. Moreover, since the last ap-
plied rule for deriving ® + (va)P' » #; .4 ; 8 mustbe {NREs},@ P » Z; N ; B
where B =%\ a and a ¢ #ZU ¥ . Therefore by induction P’ contains a ready input
process O with subject s[p] such that Q o< A(s[p]).

(2). If P is a queue, then it must be the queue s and the result follows from Lemma A.3.

If P=P | P, then by Lemma A2(6) X=X, UX; and A=A %Ay and ' 5, P >
Ay and Ty, Po>Ay. We consider the case A(s[p]) = A;(s[p]);A2(s[p]), the other cases
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being similar or simpler. As in the proof of (1) we get Z = (Z1U%,)T and ® - P; »
K15 N ; HBi. Note that by Lemma 5.9(1) #) contain s. Therefore by induction P; contains
the queue s:h and /1 o< A(s[p]).

If P =def Py in P, or P = (va)P’, the proof proceeds as in the case of (1).

O

Proof of Theorem 5.3 [Progress].
Let Py be initial and Py —* P.

If P does not contain channels with roles there is nothing to prove.

If a ready sub-process of P is an output process, then P is reducible.

If a ready process in P is a conditional, then P would reduce, since P is closed (being Py
closed) and any closed boolean value is either true or false. Similarly if a ready process of
P is a process call it can be reduced.

No ready process in P is an accept/request on a variable since P is closed.

If one ready process in P is an accept/request on a free channel a, then a must be in the
domain of the standard environment I" used to type Py and P. Even if in P there are not
enough partners to apply rule [Link], using I'(a) we can build a process Q containing the
missing partners which are necessary in order to apply it to P | Q.

Otherwise let P = (v$)Q, where § is the set of all session names which occur in P. By the
Type Preservation Theorems A.6 and 5.8 P is well typed both in the communication and in
the interaction type systems. This implies - Q » Z; A" ; % for some Z, N, B. Let A
be the session environment of Q. Note that by construction we do not use rule {SRES} for
deriving #. All minimals in % cannot be service names names since otherwise P would
contain one ready initialisation on a free service name by Lemma 5.17. So there must be
a session name s which is minimal. By Lemma 5.9(2) and the coherence of A there must
be p, q such that A(s[p]) =T, A(s[q]) =T’ and T [ q <t T’ | p. Without loss of generality
we can assume that T is an input type and 7" is an output type. Then Lemma 5.18 implies
that Q contains a ready input process R such that R o< T and the queue s : & with s o< T'.
Therefore P reduces by rule [Recv].

6. INFERENCE

In this section we introduce a deterministic, compositional type inference algorithm, de-
fined via a set natural semantics rules, to check if a given process can be typed with the
interaction typing rules of Section 5, thus assuring that the considered process has the
progress property.

The inference rules define, on the structure of a process P, a judgement of the form:

®;P= R;C;N;B

where R, C, N, B are inferred as defined below and they carry on the necessary informa-
tions to check if the process P is typable with the interaction rules. Instead the process
variable environment @ is a set of progress assumptions for process variables of the form
X[y] » Z; N ; P that must be supplied by the user. The reason of this choice are twofold.
On the one hand, it seems reasonable that a programmer be aware of the interaction prop-
erties of the recursive processes that represents the most critical part of a system: indeed
the interactions properties of these components should be kept as simple as possible to
allow an easy control of the global interaction. On the other hand the automatic inference
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of the process variable environment would introduce, to keep the completeness property,
a very heavy fixpoint construction that would make much more difficult (and in the end
unpractical) the inference algorithm.

The set R C AU (A x A) denotes, informally, an order between channels and services
as the set & in Section 5. Nevertheless R is not kept closed under transitivity. Then a
pair A < A’ € R registers the fact that a communication via A’ immediately precedes a
communication via A. We will prove that all possible sets Z that can be deduced in the
interaction type system for a given process can be obtained by taking the transitive closure
of suitable subsets of the set R inferred for this process.

Let .7 be the set of service names. The set C ia a partial function in .7 —, 2/(.7)
represented as a set of pairs (a,<7) where a € . and o C .. The service names occur-
ring in C are intended to represent a subset of the service names in dom(R) which could
(potentially) be closed with a nesting rule. In particular in a pair (a,4”) € C the set <7
represents the union of all subsets of service names that immediately preceded one occur-
rence of a in the channel relation, at the moment in which that occurrence was introduced
in R. Recall that, in case of @[n](y) or a[p](y), the nesting rules require that the channel y
is minimal in the channel relation. This means that if for some reason we realize that, in all
deductions of the interaction system, a needs to be closed with a nesting rule (which im-
plies that y must be minimal in the channel relation when the rule is applied) then we must
register that all the services in ./ must also be closed with a nesting rule and propagate
this along C.

The service names that do not belong to the domain of C can be closed exclusively with
the rules {MCAST}, {MAcc}. The inference rules, whenever applicable, guarantee that
the transitive closure of R minus the domain of C is loop free.

The set N C .# contains the service names that must be closed with a nesting rule while
B C . denotes a set of service names that may be closed by rule {MCASTB}, {MACCB}.
We will prove that all possible values of .4 U % in a deduction in the interaction system
for a given process must include the set N. As can be expected by their meaning R and
N are disjoint sets while B can have a non empty intersection both with N and with R (in
particular with the domain of C).

By the above discussion we then have that:

—the names in dom(R) \ dom(C) must be closed by rules {MCAST}, {MAcCC};

—the names in dom(C) \ B are candidates to be closed by rules {MCAST}, {MAcC} or
{MCASTN}, {MACCN};

—the names in dom(C) N B are candidates to be be closed by all rules;

—the names in N \ B must be closed by rules {MCASTN}, {MACCN};

—the names in NN B are candidates to be closed by rules {MCASTN}, {MACCN} or
{MCasTB}, {MACCB}.

Let us introduce now some more preliminary definitions. Mariangiola says: Add expla-
nations!

—If of is a set, then R\ &7 extends Definition 5.2(2) in the obvious way.
—Rly={A|2<yeR}
—C(a) and dom(C) have the obvious definition, C(</) = ¢, C(a), where & C ..
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—C\ « is the function obtained from C by restricting the domain of C to the names which
do not belong to &7

—CUC ={(a,C(a)UC(a) | a € dom(C)Udom(C')} assuming C(a) = 0 if a ¢ dom(C)
—cl(C,a) ={b | be C(a) or b € C(c) for some ¢ € cl(C,a)};

—rcl(C,a) = {C|(C,a) U{a} ifae dom(C),

0 otherwise.
—rcl™(Coa) = {a} U{b|accl(C,b)}
_rCI(CaJZ{) = Uaexzf rcI(C,a)

The closure cl(C,a) of the mapping C over a is intended to represent all the service
names that must be closed with a nesting rule to allow a to be closed with a nesting rule.
Note that C(a) only represents the service names that immediately precede a in R. The set
rclﬂ(C,, a) represent all the service names that can be closed with a nesing rule only if a is
closed with a nesting rule.

Note that ”\ ” is somewhat overloaded since it is used to denote both set difference,
restriction on a relation (%, R) and elimination from a domain of a finite map (in our case
0.

Let’s first prove a useful property.

LEMMA 6.1. If # C #, then rcl(C\ rcl(C,52), 2 ) Urcl(C,.52) = rcl(C,. 7).
PROOF. (CQ) Proof of rcl(C\ rcl(C,577), 7" ) Urcl(C,.227) C rcl(C,. 7). We have rcl(C\

rcl(C,. ), #) C rcl(C,.#) by definition of rcl and rcl(C,.#) C rcl(C,.#") by definition
of rcl being 57 C 7.
(2) Proof of rcl(C\ rcl(C,077), 77 ) Urcl(C,077) D rcl(C,77). If a € rel(C,2") and a ¢

rcl(C\ rcl(C,5¢),.¢), then by definition of rcl there are b € J# and ¢ € rcl(C,5) such
that ¢ € rcl(C,b) and a € rcl(C,c). We conclude that a € rcl(C,.7¢). O

The inference rules are given in Tables XV, XVI and XVII. The most crucial rules are
{MCAST-1}, {MAcc-I}. In both rules we use by the function m defined in Table XV.
In this function we have to distinguish several cases. A first crucial point is weather the
service name a involved in the rule is already contained in the sets R or N or not (conditions
(1), (v) or (p). In all cases an other crucial condition is the position of the set R | y in R.

