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Abstract. Communicating finite state machines (CFSMs) represent processes
which communicate by asynchronous exchanges of messages via FIFO channels.
Their major impact has been in characterising essential properties of communica-
tions such as freedom from deadlock and communication error, and buffer bound-
edness. CFSMs are known to be computationally hard: most of these properties
are undecidable even in restricted cases. At the same time, multiparty session
types are a recent typed framework whose main feature is its ability to efficiently
enforce these properties for mobile processes and programming languages. This
paper ties the links between the two frameworks to achieve a two-fold goal. On
one hand, we present a generalised variant of multiparty session types that have
a direct semantical correspondence to CFSMs. Our calculus can treat expres-
sive forking, merging and joining protocols that are absent from existing session
frameworks, and our typing system can ensure properties such as safety, bound-
edness and liveness on distributed processes by a polynomial time type checking.
On the other hand, multiparty session types allow us to identify a new class of CF-
SMs that automatically enjoy the aforementioned properties, generalising Gouda
et al’s work [13] (for two machines) to an arbitrary number of machines.

1 Introduction

Multiparty Session Types The importance that distributed systems are taking today
underlines the necessity for precise specifications and full correctness guarantees for
interactions (protocols) between distributed components. To that effect, multiparty ses-
sion types [3, 15] are a type discipline that can enforce strong communication safety for
distributed processes [3, 15], via a choreographic specification (called global type) of
the interaction between several peers. Global types are then projected to end-point types
(called local types), against which processes can be statically type-checked. Well-typed
processes are guaranteed to interact correctly, following the global protocol. The tool
chain (projection and type-checking) is decidable in polynomial time and automatically
guarantees properties such as type safety, deadlock freedom, and progress. Multiparty
session types are thus directly applicable to the design and implementation of real dis-
tributed programming languages. They are used for structured protocol programming
in contexts such as security [9, 24], protocol optimisations for distributed objects [23]
and parallel algorithms [19], and have recently lead to industrial projects [21, 22].

Communicating Automata or Communicating Finite State Machines (CFSMs) [5],
are a classical model for protocol specification and verification. Before being used in
many industrial contexts, CFSMs have been a pioneer theoretical formalism in which



distributed safety properties could be formalised and studied. Building a connection
between communicating automata and session types allows to answer some open ques-
tions in session types which have been asked since [14]. The first question is about
expressiveness: to which class of CFSMs do session types correspond? The second
question concerns the semantical correspondence between session types and CFSMs:
how do the safety properties that session types guarantee relate to those of CFSMs? The
third question is about efficiency: why do session types provide polynomial algorithms
while general CFSMs are undecidable?

A First Answer to these questions has been recently given in the binary case: a two-
machine subclass (which had been studied by Gouda et al. in 1984 [13] and later by
Villard [25]) of half-duplex systems [7] (defined as systems where at least one of the
two communication buffers between two parties is always empty) has been found to
correspond to binary session types [14]. This subclass, compatible deterministic two-
machine without mixed states [13] (see § 3 and § 7), automatically satisfies the safety
properties that binary session types can guarantee. It also explains why binary session
types offer a tractable framework since, in two-machine half-duplex systems, safety
properties and buffer boundedness are decidable in polynomial time [7]. However, in
half-duplex systems with three machines or more, these problems are undecidable (The-
orem 36 [7]). This shows that an extension to multiparty is very challenging, leading to
two further questions. Can we use a multiparty session framework [15] to define a new
class of deadlock-free CFSMs with more than two machines? How far can we extend
global session type languages to capture a wider class of well-behaved CFSMs, still
preserving expected properties and enabling type-checking processes and languages?

Our Answer is a theory of generalised multiparty session types, which can automat-
ically generate, through projection and translation, a new class of safe CFSMs, which
we call multiparty session automata (MSA). We use MSA as a semantical interpreta-
tion of types to prove the safety and liveness of expressive multiparty session mobile
processes, allowing complexly structured protocols, including the Alternating Bit Pro-
tocol, to be simply represented. Our generalised multiparty session type framework can
be summarised by the following diagram:

Generalised Projection Local Types Type checking MG?tr} eralt
~ ultiparty
Global Type CFSMs (MSA) Processes

Generalised Global Types This paper proposes a new global type syntax which en-
compasses previous systems [3, 15] with extended constructs (join and merge) and gen-
eralised graph syntax. Its main feature is to explicitly distinguish the branching points
(where choices are made) from the forking points (where concurrent, interleaved inter-
action can take place). Such a distinction is critical to avoid the state explosion and to
directly and efficiently type session-based languages and processes.

Fig. 1 illustrates our new syntax on a running example, named Trade. For the intu-
ition, Trade is also represented as a BPMN-like [4] activity diagram, where *+’ is for
exclusive gateways and ’|” for parallel ones, following session type conventions.

This scenario (from [6, § 7.3]) comprehensively combines recursion, fork, join,
choice and merge. It models a protocol where a seller S relies on a broker B to ne-
gotiate and sell an item to a client C. The seller sends a message Item to the broker, the



Fig. 1. Trade Example: Global Type and CFSM

Grrade = def Q@
X9 = S — B:ltem(string);x;

X5 +X] = X2
X) = X3+Xg i
x3 = B —C: Offer(nat) X4 +—>{ B=CoOffer |
x4 = C— B: Counter(nat); Y
X = X7]|Xg @
x7; =B —S: Final{nat);xg
X3 =B—C: Result nat); X1

X9 [ X10 = X11
X711 =end inxg

broker then has a choice between entering the negotiation loop Offer-Counter with the
client as many times as he chooses, or finishing the protocol by concurrently sending
both messages Final and Result to the seller and the client respectively.

Grrrage is called a global type as it represents the choreography of the interactions
and not just a collection of local behaviours. It is of the form def G in xy where G
represents the transitions between states, and where X is the initial state of all the
participants. A transition of the form xo = S — B : Ifem(string);X; corresponds to the
emission of a message Item carrying a value of type string from S to B, followed by the
interactions that happen in X;. A transition X, = X3 + X¢ denotes a choice (done by one
of the participants, here B) between following with x3 or xg. A transition x¢ = X7 | Xg
describes that the interaction should continue concurrently with the actions of x;7 and
of xg. In a symmetric way, a transition X5 + X; = X merges two branches that are
mutually exclusive, while a transition X9 | Xjo = Xj; joins two concurrent interaction
threads reaching points X9 and xjq into a single thread starting from xi.

Local Types and CFSMs We build the formal connection between multiparty session
types, CFSMs and processes by first projecting a global type to the local type of each
end-point. We then show that the local types are implementable as CFSMs. This de-
fines a new subclass of CFSMs, named Multiparty Session Automata, or MSA, that are
not limited to two machines or to half-duplex communications, and that automatically
satisfy distributed safety and progress.

To illustrate this relationship between local types and MSA, we give in Fig. 1 the
CFSM representation of Trade: on the left is the seller S, at the centre the broker B, on
the right the client C. These communicating automata correspond to the collection of
local behaviours represented by the local types (shown later in Ex. 3.1). Each automaton
starts from an initial state Sg, Bg or Cyp and allows some transitions to be activated.
Transitions can either be outputs of the form SB!/fem where SB indicates the channel
between the seller S and the broker B and where Ifem is the message label; or inputs
of the symmetric form SB?/tem. When a sending action happens, the message label is
appended to the channel’s FIFO queue. Activating an input action requires the expected
label to appear on top of the specified queue.

The connection between local types and CFSM gives a formal semantics to global
types and creates a correspondence between CFSM and session type properties.



Fig. 2. Generalised Global Types

G == defGinx Global type U := (G)|bool|nat|--- Sorts
G = x=p—p:l{U);X Labelled messages ‘ x |x'=x" Join

| x=x|x" Fork | x+x' = x" Merge

’ x=x +x" Choice ‘ x=end End

Our Contributions are listed below, with the corresponding section number:

— We introduce new generalised multiparty (global and local) session types that solve
open problems of expressiveness and algorithmic projection posed in [6] (§ 2).

— We give a CFSM interpretation of local types that defines a formal semantics for
global types and allows the standardisation of distributed safety properties between
session type systems and communicating automata (§ 3).

