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communication-centred programming, session types have beenand recucision which as a whole form g,natural uniF: o,f conversagi

studied over the last decade for a wide range of process calculi andtion orsessio’nThe structure of a conversation is abstracted as a

programming languages, focussing on binary (two-party) sessions.t é through an intuitive syntax, which is then used as a basis of
This work extends the foregoing theories of binary session types )gl)'dat'n gro M thio 3;] o hssociated tvoe discioling

to multiparty, asynchronous sessions, which often arise in practical ¥ IAs :'ir? gxa?n o the fgﬁowin sesslion " yg delscrli%les 2 simple
? ommgqication-centreﬂ aphplicati_ons.dPresented as a_type?I CalCm-u%usiness protoc'?ol ,between Buf/]er and Seﬁgr from Buyer's vie\?v-

or mobile processes, the theory introduces a new notion of types in PUS!" \ .

which interactions involving multiple peers are directly abstracted E):rlln'tﬁ tiuﬁ)r slferéds g;e.;'t;eat(.);fz?‘e%ogk gﬁ :mngt)é Stilg 22232 ?]%ugé?
as a global scenario. Global types retain a friendly type syntax of | Integer). Uyd : i ISt 4 3{) " qhu daiivery d Id _
binary session types while capturing complex causal chains of mul- dress (@ string) and Seller sends back the delivery date (a date);
tiparty asynchronous interactions. A global type plays the role of a Otherwise it quits the conversation.

shared agreement among communication peers, and is used as a ba- Istring; ?int; ®{0K :!string; ?date;end,  quit : end} 1)

sis of dficient type checking through its projection onto individual )

peers. The fundamental properties of the session type discipline'g‘bove * der;}o;es afn r?utpu'_[ of g;ﬂlue of typedur;lly for q @

such as communication safety, progress and session fidelity ared€notes a choice of the options; represents the termination

established for generatparty asynchronous interactions. of the conver§e}tion. . .
9 party asy Such explicit representation of conversation structures helps us

Categories and Subject Descriptors D.3.1 [Programming Lan- deal with one of the most common bugs in programming with com-
guage§ Formal Definitions and Theory; F.3.8gmantics of Pro- munication, the synchronisation bugs. A programmer expects that
gramming LanguagésProcess models communicating programs should together realise a consistent con-

versation, but they easily fail to handle a specific incoming mes-
sage or to send a message at the correct timing, with no way to
Keywords communications, multiparty, structured programming, detect such errors before runtime. An explicit specification as in
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session types, mobile processes, causality, choreography (1) guides principled programming of communication behaviour
and enables automatic protocol validation (WS-CDL; UNIFI; Hu
1. Introduction et al. 2007). In addition, a clean separation between abstraction

o _ and implementation given by type-based abstraction and associated
Backgrounds Communication is becoming one of the central primitives leads to intelligible programs and flexible implementa-
elements in software development, ranging from web services tions (Hu et al. 2007). Underlying these merits are the following

to business protocols to parallel scientific computing to multi- central properties guaranteed by session types.

core programming. As a potential typed foundation for struc- 1 Int " ithi . . icati

tured communication-centred programming, session types have = Nteractions ;’.‘” |n?ste53|on neverincur a communication error

been studied in many contexts over the last decade, including ~(Communication safety).

calculi of mobile processes (Takeuchi et al. 1994; Gay and Hole 2. Channels for a session are used linearly (linearity) and are

2005; Honda et al. 1998; Bonelli and Compagnoni 2008), higher- deadlock-free in a single session (progress).

order processes (Mostrous and Yoshida 2007), Ambients (Gar-

ralda et al. 2006), multi-threaded ML (Vasconcelos et al. 2006),

Haskell (Neubauer and Thiemann 2004b), F# (Corin et al. 2007),

operating systems @hndrich et al. 2006), Java (Dezani-Ciancaglini Multiparty Asynchronous Sessions The foregoing studies on

et al. 2006; Coppo et al. 2007; Hu et al. 2007), and Web Ser- session types have focussed on binary (two-party) sessions. While
many conversation patterns can be captured through a composi-
tion of binary sessions, there are cases where binary session types
are not powerful enough for describing and validating interactions
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much she can pay, and Buyer2 either accepts the quote or receive§he idea of type abstraction based on a global view (Point 1)
the quote by notifying Seller. It is extremely awkward (if logically comes from an abstract version of “choreography” developed in a
possible) to decompose this scenario into three binary sessions, beW3C web services working group (Carbone et al. 2006; WS-CDL).
tween Buyerl and Seller, between Buyer2 and Seller, and betweenCausality structures in asynchronous interactions are precisely and
Buyerl and Buyer2. Abstracting this protocol as three separate ses-modularly captured in the abstract setting of global typ&&rimg
sion types also means that our type abstraction loses essential sea foundation for the type discipline (Point 2). Through the use of
quencing information in this interaction scenario. For validating global types, we can stipulate a neffeetive method for designing
this conversation scenario as a whole, therefore, the conversationand type-checking multiparty sessions (Point 3). First, we design a
structure should be represented asrale session global typeG as an intended scenario. A team of programmers then
Many existing business protocols including financial protocols develop code, one for each participant, incrementally validating its
are written as a collaboration of several peers. Typical message-conformance to (the projection dB. When programs are executed,
passing parallel algorithms also frequently demand distribution of their interactions automatically follow the stipulated scenario. For
a request to, and collection of the results from, many peers. All materialising this design framework, we propose a type discipline
these usecases are most naturally abstracted as a single sessiomhich can validate whether a program is typable or not, given
Furthermore, many of these applications are implemented with an G (as shared agreement) and an individual program (as its local
asynchronous transport where the senders send the messages withealiser). The resulting type discipline guarantees all the original
out being blocked (but often preserving their order), to avoid the key properties, such as communication error freedom, progreks an
heavy overhead of synchronisation. The widely used network trans- fidelity in a session among multiparty.
port, such as TCP, provides this mechanism through familiar APIs  In the remainder, Section 2 gives the syntax and semantics of
to alleviate the latency problem. Thus we ask: can we generalise thethe calculus, and motivates the key ideas through business and
foregoing binary session types to multiparty asynchronous sessionsstreaming protocol examples. Section 3 explains the global types.
preserving clarity and their key formal properties? This question Section 4 describes the typing system. Section 5 establishes the
was repeatedly posed by not only researchers but also the membersnain results. Section 6 gives extensions and related works. Section
of a W3C working group (WS-CDL) through our collaboration as 7 concludes with future issues. The omitted definitions, proofs and
invited experts (Honda et al. 2007a; Carbone et al. 2006, 2007), be-large size of examples are left in (Honda et al. 2007b).
cause of urgent need for a theoretical basis to validate a wide range

of business protocols. 2. Multiparty Asynchronous Sessions

Challenges of Multiparty Asynchronous Sessions To answer 2.1 Syntax for Multiparty Sessions
this open question, we face two major technicdliclilties. First,
simplicity and tractability of the theory of binary sessions come
from a notion ofduality in interactions (Girard 1987). Consider the
binary session type given in (1) for Buyer. Not only Buyer’s be-
haviour can be checked against the session type, but also the whol
conversation structure is already represented in this single type,
since the interaction pattern of Seller is fully given as this type’s
dual (exchanging input and output and branching and selection in
the original type). When composing two parties, we only have to
check they have mutually dual types. This framework based on du-
ality is no longer &ective in multiparty sessions where the whole
conversation cannot be constructed from only single behaviour.
We need anféective means to abstract as a type a global scenario
which a programmer wishes to realise through interacting programs
(hence against which she would wish to check their correctness),
and establish anfiective method to ensure composability.

Second, linearity analysis of channels, which is the key to en-
sure safety and progress, becomes highly involved under a com-
bination of asynchrony and multiparty since a conflict of actions
can arise more easily. This demands a precise causal analysis fo
correct sequencing of interactions distributed among multi-peers.

Several versions of the-calculi with session types are proposed
in the literature; the paper (Yoshida and Vasconcelos 206&j
detailed discussions and analysis of their typing systems. We use
a simple extension of the original language in (Honda et al. 1998;
Crakeuchi et al. 1994) to multiparty sessions.

Informally, a sessionis a series of interactions which serve
as a unit of conversation. A session is established among multi-
ple parties via asshared namgwhich represents a public interac-
tion point. Then fresksession channelare generated and shared
through which a series of communication actions are performed.