If R | y completely contained in the domain of C (cases (¥), (V)) we can leave open
the possibility that a could be closed with a nesting rule (case (7)), since we can make y
minimal.

If a is already an element of N as a service that must be closed with a nesting rule (case
(v)) then we must add to N all the services which must be closed by a nesting rule in order
to allow the closure of a with a nesting rule, removing them from R, C.

If R | y is not included in the domain of C (case (7)), then the service a cannot be closed
with a nesting rule in any valid deduction of the interaction type system (since there is no
way of making y minimal in any possible deduction). So if a already belongs to R (case
(p)(a)(7¥)) we must eliminate from C and B both a and all the service names that could
be closed by a nesting rule only if a also is closed by a nesting rule, checking that this
restriction of C does not determine a loop in R\ dom(C).

ACM Transactions on Programming Languages and Systems, Vol. V, No. N, M 20YY.



Global Progress in Dynamically Interleaved Multiparty Sessions : 33

The function m(u,R,C,N,B) is defined closing in boxes the list of returned values for the various
cases.

e y =g isaservice name.
(W) a¢dom(R)UN
(» RlyCdom(C)
(9) cf(R{a/y}) |Rfa/y}U{a};CU{(a,R | y)};N;BU{a} |
(9) ~cf(R{a/y}) |Ria/y} U{a}:CU{(@R1y)}:N:B]
(¥ Ry dom(C)
(v) aeNR|yCdom(C)
@) cf(R{a/y}) | R\ (rel(C,R Ly)U{y});C\rel(C,R | y);NUrel(CR | y);B|
(9) ~cf(R{a/y})|[ R\ (rel(C,R 1 ) U{y});C\rel(C,R | y);NUrel(C,R Ly);B\ {a}
(p) a€dom(R)

() a€dom(C)
(1 RlyCdom(C)

(9) <f(R{a/y})| Ria/y}:CU{(a,R | )}:N:B]

() ~cf(R{a/sh)[R{a/s}:CO{(@R 1 ))}N:B\ {a} |
(7) R1yZdom(C)and (R{a/y}\dom(C\ rcI"(C,a)))* is loop free
|R{a/y}:C\rel! (C.a):N:B \rel(C.a) |
(

(@) a ¢ dom(C) and (R{a/y}\ dom(C))™ is loop free

e u=x isavariable, R | y Cdom(C), cf(R\{y})
] R\ (rcl(C,R | y)U{y}): C\rel(C,R Ly);NUrcI(C,RLy);B‘

Table XV. Inference function for services

The treatment of the set B is somewhat simpler: just note that a service name a belongs
to B only if it can be closed by a nesting rule and each subprocess starting with an accept-
request on a has an associated channel relation that does not contain free channel names.

Another crucial rule is {CONC-I}. In this rule we must check that the two processes P
and P, that are put in parallel are compatible with respect to the interaction properties. The
crucial part is the treatment of the names that occur both in P; and P». Note that the sets
D; contains the service names that cannot be closed with the nesting rules in the respective
process. The set K then contains the services that must be excluded from the C since it
contains both sets D; and the set of services whose closure with the nesting rules would
imply that a service in some D; should also be closed with a nesting rule.

Rule {IF-I} has the same structure of { CONC-I}. Rule {BRANCH-1} is a generalization
of {IF-1}.

We need four different versions of rule {SEND-I} in order to to take into account the
different form of the communicated value. Note in particular that if a service name is sent
we must force it to be closed by a nesting rule (if this is allowed by R and C).

An an example consider the process:

Py =al1](y1)-b[1](z). (P1 | P2)
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—— {mvacr-1}
;0= 0;0;0;0
®;P= R;C;N;B ®:;P= R;C;N;B
{MCAST-1} {MAcc-1}
®;un(y).P= R ;C;N; B O;ulp](y).P = R ; C'; N'; B

where R’; C';N; B’ = m(u,R,C,N, B)

®O;P= R;C;N;B e#a
0;y(Ile);P = {y}UR; C; N; B

{SENDI-I}

O:;P= R;C;N;B e=a a¢dom(R)UN
O ;y(ILe);P = {y}UR; C; NU{a}; Bu{a}

{SEND2-1}

O;P= R;C;N;B e=a aecdom(C)
O ;y!/{ILe);P = {y} UR\rcl(C,a); C\rcl(C,a); (NUrcl(C,a)); B

{SEND3-1}

O;P=R;C;N;B e=a aeN

{SEND4-1}
©;yILe);P = {y}UR; C; N; B

®O;P= R;C;N;B R |y Cdom(C)
©:y?(q,x); P = pre(y,R\ (rcl(C,R | y))); C\ (rcl(C,R | y)); NU(rcl(C,R | y)); B
®O;P= R;C;N;B

Oy )P = {3y, y<y}UR; C;N; B

{Rcv-1}

{DELEG-I}

®:P R:C;N; B R\dom(C) C{y,y,y <y}
©:y?((q,)):P = {v};0; Nudom(C); B

{SREC-T}

®;P= R;C;N; B

{sEL-1}
®.y®(ILI);P = {y}UR; C;N; B

O;P = Ri;C; N;i; By i€l KNN=0
© ;y&(p, {li : Pi}ic1) = pre(y,R); C: N; B
where
D; = dom(R;) \ dom(C;) iel
N = UicI NjUcl(Uie1Ci, Uil Ni)
K = rel™ (W;e;Ci,Uics Di)
R=(UiesR)\N
C=(UiesCi) \ (NUK)
B={a|dicl.aeBj AViel (aeBjva¢dom(R;)UN;)}

{BRANCH—I}

Table XVI. Inference for Interaction I
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®:;P = Ri;Ci;Ng; By ©;P2 = Ry; Co; Noj; B
KNN=0

{Conc-1}
O;P | = R;C;N;B

where

D; = dom(R;) \ dom(C;) ie{l,2}

N =N;UN2Ucl(C; WCy,N; UN>)

K =rcl(C;uC,y,D,UD»)

R=(Us12R)\N

C=(CuG)\(NUK)

B =(B1NB2)U(Uiz12{a € Bi| a ¢ dom(Ry) UNt})

Xy » Z; N ;B0
0 ; X{e,y) & Z{y/y}; 0; ¥/ U{e}UZ; BU{e}

{VAR-1}

O.Xy|» %, N, #B; P==R;C,N;B

Z=R\(ANUB)T ANUB=rd(C,V¥YUB)UN  B\.A/CB

®;0= R ;C;N;B

{DEF-1}
O ;def X(x,y)=PinQ= R ; C';N; B

®;P= R;C;N;B eitheracBora¢gdom(R)UN

{NREs-I}

@ ;(va)P & R\ rcl(C,a); C\rcl(C,a); N\{a}Ucl(C,a); B\ {a}

O;P = Ry;Ci5Nis By ©5P2 = Ra; G5 Nas B
KNN=0
®;ifethenPjelse» = R; C; N; B
where
D; = dom(R;) \ dom(C;) ie{l,2}
N =N; UN>Ucl(C; WCp,N7s UN>)
K=rc"(C;uC,,D;UD,)
R=(U—i2R)\N
C=(C1UCy)\ (NUK)
B = (B1MB2) U (U1 2{a € Bj | a ¢ dom(R;) UN:})