— We define multiparty session automata, a new communicating automata subclass
that automatically satisfy strong distributed safety properties, solving open ques-
tions from [7, 25] (§ 3).

— We develop a new typing system for multiparty session mobile processes gener-
alised with choice, fork, merge and join constructs (§ 4, §5), and prove that typed
processes conform the safety and liveness properties defined in CFSMs (§ 6).

— We compare our framework with existing session type theories and CFSMs re-
sults (§ 7). Our framework (global type well-formedness checking, projection, type-
checking) is notably polynomial in the size of the global type or mobile processes.

The appendix provides proofs, auxiliary definitions and examples.

2 Generalised Multiparty Sessions

2.1 Global Types for Generalised Multiparty Sessions

This subsection introduces new generalised global types, whose expressiveness encom-
passes previous session frameworks. The syntax is defined in Fig. 2.The new features
are flexible fork, choice, merge and join operations for precise thread management. A
global type G = def G in x( describes an interaction between a fixed number of par-
ticipants. The prescribed interaction starts from xo, which we call the initial state, and
proceeds according to the transitions specified in G. The state variables x in G rep-
resent the successive distributed states of the interaction. Transitions can be labelled
message exchanges x =p — p’ : [{U);x’ where p and p’ denote the sending and re-
ceiving participants (process identities), U is the payload type of the message and [ its
label. This transition specifies that p can go from x to the continuation x’ by sending
message [, while p’ goes from x to x’ by receiving it. All other participants can go from
x to X’ for free. Sort types § include shared channel types (G) or base types. Message
types U are either value types S or local types T (which correspond to the behaviour of
one of the session participants) for delegation, which is defined later.x = x’ +x” repre-
sents the choice (made by exactly one participant) between continuing with x’ or x” and



x = x' | X" represents forking the interactions, allowing the interleaving of actions at x’
and x”. These forking threads are eventually collected by joining construct X' | x” = x.
Similarly choices are closed by merging construct x’ + x” = x, where two mutually
exclusive paths share a continuation. X = end denotes session termination.

The motivation behind this choice of graph syntax is to support general graphs.
A traditional global type syntax tree, with operators fork | and choice +, even with
recursion [3,6, 11, 15], is limited to series-parallel graphs.

Example 2.1 (Generalised Global Types)). We now give several examples in Fig. 3,
with their graph representation. We keep this representation informal throughout this
paper (although there is an exact match with the syntax: variables are edges and transi-
tions are nodes). The examples are numbered 1-7, with increasing complexity.

A simple one-message (Msg of type nat) is exchanged between Alice and Bob.

A protocol with a simple choice between messages Book and Film.

Alice and Bob concurrently exchange the messages Book and Film.

A protocol where Alice keeps sending successive messages to Bob (recursion is

written using merging).

5. The Trade example from § 1 (Fig. 1) shows how choice, recursion and parallelism
can be integrated to model a three party protocol.

6. Gg features an initial choice between directly contacting Carol or to do it through
Bob. Note that without the last interaction from Carol to Bob (in Xg), if the chosen
path leads to x3, Bob enters a deadlock, waiting forever for a message from Alice.

7. Gup in Fig. 3 gives a representation of the Alternating Bit Protocol. Alice repeat-
edly sends to Bob alternating messages Msg; and Msg, but will always concur-
rently wait for the acknowledgement Ack; to send Msg;. This interaction structure
requires a general graph syntax and is thus not representable in any existing session
type framework, and is difficult in other formalisms (see § 7). We emphasise the
fact that, not only it is representable in our syntax, but our framework is able to
demonstrate its progress and safety and enforce it on realistic processes.

Sl

2.2 Well-formed Global Types

This subsection defines three well-formedness conditions for global types.

Sanity Conditions within global types prevent possible syntactic confusions about
which continuations to follow at any given point. A global type G = def G in X satisfies
the sanity conditions if it satisfies the following conditions.

1. (Unambiguity) Every state variable x except Xo should appear exactly once on the
left-hand side and once on the right-hand side of the transitions in G.

2. (Unique start) xo appears exactly once, on the left-hand side.

3. (Unique end) end appears at most once.

4. (Thread correctness) The transitions G define a connected graph where threads
are always collected by joins.



Fig. 3. Examples of Global Types

G| = def xg = Alice — Bob : Msg(nat);x;

(B 7
‘\7/ Alice-»Bob:Msg .

1. .
x| = end in Xy
Gy =defxg =x;+Xxp
x| = Alice — Bob : Book(string);x3 i
2. X, = Alice — Bob: Film(string);xq (> @)
X3 +X4 — XS Lb‘ Alice-Bob:Film H
X5 = end in Xq
G3 =defxp =x; | X2
x; = Alice — Bob : Book(string);x3 [ sob-Alicesfilm |
3. X, = Bob — Alice : Film(string);xs (> ‘
X3 | X4 =Xs
X5 = end in Xg
(.
4 Gy =def xg+x =X/ (& agt
’ X| = Alice — Bob: MSg<String>;X2 in X() | Alice»Bob:Msg |
Gg =def xg = x| +x3 ()
X1 = Alice — Bob : Book(string); X, X
Xy = Bob — Carol : [tem(nat); X PP o
6. x3 = Alice — Carol : Film(string);Xs
X4 +X5 — X6 Bob-Carol:ltem
A
Xg = Carol — Bob : Order(string);x; v
X7 — end in XO Carol-Bob:Order| O
(B
Gyp =def xy = xg | X2 ‘\;/‘
X]+X3 =X4 —
X7 +X5 = Xg —+ P
X4 = Ache — Bob : Msg (string); x7
X7 — X8 | X9
7. xg = Bob — Alice : Ack; (unit);xqg f '
X | %o = x11 |
x1] = Alice — Bob : Msg,(string);x12
X2 = X3 | X14
X3 = Bob — Alice : Ackp(unit);xs |
X10 [ X14 = X3 1N X0 Bob—»AIice:Ack]» |
- [ J

The conditions (1-3) are self-explanatory. (Thread correctness) aims at verifying con-
nexity, the ability to reach end (liveness) and that global types should always join states
that occur concurrently and only them: this prevents both deadlocks and state explo-
sion (see Appendix B.2 for the polynomial verification algorithm). In G, in Fig. 4,
an illegal join waits for two mutually exclusive messages: as a consequence, Bob is in a
deadlock, waiting for both Book and Film to arrive from Alice.



Fig. 4. Incorrect Global Types

G_ih =def xg =x1 +xp
x| = Alice — Bob : Book(string);x3
Xy = Alice — Bob: Film(string); x4
X3 | X4 = x5
X5 = Bob — Alice: Price(nat);Xg
X¢ = end in xo

G_joc =def xg =X +Xo
x| = Alice — Bob : Book(string);x3
xy = Bob — Alice : Film(string); x4
X3 +X4 = X5
X5 = end in Xg

Local Choice is essential for the consistency of a global type with respect to choice
(branching). For G = def G in xi, we need to check that each choice is clearly la-
belled, local to a participant (the choice of which branch to follow should be made by
a unique participant) and propagated to the others. To this effect, we define a function
Rcv(G)(x) in Fig. 5, which computes the set of all the participants that will be ex-
pecting at least one message starting from state x. Additionally, Rev(G)(x) returns the
label [ of the received message and the merging points X encountered. We say that the
equality Rev(G)(x1) = Rev(G)(x2) holds if V(p : 1 : X1) € Rev(G)(x1),¥(p: 1 %) €
Rcv(é)(xz),l 1 # I VX1,X; share a non-null suffix (i.e. the two branches have merged).
Note that G¢ in Ex. 2.1 satisfies this condition (the Rcv sets of both branches contain
Bob and Carol).

To guarantee that choices are local to a participant, we also define a function that asserts
that, for a choice x = x| + X, € G, a unique sender p is active in each branch x; and
x. This is written ASend(G)(x) = p and is undefined if there is more than one active
sender (i.e. if the choice is not localised at a unique participant p) (the definition is in
Appendix B.3 ). As an example, Fig. 4 gives an illegal global type G}, where Alice
and Bob are respectively the active sender of branches x; and x;: as both branches do
not agree, the mutual exclusion of Book and Film can be violated.