We use the following base sethared namesr namesranged
overbya,b,x,y,z,...; session channetsr channelsranged over by
s t,...; labels ranged over by, l’,...; andprocess variableganged
over by X)Y,.... In the syntax for hiding, we use for either a
single shared name or a vector of session channels. filoersses
ranged over byP, Q..., andexpressionsranged over by €, ...,
are given by the grammar in Figure 1.

Except for the first two primitives for session initiation and the
final message queue, all constructs are from (Honda et al. 1998).
The prefix a2.n] (5).P initiates a new session through a shared
interaction pointa, by distributing a vector of freshly generated
ThisWork. This paper presents a generalisation of binary session session channetstG the remaining.— 1 participants, each of shape
types to multiparty sessions for thecalculus. We overcome the  afp] (5).Qp for 2<p <n. Allreceives, over which the actual session
aforementioned challenges with the following three technical ap- communications can now take place amongithearties.p, q,...
paratus: range over natural numbers callpdrticipantsof a session.

Session communications are performed using the next three
pairs of primitives: the sending and receiving, the session delega-
tion and reception (the former delegates to the latter the capability
to participate in a session by passing the whole channels associ-
2. Consistency criteria for a conversation structure given as a ated with the session), and the selection and branching (the former

causality analysis of actions in global types, modularly artic- chooses one of the branche$eved by the latter). The next three

ulating diferent kinds of dependency. (the conditional, parallel and inaction) are standard)R® makesa
local toP while (v5)P makessTlocal toP. The recursion and process
call realise recursive behaviow: his amessage queuepresent-
ing ordered messages in transivith destinations (which may be
considered as a network pipe in a TCP-like transpov§)R and

1. A new notion of types which can directly abstract intended con-
versation structure amongparties aglobal scenariosretain-
ing intuitive type syntax.

3. A type discipline for individual processes (programs) which
uses a global type through ipsojectiononto individual local
participants: the resulting local types are directly associated
with individual processes forfigcient type checking.



Figure 1 Syntax

Figure 2 Structural congruence.

P :=a2.n(3.P multicast session request Plo=P  PIQ=QIP (PIQIR=PI(QIR
| ap] (5).P session acceptance (NP Q=(wn)(P|Q) ifn¢f(Q)  (vn)P=(vn'n)P
| (&), P value sending (vn)0=0  defDin0=0  (vs..s)ILis:0=0
| s2(); P value reception def Din (vn)P = (vn)def D in P if n¢ fn(D)
| sI(S); P session delegation (def Din P)|Q=def Din (P| Q) if dpv(D) Nfpv(Q) = 0
Is2(8): P session reception def D in (def D’ in P) = def D and D’ in P if dpv(D) ndpv(D’) = 0
|s«l; P label selection
[ s> {li: Piliel label branching
| if ethen P else Q conditional branch 2.3 Examples
IPIQ parallel composition Two Buyer Protocol We describe the two-buyers-protocol from
|0 inaction the Introduction first by a sequence diagram, then by processes.
| (vn)P hiding B
uyer1 Seller Buyer2

o <€ — - [Link] — — P — - [Link]| — — P
| X(&%) process call

- title ————>
|s:h message queue quote _—

e:=v|eand€ | note

V :=a | true | false
h:=1|V]|S§
D ={X(%3§) = Pilie

expressions

values
messages-in-transit
declaration for recursion

\

4

quote div2 ——m—————_p|

v

date > branch

v

s:h only appear at runtime. We often omit trailifigand write s!
ands?.P, omitting the arguments if unnecessary. First Buyerl sends a book title to Seller, then Seller sends back a
Binders aresTn a[2..n] (5).P, a[p] (§).P ands?($); P, Xin s?(X); P, quote to Buyer2; Buyerl now tells Buyer2 how much she can
X8in X(X8) = P, nin (vn)P and process variables éef D in P. The contribute, and Buyer?2 notifies Seller if it accepts the quote or not.

notions of bound and free identifiers, channels, alpha equivalencewe now describe the behaviour of Buyerl as a process:

=, and substitution are standarv(P) and fn(P), respectively
denote the sets dfee process variableandfree identifiersin P.
dpv({Xi(%§) = Pj}ic1) denotes the set gfrocess variable$X;}ic|
introduced in{Xj(% §) = Pi}ie| . A sequence of parallel composition
is writtenIT; P;.

Buyerl def a[2,3] (b, bo, b5, 9). sl(“War and Peace);

b1?(quote; b!(quotediv 2); Py

Channeby is for Buyerl to receive messagés:andby, for Buyer2
andsfor Seller (we discuss soon why Buyer2 needs two receiving
channels). Buyerl above is willing to contribute to half of the quote.
In P1, Buyerl may perform the remaining transactions with Seller
and Buyer2. The remaining participants follow.

2.2 Operational Semantics

Structural congruencés the smallest congruence relation on pro-
cesses that includes the equations in Figure 2. The operational se

mantics is given by thesduction relation denotedP — Q, which def , - e
is the smallest relation on processes generated by the rules in Fig- Buyerz = a2 (t_)l’bz’bZ’S)' bz?_(quote, b3?(contrib);
ure 3. In the figuree | v says that expressiarevaluates to values if (quote- contrib < 99)

[Link] describes a session initiation amongparties through then s<ok;sl (address;by?(x); P2
synchronisation, generatimg fresh session channels and the asso- else s<iquit;0
ciatedm empty queuesl(denotes the empty string). As a result def '
participants now share the newly generatechannels, hence their Seller = a3](by,bp,b),9). Litle); by, by!(quote;

queues. Note the number of threae$ ¢an be diferent from that

of session channelsn, giving flexibility in channel usage. )
[Sexp], [DeLec] and [LaseL] respectively enqueue values, chan-  Above sy..smI(v); P stands fors;!(v);..sm!(v); P, assumings;..sm

nels and a label at the tail of the queue $ofRecv], [SRec] 1 and are pairwise distinct. We can now explain why Buyer2 needs to

[Branch] dequeue, at the head of the queue, values, channels andUse two input channelb; andbj. The first input (forquote) is from

a label. [Branch] further selects the corresponding branch. Since Seller, while the second one (feontrib) is from Buyerl. Hence

[Link] provides a queue for each channel, these rules say that athere is no guarantee that they arrive in a fixed order, as can be

sending action is never blocked (asynchrony) and that two mes- €asily seen by analysing reduction paths (this is Lamport's principle

sages from the same sender to the same channel arrive in the senddl-amport 1978)). Thus if we were to uge for both actions, the

ing order (order preservation). Other rules are standard. two messages can be confused, losing linear usage of a channel.
Later we shall show our type discipline can detect such an error.

s> {ok: $?(x); bo! (date; Q, quit: O}

1This delegation rule (which is from (Honda et al. 1998)) is®#n over the
more liberal one in (Gay and Vasconcelos 2007; Yoshida andovezlos

2007) (which uses substitution as inegfR]) for simpler presentation. The
technical development does not depend on this choic&&ee

2Due to asynchrony there is itffect no order among the sending actions at
$1..Sm-



Figure 3 Reduction

Figure 4 Syntax of Global Types

a2.n](9).P1 | a[21(8).P2 | --- | an] (5).Pn [Link]
= (v9(P1|P2]..|Pnlsy:0]---|sm:0)

sl@;P|s:th> P|s:h-¥ (817) [Senp]

sl¢fy;P|s:h - P|s:h- [DELEG]

s<l;P|s:h— P|s:h-I [L ABEL]

S?(®);P|s:¥-h — P[V/%]|s:h [Recv]

s2();P|s:f-h - P|s:h [SRec]

st>{li: Pilia Is:lj-h — Pj|sth  (jel) [BraNCH]

if ethen Pelse Q — P (el true) [1¥T]

if ethen Pelse Q — Q (e false) [1¥F]

def D in (X(&8) | Q) — def D in (P[V/X] | Q) [Der]
BlV,X(X¥)=PeD)

P>P = (vn)P- (vn)P [Scor]

PSP = PIQ = P|Q [Par]

P—>P = defDinP — defDin P’ [DerN]

P=P andP" - Q andQ’=Q = P->Q [Str]

A Streaming Protocol We next consider a simple protocol for the

standard stream cipher (Schneier 1993).

key

consumer

Global G = p-p': k{U).G values
| p—p’": ki{lj: Gj}jeg branching
| GG parallel
| wt.G recursive
| t variable
| end end
Value U == §|Tap
Sort S ==  bool | nat]| ..|{(G)

3. Global Typesand Causal Analysis

Developing programs for multiparty sessions demands a clear for-
mal design as to how multiple participants communicate and syn-
chronise with each other. To program individual participants with-
out such a design and hope they somehow realise a meaningful and
error-free conversation is hardly practical, especially for team pro-
gramming. In binary session types the type for an endpoint also
served as the description of the whole conversation, but this is no
longer possible for multiparty sessions. This is why we need the
type abstraction which describes global conversation scenarios of
multiparty sessions, introduced in this section.