{IF-1}

Table XVII. Inference for Interaction II

where P; = a[2](y2).y2?(4,x1);22(5,x2);0 and Py = y12(6,x3);a[3](y3).y3?(7,x4);0.
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Applying the inference rules we get:

05 y22(4,x1);22(5,%):0 = {y2 <z,2,2};0;0; 0

al2](y2) y22(4,x1);22(5,%);0 = {a<z,a,z}; {(a,0)}; 0; 0

a[3](y3).y3?(7,x4);0 & {a}; {(a,0)}; 0; {a}

¥12(6,x3);a[3](¥3)-32(7,%4);0 & {y1 < a,y1,a}; {(a,0)}; 0; {a}

5 Pl |P2 = {(l‘<Z,y1 '<a7avzvy1}; {(a,@)}; @; 0

; b[11(z). (A | Py) & {a<b,y1 <a,a,b,y1}; {(a,0),(b,a)}; 0; 0
a[l](y1).b[1](z). (P | ) & {a<b,a<a,a,b}; {(a,0),(b,a)}; 0; 0

S Ss eSS

With a simple induction on deductions we can show the following basic facts.
LEMMA 6.2. Let® ; P= R; C; N; B. Then

(1) dom(R)NN = 0.

(2) dom(C) C dom(R).

(3) BCdom(C)UN.

(4) range(C) C dom(CQ).

%) cl(C,o) Cdom(C).

6) rcl(C, o) C dom(C).

(7) re™(C,.o7) C dom(C).

(8 (R\dom(C))* is loop free.
LEMMA 6.3. IfR |y Cdom(C), then y is minimal in (R\ rcl(C,R | y))™.

The following Soundness and Completeness Theorem shows that he above rules fully
characterize all possible interference typing of a process. correctness of rule (Def-I).

THEOREM 6.4 SOUNDNESS. If® ; P = R; C; N; Bandfor some Z,. NV, B:

() Z= R\ (AN UB))T is loop free;
2) NUB=rxc(C, N ULB)UN;
(3) B\ N CB;

then® =P » Z; N B.

PROOF. By induction on the proof of ® ; P = R; C; N; B.
Rule {MCasT-1}

®;P= R ;C;N;B
0;un(y).P= R; C;N; B
where R; C;N;B =m(u,R',C",N',B’).

{MCasT-1}

We define:
- =R\ (N UZ)*,
_JV,:{JV\M if u & dom(R')UN,

b}

N otherwise.
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g PB\u ifugdom(R’)UN’,.
B otherwise.
We need to show that:
(1) Z#' = (R\(AN"UAB))";
2N ANULB =rc(C, N UBYUN;
(3 #\ ' CB.

Points (1), (2'), and (3") imply by induction hypothesis that ® =P » Z'; A", %'. More-
over we must show that one rule between {MCAST}, {MCASTN} and {MCASTB} can be
appliedto® P » #Z'; N'; P’ giving as conclusion ® Fun|(y).P » Z; N ; B.

Point (1) holds by definition. Point (3") follows from Point (3) since &'\ A" = B\ N
and in all cases of the definition of m but (1)(y)(¢) we have B C B'. In case (1)(y)(9) we
have B =B'U{a} and a & dom(R") UN', which implies a ¢ %'. So also in this case Point
(3) holds.

To prove Point (2') and the derivability of ® - u[n](y).P » Z; A ; % we distinguish if
u is a service name or a variable. For u service name we consider different cases according
to

—how R is obtained from R’ by rule {MCAST-1};
—whether u is an element of Z, A or B\ A

u is a service name. Let u = a. To show derivability of ® - w[n](y).P » %Z; A" ; % and

Point (2') we distinguish some subcases.

R =R'{a/y} or R=R'{a/y}U{a}. Note that these two cases are different only when
both y and a do not occur in R’. This case corresponds to cases (i) and (p) of the
definition of m. In both cases a ¢ N’: this holds by hypothesis in case (i) and it
follows from a € dom(R’) and Lemma 6.2(1) in case (p). Moreover we get N = N’
by definition of m, which implies a ¢ N. We distinguish the following cases.

a € %. We can only apply rule {MCAST} to obtain ® - u[n](y).P » Z; N ; B;
this is possible being Z loop free by hypothesis. For Point (2') from Point (1) we
geta ¢ A UZP and then A’ = A and B’ = P by definition. We distinguish some
further subcases according to the definition of C.

C=Cwu{(a,R | y)}. We are in cases (1)(y) and (p)(ct)(y). We get rcl(C,. 4 U
B) =rcl(C, N UB) =rc(C', V" UR),sincea ¢ N UB=A4"UZSB'. Since
N = N’, Point (2') follows from Point (2).

C=C'\rcd(C',a). We are in case (p)(a)(7). We get rcl"(C',a) Ndom(C) = 0
by definition of C. Moreover rclﬂ(C’ ,a)NN’ =0 by Lemma 6.2(1) and (2), being
rcl™(C’,a) € dom(C') by Lemma 6.2(7). Point (2) implies 4" U % C dom(C)U
N, so we get A" URB' C dom(C)UN' since A UB = .+#"UZP and we conclude
that rcl™(C’',a) N (A" UZA') = 0. This implies rcl(C, 4 URB) =rcl(C', N UA)
and Point (2') follows from Point (2), being N = N’ .

C=C". Wearein cases ()(¥) and (p)(@). Point (2') coincides with Point (2).

a € /. By Point (2) rcl(C,a) C A U Z, which implies a € dom(C), since a ¢ N.
From a € dom(C) we can exclude the following cases of the definition of m:

- case (L)(Y), since a € dom(R'YUN" and C = C’;

- case (p)(a0)(7), since a € dom(C') and C = C'\ rcl™(C', a);
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- case (p)(@), since a & dom(C') and C = C'.

Therefore we can only be in cases ()(y) or (p)(e)(7y) of the definition of m. In
both cases condition () holds, i.e. R" | y € dom(C’), and C=C'U{(a,R" | y)}.
Since a € A4 and R’ | y C C(a) by definition of C, we get by Point (2)

RlyCAHruz (#)

In case (()(y) we have A4 UZB' U {a} = A4 UZ by definition of A", %'. More-
over condition (1) implies a ¢ R’ | y (since a ¢ dom(R’) is part of condition (1)).
Then (#) implies R" | y C A4 UZ%'. So rcl(C', /" UL )U{a} = rcl(C, AN U RB)
by definition of C and we get from Point (2) rcl(C', /" UB)UN' = 4" UZH , i.e.
Point (2).

In case (p)()(y), condition (p) is a € dom(R’) and then /" UZB = AU R
by definition of A7, %&'. We get R" | y C A" U % from (#), which implies
rel(C, A/ URB) = rcl(C', A" UZA') by definition of C. By Point (2) then we get
immediately Point (2').

In both cases, from R’ | y C A" UZ, Point (2') and Lemma 6.2(1) we get R’ | y C
dom(C'). This implies y is minimal in (R"\ rcl(C’,R’ | y))* by Lemma 6.3. From
R |lyC AU, Points (1') and (2') we have that y is minimal in %’ and then we
can apply rule {MCASTN}.

a € B\ N . Asinprevious case we can exclude cases (1L)(7), (p)(a)(7), and (p)()

of the definition of m. Point (2') is proved reasoning as in the previous case, and
this implies that y is minimal in %’. By Point (3) we get a € B and this implies
we are in case (UL)(Y)(@) or (p)(x)(Y)(¢) of the definition of m. Condition (¢) is
cf(R'{a/y}) and this implies cf (%’ \\y) by Point (1'). So rule {MCASTB} can be
applied.