Definition 2.1 (Local Choice). A global type G = def G in X satisfies the local choice
conditions if for every transition x = x' + x” € G, we have (1) (Choice awareness)
Rev(G)(x') = Rev(G)(x"); and (2) (Unique sender) 3p,ASend(G)(x) = p.

Linearity In order to avoid processes with race-conditions, we impose that no partic-
ipant can be faced with two concurrent receptions where messages can have the same

label. This condition, linearity, is enforced by comparing the results of Lin(G)(x;) and
Lin(G)(x3) whenever a forking transition X = x; | X, is in G. The Lin function works in
a similar way on message labels as the Rcv function on message receivers (linearity is
to forks what choice awareness is to choice) and it thus omitted here. As an example,
linearity would prevent the labels Msgl and Msg2 from both being renamed Msg0 in
G4p (since they can be received concurrently and thus confused), but would allow the
two labels of G3 to be identical (they are received by two different parties). Note that

the linearity condition incidentally prevents the unbounded creation of threads.

Definition 2.2 (Linearity). A global type G = def G in Xq satisfies the linearity condi-

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



Fig. 5. Receiver Computation (up to permutation of | and +)

Rev(G)(x) = Rev(G,0,0)(x) (remembers recursive calls and receivers)
Rev(G,%,p)(x) = Rev(G,%,B)(x')  ifx=p—p : (U)X eGAp eporifx|x'=x €G
Rev(G,%,p)(x) = {p' : [ : X} URev(G,%,p'p)(x)  ifx=p—p :l{U):X €GAP ¢
Rev(G,%,8)(x) = Rev(G,%,8) (X' ) URcv(G,%,p) (x") ifx=xX+x"€Gorx=xX |x" €G
Rev(G,%,5)(x) = 0 ifx+x =x" e GAX' exorifx=end€ G
Rev(G,%,B)(x) = Rev(G,xx",B)(x") ifxX +x=x" e GAX' ¢ %

Well-formedness We say that a global type G = def Ginxgis well-formed, if it satisfies
the sanity, local choice and linearity conditions. These conditions are related to similar
CFSM properties, as discussed in § 3.2. We can easily check that global types from
Ex. 2.1 are well-formed. Since Rcv, ASend and Lin can be computed in polynomial
time in the size of G by a simple syntax graph traversal, we have:

Proposition 2.1 (Well-formedness Verification). Given G, we can determine whether
G is well-formed or not in polynomial time.

3 Multiparty Session Automata (MSA) and their Properties

This section starts by defining local types, details the translation from local types into
CFSMs, and shows that these CFSMs guarantee the properties given in § 3.3. We call
this class of communicating systems multiparty session automata (MSA).

3.1 Local Types and the Projection Algorithm

Local types are defined in Fig. 6. They represent the actions of session end-points that
each process implementation must follow. As for global types, a local type T follows
the shape of a state machine definition: local types are of the form def T in xq.

The local type for send (!(p,l(U))) corresponds to the action of sending to p a
message with label [ and type U, while receive (?(p,/{U))) is the action of receiving
from p a message with label / and type U. Other behaviours are the indirection (nop),
internal choice, external choice, merge, fork, join and end. Note that merge is used for
both internal and external choices.

We define the projection of a well-formed global type G to the local type of partici-
pant p (written G [ p) in Fig. 7. The projection is straightforward: x =p — q: [{U);X' is
an output from p’s viewpoint and an input from q’s viewpoint; otherwise it creates an in-
direction link from x to x’ (i.e. this message exchange is invisible). Choice x = x + x”
is projected to the internal choice if p is the unique (thanks to the local choice well-
formedness condition of definition 2.1) participant deciding on which branch to choose;
otherwise the projection gives an external choice. For local types, we also define a con-
gruence relation = over 7 which eliminates the indirections (7,x = x' = T[x/x]) and
locally irrelevant choices, and removes the unused local threads. Appendix C.2 gives
the definition.

Thanks to the simplicity of projection, we have:



Fig. 6. Generalised Local Types

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

Proposition 3.1 (Projection). Given a well-formed G, the computation of G | p is lin-
ear in the size of G.

Example 3.1 (Trade Example). We illustrate our projection algorithm by showing the
result of the projection of the global type Gyage from § 1 to the three local types of the
seller Tyades, the broker Tryaqep and the client Tyqgec. Local type congruence rules are
used to simplify the result. When comparing with the CFSMs of Fig. 1, one can observe
the similarities but also that local types make the interaction structure clearer and more
compact thanks to more precise type constructs (&, & and |).

3.2 Communicating Finite State Machines

In this subsection, we give some preliminary notations (following [7]) and definitions
that are relevant to establishing the CFSM connection to local types.

Definitions ¢ is the empty word. A is a finite alphabet and A* is the set of all finite
words over A. |x| is the length of a word x and x.y or xy the concatenation of two
words x and y. Let P be a set of process identities fixed throughout the paper: P C
{Alice,Bob,Carol,...,A,B,C,...,S,...}.

Definition 3.1 (CFSM). A communicating finite state machine is a finite transition
system given by a 5-tuple M = (Q,C, qo, A, §) where (1) Q is a finite set of states; (2)
C = {pq €P* | p#q} is a set of channels; (3) go € Q is an initial state; (4) A is a finite
alphabet of messages, and (5) 8 C O x (Cx {!,?} x A) x Q is a finite set of transitions.

In transitions, pqla denotes the sending action of a from process p to process q, and
pq?a denotes the receiving action of a from p by q. @, 7, ... range over actions. A
state ¢ € Q whose outgoing transitions are all labelled with sending (resp. receiving)
actions is called a sending (resp. receiving) state. A state ¢ € Q which does not have any
outgoing transition is called a final state. If ¢ has both sending and receiving outgoing
transitions, then q is called mixed.

A path in M is a finite sequence of qo,...,q, (n > 1) such that (g;,7,gi+1) € 6
(0<i<n-—1),and we write ¢%¢ if (¢,7,q') € 8. M is connected if for every state
q # qo, there is a path from ¢ to g. Hereafter we assume each CFSM is connected.

ACFSM M = (Q,C,qo,A,d) is deterministic if for all states g € Q and all actions

m, (¢,7,q'),(q,7,q") € § imply ¢’ = ¢".!
! “Deterministic” often means the same channel should carry a unique value, i.e. if (¢,cla,q') €
6 and (gq,cld’,q") € 6 then a = d’ and ¢’ = ¢”. Here we follow a different definition [7] in
order to represent branching type constructs.



Fig.7. Projection Algorithm

defGinx [p = deféfépinx x=x +x’ [ap = x=xx’
x=p—p :{UsX [zp = x=Np (U)X (if p = ASend(G)(x))
x=p—p : lUxX [gp = x=2p,I{U))X x=x+x"[gp = x=x"&x’
x=p—p U)X [z = x=x(p¢{p.p'}) (otherwise)

x|X=x"Izp = x[x¥=x x+x' =x"[zp = x+x=x"

x=x[x"lzp = x=x[|x x=end[zp = x=end

Definition 3.2 (CS). A (communicating) system S is a tuple S = (M} ),cp of CFSMs
such that M, = (Qp,C, qop, A, &p).

Let S = (Mp)pep such that M, = (Qp,C,qop, A, 5) and 6 = Wpepdp. A configuration
of S is a tuple such that s = (g;w) with § = (gp)pep With g, € Qp and W = (Wpq)pLeep
with wpq € A*. A configuration s’ = (§';W') is reachable from another configuration
s = (g;w) by the firing of the transition t, written s — s’ or s>, if there exists a € A
such that either:

L. t = (¢gp,pqla,qp) € & and (a) q;, = gy for all p’ # p; and (b) W,y = wpq.a and
Wy = Wyq forall p'q’ # pg; or
2. t = (qq,Pq%a,qy) € & and (a) q;, = gy for all p’ # g; and (b) wpq = a.wp,, and
w;,q, = wyy forall p'q’ # pq.
The condition (1-b) puts the content a to a channel pq, while (2-b) gets the content
a from a channel pq. The reflexive and transitive closure of — is —*. For a transition
t = (s,7,s"), we write £(t) = . We write 5125, 1 for 51255+ 25,,41. We use
the metavariable ¢ to designate sequences of transitions of the form ¢, - - - #,,. The initial
configuration of the system is so = (go;€) with Go = (qop)pcp- A final configuration of
the system is sy = (¢;€) with all g, € ¢ final. A configuration s is reachable if s) —* s
and we define the reachable set of S as RS(S) = {s | so —* s}.