3.1 Session Typesfrom a Global Viewpoint

The grammar ofglobal session typeor global type denoted
G,G,..., is given in Figure 4. Type — p’: k(U).G’ says that
participantp sends a message of typeto channek (represented

as a finite natural number) received by participafitand inter-
actions described i’ takes placell,... range ovewvalue types
denoting types for message values. Each value type is a vector of
types for shared names calledrts written S,S’,..., or of those

for session channels. Both of these types are discussed in detail
in § 4.2. For understanding this section, itfiites to considel

as a single base type. Type— p’: k{lj: Gj}jes says participant

Data Producer and Key Producer continuously send a data strean S€nds one of the labels to chanikelvhich is then received by
and a key stream respectively to Kernel. Kernel calculates their Participantp’. If I is sent, interactions described@®) take place.

XOR and sends the result to Consumer.

Type G,G’ represents concurrent run of interactions specified

Assuming streams are sent block by block (say as large arrays),Py G andG’. Type ut.G is a recursive type for recurring conver-
we can realise this protocol as communicating processes. We onlySation structures, assuming type variables (...) are guarded in
focus on communication behaviour. The kernel initiates a session: the standard way, i.e. type variables only appear under the prefixes

def

Kernel = defK(d,k,c) = d?(x); K?(y); c!{(x xor y); K(d,k,c)
in a[2,3,4](d,k, c).K(d,k,c)

(hence contractive). We take amui-recursiveview, not distin-
guishing betweemt.G and its unfoldingG[ut.G/t] (Pierce 2002).
We assume thats) in the grammar of sorts is closed, i.e. without
type variables Typeend represents the termination of the session.

The channelsl andk are used for Kernel to receive data and keys e identify “G,end” and “end,G” with G.

from Data Producer and Key Producer, respectively, whilis

used for Consumer to receive the encrypted data from Kernel. Data Derinition 3.1 (prefix). We say the initialp —» p’ : K" in p —

Producer and Consumer can be given as:

DataProducerdéef

def P, k,¢) = d!(datay; P(d, k,c) in ar2] (d, k, ¢).P(d, k, c)

def
Consumer=

def C(d,k,c) = c?(data); C(d,k,c) in a[31(d,k,c).C(d,k,c)

Key Producer is identical to Data Producer except it outputs at

p’: k(U).G’ andp — p’: k{lj: Gj}jes is aprefix fromp to p’ at
k over G where in the formel is acarried type If U is a carried
type in a prefix inG thenU is also a carried type i.

Conventions 3.2. We assume that in each prefix frgno p’ we
havep # p’, i.e. we prohibit reflexive interaction.

Henceforth we often regard a global ty@eas the acyclic directed
graph given by its standard regular tree presentation (Pierce 2002).

instead ofd. When three processes are composed, we can verify A basic ordering on its nodes is induced by prefixes.

that, although processes repeatedly send and receive data using th
same channels, messages are always consumed in the order they a
produced, an essential requirement for correctness of the ptotoco

This is because each channel is used by exactly one sender. We shai
show how this argument can be cleanly represented and validated;

through session types in the subsequent two sections.

eriNITION 3.3 (prefix ordering). Writen,n’,.. for prefixes occur-
rihg in a global type, sag (but not in its carried types), seen as
ﬁodes ofG as a graph. We write € G whenn occurs inG. Then

In the presence of the standard recursive sorts (Honda £9@8), which
we omit for simpler presentation, we allow sort variables toudn (G).



Figure 5 Causality Analysis

(1) Good (1) Bad (0) Good
A—>B:s A—>B:s A—B:s
C—oB:t C—->B:s B—-C:t
sl | s?;t?|t! sl|s?;s?]| ¢l sl | s?;th | t?

(O) Bad ©0,11) Good ©!1) Bad
A—>B:s A—>B:s A—>B:s
B—>C:s A—>B:s C—oA:s
sl|s?;sl|s? sl; 8l s?;8? sl; s?| s?| ¢

we write ny < nz € G whenns directly or indirectly prefixes in

G. Formally< is the least partial order including:
ni<noep—p: k(U).G
ng<nzep—p:Kilj: Gjljes

ifni=p—p :knyeG
ifni=p—p’ :k JdiednyeG;

as well set setting; < ny € G if ny <ny € G’ andG’ occurs inG
but not in its carried types.

The prefix ordering allows us to express intended sequencing in
global types. To clarify its meaning is essential for its proper usage.
Consider a global type:

A—B:s(U).A—C:t(U").end )

The two prefixes are ordered by. In a “synchronous” interpre-
tation, this ordering would mean: “only after the first sending and
receiving take place, the second sending and receiving take place”

This is a suitable reading when sending and receiving constitute a

single atomic action, as in synchronous calculi, hotwith asyn-
chronous communication, where it is hard to impose this ordering

on (2), since messages to distinct channels may not arrive in order.

Thus the present theory takes the more liberal interpretation of
<, imposing sequencingnly on the actions of the same participant
in ordered prefixed-or example, in (2)4’s two sending actions are
ordered, buB’s and C’s receiving actions are not. The remaining
causal ordering comes from communicatéola Lamport (Lamport
1978). Let us further illustrate this idea with examples.

3.2 Examplesof Global Types

The following is a global type of the two-buyer-protocol §2.3.
We write principals and channels with legible symbols though they
are actually number®i=i,S=3,b;=1,by;=2,b,=3 ands=4.

1 Bl1—>S: <string).

2 S —Bl: byint).

3 S—B2: byint).

4 B1 - B2 :bint).

5 B2—-S: s{ok:B2—S: s{string).S — B2: by (date).end,
quit : end}

The type gives a vantage view of the whole conversation scenario.
We show several salient points in the interpretation of this type.

e Consider Lines 3 and 4. Since they havefetent senders,
the sending actions are unordered in spite of tkeardering.
Hence if I = b/, two messages can have a conflict aNste
this analysis echoes our operational argumeir3.

Next we consider the following causal chain of actions from
Line 1 to Line 3to Line 5:

Bl - S<S —>B2<B2—>S

Above— denotes the ordering given by message delivery, while
< is the prefix ordering. Note in particular two sending actions
by B1 (Line 1) and byB2 (Line 5), both done as, are causally
ordered. By focussing or from the firstS (of Line 1) to
the lastS (of Line 5), the receiving actions in Lines 1 and 5

Next we present the global type of the simple streaming protocol
in §2.3. Below we unfold its recursion once, and skt 1, k=2,
c=3,K=1,DP=2,C=3 andkP = 4.

1 ut. DP—K: d<(bool). 4 DP —K: d(bool).
2 KP — K: k{(bool). 5 KP —K: k(bool).
3 K — C: c(bool). 6 K— C: c{bool).t

The following arguments hold for anyfold unfoldings.

e Lines 1 and 2 are temporally unordered in sending: but this does
not cause conflict since channelandk are distinct.

e Line 1 and its unfolding, Line 4, shaak But the two use the
same sender and the same receiver, so each pair of actions are
<-ordered, hence safe. Similarly for other unfolded actions.

3.3 Safety Principlefor Global Types

For a conversation in a session to proceed properly, it is desirable
that there is no conflict (racing) at session channels. To ensure this,
when acommorchannel is used in two communications, their send-
ing actions and their receiving actions should respectively be or-
dered temporally, so that no confusion arises at neither sending nor
receiving. If a global type satisfies this principle, then it specifies
a safe protocol, and can be used as a basis of guaranteeing safe
process behaviours through type checking.

Causality is induced in several ways in the present asynchronous
model. We summarise all essential cases in Figure 5, with concrete
process instances for illustratidi@ denotes the causal ordering by
< is from input (receiving) to output (sending), similarly fioyOO
andOl. In (I1)-Bad, we demand + C. We observe:

e The “good” and “bad” cases fdt shows thatl alone is safe
only when two channels fier. Similarly forlO.

¢ In OOl (the fifth case), two outputs have the same sender and
the same channel, so (Inyessage order-preservatipautputs
are ordered. Inputs are also ordered<blience they are safe.

e There is no ordering from output to input (due to asynchrony),
soOl gives us no dependency.