R=R'\ (rcl(C’,(R" | y))U{y}). This correspond only to case (V) of the definition of
m. The condition a € N implies a € 4 U Z by Point (2). Moreover we have by
definition 4" = 4" and Z = %’. We distinguish two subcases:

ae€ . AN. Wehave C=C'\rcl(C',R" | y) and N = N'Urcl(C',R" | y). By Point (2)

N C A4 UZB, and this implies R’ | y C .4 U % by definitions of N and rcl, be-
ing by hypothesis R’ | y C dom(C'). By Lemma 6.1 we get rcl(C’'\ rcl(C',R" |
V), N UB)Urc(C' )R | y) =rcl(C', NV UZRB). ie. re(C,HV URB)Urcl(C R |
y) = rel(C', A U A), which implies rcl(C, 4 UB)UN = rcl(C', /" UB)UN' by
definitions of C and N. So Point (2) implies Point (2).

The proof of y minimal in %’ is as in case R = R'{a/y} or R =R'{a/y} U {a} and
a € . Sorule {MCASTN} can be applied to obtain the typing in the progress
system.

a € A\ N . The proofs of Point (2') and of y minimal in %’ are as in previous case.

By Point (3) we get a € B and this implies we are in case (V)(¢) of the definition of
m. Condition (¢), i.e. cf(R'{a/y}), implies cf(%'{a/y}) by Point (1'). So we can
apply rule {MCASTB}.

u is a variable. The proof is similar to that of case u =a and R=R’\ (rcl(C',R’ | y)U{y}).
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Rule {CoNc-I}.

0;P = Ri;CsNys By ©;P2 = Ro; Co; Nas By
KNN=0
O;P | R;CN; B

{Conc-I}

where
D; = dom(R;) \ dom(C;) ie{l,2}
N =N; UN2Ucl(C; UCy Ny UNy)
K=rcl"(C,wC,,D; UD»)
R=(Ui2R)\N
C=(CiuCy)\ (NUK)
B = (B1NB2)U(Uiz12{a € Bi| a ¢ dom(R7) UN})
We define:

%= R\ (¥ UB))",
- N =N N(dom(C;)UN;),
- B; = BN (dom(C;) UN;).

We need to show that rule {CONC} can be applied to ® - Py » Z;; M ; P and
OFP » %; N B, givingasresult O H Py | P, » Z; N B, ie. (being Z loop
free by hypothesis) that:

(@) Z= (% UZ%)*;
(b) A = MU

(c) B =%1U%B;

(d) %N (ANUSB;) =0;

and moreover that:

(1) Zi = (Ri\ (A U%))";
(2/) J%U%i:rcl(Ci,JI{U%i)UN;;
(3" %\ A CB,.
We first show that:
KN(AUB)=0 )

By definition of C we get KNdom(C) = 0. By applicability of rule { CONC-1} we get
KNN = 0. By lemma 6.2(6) we have rcl(C, 4" UZ) C dom(C), which gives by Point (2)
N UZB Cdom(C)UN.

—Proof of Point (a).
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N
I

(R\ (4 U2))"
by Point (1)
(RIUR)\N)\ (/" U2))*
by definition of R
= (RIUR)\ (S UZ))*
since N C .4 U % by Point (2)
= (RIN(AUZ)U (R \ (AN UZ))"
= (%1U%2)+.

—Proof of Point (b).

(D). Immediate by definition of .4;.

(©). If a € A, then by Point (2) either a € rcl(C, 4/ UZ) ora € N.

By Lemma 6.2(6) a € rcl(C, 4 U Z) implies a € dom(C), and this gives a € dom(C;)
for i = 1 or i = 2 by definition of C. From a € .4 Ndom(C;) we conclude a € .4/ by
definition of ;.

If a € N, then either a € cl(C; UCy,N; UNy) ora € N; for i = 1 or i = 2 by definition of
N. In the first case a € dom(C;) by Lemma 6.2(5) and we can conclude as before. In the
second case we have a € .4 N N; and we conclude a € .4 by definition of _4;.

—Proof of Point (c). Similar to the proof of Point (b).
—Proof of Point (d). By definition of %; and Points (b) and (c).
—Proof of Point (1).

(C). Immediate by definition of %; and Points (b) and (c) since AU %B; C A U A.
(D). We start by proving

Ri\ dom(C;) CR;\ (A UZA) (%)

By definition dom(R;) \ dom(C;) = D; C K and this implies D; N (A4 U %) = 0 by (b).
We get then D; C dom(R;) \ (4" U Z), which in turn implies (x).

R\ (AUZB:) = R\ (S URB)N(dom(C;)UN;)) by definition of 47, %; and distributivity
= R\ (S UB)Ndom(C;)) since dom(R;) NN; = 0 by Lemma 6.2(1)
= R\ (V' UZL))U(Ri\dom(C;))

C R\ (AN UB) by (%).

—Proof of Point (2).

(Q). Ifa € UL, then a € A UL and either a € dom(C;) or a € N; by definition of
A7 and %;. From a € A;U%; and a € dom(C;) we get a € rcl(C;, A;U ;) by definition
of rcl and this concludes the proof.

(D). If a € N;, then a € N by definition of N, and this implies a € 4" U £ by Point (2).
From a € (A4 U%)NN; we conclude a € ;U %, by definition of .4; and %;.

If a € rcl(C;, S UZ;), then a € dom(C;) by Lemma 6.2(6). We prove

rel(Ci, VY UB)C N UB  (h)

by induction on the definition of rcl. Since rcl(C;, A7 U%;) C rcl(C;, A URB) (1) implies
rcl(Ci, AU ZB;) C A UAB. Then we have a € (A U L) Ndom(C;) and we conclude
a € ;U %, by definition of .4/ and %;.
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For the induction step of the proof of () let b € C;(a) and a € .4 U Z. By definition of
C we get either b € C(a), ora € NUK.

If b € C(a), then b € AU Z by Point (2).

If a € N, then either a € Ny UN; or a € cl(C; U Cy,N; UN>) by definition of N. In
both cases b € rcl(C; W Cy, Ny UNy) by definition of rcl. This implies b € N again by
definition of N, so we conclude b € .4 U 2 by Point (2).

Ifae A/ UZA, thena & Kby (b).

—Proof of Point (3').

Bi\ N = (BN (dom(C;) UN;))\ (A4 N (dom(Ci) UN;))
by definition

(B\ )N (dom(C)) UNy)

BN (dom(C)UN;)

by Point (3)

Bﬁ(dom(R;)UN;)

by Lemma 6.2(2)

= [(BiNB2)U(Uj=10{a€Bjla ¢ dom(RT) U NT})] N (dom(R;) UN;)
by definition of B

Biu{a e Bj|a¢dom(R;)UN:})

Bi.

Nl

N

1N

O

Take for instance the process Ps defined above. A possible choices for Z, A", A is:
X1 =0, M ={a,b}, B =0. However also the choice %, = {b}, N5 = {a}, B =0
represent a valid typing for P; in the interaction system

In a valid deduction (R\ (.4 UZ))™ is always loop free so if for some process P we can
deduce ® ; P = R; C; N; B, a safe choice of %, ./, % is to take Z = (R\ dom(C))*
A =NUdom(C) and # = B.

Note the use of C. Looking only at the set R we see a loop a < a which would forbid to
type the process. However in C we recover the information that at the point in which a was
closed it was minimal in the order, and then it was suitable to be closed with a nesting rule.
The service b, on the contrary, can be closed both with a nesting rule and with {MCAST},
{MAcc}. This could be relevant if P; is a subterm of a bigger process: our type analysis
is fully compositional. Indeed the inference rules fully characterize all the possible typings
of a process in the interaction type system.Mariangiola says: modified in accordance with
the new example

THEOREM 6.5 COMPLETENESS. LetO P w» Z; N ; B. Then® ; P= R; C; N; B
and:

() Z=R\(NUB))";
(2) N UZPB=rcl(C, ¥ UB)UN;
(3) B\.¥ CB.

PROOF. By induction on the deduction of ® - P » Z; A" ; . We show the most
interesting cases.