Properties Let S be a communicating system, ¢ one of its transitions and s = (§; W) one
of its configurations. The following definitions follow [7, Definition 12].

1. sis stable if all its buffers are empty, i.e., W = €.

2. s is a deadlock configuration if w = € and each g, is a receiving state, i.e. all ma-
chines are blocked, waiting for messages.

3. sis an orphan message configuration if all g, € ¢ are final but w # 0, i.e. there is at
least an orphan message in a buffer.

4. s is an unspecified reception configuration if there exists q € P such that gq is a
receiving state and (gq,pq?a,qy) € & implies that [wpq| > 0 and wyq & @A, ie gq
is prevented from receiving any message from buffer pq.

The set of receivers of transitions sy 2~~5s,, . is defined as Rev(t) -+ -t,,) = {q | 3i <
m,t; = (s;,pq?a,si+1)}. The set of active senders are defined as ASend(t; -+ -ty) = {p |
i < m,t; = (s;,pq'a,8i+1) AVk < i. 1y # (sk,P'P?h,sk+1)} and represent the partici-
pants who could immediately send from state s;. These definitions match the global

10



Fig. 8. Trade Example: Local Types

Ttrades = def xg =!(SB, Item(string)) x| TTrade = def Xo = ?(SB, Item(string)) X,
x| =?(BS, Final(nat)).x1¢ X5 +X] =Xp
xXjp=end inXxg X7 =X3 D Xg
=1(BC, Offer(nat)).x4
Tradec = def X5+X9=X7 x4 =?(CB, Counter{nat)).Xs
Xy =x3 & Xg X6 =X7 | X3
=7 (BC, Offer(nat)) X4 x7=1(BS, Final(nat)).x9
x4 =!(CB, Counter{nat)) .Xs xg = ! (CB, Result(nat)).Xjq
X6:?<BC,Result<nat)).x10 X9 | X10 =X11
xlO:end in X0 x“:end in X0

types ones. A sequence of transitions (an execution) s1 555 - - - 5, 25,41 is said to be
k-bounded if all channels of all intermediate configurations s; do not contain more than
k messages.

Definition 3.3 (properties). Let S be a communicating system.

1. S satisfies the local choice property if, for all s € RS(S) and s-25s51 and s-%5s,, there
exists @/, @5, s}, s, such that 51 2s} and 5,25, with Rev(@; ¢]) = Rev(@2¢}) and
ASend(¢19;) = ASend(929;).

2. Sis deadlock-free (resp. orphan message-free, reception error-free) if s € RS(S), s
is not a deadlock (resp. orphan message, unspecified reception) configuration.

3. Sis strongly bounded if the contents of buffers of all reachable configurations form
a finite set.

4. S satisfies the progress property if for all s € RS(S), s —* 5" implies s’ is either
final or &' — s”; and S satisfies the liveness property” if for all s € RS(S), there
exists s —* s’ such that s’ is final.

3.3 Multiparty session automata (MSA)

We now give a translation from local types to CFSMs, specifying the sequences of
actions in a local type as transitions of a CFSM. We use the following notation to keep
track of local states:

X == x | XX XJ == - | xJIx | x|x[]

We also define in Fig. 9 an equivalence relation =5 that identifies two states if one of
them allows the actions of the other:

Definition 3.4 (translation from local types to MSA). Let T = def T in xo be the
local type of participant p projected from G. The automaton corresponding to T is
A(T) =(Q,C,qo, A, §) where:

2 The terminology follows [6].
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Fig. 9. Local State Equivalence for Local State Automata
X[ ¥=:X[x X|X[X)=FX[X)[X"
x=x¢eT x=x'|x"eT x|X=x"eT x=x&x'eT x=x&x'ecT
X[x] =5 X[x]  X[x] =5 XX |x"]  X[x|X] == X[x"] X[x] == X[x'] X[x] == X[x"]

x=xox"eT x=xox" el x+x=x"eT x+x=x"eT
X[x] =5 X[x] X[x] =5 X[x"] X[x] =5 X[x"] X[x] =5 X[x"]

— Qs defined as the set of states X built from the recursion variables {x;} of T. Q is
defined up to the equivalence relation =z (Fig. 9).
- C={pal|p,a€G}; go=xo;and A is the set of {/ € G}
i / S —1 (1 e
 5is defined by: (D) (PP X)) €8x =1 (0, 1(U) ¥ € T
(X[x], (p'p),X[x]) € 6 if x=2(p', [ {U)) X' €T

We call Multiparty Session Automata (MSA), communicating systems S of the form
(A(G | p))pec When G is a well-formed global type.

The generation of an MSA from a global type G is exponential in the size of G. It
is however polynomial in the absence of parallel composition. Note that neither well-
formedness nor type-checking requires the explicit generation of MSAs.

MSA Examples The following shows local types (projections from Ex. 2.1) and their
corresponding automata. The Trade example from Fig. 1 and Ex. 3.1 is another com-
plete example of MSA.
L G| [ Alice = defxg = !(Bo.b,Msg(nat>>‘x1 @ AliceBobiMsg a
x| = end in X
G, [ Bob = def xg = x; &x»

x; = ?(Alice, Book(string)).x3 YT
2. Xy = ?(Alice, Film(string)).x4
X3 +X4 = X5 AliceBob?Film

X5 = end in Xg

G3 [Alice =defxg =x1 | X
x| = ! (Bob, Book(string)).x3

3. X, = ?(Bob, Film(string)).x4
X3 | X4 = x5
X5 = end in Xq BobAlice?Film AliceBob!Book

1. The MSA of the projection of G| to Alice has two states and one transition.

2. Since Bob is receiving Alice’s messages, the projection of G, to Bob gives an
external choice. The automaton has two nodes X (equivalent to x; and X;) and X5
(equivalent to x3 and X4), and two transitions between these nodes.

3. G3 has two concurrent communications. It results in an automaton for Alice with
four nodes, reflecting the interleavings of the concurrent interactions.

12



3.4 Properties of MSAs

This subsection proves that MSA satisfy the properties defined in definition 3.3. We
qualify executions of the form s%3s; %5, with s € RS(S) such that ¢; is an alter-
nation of sending and corresponding receive actions (i.e. the action pqla is immedi-
ately followed by pq?a) and ¢ is only sending actions as being stable-outputs. The
key property is Lemma 3.1(3), whose proof is non-trivial and relies on Lemma 3.1(2)
and well-formed conditions of global types (except choice awareness in definition 2.1).
Then Lemma 3.1(4) (the existence of stable executions [7]) directly leads to unspecified
reception error-freedom and orphan message freedom. For the deadlock-freedom, we
require choice awareness of Lemma 3.1(1), ensured by the same condition in definition
2.1. Theorem 3.2 uses the results from [10, § 3]; in Theorem 3.3, progress is proved
from Theorem 3.1, while liveness directly uses the thread correctness condition.

Lemma 3.1 (Properties of MSAs). Suppose S is a MSA.

1. (local choice) S satisfies a local choice condition.

2. (diamond property) Suppose s € RS(S) and si%s and s2»s, where (1) tl and tp are
both inputs; or (2) ty is an output and t, is an input, then there exists s' such that
s18855" and s, 255 where (1)) = ((t)) and U(ty) = £(1}).

3. (stable-outputs decomposition) Suppose s € RS(S). Then there exists 5oL - - - Lys
where each @; is stable-outputs.

4. (stable) Suppose 502 - - - L5 with @; stable-outputs. Then there exists an execution
2 such that sLys3 and s3 is stable, and there is a 1-buffer execution so-2-ss.