These observations lead to the followingféztive” causal rela-
tions on global types.

Dermvtion 3.4. (dependency relations) Rix The relation<g, with
¢ € {I1,10,00}, over its prefixes is generated from:

ni<rrny ifnp<nzandnj=p; »p:k (i=12)
ni<mn2 ifni<nz,ni=p;1—p:kiandny=p—py:ko.
Ni<gon2 ifni<nyni=p—p;: k(i=12)

An input dependency fromy to n; is a chain of the formny <y,
-+ <g, N2 (N> 0) such thaw; € {I1,10} for 1 <i <n-1andgn =I.
An output dependency fromy to ny is a chainng <g, - <g, N2
(n> 1) such that; € {00, 10}.

In the input dependency, the lastordering is needed since if it
ends with arlO-edge an input at, may not be suppressed.

are also ordered. Since both sending and receiving take placeDerinirion 3.5. (linearity)G is linear if, whenevem; = p; — p} : k
in strict temporal order, no conflict occurs between these two (i = 1,2) are inG for somek and do not occur in dierent branches
communications in spite of their use of a common chasnel of a branching, then both input and output dependencies exist from



Figure 6 Syntax of Local Types come from the binary session types (Honda et al. 1998) except for
the following major changes for multiparty interactions.

Value U = 8§ |Ta@p ) ) .

. e Since a process now uses multiple channels for addressing
Sort S = b|°°' |_--' (S multiple parties, a session type records the identity (number)
Local T = ki(U)T send of a session channel it uses at each action type.

| kK2U);T receive . o . .

| ke(li: Tilie selection * Since a type is inferred for each participant, we use a notation

| K&{li: Tilia branching T@p (calledlocated typgrepresenting a local typE€ assigned

| utT |t]end to participantp. A located type is also used for delegation.

Typek?(U); T represents the behaviour of inputting values of type
U at s (assumes;...sy is shared at initialisation), then performing

ny tony, or, if not, both exist fromn, tony. If G carries other global ~ the actions represented By. Similarly ki (U);T is for sending.

types, we inductively demand the same. Typek&{li: Tiliel describes a branching: it waits withoptions at
k, and behave as typh if i-th label is selected; typed {l;: Tilicl
We illustrate the condition on branching by an example: represents the behaviour which selects one of the label sty

k then behaves a$;. The rest is the same as the global types,

1. A-B:t{ok:C—D:send A—B:t.(C—D:send, 8 . 4 )
e . . demanding type variables occur guarded by a prefix and taking
2. quit: C—D: send } C—D: send) . X . .
i an equi-recursive approach for recursive types. We often emit
(a) branching (b) parallel Note local typ€eT does not contain parallel composition.
The type (a) represents branching: since only one of two branches  In addition to the foldingunfolding of recursive types, local
is selected, there is no conflict between the two prefixesD : sin types are considered up to the following isomorphism (closed under
Lines 1 and 2. On the other hand, (b) means a concurrent execution@ll type constructors). We assurke k', me | andne J.
of two independent — D : s, so an input conflict & exists. KLU KUY T~ KUUY KUY T 3
Linearity and its violation can be detected algorithmically, with- HURKHU: KUY 3
out infinite unfoldings. First we observe we do need to unfold once. keo{li:Ko{lj:Tijljelia  ~ Keoflj:kelliTijlialj (4)
uX.(A—B:send, B—A:tX) The equations permute two consecutive outputs wififedint sub-

jects, capturing asynchrony in communication. The equation (4)
specialises to permutation between selection and output by setting
| or J a singleton: and to (3) when both are singletons.

This is linear in its 0-th unfolding (i.e. we repladewith end): but

when unfolded once, it becomes non-linear, as follows:
A—B:send B—A:tuX(A—B:send B—A:LX) Projection and Coherence The following defines the projection

since the two prefixed — B : s appear in parallel. But in fact of a global type to local types at each participant.

unfolding once turns out to be enough. Taki@gas a syntax, let

us call theone-time unfolding of Ghe result of unfolding once for ~ Dernrrion 4.1 (Projection). Le6 be linear. Then thprojection of

each recursion i6 (but never in carried types), and replacing the G ontop, writtenG ['p, is inductively given as:

remaining variable witlend. e (p1 —pz: k(U).G) Ip=
ProposiTion 3.6. (1) A global type is linearff its one-time unfold- kI (U).(G’ I'p) if P=p1#p2
ing is linear. (2) The linearity of a global type is decidable. k2U).(G’'Ip) ifp=p2#p1
(2) is an immediate corollary of (1). For (1), we show if one-time (1) it p #p2andp #py
unfolding is linear then eachth folding is linear by induction on * (p1 = p2: k{lj: Gjljea) Ip =
n, using tail recursiveness of the present global types. ®flj: (GjIp)ljes ifp=p1#Dp2
oo : . &{lj: (GjIp)jes fp=p2#p1
4. TypeDisciplinefor Multiparty Sessions (G17p) if p # pz andp # py
4.1 Programming Methodology for Multiparty Interactions andvi,jel.Gilp=Gjp

Once given global types as our tool, we can consider the following * (G1,G2) [p = o
development steps for programs with multiparty sessions. Gilp ifpeGjandp¢Gj,i#jef{l,2)
end if pg Gy andp ¢ G,

Step 1 A programmer describes an intended interaction scenario as « (ut.G) Ip = ut.(G I'p),t Ip =1, andend [p = end.

global typeG, and checks that it is linear.
Step 2 She develops code, one for each participant, incrementally When a side condition does not hold the map is undefined.

validating its conformance to the projection 6fonto each e mapping is intuitive. We regard the map to act on the syntax

participant by éficient type-checking. of global types. In the branching, all projections should generate
When programs are executed, their interactions are guaranteed tcan identical local type (otherwise undefined); and in parallel com-
follow the stipulated scenario. The type specification also serves asposition,p should be contained in at most a single type, ensuring
a basis for maintenance and upgrade. This section introduces theeach type is single-threaded. Belpid(G) denotes the set of par-
type discipline which materialises this framework. ticipant numbers occurring i6 (but not in carried types). In (2)

T,@p appeared at the beginning $4.2.
4.2 Local Types

Syntax Local session types local typesranged over by, T, ..,

are types for local behaviour of processes, acting as a link between
global types and processes. The grammar is given in Figure 6 (the
grammars fold andS are repeated from Figure 4). All constructs

Derinition 4.2 (Coherence). (1) We s&is coherenif it is linear
andG I'p is well-defined for eaclp € pid(G), similarly for each
carried global type inductively. (2)T,@p}pel is coherentif for
some coherer s.t.1 = pid(G), we haveG [p =T, for eachp e I.



TueoreMm 4.3. Coherence of G is decidable.

We also believe the coherence f,@p}, is decidable but this

is not necessary for the present technical development. Without
projectability, a global type is not consistent. Linearity guarantees
linear channel usage including message-order preservation. The

next examples demonstrate the need of these conditions.

Examples of Coherence The following global type is linear but
notcoherent because the projection is undefined.

A — B :k{ok:C— D:K/(booly, quit: C — D : k'(nat)}
Intuitively, when we project this type ontoor D, regardless of the

choice made by, they should behave in the same way: participants

C andD should be independent threads. If we change the atmve
to bool as:A — B : k{ok : C — D : k’<bool), quit : C — D : K’(bool)}, we
can define the coherent projection as follows:

{ kd{ok : end, quit: end}@a, k&{ok:end, quit:end}@B
k’{bool)@C, k' Xbool)@D }

As examples of local types which are not coherent, consider pro-

cesses in the second case of Figure 5:
(I Bad {sl)@a, sX); sX)@s, sl()@c}

This process is not coherent since the corresponding global type

A — B:sC—B:sisnotlinear.

4.3 Typing System

The purpose of the typing system introduced below idficiently
type behavioursvhich are built by programmerkence which do
not include runtime elements such as queues.

Derinrrion 4.4 (program phrase and program). A procdsss a
program phrasef P has no queues and nebound session chan-
nels. P is a programif P is a program phrase in which no free
session channels and process variables occur.

All of Buyerl, Buyer2, Seller, Data Producer, etc. §2.3 are
programs, hence are also program phrases.