Rule {MCAsT}.
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OFP» Z, NP
O Faln|(y).P » Z#{a/y}J{a}; NV ;B

{MCasT}

By induction hypothesis ® ; P = R; C; N; B where Points (1), (2) and (3) hold.
We need to show that rule {MCAST-1} can be appliedto ® ; P = R; C; N; B getting
O ; aln)(y).P = R'; C'; N'; B’ and that:

(1) Z{a/y}U{a} = (R'\ (N UZ))":
(2) N UB =rd(C', N UB)UN';
(3) B\N CB.

Applicability of rule {MCAST} requires a ¢ A UZB. Froma ¢ A U we geta ¢ N
by Point (2). Therefore we are in cases (i) or (p) of the definition of m. Since in these
cases either R' = R{a/y} and a € R{a/y} or R = R'{a/y} U {a}, from Point (1) we get
R{al/y}U{a} = (R\ (A UB))T, ie. Point (1').

In all cases of the definition of m but (1)(Y)(¢) and (p)()(¥) we have either B’ = B or
B’ = BU{a}, so from Point (3) we get Z\ A4 C B/, i.e. Point (3'). In case (1)(y)(¢) we
have B’ = B\ {a}; being a ¢ %, Point (3) implies Point (3'). In case (p)(ct)(7) we have
B’ =B\ rcl™(C,a): since a & .4 U2 implies rcl"(C,a) N (A U2) = 0 by Point (2), Point
(3) implies Point (3').

To show applicability of rule {MCAST-1} and Point (2') we consider some subcases.

ag¢ Rorac X andR | yu{a} Cdom(C). We are respectively in cases (i) or (p)(00)(y)
of the definition of m, so rule {MCAST-1} can be applied. In both cases C’ differs from
C only in the value at ¢ and, since a ¢ .4#"U 9, Point (2) implies that a ¢ rcl(C, 4 U A).
Then rcl(C, A" URB) = rcl(C', A URB), so Point (2') follows immediately by Point (2).

a€ZX,acdom(C),R |yZdom(C). Wearein case (p)(a)(y) where C' = C\rclﬂ(C,a).
From a ¢ A U % we have rcl(C,a) N (.4 U %) = 0 by Point (2) and this implies
rel(C, 4 UB) = rcl(C', A UZR) showing, as in the previous case, Point (2'). By appli-
cability of {MCAST} we get #{a/y} loop free, which implies (R{a/y}\ (/" UA))"
loop free by Point (1’). We have

R{a/y}\dom(C") = R{a/y}\ (dom(C")UN) by Lemma 6.2(1)
C R{a/y}\ (rel(C', /' UP)UN) by Lemma 6.2(6)
= R{a/y}\ (AN URB) by Point (2').

This implies that (R{a/y} \ dom(C\ rcl™(C,a)))* is loop free, justifying the applica-
bility of rule {MCAST-1} in this case.

a€ % and a ¢ dom(C). We are in case (p)(@). Point (2') is straightforward since C' = C
and N = N’. As in previous case we have that (R{a/y}\ (/" UZ))" is loop free and
we can show R{a/y}\ dom(C') C R{a/y}\ (A4 UZB). So we conclude that (R{a/y}\
dom(C))™ is loop free and then rule {MCAST-I} can be applied.

Rule {MCASTN}.
OFP» Z; N, B
O Faln|(y).Pp » Z\\y; N U{a}; B
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By induction hypothesis ® ; P = R ; C; N; B and Points (1), (2) and (3) hold.
From y minimal in % and Point (1) we get R | y C .4 U %, which gives the condition
R |y € dom(C) (i.e. condition (y) of the definition of m) by Point (2) and Lemma 6.2(1).
Applicability of rule {MCASTN} requires a ¢ #. From a ¢ % by Point (1) we get ei-
ther a € dom(R) or a € A4 U %, which imply either a ¢ dom(R)UN or a € N or a €
dom(C) by Point (2). Therefore rule {MCAST-I} can be applied getting ® ; a@[n](y).P =
R"; C'; N’; B’ and we are in cases (1)(y) or (V) or (p)(a)(y) of the definition of m.

We need to show:

(1) Z\y =R\ (A U{a}URB))":
(2" N U{atUB=rcl(C', ¥/ U{a} UB)UN';
(3") &\ (A U{a}) CB".

In cases (u)(7) or (p)()(y) we have either R = R{a/y} or R = R{a/y}U{a}, C' =
Cu{(a,R|y)},N"=N,and B'=B, or B'=BU{a}, or B’ =B\ {a}. We get immediately
Z\\y = (R'\ (A U{a}UB))",ie. Point (1), by Point (1).

We get A U{a} UB C rcd(C', A U{a} UZ)UN by Point (2), since a € dom(C")
by definition of C'. Since a ¢ Z by applicability of rule {MCASTN} we have by Point
(1) either a € A UZ or a ¢ dom(R), which implies a ¢ dom(C) by Lemma 6.2(2). In
both cases C(a) C A U2, in the first case by Point (2) and in the second case since
C(a) = 0. Then we get A U{a}UB=rcl(C', ¥/ U{a}UB)UN, ie. Point (2°), by
Point (2) and definition of C’, being R | y C A4 UZ and C(a) C A UZPB. We conclude
N U{atUB =rc(C', A/ U{a}UB)UN,i.e. Point (2').

From Point (3) and the definition of B’ we get 8\ (/" U{a}) C B, i.e. Point (3').

In case (V) we have R" = R\ (rcl(C,R | y)U{y}), C' = C\rcl(C,R | y), N =NU
rcl(C,R | y) and either B’ = B or B’ = B\ {a}. Note that a € N implies a & dom(R)
by Lemma 6.2(1), and then a ¢ dom(R’) by definition. From R | y C .4 U % we get
rcl(C,R | y) C (A UZ) by Point (2). Therefore from Point (1) and a € dom(R’) we have
Z\\y = (R'\ (A U{a}UB))T,i.e. Point (1").

SinceR | y C A U{a}UAB, by Lemma 6.1 rcl(C\rcl(C,R | y), # U{a}UL)Urcl(C,R |
y) =rc(C, A/ U{a}URB),ie. rcl(C', N/ U{a}UB)Urcl(C,R | y) =rcl(C, N U{a} UAB),
which implies rcl(C', A4 U {a} UZB) UN = rcl(C,.# U{a} UZB)UN by definition of
N’. From a € dom(R) we get a &€ dom(C) by Lemma 6.2(2), which implies rcl(C,a) =
rcl(C’,a) = 0 by definition of rcl. So Point (2) implies Point (2').

From Point (3) and the definition of B’ we get 8\ (4 U {a}) C B’, i.e. Point (3').

Rule {MCASTB}.
OFP» Z; N, B cf(Z\y)
O +un)(y).P » Z\\y; N ; BU{u}
We only consider the case u = a is a service name, the proof for u variable being similar
and simpler.

Note that the conditions for applicability of rule {MCASTB} are all those for appli-
cability of rule {MCASTN} with the additional requirement that cf(Z \\y) holds, which
implies by Point (1) cf(R{a/y}), i.e. condition (¢). We are so in cases (L)(V)(§), (V)(¢)
and (p)()(Y)(¢). We can then prove the applicability of rule {MCAST-1} as in the case of

rule {MCASTN}. If the result of the application of rule {MCAST-1} is ® ; @[n](y).P =
R"; C'; N'; B’ we need to show:
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(1) Z\y= R\ (A UBU{a}))";
(2" yuBU{a}=rcl(C', NV UBU{a})UN’;
(3" BU{a}\ NV CB.
The proof of Points (1) and (2') is as in the case of rule {MCASTN}.
We get ZU{a}\ A4 C B/, ie. Point (3'), in case (u)(y)(¢) since B’ = BU{a} and in
the other cases since B’ =B and a € dom(R)UN, a ¢ Z imply a € A4 U ZA.