Theorem 3.1 (Safety Properties). A MSA S is free from unspecified reception errors,
orphan messages and deadlock.

Theorem 3.2 (Strong Boundedness). Consider a MSA S, generated from the local
types of G. If all actions that are within a cycle in G are also part of causal input-
output cycle (I0-causality) [10, 15],% then S is strongly bounded.

Theorem 3.3 (Progress and Liveness). A MSA S satisfies the progress property. If a
MSA S is generated from the local types of G and G contains end, then S satisfies the
liveness property.

4 General Multiparty Session Processes

This section introduces general multiparty session processes which are designed fol-
lowing the shape of the multiparty global types presented in § 2.1. Our new system
handles (1) new external and internal choice operators that allow branching with dif-
ferent receivers and merging with different senders; and (2) forking and joining threads
which are not verifiable by standard session type systems [3, 6, 15].
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Fig. 10. Process and Network Syntax

v i=a ’ s[p] | true ’ false ‘ ... values e =y ’ x ’ eNe ’ ... expression
P :=def Pin X definition h =0 | h-(p,q,l{v)) messages
P = process transition X = state

| x(%) = x(G) .x'(é) init | x(7) thread

| x(%) = x[p](y).x' (&) request | XX parallel

’ x(%) =x!{p,l{e)).X'(&) send | (va)X restriction

| x(%) =x2(p,1(y)).X'(&) receive | 0 null

| x(®) =x(5) | x"(z parallel N == network

| x(%¥) =if e thenx'(¢') else x”(¢") conditional | P def

| x(¥) =X/ (%) & x" (%) external choice | NIIN parallel

| x(5) [%(5) =x"(3) join I {voN new name

| X() +x'(%) =x"(x) ferge | (VS)N new session

’ x(%) = (va) X' (a%) new name | - queue

| x(¥) =0 null | a(s [p] invitation

Syntax The syntax of processes is defined in Fig. 10. While it follows some standard
constructs [3], the control flow and functional flavour are new in session calculi and al-
low a simple type checking verification technique. Note that this syntax is not meant to
be directly written by programmers, but rather abstracts the control flow of any standard
programming language equipped with fork and join constructs. A process always starts
from a definition P = def P in x(7), where the parameters of X in P are to be instantiated
by ¥. The form of process actions P follows global and local types and rely on a func-
tional style to pass values around continuations. Variables ¥ in x(¥) occurring on the
left-hand side of a process action are binding variables on the right-hand side. Variables
y in request and receive are also binding (e.g. in X(x,z) = z?(p,/(y)).X'(x,,2), the final
z is bound by z in x(x,z), while y is bound by the input).

A session is initialised by a transition of the form x(%) = x(G).x(&) where G is a
global type. It attributes a global interaction pattern defined in G to the shared channel
a that x gets substituted to. The variables in é are all bound by . After a session ini-
tialisation, participants can accept the session with x(%) = x[p](y).x(€) (as long as x is
substituted by the same share channel a as the initialisation), starting the interaction: the
variables in € are bound by ¥ and by y, which, at run-time, receives the session channel.

The sending action x!(p,{e)) allows in session x to send to p a value e labelled by a
constant /. The reception x?(p,/(y)).x'(¢) expects from p a message with a label /. The
message payload is then received in variable y, which binds in x'(¢).

x(%) = X/(7) | x"(Z) represent forking threads (i.e. P | Q): 7 and % are subsets of .
The conditional (if e thenx'(¢') else x”(&") ) and the external choices (x' (%) & x" (%))
are extensions of the traditional selection and branching actions of session types. The
join action collects parallel threads, while the merge action collects internal and external
choices. Note that external choice, fork, join and merge only allow a restricted use of

3 It is formally defined in [10, 15] and Appendix C.4.
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bound variables for continuations. X(%) = (va)x’(a%) creates a new shared name a. 0 is
an inactive agent. For simplicity, we omit the action of leaving a session.

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

Once a session is running, our operational semantics uses run-time syntax not di-
rectly accessible to the programmer. X | X’ and (va)X are for example only accessible
at run-time. Session instances are represented by session restriction (vs)P. The message
buffer s : & stores the messages in transit for the session instance s. A session invitation
alp](s) invites participant p to start the session s announced on channel a.

A network which only consists of shared name restrictions and parallel composi-
tions of def P in x(V) is called initial.

Operational Semantics We define the operational semantics for processes and net-
works in Fig. 11. We use the following labels to organise the reduction of processes.

a.p = 7 | slp.all(v) | slp.a]?(v) | a(G) | alp)ls]

The rules are divided into two parts. The first part corresponds to a transition relation
of the form P - X- %X’ representing that a process in a state X can move to state X’
with action o. The second part defines reductions within networks (with unlabelled
transitions N — N'). e | v denotes the evaluation of expression e to v.

Fig. 11. Operational Semantics (selected rules)

=0 dAl7 . = dgilnlLd
x(®) = x(G) X (&) F x(7) X% ¥/ (#) x(%) = x[p] () X' (@) F x(7) LB w57
oA =sld  elo/dly  ep/a LV

|
x(%) = x 1 (p,1(e)) X' (2) - x(7) 2221, (i)

[Acc]

[SEND]

515 — ~f~ )~ ~/ ~
: x[V/%] s[‘ﬂ/ - e V/jf} [S"[é‘):l]]i&) — [Rev]——— / a E LB —— [NEW]
X(®) =x2p, 1(y)) X (&) - x(V) »x/ (V) x(%) = (va)x'(ax) - x(¥) = (va)x'(ab)
e[v/x] Ltrue &9/ LV -
x(%)=if e then X' (¢') else x”(&") - x(¥) 5 X' (V)
Px(%) =x'(%) &x"(%) X/ (7) L X Exr _PEX S X by PP
Px(%) =x'(%) & x" (%) Fx(7) & X def Pin X % def Pin X’ PP
s[p,q)!(v) s[p,q2(v)
P ; [ [PuT] P P ; [GET]
Pllsih—P [[5:h (pal(v) Pl (pa () h—P [[5:h
a(G a(s
P~<—>»P' po,..,pk €G s fn(P) NIty pﬂp/ (Accy]
P — (vs)(P' || s: € |l als)lpo] II .- [ a(s) [px]) P || a(s)[p] = P’

Rule [senp] emits a message from p to g, substituting variables X by ¥ and evaluating
e to v. Rule [Rev] inputs a message and instantiates y to the received value v. Rule [init]
initiates a session, while rule [Acc] emits a signal which signifies the process’s readiness
to participate in a session. Rule [1rT] internally selects the first branch with respect to the
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Fig. 12. Trade Example: Processes
Pc =def x(x,i) = x[C](2)-x0(i,2)

Ps =def x(x,y) =x(Grrade) X' (x,y) i i2) = xo(i
X' (x,y) = x[S](2).x0(y,2) sl 7Z)+§(2)E, 2 _iiglg & x6(i,2)
Xo(,2) = z! (B, Item(y)) x; (2) x3(i,2) = 2?2 (B, Offer(y)) Xa(i,z,y)
X1 (z) =22 (B, Final(y)) Xi0(z,y) x4(i,2,y) = 2! (B, Counter{i)).xs (i +5,2)
X10(z,y) =0 inx(a,“HGE") X6 (i,z) = 27 (B, Result(y)) X10(y,2)
x10(y,2) =0 in x(a,50)

value of e ((1rF) is similarly defined). Rule [New] creates a new shared name. Rule [ExT]
is the external choice, which invokes either the left or right state variable, depending on
which label « is received.

Rules [per] and [Tau] promote processes to the network level. [inity] is used in com-
bination with [inir]. It creates an empty queue s : € together with invitations for each
participant. Rule [Accy] consumes an invitation to participate to the session if someone
has been signalled ready (via [acc]). Other contextual rules are standard (we omit the
structure rules, =). We write —* for the multi-step reduction.