Environments and Type Algebra The typing system uses a map

from shared names to their sortS,§’,..). As given in Figure 6,
other than atomic types, a sort has the sh@peassumingG is
coherent. Using these sorts we define:

r 0| Tu:S|X:ST
A 0] A3 {T@plpel

Figure 7 Typing System for Expressions and Processes

I'+ g >bool

'+ ejor € bool
[Name], [Boot], [Or]

F'ra:(G) TrPr-AS(Gr1)@1 [§=maxsid(G))

Ia:S+a: S I' + true, false : bool

I'+3a2.n(8).P>A Meast
Frai(G) CrP-AS(GIp@ [§=maxsid@) .\ .
'+ afp] (§).P>A
Vji.T+ej:Sj I'rP-AS: T@p
~ _ _ [Senp]
't s(&):P>A,8: KkI(S); T@p
[x:SFP-A8 T@p
- ~ [Rev]
I+ 5?(X); P> A, 8 k2(S); T@p
I'tP>A,8: T@p [DELEG]
T+ si(D);P-AS kI(T’@'); T@p, I '@
I'+P-AS:T@p, i: T’ @’
I+ s?@);P>A, 8 kXT’@p); T@p (SRee
FrP-ASTi@ el S
I+ sc<lj;PrA S ko {li: Tiliel @ (Sel
I'rPi>AS: Ti@p Viel [Brancy]
I't s> {li: Pilier > A, 8: k&{li: Ti}iel @p
TrP-A  THQeA A=A [Cond]

T+-P|QsAoA

I'+ e>bool I'-P>A I'rQrA
I'+if ethen Pelse Q> A

A end only Ia:(G)rP>A
T'+0-A '+ (va)P>A

r-8S% Aendonly

[I¥]

[Inact],[NREs]

— — — — [Var]
[, X: ST - X(€51..5)> A, 511 T1@ps, .., 50 Tn@p:
I,X:ST,%: S+ P> T1@p1-51: Tn@ps
,X:STrQeA
[Der]

I+ def X(X51..5,) = Pin Q>A

A sorting (I',I”,..) is a finite map from names to sorts and from Typing System The type assignment system for processes is given

process variables to sequences of sorts and tylyging(A,A’,..)

in Figure 7. We use the judgemeht P> A which reads: “under

records linear usage of session channels. In the binary sessionsthe environment’, processP has typingA”. If we set|§ =1 and
it assigned a type to a single channel; now it assigns a family of n = 2, and delete from located type, the shape of rules is essen-

located types to a vector of session channsi#(G) stands for
the set of session channel numbersGinWe write S: T@p for a
singleton typings™ {T @p}. Below we define a simple algebra of
types for typing program phrases.

Derinirion 4.5. A partial operatos is defined as:
{Tp@P}peI © {Tr/y @p/}p’e.] = {Tp@p}pel U{T];/ @p,}p’EJ

if INJ=0. Then we say\; andA, arecompatiblewrittenA; < Ao,
if for all § € dom(A;j) such thatsiN$ #0, §=5% =% and
A1(8) o Ay(8) is defined. Whem\1 < Ay, thecomposition ofA; and
Ao, written A1 o Ay, is given as:

A1oAz = {A1(8)0oA2(d |5€ dom(A1) Nndom(Az)}
UA1 \ dom(A2) UA2 \ dom(A1)

tially identical with the original binary session typing (Yoshida and
Vasconcelos 2007). Below we only illustrate the rules.

[Namg],[BooL],[Or] are the rules for the expressions and identi-
cal with (Yoshida and Vasconcelos 2007).

[Mcast] is the rule for the session request. The typedds the
first projection of the declared global type faiin T'. [Macc] is for
the session accept, taking theth projection. The local typeQ 1
p)@p means that the participapthasG [ p, which is the projection
of G onto p, as its local type. The conditiof§ = max(id(G))
ensures the number of session channels meets tho&e The
typing §: T@p (which stands fors? {T@p}) ensures each prefix
does not contain parallel threads which share ~

[Senp] and [Rev] are the rules for sending and receiving values.
Since thek-th names of §is used as the subject, we record the
numberk. In both rules, p” in T@p ensures thaP is (being in-

In brief this algebra gives the disjoint union of located types which ferreq as) the behaviour for participantand its domain should be

is undefined when disjointness is not satisfied.



& Then the relevant type prefixdg (8) for the output andS) for
the input) are composed in the conclusion’s session environment.

[DeLec] and [SRic] are the rules for delegation of a session
and its dual. Delegation of a multiparty session passes the whole
capability to participate in a multiparty session: thus operationally
we send the whole vector of session channels. The carriedltype
is located, making sure that the behaviour by the receiver at the
passed channels takes the role of a specific participant @Hgre
in the delegated multiparty session. The rest follows the standard
delegation rule (Yoshida and Vasconcelos 2007), observiag:fp
says thaf: T’@p’ does not appear iR symmetrically to [SRc]
which uses the channels ih

[SeL] and [Branch] are the rules for selection and branching,
and identical with (Yoshida and Vasconcelos 2007).

[Conc] usesx= to ensure well-formedness of the session typing,
taking a the disjoint union of each local type.

[1¥], [InacT], [VAR], and [Der] are standard. [NR] is the restric-
tion rule for shared name In [Inact] and [Var], “end only” means
A only containsnd as session types.

An annotated Pis the result of annotating’s bound names
as e.g. ¥a: (G))P ands?(x: (G))P. Assuming these annotations is
natural from our design framework. For typing annotated processes
we assume the obvious updates focyRand [NRes] in Fig. 7.

Tueorem 4.6. Assume given an annotated program phrase P and
I'. Then it is decidable if there existssuch that” + P> A or not. If
suchA exists there is an algorithm to construct one.

CoroLLARY 4.7 (typing for programs)Given an annotated pro-
gram P andr, it is decidable i - P> 0.

4.4 Typing Examples

Two Buyer Protocol Write Buyerl asa[2,3] (by, bp, 1, 5).Q; and
Buyer2 asa[z] (bl,bg,b’z, ).Q>, both from§2.3. ThenQ; and Q>
have the following typing under = {a: (G)} whereG is given in
the corresponding example 3.2, lettingBi =i, S=3,b; =1,
by = 2,1, = 3 ands = 4 and assuming, P2, Q are0:

'+ Qq>5: sl (string); by ?(int); bS! (int) @B1
['+ Qgp 81 bp(int); b, (int);
s@{ok : sl (string); by?(date); end, quit : end}@B2

Similarly for Seller. After prefixing ag, we can compose all three
by [Conc]. Note these typings are calculable by Corollary 4.7.

A Streaming Protocol We letl’ = {a: (G’)} whereG’ is given in

the corresponding example §n3.2. Letd=1,k=2,c=3,K=1,

DP = 2,C =3 andkP = 4. Write Ry, Ry, Rz andR4 for the processes
which are under the initial prefix (at the shared name) of Kernel,
DataProducer, Consumer and KeyProducer, respectively. Teen w
can type each agent as:

'+ Ry>dke: ut.d?¢{bool); k?{bool); ¢! (booly; t@K
I'+ Ry»dke: ut.d! {bool); t@pP '+ Rg>dke: ut.c?(bool);t@C

(R4 is similar asRyp). Note these types correspond to the projec-
tion of G’ onto respective participants: thus Kernel, DataProducer,
Consumer and KeyProducer are typable programs, which can be
composed to make the initial configuration.

Delegation One source of the expressiveness of the session types
comes from a facility oflelegation(often callechigher-order ses-
sion passiny We will type and see the relationship with global and
local types. Consider the following three participants:

Alice = a2 (ty,tp).b2.31(st, ).t11¢s1, $);0

def
Bob € ap(ty,tp).biil (s, 2).t1?2(s1, 2); s1! (1); 0
Carol = bj2](s1,$).512(X); P

where Alice delegates its capability to Bob. Since there are two
multicasting, there are two global specifications, one doand
another forb as follows:
Ga
Gp
where the types;! (inty@B means the capability to send an integer
from participant via channels;. This capability is passed ®so
thatB behaves as. However, since two specifications are indepen-
dent,C does not have to know who would pass the capability.
Let (Alice | Bob| Carol)—— (»{8)(A| B| C | R) whereA,B,C
are the processes of Alice, Bob and Carol after initial multicasting
andRare the generated queues. ket 1,t1 =1,A=1,B=2,C=3.
These processes have the following typings urdeith P = O:

TrA> Tt (s (int)@B)@4, §: 51! (int)@B
I'+B» T:t1?(s!(int)@B)@B
I'tC» §:5int)@cC
where each local type reflects the original global specifications

(e.g. Carol does not know Alice passed the capability to Bob).
These types give projections Gf andGy,.