Rule {CoNC}. Let
OFP » %1;1/1/;931 OFP » 3?2;%;%2
OFP |P» (.@1U%2)+;</V1U</V2;<@1U<@2

be the last applied rule. By induction hypothesis fori=1,2wehave ® ; P, = R;; C;; N;; B;
and:

(1) Z;i = (Ri\ (A UB;))" is loop free;
(2/) JVU% rCl(Ci,J%U%i)UNi;
(3" %\ A CB,.

We need to prove that rule {CONC-1} can be appliedto ® ; Py = R;; C;; Ny; By and
®; P, Ry; Cy; Ny By gettingasresult ® ; Py | P, = R; C; N; B and that Points
(1), (2) and (3) hold with Z = (%, U%>)", NV = MU N3, and B = B, U B,.

We first show that:

(@ rcd(CGGUCy, S URB) C AN USRB,;
(b) NC AN UZ;
(c) KCdom(Z).

—Proof of Point (a).
The proof is by induction on the construction of rcl. For the induction step if a € A4;U%;,
then C;(a) C AUB,; by (2'). If a € AU PB; and C;i(a) # 0, then a € dom(C;). Lemma
6.2(2) implies dom(C;) C dom(R;), and thls gives dom(C;) C dom(%;) U AU B; by
(1). We have dom(%;) N (A5 U %;) = 0 by applicability of rule {CONC}. This implies
a € A;UZ; and we conclude as in previous case.

—Proof of Point (b).
By definition of N, since Ny UNy C A" UZ by (2') and rcl(C,UCy, /' UB) C N URB
for i = 1,2 by Point (a).

—Proof of Point (c).
By definition a € K implies a € Dy, or a € D, or there is b € Dy UD; such that b €
cd(CLuCy,a).

D; = dom(R,) \ dom(C;)
C dom(R)\ (4 U%,) by Point (2') since dom(R;) "N; = 0 by Lemma 6.2(1)
= dom(%;) by Point (1)
C dom(Z%) since Z = (% U%,)".
If there is b € D; UD; such that b € cl(Cy W Cy,a), then by above b € dom(Z). Being
dom(Z) N (A UZB) = 0 by applicability of rule {CONC}, this implies b & A4 U 2. So
we geta & ./ U2 by Point (a). Therefore we conclude a € dom(Z%).

{Conc}
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—Applicability of rule {CONC-1}.

The condition KNN = @ immediately follows from Points (b) and (c).

—Proof of Point (1).

x = (%1U%2)+
by definition
(2 \ (M US))U (282 (MU 21)))"
by applicability of rule {CONC}
(RN (M UZ))\ (AU S2))U((R2\ (A2U %)) \ (M US1)))*
by Point (1)
= ((RIUR)\ (A UZ))"
= ((RIANN)U(R2 \N))\ (#'U2Z))"
by Point (b)
— (R\(/UZ))".

—Proof of Point (2).

(D). The inclusion A4 U2 2 rcl(C, 4" U ) follows immediately from Point (a) since
by definition C C C; U C,. By (2') A4 UZ D N1 UN; and by Point (a) we have A4 UZ D
cl(CywCy, Ny UNy), so we get A4 UZ D N.

(C). We show that a € AU Z; implies either a € rcl(C,. 4 UZ%) or a € N. By (2)

a € ;U %B; implies either a € rcl(C;, A UZ;) ora € N;. If a € N;, then by definition of
N we geta € N.

Leta € rcl(C;, A UZ;). If a ¢ NUK, then by definition of C we have a € rcl(C, A UZ;).
Being rcl(C, AU %;) C rcl(C, .4 U %) we are done.

If a € N there is nothing to prove.
The case a € K is impossible, since K C dom(#) by Point (c) and rcl(Cy, 41 U %)) C

(M U ) by Point (2') and dom(Z) N (A1 U %) = 0 by applicability of rule {CONC}.

—Proof of Point (3). Note that |\ A U %, \ N2 C (HB1UPB>)\ (A1 UA3) and that
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(BLUB)\ (MUN) =B\ (MUM)USB,\ (AN UA). Then we have:

(#1UB)\ (MUN) = (1 \ M) N (B2\A2))U((81\ (M UA2))U
(#:\ (M U))
(BlﬁBg)U{aeBlﬂ%’1|a¢JI/Q}U
{aGBzﬂ%ﬂa%JH}
by Point (3')
= (BlﬂBg)U{aeBlﬂ%’l|a¢%2U%}U
{a€B2ﬂ<@2|a¢%1U%}
since BN%7 =10
(BlﬁBz)U{aGBl|a€%2U</V2}U
{aEBg|a¢%1UM}
= (BlﬁBg)U{a € B, | a gﬁte/Vzuc@z}U
{aeBﬂa%%’ﬁJJﬁU%’ﬁ
since if a € %, and a ¢ 3 then
by Point (3') a € B, and then a € B; N B,
= (BlﬁBz)U{a € B; | a gdom(Rg)UNz}U
{a €B, | a gdom(Rl) UNl}
by Points (1), (2) and
Lemma 6.2(2) and (6)
= B.

N

N

O
In the end we can state the following

COROLLARY 6.6. A process P has the progress property iff the exists © such that
® ; P= R; C; N; Bisprovable for some R, C, N, B.

7. CONCLUSIONS AND RELATED WORK

The programming framework presented in this paper relies on the concept of global types
that can be seen as the language to describe the model of the distributed communications,
i.e., an abstract high-level view of the protocol that all the participants will have to respect
in order to communicate in a multiparty communication. The programmer will then write
the program to implement this communication protocol; the system will use the global
types (abstract model) and the program (implementation) to generate a runtime represen-
tation of the program which consists of the input/output operations decorated with explicit
senders and receivers, according to the information provided in the global types. An alter-
native way could be that the programmer directly specifies the senders and the receivers
in the communication operations as our low-level processes; the system could then infer
the global types from the program. Our communication and interaction type systems will
work as before in order to check the correctness and the progress of the program. Thus
the programmer can choose between a top-down and a bottom-up style of programming,
while relying on the same properties checked and guaranteed by the system.

We are currently designing and implementing a modelling and specification language
with multiparty session types [Scribble 2008] for the standards of business and finan-
cial protocols with our industry collaborators [UNIFI 2002; Web Services Choreogra-
phy Working Group 2002]. This consists of three layers: the first layer is a global type
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which corresponds to a signature of class models in UML; the second one is for conversa-
tion models where signatures and variables for multiple conversations are integrated; and
the third layer includes extensions of the existing languages (such as Java [Hu et al. 2008])
which implement conversation models. We are currently considering to extend this mod-
elling framework with our type discipline so that we can specify and ensure progress for
executable conversations.

Multiparty sessions. The first papers on multiparty session types are [Bonelli and Com-
pagnoni 2008] and [Honda et al. 2008]. The work [Bonelli and Compagnoni 2008] uses
a distributed calculus where each channel connects a master end-point and one or more
slave endpoints; instead of global types, they solely use (recursion-free) local types. In
type checking, local types are projected to binary sessions, so that type safety is ensured
using duality, but it loses sequencing information: hence progress in a session interleaved
with other sessions is not guaranteed.

The present calculus is an essential improvement from [Honda et al. 2008]; both pro-
cesses and types in [Honda et al. 2008] share a vector of channels and each communication
uses one of these channels, while our user processes and global types are simpler and user-
friendly without these channels. The global types in [Honda et al. 2008] have a parallel
composition operator, but its projectability from global to local types limits to disjoint
senders and receivers; hence it does not increase expressivity.