We write here an implementation of the Trade example from § 1. The reader can

refer to Fig. 1 and Ex. 3.1 for the global and local types.
In Fig. 12, Ps and P¢, respectively correspond to the seller S and client C. Ps initiates
the session by announcing Grr,ge On shared name a. According to rule [inity], it creates a
session name s, a message buffer and invitations for S, B and C. Pg then joins the session
as the seller S, the variable z being used to contain the session name. Ps proceeds with
x0(y,z) where y is the string “HGG” and z the session name. The execution of x¢(y,z)
sends a message Item with payload “HGG” in the message buffer. P¢ starts in x(a,50)
where a is the shared name and 50 the price it is ready to offer initially. It joins the
session as the client C, gets in variable z the session name s and continues with x(i,z).
The message Offer is then countered as many times needed with a slowly increased
proposed price.

S Typing Multiparty Interactions

This section introduces the typing system. There is one main difference with existing
multiparty typing system: to type a process P, we need to gather for every session
the typing constraints of the transitions PinP, keeping track of associations such as
x; =!(p,l(U)).x,. We rely on an effective use of “matching” between local types and
inferred transitions to keep the typing system for initial processes simple.

Environments We use u to denote a shared channel a and its variable x and ¢ to denote

a session channel s[p] or its variable. The grammar of environments are defined as:
r:=0|FuU A:z=0Ac:T X:u=0|Zx:0

I' is the standard environment which associates variables to sort types and shared names

to global types. A is the session environment which associates channels to session types.

X keeps tracking state variable associations. We write I',u : U only if u & dom(I").
Similarly for other variables.
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Fig. 13. Typing System for Initial State Processes (selected rules)
j:0Fé:U 5:0Fx:(G) ViT;=Twx=x

[INIT]

j:OFé:U 5:0Fx:(G) ViT; :I;Lidx=x' ~T:G [p[REQ]
Fx(5%7) = x[p](y) X' (ezy) >x: UT | X : U'T'T
§:UbFe:U 3:0UFé:U T;=T,ux= (p,l(U)Z.X’ VAT = T'jEer:x'[SEND]
Fx(52) =z Hp,l{e)) X' (&2)>x:UT | X : U'T
F:OUFy:0 5:UFy:0, Vi,:[l: (TliLfTNZi)L’fJXZNXIJ X2 (pa]
Ex(52) =x1(512) [x2(22) >x:UT [ x1: U1 T, x2: U Ty
F:OF U 5:0UFy:0, Vi, T; :Tf»tdf] |X2=x .
Fxi(712) [ x2(5722) =x(@) > x1: U1 Tx0 - Oo T [ x: 0T
FR>X | X comp({Z; [ Z})) _X0:U = (U5)\ Uy I'kv:0 (DEr]
I' - def Pin x¢(7¥)
Judgements The different judgements that are used are:

I'ke:U Expression e has type U under I
I'EP>X | X Left/right variables in P have types /X" under I’
P Process P is typedunder I’ I' =N Network N is typed under I

Typing Rules We give the selected typing system for processes in Fig. 13. Apart from
inferring local types through constraint gathering, the essence of the typing system is
the same as the original system of [3, 15]. In the rules, y and Z correspond to sorts and
session types, respectively.

Rule (vt types the initialisation. ¥ should cover x and variables in € appearing in the
right hand side. The type system records that every z; should have type T x:x’~, which
means that we record x=x at the head of T (formally defined as: def x=x',T in x if
T = def T in x’). Rule [req] is similar except we record the introduced projected session
type T = G | p. Rule [senp] records the send type for z; (T; =x =!(p,[{U)).x") and x =X’
for all other sessions. The rule for the input is symmetric.

Rule [par] introduces the parallel composition. The operation (T; UT2) Wx=x; | x»
is defined as def x=x) | xp, 71 UT> in x where T; = def T; in x; (we record x=x| | x; at
the head of a union of T and T,). Rule pjon is a symmetric rule.

In [Der), we write comp({Z;; Z]};) (environments are complete) if (1) there exists
unique Xo € (U;Z;) \ (UiZ{); (2) for all x # X, X appears exactly once in X; and X for
aunique i, j. (3) if Z;(x) = U;T and Z/(x) = U'; T, then U = U’ and T = T'. The con-
ditions (1,2) corresponds to (Unambiguity) condition in the well-formed global types
defined in § 2.2, while (3) simply checks the matching of the argument types of each
state variable appears in right X; and left Z}. Other rules (for delegation, choice, condi-
tion, restriction and networks) are similar or straightforward, following the structure of
terms.

Since checking well-formedness and comp({Z;;Z]}) are decidable in polynomial
time, following the standard method [15, § 4], we have:
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Fig. 14. Type Transition System, Structure Rules and Environment Communication Rule

defTinx = defT’inx (T=T) |EQ]
defxi+x;=x,Tinx; = defx;+x,=x,Tinx (i=1lori=2) |MERGE]
defx; |xp =x,Tinx; |[x, = defx;|xp=x,Tinx |JoIN]
~ Hp,l ~
def x =! (p, (U)X, T in x ~PH, det x —1 (1)) X, T in X' S|
def x =2 (p,[({U)) X, T in x LD, ot x 2 (p, (U)X, T inx' |RECV, |
defx=x @x,finx D defx=x,®x,Tinx, (i=1lori=2) |Conp
P def T in x1 5 def 7in x> i ) Con)
P 7 = ; | CHOICE]
defx=x; &x,7T inx] = defx=x; &x2,7T inX]
~ ~ Haqyl 2(pl
def T inx; 5 def T in x|, 7, WO o, TRIOD,
|PAR] [CoMm]

def Tinx; | X, S defTinx| [X,  (s[p]: Ti,sa): T2,4) = (s[p] : T},sla] : T, A)

Proposition 5.1 (Decidability). Assuming the new and bound names and variables in
N are annotated by types, type checking of I' - N terminates in polynomial time.

Typing for Run-time Processes We have four judgement to type run-time processes:
PFX>A T'FPrA T'FoNBA Thgs:hsA

where . denotes the set of session names of queues. We also extend the type T to
def T in X to type states X and message types to type queues [3]. The rest can be
understood without these typing systems, hence we leave them to Appendix E.

6 Properties of Typed Multiparty Session Processes

This section shows that typed processes enjoy the same properties as MSAs defined in
definition 3.3. The correspondence with CFSMs makes the statements of the properties
of processes formally rigorous and eases the proofs. For full proofs, see Appendix F.

6.1 Safety and Boundedness

Let ¢ range over transition labels for types: £ ::= 7 | !(p,[(U)) | ?(p,I(U)). Figure 14
defines a labelled transition relation between types T-5T, defined modulo structure
rules (for join and merge) and type equality. The sending and receiving actions oc-
cur when the state variable x points to sending and receiving types (Rules [Sexp;] and
|Recv, |). Others are contextual rules. We also use the labelled transition relation between
environments, denoted by (I",A)%(I"',A’) where the main rule is [Com| in Fig. 14
which represents the reduction between a message queue and a process at the network
level. Other omitted rules are straightforward.

Lemma 6.1 (Subject Congruence). Suppose I' ,1‘3 FXr>A and P+ X =X Then
I',P+X't>A. Similarly for P and N.
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The following theorem, which is often called type soundness, states that if a process
(resp. network) emits a label (resp. performs a reduction), then the environment can do
the corresponding action, and the resulting process and the environment match.

Theorem 6.1 (Subject Transition and Reduction).

I. T,P+X>A and P+ XX imply I, P+ X' > A with ([, A) (I, A").
2. FFPI>A and PP imply I'' =P > A" with (I, A) (I, A").
3 Tk N>Aand N — N imply 't o N' > A" with A —* A’

We also use the followmg one to one correspondence between local state automata and
local types. We write - for £ .. 5 We use the notation == for (-%)*(<%)* and

similarly for —L The proof is stralghtforward by the definition in § 3.3.
Theorem 6.2 (CFSMs and Local Types). (G [p):Z> iff A(G [p)£>

We say P has a type error if expressions in P contain either a type error for a value
or constant in the standard sense (e.g. (true -+ 7)) or a reception error (e.g. the sender
sends a value with label [y while the receiver does not expect label /).

Theorem 6.3 (Type Safety). Suppose I' - N. For any N’ such that N —* N', N has
no type error.