A — B: t1 (51! (int)@B).end
B — C: s (int).end

5. Safety and Progress

This section establishes the fundamental behavioural properties of
typed processes. We follow three technical steps:

1. We extend the typing rules to include those for runtime pro-
cesses which involve message queues.

2. We define reduction over session typings which eliminates a
pair of minimal complementary actions from local types.

3. We then relate the reduction of processes and that of typings:
showing the latter follows the former gives gabject reduc-
tion (Theorem 5.4)safety(Theorem 5.5) andession fidelity
(Corollary 5.6), while showing the former follows the latter un-
der a certain condition gives ypsogress(Theorem 5.12).

By the correspondence between local types and global types, these
results guarantee that interactions between typed processes exactly
follow the conversation scenario specified in a global type.

How to Type a Queue We first illustrate a key idea underlying
our runtime typing using the following example.

SI(3); sl{true); 0 | s:0 | $?(X); S?(X); 0 (5)

We type the two processes with: 1!(nat); 1!(bool);end@p and
s: 1?(naty; 1?(bool); end@q. After a reduction, (5) changes into:

sl{true);0 | s:3 | 2(X); 2(x); 0 (6)

Note that (6) is identical with (5) except that an output prefix in (5)
changes its place to the queue. Thus we can go back from (6) to
(5) by placing this message on the top of the process. A key idea in
our runtime typing igo carry out this “rollback of a message” in
typing using a local type with a hole (a type context) for typing a
queue. For example we type the queue in (6) as:

s:{ 1nat);[ ]@p, [ ]1@aq } (1)

where [ ] indicates a hole. Now we cover the typétbbl); end with
the type context fop given above, Unaty;[ ], obtaining the type
1!¢nat); 1!<bool); end for p, restoring the original typing.

Labels in a queue are also typed using a type context. For
examplek: 111> can be typed witlke |4 : kel : [ ], omitting braces
for a singleton selection. To do a “rollback” for selection types, we
use the standard session subtyping (Gay and Hole 2005; Carbone
et al. 2007), denote&,p, Which is the maximal fixed point of



Figure 8 Selected Typing Rules for Runtime Processes no other participants can be added. Hence we check all message
queues are composed and the given configuratisisatSherent.

The original typing rules in Figure 7 not appearing in Figure 8
are refined as follows: [Whst], [M acc], [Rev], [SRec], [BrancH],
[Der] replacerl’ + P>A with T'+ P>y A and both [F] and [NRes]
replacel’ + P>A by T + PrgA.

T'rPrfA AN A end only
'+ PepA’ I'Fsc:0 > 8 {[]@plpoA

CHVi:Si Trscheg A3 ((T@a) UR) R={Hy@plpal

[Suss],[QniL]

Trsch¥ s A S (T[K! Sy [ll@yuR) [Qvat] Using these typing rules, we can check that the configurations
. . at the beginning of this section, (5) and (6), are given an identical

I+ sc:heg A 8{T@q} UR R={H,@p}pe typing by “rolling back” the type of the message in the queues.

—= — — ~ - [Qsess] Y - . N

Ik sch-teg A S (TIK(T’ @) [ ]l @1} URT: T’ @p The typability in the original system i§4 and the one in this

. . system coincide for processes without runtime elements.
I'rsc:heg A8 {T@UR  R={Hp@plpel ;
Tt s hiloe A8 (Tkel: [] @) UR [QsEr] Proposition 5.1. Let P be a program phrase antl be without a
R S B> ‘ d type context. Thehi+ P> A iff T P> A without using Buss].
I'rPrg A THg N finf= AxN
i g, Q> 1= - 0 [Conc] Proposrrion 5.2. If T'+ Peg 5. A then P has a unique queue at s
g, PIQeg . AcA (1<i<m), no other queue at a free channel occurs in P, and no
T+ PorA 5 (Ty@plpey S€f  {Tp@plper coherent (CRes] queue in P is under any prefix.
ES
Itig (PHP-A Type Reduction Next we introduce reduction over session typ-
ings and global types, which abstractly represents interaction at
session channels. Below we assume well-formedness of typing.
the functionS that maps each binary relatidh on local types as KI(UY; H@p,k2(U); T@q - H@p, T@q [TR-Com]
regular trees t&(R) given as:
k
o If TRT’ thenk! (U)T S(R)K! (UYT’ andk?(U)T S(R)k?(U)T". kefl i H,..}@p,k&{l : T,..}@q — H@p, T@q [TR-Bra]

e If TiRT/ for eachi € | ¢ Jthena{l; : Tilier S(R) &{l] :T].’}J-EJ
and &l : Tjlies SR) &{li : T/ }ier-

o . S -y ’ ’ .
For example we havie® {ok : T1} <gyp k® {0k : T1,quit : To}. St {H1@p:. H2@p2. . }ic1. A = 5 {H; @p,. Hz@p[z_i_'é}'ec'(;A ]
-CONTEXT

k
H1@p,, H2@p, — H]@p:, H5@p, p1.p2€

Type Contexts The type contextsJ(,7”,...) and the extended ses-

sion typing A\, A’, ... as before) are given as: Then we writeG —k> G if[G] —k> [G’] where we set [5] to be the
T ou= []11KUYT | keli:T family {(G [ p)@p | p € pid(G)}. In G -5 G, we take & a prefix at
H == T]|97 kin G not suppressed by, <0 or <po, to obtainG’.
A = 0] AS {Hplpe

. . i Proposition 5.3. BelowA is coherenif A(S) is coherent for each
The isomorphism~ on type contextss generated from permuta-  &¢ dom(A).

tions given in§4.2 (3, 4). Each assignment inmay contain both S _ S
local types and type contexts. We extenith Definition 4.5 as fol- 1. A — A] andAp < Ay imply A7 < Ay andAj o Ap — A o Ap.
lows (sid(T) denotes the channel numbersJii

ToT=ToT =T[T]
ToT" =T[T’] (sid(T)Nsid(T") = 0)
In the first rule, we place the output types of message queues onthat . o . L
of a process. In the second, we compose the type contexts for twoSubject Reduction, Communication Safety and Session Fidelity
sets of messages from the mutually disjoint sets of queues. NoteBY the above proposition and the substitution lemma, we obtain:
T o T’ is defined ff T’ o T is defined and in which case we have
T[T’] ~ T’[T]. Note alsoT o T’ is never defined. Composition of

2. LetA be coherent. Thef > A’ impliesA’ is coherent.

3. LetA be coherent and\(5) = [G]]. ThenA XA if G —k> G’
with A’(8) = [G'].

Tueorem 5.4 (subject congruence and reduction).

{Hp@p}pel by o is given point-wise. The definition af; o Ay and 1.T+ PrzA and P= P implyT + P’ bzA.

A1 < Ag stay the same as Definition 4.5. 2. T+ PrgA such thatA is coherent and P> P’ imply '+ P’ >z A’
s

Typing Rules for Runtime To guarantee that there is at most one whereA = A’ or A - A’ for some &

queue for each channel, we use the typing judgement refined as: 3. '+ Poyp0® and P— P’ implyI'+ P' >4 0.

'k PegA Theorem 5.4 immediately entails the lack of the standard type
wheres (regarded as a set) records the session channels associate@TOrS in expressions (such ase + 3). The type discipline also
with the message queues. The typing rules for runtime are given in Sisfies, as in the preceding session type disciplines (Honda et al.
Figure 8. [$s] allows subsumption<s,p is extended pointwise 1998), communication error freedom,_ including linear usage of
from types). [QuL] starts from the empty hole for each participant, channels. We first introduce the reduction coné&xs follows:
recording the session channel in the judgementa{fsays when g = EIP | P& | ()€ | defDiné&
we enqueuey,"the type forv'is added at the tail. [@ss] and
[QseL] are the corresponding rules for delegated channels and a
label. [Gonc] is refined to prohibit duplicated message queues. o A prefix isat s(resp.at ) if its subject (i.e. its initial channel)
The rule does not use coherence (cf. Def.4.2 (2)) since coteren is s (resp.a). Further a prefix imittingif it is request, output,

is meaningful only when all participants and queues are ready. delegation or selection, otherwise itreceiving
In [CRes], since we are hiding session channels, we now know

We also say and write:



¢ A prefix isactiveif it is not under a prefix or ai f branch, after processes follows. Below we safely confuse a channel in a typing
any unfoldings by [Br]. We write P{s) if P contains an active and the corresponding free session channel of a process.
subject ats after applying [@F], and P{s!) (resp.P{s?y) if P

contains an emitting (resp. receiving) active prefisat Lemma 5.10.LetT' + P>gA and P is simple. If there is an active

n ) . ) receiving (resp. active emitting) prefixAnat s and none of prefixes
* Phas aedex at sf it has an active prefix aiamong itsredexes. 4t 5in P is under a prefix at a shared name or undet &sbranch,
The following result decomposes the standard property for syn- then R(s?) (resp. either Rsl) or the queue at s is not empty).
chronous session types (Takeuchi et al. 1994; Honda et al. 1998; . . L i
Yoshida and Vasconcelos 2007) into the sending side and the re-ﬁgﬁgzsghod]\] Suéi'eljg”r-lthzzsf& A is coherent, P is simple, well
ceiving side, due to the existence of queues. We assume the stan- q : )

dard bound name convention. 1. If P# 0then P— P’ for some P.
k ’ /
Tueorem 5.5 (communication safetySupposd r PrrA s.t. A is 2. |fA(f} = [[?]] _and’G—> G ,’then P—* P’ at the redex atds. t.
coherent and P has a redex at free s. Then: [+ P >sA with A'(f) = [G'].
1. (linearity) P= &[s:h] such that either (2) above gives the converse of Corollary 5.6: if the global type has
(a) P¢s?y, s occurs exactly once i andh # 0: or a reduction, then the process can always realise it.

(b) P¢s'y and s occurs exactly once & or

(c) P(s?), P(sl), and s occurs exactly twice i Tueorem 5.12 (progress). Le be a simple and well-linked pro-

gram. ThenP has theprogress propertyn the sense thad® —* P’

2. (error-freedom) if P= E[R] with R(s?) being a redex: implies either™ = 0 or P’ — P” for someP”.
(a) If R=s?); Q then P= £’[s: V- h] for somet” and|V] = [§. _ o
(b) If R= s?(8); Q then P= &’[s: f- ] for somee’ and|§ = [fl. A simple application of Theorems 5.4 (3), 5.5 and 5.12 for pro-
(©) IfR=sr>{li: Qilier then Ps&’[s:ljﬁ] for somee’ and je. cesses fron§2.3 follow. Below communication mismatcstands

for the violation of the conditions given in Theorem 5.5 (2).
By Theorems 5.4 and 5.5, a typed process “never goes wrong” )
in the sense that its interaction at a multiparty session channel is ProPosiTIoN 5.13 (properties of two protocols).
always one-to-one and that each delivered value matches the re-1. et BuyerBuyerdSeller—* P. Then P is well-typed, simple
ceiving prefix. As the corollary of Theorem 5.4(2) and Proposition  and well-linked, P has no communication mismatch, and either
5.3(3), we obtairsession fidelitythe interactions of a typable pro- P=0or P — P for some P.

cess exactly follow the specification described by its global type. 2. similarly for DataProduceKeyProduceKerne|Consumer.

CoroLLArY 5.6 (session fidelity). Assumd” + P»>¢ A such thatA .
is coherent andA(3) = [G]. If P — P’ at the redex of ;5 then 6. Extensionsand Related Work

T+ P or A’ with G5 G and[G'] = A (S). 6.1 Extensions

Graph-Based Global Types The syntax of global types uses the
standard abstract syntax tree. We can further generalise this tree-
based syntax to graph structures to obtain a strictly more expres-
sive type language, enlarging typability. Consider the two end-point
processe® = s.t? andQ = t!.s?: their parallel composition does
not introduce conflict hence itis linear and safe. This situation how-

Progress Communication safety says that if a process ever does
a reduction, it conforms to the typing and it is linear. If interactions
within a session are not hindered by initialisation and communi-
cation ofdifferentsessions, then the converse holds: the reduction
predicted by the typing surely takes place, the standard progress

roperty in bin ion t Dezani-Ciancaglini et al. 2 ; . X
property in binary session types (Dezani-Ciancaglini et al. 2006; ever cannot be represented in the current global types since two

Honda et al. 1998). First we define: MR . ’ >
prefixes” criss-cross each other. Interestingly, our linearity con-
Derinirion 5.7. LetT + PgA. ThenP is queue-fullwhen{§} coin- ditions in§ 3.3, based on inpfgutput dependencies, can directly
cide with the set of session channels occurring.in capture the safety of this configuration. All we need to do is to take
) ) ) the graphs of prefixes an 10 andOO-edges (cf. Figure 5) under
A process is queue-full when it has a queue for each session chan+he linearity condition (precisely following3.3) as global types,

nel. The following precludes interleaving of other sessions (includ- augmented with an acyclicity condition on chains of these causal
ing initialisations and communications) which can introduce dead- edges. All other definitions and results stay the same.

lock. For example, two session initialisatioa](s).b[2](t).s?;t! )
anda[2](9).b[2](1).t?;s! cause deadlock. Observe, because we have Synchrony and Asynchrony  Most of the session types currently

multiparty sessions, there is less need to use interleaved sessions. Studied are binary and synchronous (Honda et al. 1998). In some
computing environments (e.g. tightly coupled SMP), synchrony

Derinition 5.8 (simple). A procesP is simplewhen it is typable would be more suitable. Adding synchrony means we have more
with a type derivation where the session typing in the premise and causality:00-dependency betweenftéirent names as well as the
the conclusion of each prefix rule in Figure 7 is restricted to at most Ol-dependency (i.e. the dependency from output to input, cf. Figure
a singleton. 5), which in asynchrony never arisg¢s.2.

) . . . A different direction is to consider asynchronous message pass-
Thus each prefixed subterm in a simple process has only a uniquejng without order-preservation (Honda and Tokoro 1991) which
se;sion. Another element which can hinder progress is when inter- 3re also used in some computing environments (though in many
actions at shared names cannot proceed. environments we havefficient order-preserving transport such as
TCP). Again we can use our modular articulation, by takify o

D 5.9 [I-linked). W i [l-linked when f ” ;
EPNDION (well-linked). We sayP is well-linked when for 0O0-edges to obtain a consistent theory for pure asynchrony.

eachP —* Q, wheneverQ has an active prefix whose subject is
a (free or bound) shared name, then it is always part of aredex.  Multicast Primitives for Sessions Communication Two Buyer
Protocol uses a multicasting prefix notatieyt! (V). The present

Thus, in a simple well-linkedP, each session is never hindered by work treats it as a macro fa (V): t| (W) which has an essentially

other sessions nor by a name prefixing. The key lemma for simple



identical abstract semantics. Having proper multicasting primitives ~ Corin et al. (2007) investigates approaches to cryptographically
for session communication is however useful especially in the case protecting session execution from both external attackers in net-
of sessions involving a large number of participants, using multicast works and malicious session principals. Their session specification
protocols such as IP-multicast through APIs. It also enriches the models an interaction sequence between two or more constituent
type structures: we extend— p’ : kin the prefix of global types to roles an abstraction of network peers. The description is given as
p — p1,..Pn : {K1,....Kn} (With a practical adaptation such as group a graph whose node represents a specific state of a role in a ses-
addressing), representing the multicast of a messag®,tqpn sion, and whose edge denotes a dyadic communication and control
via channel, ...k, by participantp, similarly we extend local flow. The purpose of the message flow graphs in (Corin et al. 2007)
session types tk!(U) from kI{U). Causality analysis remains the is more to serve as a model for systems and programs than to of-
same by decomposing each multicasting prefix into its unicasting fer a type discipline for programming languages. First their work

elements and considering causality for each of them. does not (aim to) present compositional typing rules for processes.
Secondly their flow graphs do not (try to) represent such elements
6.2 Related Work as local control flow (e.g. prefixing), channel-based communica-

Asynchronous Session Types Our multiparty session types are tio_n and delegation. Third thei_r operational structures may not be
based on message-order preserving asynchronous communicatiorfiented towards type abstractions: for example their choice struc-
Operational semantics of binary sessions based on asynchronougures are based on transitions of flow graphs than additive structures
communication was first considered by Neubauer and Thiemann realisable by branching and selection.
(2004a). Recently Gay and Vasconcelos (2007) study the asyn-
chronous version of binary sessions for an ML-like language based
on (Vasconcelos et al. 2006). In (Gay and Vasconcelos 2007), a
message queue is given two endpoint channels and a direction.