Our calculus is more liberal than the calculus of [Honda et al. 2008] in the use of decla-
rations. For example

Pr=a[2](y1)-b[2](y2).def X (xy) = P in y12(2,x1);X (x1,31) [ y22(2,%2); X (x2,2)

in parallel with

P, = al2](z1).b[2](z2).z1!(1,true); 0 | z2!(1,false); 0

reduces to

(vs)(vs')(def X (xy) = Pin P{true/x}{s/y} | P{false/x}{s'/y} |s: & |5 : &)

while the process in the calculus of [Honda et al. 2008] whose translation is Py | P, cannot
be typed, since the channel variable must be the same in the definition and in the call.
Similarly the delegation in [Honda et al. 2008] requires that the same channel is sent and
received: this restriction is important for subject reduction as pointed out in [Yoshida and
Vasconcelos 2007]. The present calculus solves this issue by having channels with roles,
as in [Gay and Hole 2005] (see the example at page 21). This last example shows also
that the original calculus has stuck processes whose translations in the present calculus are
reducible. Note that these translations satisfy the interaction type system.

Different approaches to the description of service-oriented multiparty communications
are taken in [Bravetti and Zavattaro 2007; Bruni et al. 2008]. In [Bravetti and Zavattaro
2007], the global and local views of protocols are described in two different calculi and
the agreement between these views becomes a bisimulation between processes; [Bruni
et al. 2008] proposes a distributed calculus which provides communications either inside
sessions or inside locations, modelling merging running sessions. The type-safety and
progress in interleaved sessions are left as an open problem in [Bruni et al. 2008].
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Progress. The majority of papers on service-oriented calculi only assure that clients
are never stuck inside a single session, see [Acciai and Boreale 2008; Dezani-Ciancaglini
et al. 2008; Honda et al. 2008] for detailed discussions, including comparisons between the
session-based and the traditional behavioural type systems of mobile processes, e.g. [ Yoshida
1996; Kobayashi 2006]. We only say here that our interaction type system is inspired by
deadlock-free typing systems [Kobayashi 1998; 2006; Yoshida 1996]. In [Acciai and Bore-
ale 2008; Dezani-Ciancaglini et al. 2008; Honda et al. 2008], structured session primitives
help to give simpler typing systems for progress.

The first papers considering progress for interleaved sessions required the nesting of
sessions in Java [Dezani-Ciancaglini et al. 2006; Coppo et al. 2007] and SOC [Acciai
and Boreale 2008; Lanese et al. 2007; Bruni and Mezzina 2008]. The present approach
significantly improves the binary session system for progress in [Dezani-Ciancaglini et al.
2008] by treating the following points:

(1) asynchrony of the communication with queues, which enhances progress;
(2) a general mechanism of process recursion instead of the limited permanent accepts;
(3) amore liberal treatment of the channels which can be sent; and

(4) the standard semantics for the reception of channels with roles, which permits to get
rid of process sequencing.

None of the previous work had treated progress across interfered, dynamically inter-
leaved multiparty sessions.

Acknowledgements. We thank Kohei Honda and the Concur reviewers for their com-
ments on an early version of this paper and Gary Brown for his collaboration on an imple-
mentation of multiparty session types.
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A. PROOFS OF THE PROPERTIES OF THE COMMUNICATION TYPE SYSTEM
LEMMA A.l1 INVERSION LEMMA FOR PURE PROCESSES. (I) IfT'Fu: S, then u:
Serl.
2) IfT'ttrue:S, then S = bool.
3) IfTfalse: S, then S = bool.
4 IfT'tejandey: S, thenT' - eq,e3 : bool,S = bool.
5) IfT'+aln](y).PrA thenT Fa:(G) andT+P>A,y:G |1 and pn(G) < n.
6) IfT+alp](y).PrA thenT Fa: (G)andTHP>Ay:G | p.
(7) IfTEcILe); P>A, then A=Nc: (I1,S);T andTe:SandTHP>A ¢ T.
8 IfTHc?(q,x);P>A then A=A ,c:2(q,S);T and T, x: S+ PrAc: T.
) IfTEcl{p,));PoA then A=A c: W p,T');T,c' : T and
I'FPoA,c:T.
(10) If T+ c2(q,y));P>A, then A= AN ,c:2(q,T');T and U+ PN c:T,y: T'.
(1) IfTFc@(ILLj);PoA, then A=A ,c: ®(IL{l;: T;}ics) and T+ PoA ¢ : Tj and
jel
(U2) IfTFc&(p,{li: P.}icr)>A then A=A c: &(p,{li: T; }ier) and T PN ¢ T; Vi€
L
(U3) THP|QvA then A=ANUA" and T+ P> A and T+ QA" where dom(A') N
dom(A") = 0.
(I14) If T Fif ethen Pelse Qv A, thenT'F e : booland ' P>A and T QA
(15) IfTF O A, then A end only.
(16) If T+ (va)PrA, thenT,a: (G)F PrA.
U7) T, X:STHX({e,c)pA then A=A c:T andT'te: S and A’ end only.
(I8) IfTHdef X(x,y) =Pin QbA, thenT,X :ST,x:SEP>{y: T} and T, X: ST+ Q>A.
LEMMA A.2 INVERSION LEMMA FOR PROCESSES. (/) IfI'ty P>Aand P is a pure
process, then Y =0 and '+ P> A.
(2) IfTtg s: @>A then A= end only.
(3 Tk sih-(q,ILv)>A, then A=A {s[q] : (1, S) } and Tk s : h-A" and TE v S.
) IfTkyy s:h-(q,p,5'[p])>A, then A= A;{s[q] : (p,T")} and T Fry s : h- A" and
sSp):T eA
() IfTkyys:h-(q,IL1)>A, then A=A {s[q] : ©(I1,1)} and Tt-5y s h- A,
(6) IfTFe P|ObA thenE =X ULy and A= A; %Ay and 'y, P>Ay and T by, Q> Ay,
(7) If Ty (vs)PoA, then2 =Y \sand A=A\ s and co(A',s) and T Fy P>A.
(8) IfTty (va)PrA, thenT,a: (G) Fx PrA.
(9) IfTtxdef X(x,y)=Pin QvA then, X :ST,x:SFP>y:TandT,X :ST Fy O>A.
LEMMA A.3. (1) IfT gy s:(q,ILv)-h>A, then A= {s[q] : {IL,S)} ¥ A" and T
s:hoAN andTHv:S.
() IfT iy s:(q,p,s'[p])-h>A, then A= {s[q] : (p,T")} A and T\ s : h>A' and
sSp]:T eA
() Thyys:(q L) -h>A, then A= {s[q] : (L)} A" and T gy s : h>A'.
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THEOREM A.4 TYPE PRESERVATION UNDER EQUIVALENCE. IfI'ty P>A and P =
P, thenT Fx P'>A.

PROOF. By induction on =. We only consider some interesting cases (the other cases
are straightforward).

P|0=P . First we assume I' -y P>A. By I't 0>0 and by applying | GPAR| to these
two sequents we obtain I' -y, P|0>A.
For the converse direction assume I' -y P|0>A. Using A.2(6) we obtain: I' by P> Ay,
[k 0>Ay where A=Ay %Ay, T=Y UX" and ¥’ NE” = 0. Using A.2(1) we get
Y =@, which implies £ =Y', and ' 0> A;. Using A.1(15) we get A; end only and we
conclude I' k5 P>A; A by applying | QWEAK|.

P|Q=0Q|P .By the symmetry of the rule we have only to show one direction. Suppose
['Fx P | O>A. Using A.2(6) we obtain I' -y P>A1, Ty Qb Ay where A=A x Ay, £ =
Y UY” and ' NE" = 0. Using | GPAR| we get 'y Q | P> Ay xA;. Thanks to the
commutativity of %, we get A * A; = A and so we are done.

P|(Q|R)=(P|Q)|R . Suppose 'z P | (Q | R)>A. Using A.2(6) we obtain I Fy/
PrA|,TFyr Q| R-Ay where A=A xAy, £ =Y UL and ¥’ NE” = 0. Using A.2(6)
we obtain I' I—Z/{ O>Ay, T }—2/2/ R1>Agy where Ay = Agj % Agp, X/ =X/ NEY and I} U
¥J = 0. Using [GPar] we get I’ Fyosy P | O>A; *Ay;. Using | GPAR| again we get
Ity (P| Q)| R>Aj xAg) % Ay and so we are done by the associativity of . The proof
for the other direction is similar.