Proof. Suppose I' = N has a type error. Then there are reductions such that N —*
(vs)(s: (p,a, /(W) -h|| Py ||+ || Py) || N and P; MP where v does not meet the
specified type. Suppose I' =P; > A, s[p] : T;. By Theorem6 2,T; MT’ Since P;
has a type error, I' /v : U, which contradlcts Theorem 6.1. Ij

Using Theorem 3.2, boundedness is derived as Theorem 6.4.

Theorem 6.4 (Boundedness). Suppose for all occurrences of G inI', A({G [ pi }1<i<n)
with p1,...,pn € G is strongly bounded. Then for all N’ such that T N and N —* N/,
the reachable contents of a given channel buffer is finite.

This result can be extended to other variants such as existential boundedness or K-
boundedness [13] by applying the global buffer analysis on (G) from [10].

6.2 Advanced Properties in a Single Multiparty Session

We now focus on advanced properties guaranteed when only a single multiparty session
executes. We say N is simple [15,26] if No —* N such that No =P, || --- || P, and
I' = No where each P; is either an initiator def xo(x) = x(G).x1,X; = 0 in xo(a) or
an acceptor def Xo(x) = x[p](y).X1, P in Xo(a) where P does not contain any initiator,
acceptor, name creator, delegation nor catch (sending and receiving session channels as
arguments). This means that, once the session is started, all processes continue within
that session without any interference by other sessions. In a simple network, we can
guarantee the following completeness result (the reverse direction of Theorem 6.1).
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Theorem 6.5 (Completeness). Below we assume X, P and N are sub-terms of deriva-
tions from a simple network. Then: I',P=X1> A and (I', A) % (I, A”) imply P = X%X'
withT'' P+ X'1>A’. Similarly P and N satisfy the reversed direction of Theorem 6.1.

We say N is a deadlock if all processes are blocked, waiting for messages. Formally N
is a deadlock if there exists N’ such that N —* N = (vs)(s: 0 || P || --- || P,) || N”
and forall 1 < j <n, if P’jﬁ%P’j’ then oj = s[p,q]?(v) (i.e., P’j is an input process).

Theorem 6.6 (Deadlock Freedom). Suppose I' - N is simple. Then there is no reduc-
tion such that N —* N’ and N’ is a deadlock.

Proof. Suppose there is a deadlock network N’ such that N —* N' = (vs)(s: 0 || Py ||
-+ || P,) || N” and all P; is an input. By Completeness (Theorem 6.5), N’ % implies
(slp1] : T1,--- ,s[pa) : Tn) % where I' - P> A, s[p;] : T;. Since its ({A(G | pi)}i) is
deadlock-free, for all i, T; = end. This contradicts that N’ is a deadlock. O

Theorem 6.7. (1) (Progress) Suppose I' = N is simple. Then for all N —* N/, either
N' =00rN' — N". (2) (Liveness) Suppose a: (G) - N and A({G | p; h1<i<n) satisfies
liveness with pi,...,pn € G. Assume N —* (vs)(s: h || Py || P2 || -+ || Pu) such that
a:(G)FP;>s[p;]: T;. Then there exits a reduction such that N —* 0.

Proof. (1) By Theorem 6.5 with (vs)(s : @) = 0. (2) By Theorems 6.2 and 6.5 with (1).

Thanks to the strong correspondence that typing enforces between processes behaviours
and automata, we have proved that all the good properties enjoyed by MSA generated
by a global type G also hold in the processes typed by the same G.

7 Related Work

The relationship with other ses- Communicating Automata

sion types and CFSMs is sum- | Deadlock-free | Deadlocks |
mar]sed in the diagram. The .out— [Multiparty Session Automata], 2011 |
side box represents communicat-

|
|
[Projectable global types] |
|

|

|

|

|

|

ing automata, with the undecid- Castagna, Dezani, Padovani, 2011 }

able separation between deadlock- [Multiparty Half-Duplex] Qécé, Fin el,:2005 }
. . . . |

free and deadlocking machines. [Multiparty Session Types] | \

. Bettini et al., 2008 I |

Wlthll:l it, we represent th?, known [Secure Sessions] | |

inclusions between session and Corin et al., 2007 : |

. . |

CFSMs systems. First, binary [Two-machine| Half-Duplex] Gécg, Finel, 12005 |

(two party) session types [14] cor- [Dual Contracts] Villard, 2011 I }

. [Binary Sessions] Honda et al., 1998 [ ‘

respond to the set of compati- ) _

ble half-duplex deterministic two-

machine systems without mixed states [13,25] (compatible means that each send is
matched by a receive, and vice-versa). This is not the case for the MSA generated
from secure session specifications [9], which satisfy strong sequentiality properties and
are multiparty. They can however be shown to be restricted half-duplex in [7, § 4.1.2]
(i.e. at most one queue is non-empty). The original multiparty session types [3, 15],
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which correspond to our system when parallel composition is disallowed, are a subset
of the natural multiparty extension of half-duplex system [7, § 4.1.2] where each pair of
machines is linked by two buffered channels, one in each direction, such that at most
one is non-empty. Our MSA can have mixed states and are not half-duplex, as shown
in G3 (Ex. 2.1 (3), both Alice and Bob can fill both buffers concurrently). From this
picture are omitted Gouda et al.’s pioneering work [13] and Villard’s extension [18]
of [25] to unreliable systems, which proves that safety properties and boundedness are
still decidable. These works [13, 18,25] only treat the two-machine case.

Finally, we mention two related works by Castagna et al. [6] and Bultan et al. [1, 2].
The first two papers [1, 6] focus on proving the semantical correspondence between
global and local descriptions. In Castagna et al. [6], global choreographies are described
by a language of types with general fork (A), choice (V) and repetition (G)* (which rep-
resents a finite loop of zero or more interactions of G). Note that these global types of [6]
use series-parallel syntax trees and are thus limited by the lack of support for general
joins and merges. This prevents many examples, such as the Alternating Bit Protocol
Gyp in Ex. 2.1 (7), the Trade example from § 1 and Gg in Ex. 2.1 (6), from being algo-
rithmically projectable (i.e. implementable). In [1], on the other hand, global specifica-
tions are given by a finite state machine with no special support for parallel composition.
In both cases, their systems do not treat the extended causality between sends and re-
ceives (the OO-causality and II-causality at different channels [15]). They also do not
give a practical (language-based) framework, from types to processes to tackle real pro-
grams. In terms of results, [6] proposes well-formedness conditions under which local
types correspond to global types, while [1] describes a sound and complete decision
algorithm for realising (i.e. projecting) a choreography specification. Our work avoid
this theoretical completeness question by using sufficient well-formedness conditions
and by directly giving a global type semantics in terms of local automata. Recently, [2]
extends [1] to tackle the synchronisability problem (equivalent to our Lemma 3.1 (3)).
They however do not go as far as deadlock-freedom, progress and liveness.

When comparing these works with ours, the main differences are: (1) unlike [25]
and ours, [1, 6] only investigate the relationship between global and local specifications,
not from types (contracts) to programs or processes to ensure safety properties; (2)
while the semantical tools are close (formal languages, finite state machines), there are
subtle differences concerning buffer-boundedness [1, 2], finite recursion [6] and causal-
ity [1, 2, 6]; (3) Bultan et al. [1, 2] do not propose any global description language, while
Castagna et al.’s language [6] is not rich enough compared to ours; and (4) the algorith-
mic projectability in [6] is more limited than ours, and [1, 2] only propose exponential
decision results, limiting their applicability.

Message sequence graphs (MSGs) In terms of expressiveness, a very comparable sys-
tem is the extension of Message sequence charts (MSCs) to Message Sequence Graphs
(MSGs). MSGs are finite transition systems where each state embeds a single MSC.
Many variants of MSGs are investigated in the literature [12] in order to provide ef-
ficient conditions for verification and implementability, i.e. projectability to CFSMs.
Some of these conditions in MSGs are similar to ours: for example, our local choice
condition corresponds to the local choice condition with additional data of [12, Def. 2].
A detailed comparison between MSGs and global types is given in [6, § 7.1].
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In general MSGs are however incomparable with our framework because MSGs’
transition system is global and non-deterministic. We aim our global type language to
be more compact, precise and suitable for programming. For example, extending the
Alternating Bit Protocol Gap to three parties can be easily done in our system (Gyg in
Fig. 15 in Appendix B.1), while it can only be written in a complex extension of MSGs,
called Compositional MSGs (CMSGs). The main benefit of our type-based approach is
that there is no gap between specifications and programs: we can instantly check the
properties of programs by static type-checking. More investigation on global types and
MSGs properties would however bring mutual benefits by identifying the expressive-
ness differences.