Coppo, Dezani-Ciancaglini, and Yoshida (2007) study the asyn-
chronous binary session types for Java, extending the previous
work in (Dezani-Ciancaglini et al. 2006), and prove the progress by
introducing an &ect system. The resulting system does not allow
interleaving sessions so that interactions involving more than two
parties such as examples§r2.3 cannot be represented. Our theo-
rem establishes the progress property on multiple session channels
significantly enlarging the framework in (Coppo et al. 2007). Re-
cently Dezani-Ciancaglini, de’ Liguoro, and Yoshida (2008) pro-
pose a typing system for progress in binary synchronous inter- Linear and Behavioural Types for Mobile Processes The ses-
leaving sessions. Typable processes there obey the partial ordersion type disciplines are related with linear and [O-typed
of shared and session channels inferred during type-checking. Be-calculi with causality information. The causality analysis in global
cause of a use of the global types, processes typed by our multipartytypes is partly inspired by the graph-based linear types devel-
session typing do not have to follow such ordering. The system in oped in (Yoshida 1996) where ordering among multiple lin-
(Dezani-Ciancaglini et al. 2008) does not include recursive agents ear names (which correspond to session channels) guarantees
or types, but does not require the simpleness condition (Definition deadlock-freedom of typed processes. Kobayashi and his col-
5.8). A combination of these two typing systems will enlarge typa- leagues (Kobayashi 2006; Igarashi and Kobayashi 2004; kibay
bility, guaranteeing the progress in many situations. et al. 2000) study generalised forms of linear typing for guarantee-

The concurrent work done by Bonelli and Compagnoni (2008), ing different kinds of deadlock-freedom, incorporating synchroni-
which is independently conceived and developed, studies a multi- sations and locking, with a detailed type inference system.
party session typing for asynchronous communication. While treat- A main difference of session type disciplines from these and
ing the common topic, the technical direction of their work is dif- other preceding works in this field is a notion of rigorously struc-
ferent from that of the present work. Instead of global types, they tured conversations and their direct type abstraction. By raising the
solely use what we call (recursion-free) local types. In type check- level of abstraction through the use of structured primitives such as
ing, local types are projected to each binary session, so that typeseparate session initiation, branching and recursion, session types
safety can be ensured using duality. Since we lose sequencing in-can describe complex interaction structures more intelligibly and
formation in this way, the progress property is not guaranteed. The enable éicient type checking. These features would have direct ap-
use of global types in the present work leads to transparent treat-plicability for the design of programming languages with commu-
ment of type structures such as recursion, the guarantee of strongenication (Hu et al. 2007; Carbone et al. 2007; Honda et al. 2007a).
behavioural properties such as progress, and (arguably) motke inte One of the novelties of the present work is the introduction
ligible description of multiparty interaction structures. of global description as types and a use of their projection for
type-checking. Theyfer a modular and systematic causality anal-
ysis rather than directly working on individual syntax and op-
erational semantics, with adaptations to asynchronous and syn-
chronous communications. Composability of multiple programs is
transparent through projection of a common global type while com-
plex syntax of types and typing are required in the traditional ap-
proach. To our knowledge, this method has not been investigated
so far in the types of mobile processes.

Our session types use a static participant information in the

Semantics of Delegation The present work uses, for a simpler
presentation, the operational semantics of delegation from (Honda
et al. 1998) which demands that delegated channels do not occur
in the receiver. This prevents a process from acting as two or
more participants in the same session, which usually deadlock. The
duplication check is easily implementable in a way analogous to
the standard mechanism of firewalls. The more generous rule (Gay
and Hole 2005; Yoshida and Vasconcelos 2007) allows substitution
of session channels as ind&], which also satisfies type safety
and progress through annotations on channels and types. With this
change the whole theories remain intact with exactly the same
operational semantics and typing for programs.

Global Description of Session Types There are two recent works
which studied global descriptions of sessions in the context of
web services and business protocols, by the present authors (Car:
bone et al. 2007) and by Corin et al. (2007). Carbone, Honda, and
Yoshida (2007) presented &xecutable languagtr directly de-
scribing Web interactions from a global viewpoint and provided
the framework for projecting a description in the language to local
processes. The use of global descriptiontjgesand its associated

theories have not been developed in (Carbone etal. 2007). The typegy niax and types. Recent advanced typing systems for location-
disciplines for the two (global and local) calculi studied in (Carbone  yaq6q distributed processes (Hennessy 2007) use the similar notion

et al. 2007) are based on binary synchronous session types, Nencg, +nesT @p, allowing dynamically instantiate locations into the
safety and progress for multiparty interactions are not considered. capabilities using dependent type techniques. Since our aim is to



prove the simplest extension of the original session types to multi- Manuel Rhndrich, Mark Aiken, Chris Hawblitzel, Orion Hodson, Gale.
party, the static participants are enough even for delegations. Itis Hunt, James R. Larus, , and Steven Levi. Language Supportaftr F
a valuable further study to investigate a dynamic change of partici- and Reliable Message-based Communication in Singularity O$.
pant numbers when session initialisation (without explicitly declar- ~ EuroSys2006ACM SIGOPS, pages 177-190. ACM Press, 2006.
ing p in the syntax) by using channel dependent types (Mostrous Pablo Garralda, Adriana Compagnoni, and Mariangiola Dezani
and Yoshida 2007) or polymorphism. Ciancaglini. BASS: Boxed Ambients with Safe SessionsPRDP’'06
pages 61-72. ACM Press, 2006.

; Simon Gay and Malcolm Hole. Subtyping for Session Types inRhe
& Condus_lon ) ) ~ Calculus.Acta Informatica 42(23):191-225, 2005.
One of th? main open problems of the sess_lon types _'S whether bl'Simon Gay and Vasco T. Vasconcelos. Asynchronous functisesdion
nary sessions can be extendedparty sessions and, if they can, types. TR 2007—251, University of Glasgow, may 2007.
what is their additional expressiveness and benefits. This paper an-j.. . v\ s Girard. Linear logidCS 50:1-102, 1987.
swers the questionfiarmatively. The present theory can guarantee o X
stronger conformance to stipulated conversation structures than bi-Matthew Hennessya Distributed Pi-Calculus CUP, 2007.
nary sessions when a protocol involves more than two parties. TheKohei Honda and Mario Tokoro. An object calculus for asyectuus
central technical underpinning of the present work is the introduc- ~ ¢ommunication. IrProceedings of ECOOP’91991.
tion of global types, which fer an intuitive syntax for describing  Kohei Honda, Vasco T. Vasconcelos, and Makoto Kubo. Langyigni-
multiparty conversation structures from a global viewpoint; and  tives and type disciplines for structured communicationedgsrogram-
the use of their projection forficient type-checking, proposing ming. In ESOP'98 volume 1381 ofLNCS pages 22-138. Springer-
a new dfective methodology for programming multiparty inter- Verlag, 1998.
actions in distributed environments. Global types alffieroa ba- Kohei Honda, Nobuko Yoshida, and Marco Carbone. Web Sesvidebile
sis of a clean modular causal analysis systematically applicable to ~ Processes and TypesThe Bulletin of the European Association for
both synchronous and asynchronous communications, ensuring the 1 eoretical Computer Sciendeebruary(91):165-185, 2007a.
progress and session fidelity. Kohei Honda, Nobuko Yoshida, and Marco Carbone. Full versibthis

There are several significant future topics on the theory and ap- ~ Paper. Technical Report 5, Imperial College London, 2007b.

plications of the proposed theory. We are currently starting to use Raymond Hu, Nobuko Yoshida, and Kohei Honda. Type-safe Commu-
this generalised session type structure as one of the formal foun- nication in Java with Session Typeshttp://www.doc.ic.ac.uk/
dations of the next version of a web service description language, ~ rh105/sessiondj.html, March 2007.
WS-CDL from W3C (WS-CDL) and a message scheme for finan- Atsushi Igarashi and Naoki Kobayashi. A generic type sysiemthe pi-

cial protocols, UNIFI from ISO (UNIFI). Another topic is the use

calculus.Theoretical Computer Sciencgl1(1-3):121-163, 2004.

of this theory as a basis of communication-centred extensions of Naoki Kobayashi. A new type system for deadlock-free preess In
general purpose programming languages (Hu et al. 2007). Others CONCUR'06 volume 4137 oLNCS pages 233-247, 2006.

include tools assistance for the design and elaboration of global Naoki Kobayashi, Shin Saito, and Eijiro Sumii.
types; incorporation of typed exceptions to sessions; and integra-

tion of the type discipline with diverse specification concerns in-
cluding security and assertional methods.
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