5:(q,0,v)-h=s:h . Using A.3(1) we obtain I F (q,0,v) - h>A, where A = {s[q] :
1(0,8)} A" and T kpy s : h>A" and T'F v @ S. Using the equivalence relation on A
we get {s[q] : 1(0,S)} A" =~ A

O

LEMMA A.5 SUBSTITUTION LEMMA. (I) IfT,x:SFP>Aand Tt v:S, thenT -
P{v/x}>A.
(2) IfTEPeAy: T, thenT F P{s[p|/y}>A,s[p] : T.

PROOF. Standard induction on the type derivation, with a case analysis on the last ap-
plied rule. [

THEOREM A.6 TYPE PRESERVATION UNDER REDUCTION. IfT'ty P>A and P —*
P, then T by P'> A for some A such that A = A. Moreover A coherent implies A
coherent and A closed implies N closed.

PROOF. By induction on a derivation of P —* P, with a case analysis on the final rule
(using Theorem A.4 for the structural equivalence).

- Case [Link]

allJyn)-Pr [ [ @ln](ya)-B — (vs)(Pi{s[1]/y1} | ... | Ba{s[n]/yn} | s - #). By hy-
pothesis T' by @[n](y1).Py | a[2](y2).P2 | ... | a[n](yy).Py>A; then, since the redex is an
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inital process, £ =0 and I' - a[n|(y1).Py | al2](y2).P> | ... | a[n](yn).P,>A by Lemma
A.2(1). Using Lemma A.1(13) on all the processes in parallel we have

T'Ealn](y,)-Pa> Ay (1)
CEali](y).P>A (1<i<n—1) )

where A = [Ji_; A;. Using Lemma A.1(5) on (1) we have

I'a:(G)
'-P>A,Y,:Gln 3

and pn(G) < n. Using Lemma A.1(6) on (2) we have

I'a:(G)
F'EPrALyi:Gli (1<i<n-—1). @)
Using Lemma A.5(2) on (3) and (4) we have
Uiy B{sli]/yi} > Ais[i] : G TP (1<i<n). ®)

Using | CONC | on all the processes of (5) we have

n

Tt P As[1]/y1}...|Pfs[n]/yn} > U(Ai,s[i] :G ). 6)

i=1

Note that [ Ji_, (A;,s[i] : G [ i) =A,s[1] : G| 1,...,s[n] : G [ n. Using | GINIT|, | QINIT]
and | GPAR | on (6) we have

Ty P{s[U/y1 | Bads[n] /yn} | s: 2> As[1]: G [ 1,....5[n] : G [ n. )

Using | QSCOPE] on (7) we have

Tio (vs)(P{s[1]/y1}]..-|Ea{s[n] /yn} | s : &) > A ®)

since (A,s[1]: G [ 1,...,s[n]: G [ n)\s =A.

- Case [Send] s[p]!(IL,e);P | s:h— P |s:h-(p,ILv) (el v).
By hypothesis, I' Fx s[p]!(IT,e); P | s : h>A. Using Lemma A.2(1) and A.2(6) we have
Y ={s}and

't s[p|{IT,e); PrA 9)
F}—{S}SlhDAZ (10)

where A = Ay x A;. Using A.1(7) on (9) we have
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Ay = A}, s[p] : (ILS); T

I'ke:S (11)
Lk P>AY,slp]: T (12)

Using | QADDVAL | on (10) and (11) we have
[y s (q,ILv) > Ay {s[p] : IL,S)}. (13)

Using | GINIT| on (12) and then | GPAR] on (12), (13) we get

Chg Pls:h-(q,I1,v)> (Ag; {s[p] : (IT,8)}) * (A}, s[p] : T).

Note that (Ag; {s[p] : (IL,S)}) * (A],s[p] : T) = A (A}, s[p] : (IL,S);T).

Case [Recv]

slpjl?(q,x); P [ s: (@ IL,v) - h — P{v/x} | s: (q,IT\ j,v) -k (p; € D).

By hypothesis, I" Fx s[pj|?(q,x); P | s : (q,I1,v) - h>A. By A.2(1) and A.2(6) we have
Y =0and

'k s[pj|?2(q,x); P>A (14)
Chgs: (q,IL,v)-h> Ay (15)

where A = Ay xAy. Using Lemma A.1(8) on (14) we have

Ay = Ay, slpj] :2(q,S):T
Lx:SEP>ALslp)]: T (16)

Using Lemma A.5(1) from (16) we get I' = P{v/x} >A},s[p;] : T, which implies by rule
| GINIT|

o P{v/x}>A},slpj] : T. 17
Using Lemma A.3(1) on (15) we have

Ao = {s[q] : TLS)} + 4
FI—{S}SZhDA/Z (]8)
'kv:S.

Applying rule | QADDVAL | on (18) we get

Thgy (@ I\ j,v) - {sq] : {IT\ j,5)} #A) (19)
Using rule | GPAR | on (17) and (19) we get

Ty P{v/x} [ (@.TT\ j,v) - he ({s[a] : (IT\ j,S)} #Ag) # (AY,s[pj] : T).
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Note that

({sla] : (IL,8) } % A3) # (A}, s[p;] :2(q,8): T) = ({sla] : (IT\ j, )} A) * (A}, s[p,] - T).
- Case [Label]

spl® (IL1);P|s:h— P|s:h-(p,ILI)

By hypothesis, I -5, s[p] @ (IL,{); P | s : h>A Using Lemma A.2(1) and A.2(6) we have

Y ={s} and

T+ s[p| @ (I, 1); Po A, (20)
FI—{S}SZhDAQ 201

where A = Ay xA;. Using Lemma A.1(11) on (20) we have for I =1; (j € I):

Ay = AY,slp: L {L 2 Tiier)
[+ P>ALLT;. (22)

Using rule |QSEL] on (21) we have

[y s he(p, 1L > Ay {s[p] : ©(IL, 1) }. (23)
Using | GPAR| on (22) and (23) we have

Ty Pls:he(p, 0L 1) > (Agi {s[p] : ©(TLD)}) * (A}, s[p] : 7).

Note that Ay * (A}, s[p] : &(IL, {li : Titier)) = (Ao;{s[p] : &(IL,1)}) * (A, s[p] : T)).

- Case [Branch]
S[pj]&(qv{li : Pi}iG[) | S (qvnali()) “h 4)1)1'0 | S (qan\j7li0) “h (Pj € H) (iO 61)
By hypothesis, I' -y s[p;]&(q, {li : P}ticr) | s: (q,I1,0;) - h>A. Using Lemma A.2(1)
and A.2(6) we have X = {s} and

Tk slpjl&(a, {4 : Pi}ier)> A (24)
Tl si(qILGg) -ho Ay (25)
where A = Ay A = Ay xAy. Using Lemma A.1(12) on (24) we have

Ay =AY, slpj] : &(q, {li : T}ier)
THPoAslp)]: T Viel (26)

Using Lemma A.3(3) on (25) we have

Ay = {sla] : &L L) } A
T st hoA). 27)

Using |QSEL] on (27) we get

kg s (q I\ j, ki) -ho{s[q] : S(IT\ j,1y)} * A (28)
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Using | GPAR| on (26) and (28) we have

1—‘l_{s} Pio | S (qan\j,lio) 'hb({s[cﬂ : @(H\j,li/)}*Aé) * (All’s[pj] : Tio)'
Note that

({sla] : ®(L, L)} A) + (AY,slp)] < &g, {li : Tikier)) =
({sla] - &I\ j,ly) } + A) * (A, s[ps] : Ty )-

O
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