8 Conclusion and Future Work

We have introduced a new framework of multiparty session types which is tightly linked
to CFSMs, and showed that a new class of CFSMs, that we called multiparty session
automata (MSA), generated from global types, automatically satisfy safety and liveness
properties, extending the results in [13] to multiple machines. We use MSA to define
and prove precise safety and liveness properties for well-typed mobile processes. The
syntax of our session types and processes brings expressiveness to new levels (general
fork, choice, merging and joining) that have not been reached by existing systems [3, 6,
15], while keeping a polynomial tool chain. Our general choice is already included into
Scribble 1.0 [22], an industrial language to describe application-level protocols among
communicating systems based on the multiparty session type theory.

Future work include finding a characterisation of MSA that is independent of ses-
sion types, investigating model checking for MSA to justify typed bisimulations [17],
relating MSA with models of true concurrency, including Mazurkiewicz traces, extend-
ing MSA to parameterisation [26], multiroles [11] and multiparty contracts [18, 25].
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Appendix
A Implementation

We have implemented the session type framework described in this paper. We use gen-
eralised multiparty session types as an internal representation (with a friendlier user
syntax with fork, join, choice and merge) and use the algorithms described here to
check for well-formedness. For the typing system part, we use a technique developed
in [9]. We generate for each endpoint a typed API and rely on the Ocaml typing system
to verify user’s session conformance.

Our general choice is already included into Scribble 1.0 [22], a language to describe
application-level protocols among communicating systems based on the multiparty ses-
sion type theory. In another application, we use MSAs for run-time safety enforcement
for large-scale, cross-language distributed applications developed in [20]. We gener-
ate MSAs against protocol use-case [20] and use them for the dynamic monitoring of
incoming and outgoing messages of each end-point. Since MSAs specify all traces,
monitors can locally validate every message efficiently with a small memory footprint.

B Appendix for Section 2

In this appendix section, we start by some additional global type examples, numbered
8 to 10, followed by details about the three well-formedness conditions.

B.1 Additional Global Type Examples

In figure 15, we give several additional global type examples that illustrate some par-
ticular features that were not developed in the main sections.

8. This global type illustrates two things. First, it shows a simple example of the use

of forking followed by immediate joining. This behaviour is always local, thanks
to well-formedness conditions, and, therefore, at process level can be simply and
efficiently implemented.
Second, the traces represented by this global type are not easily representable by
syntax representations based on trees. The possible traces of Gg are ayBd, Bayd,
afvyd, Badyand afdy. It’s easy to write with a standard syntax a representation
for the relation between messages a, § and O: (a | B);8; but y should always
follow o without being linked with § or 8. Only a graph-like syntax can represent
that set of traces without introducing a choice-based enumeration which breaks
determinism and implementability.

9. This global type represent the extension of the Alternating-Bit protocol to three
messages. As we can see the global type only linearly increases in size, while the
CFSM it represents double its number of states.

10. This global type follows the shape of the Alternating bit protocol, but replacing
all forks by choices and joins by merges. Such a transformation preserves well-
formedness global type. The inverse is not true.
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Fig. 15. Examples of Global Types (2)

Gg =defxg = xq ‘ X2 C?/‘
Xx; =A—B:o(U);x3 —>——
x) =A—=B:B{U);x4 [ AlicesBobiac | [ Alice~Bob:p |
v
X3 = Xs | Xg i |
8. X4 | Xs = X7 | Il
X =A—B: ;X v
6 - ’)/<U> 8 [ Bob—Carol:d ] [ Bob—Carol:y ]
x7 =A—B:0(U);xg |
X3 | X9 = X1 v
X109 = end in xq O
Gy =defxp = X1 | X»
X| = X3 ‘ X4 @
X7 +X5 = Xg |
X3 +X7 = Xg Y
X4 +X9 = X|0 ¥ J Y
. . >+ —»+ +
Xg = Alice — Bob : Msg (string); X
x11 = 13 | 15 |
X3 = Bob — Alice : Ackj (unit);xq4 e |
9. X12 ‘ Xg = Xj5 .
Xj5 = Alice — Bob : Msg,(string); X6
Xi6 = X17 | X18 De——
X7 = Bob — Alice : Acky(unit);x7 _
X18 Xl() — X19 Bob—Alice:Ack2
X|9 = Alice — Bob : Misg;(string); X0 [ >
X0 = Xa1 [ X2
X1 = Bob — Alice : Acks{unit);xg
. - -
X2 | X14 = X5in Xg
(2R
&
Gg=defxg = x;+x; J
X1 +X3 =Xy YTy
Xy +X5 = X¢ >y \
x4 = Alice — Bob : Msg(string);xy
X7 = Xg + X9
. 4
10. xg = Bob — Alice : Ackj (unit); Xy f
X6+ x0 = X)) !
X11 = Alice — Bob: Msg2<str|ng);x12
X2 = X3 +X14
X3 = Bob — Alice : Ackp (unit); xs & 1
Xio 14 = X3 %o :
|G

B.2 Sanity Condition

As the (Unambiguity), (Unique start) and (Unique end) are trivial, we do not provide
additional details. We therefore focus our explanations on the (Thread correctness) con-
dition.

26



Motivation The thread correctness condition aims at verifying some graph properties
of the global type. This first to be ensured is connexity: each transition can be executable
from the initial state. The second property is the ability to reach end: it is essential to
achieve the liveness property. The third property that is checked is that global types
should only join states that are always occurring concurrently: this prevents deadlocks.

Petri net representation We state well-threadedness as a Petri net property. We there-
fore first define how global types can be seen as a special subclass of free-choice Petri
nets.

Definition B.1 (Petri net representation). Given a global type G = def G in X, we
define the Petri net P(G) by:

— Each state variable x € G is a place in P(G).
— All the places are initially empty, except Xo, which initially has one token.
— Transitions in G are translated according to their kind.:
o Ifx=p—p : {U);x' € G then their is a transition in P(G), whose unique
input arc comes from X and whose unique output arc goes o x.
e [fx; =Xa | X3 € G then there is a transition in P(G), whose unique input arc
comes from Xy and whose two outputs arcs go to X and X3.
o IfX| = Xp+X3 € G then there are two transitions in P(G), that each have an
input arc from X1 and that respectively have an output arc to X, and X3.
o If x|+ Xy = X3 € G then there are two transitions in P(G), that respectively
have an input arc ffom X1 and Xy and that both have an output arc to X3.
o [f X | X2 = X3 € G then there is a transition in P(G), whose two input arcs
respectively come from X1 and X, and whose unique output arc goes to X3.

By construction, a global type G gives a free-choice Petri net P(G).

Theoretical well-threadedness We state well-threadedness as a Petri net property.

Definition B.2 (Theoretical well-threadedness). A global type G = def G in xo satis-
fies the well-threadedness condition if P(G) is:

weakly-connected, and

safe (i.e. 1-bounded), and

deadlock-free, and B

if a transition X = end is in G, then the marking where all places are empty except
for X with one token, is reachable.

N~

Well-threadedness and polynomial verification algorithm We define well-threadedness
by a polynomial verification algorithm. It relies on the Petri net connection of Def. B.1.

We call a Petri-net an ST-system if it is an S-system or a T-systems, or, recursively,
if, by replacing a S-system or T-system subnet that has a single entry and a single exit
by a single transition, we get a ST-system.

Definition B.3 (Well-threadedness). A global type G = def G in Xq is said to be well-
threaded if, once applied:
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Fig. 16. Thread Correctness Reduction on global types

Gx=x — G[x/x| [sus]
Gx=p—p : (U)X — G,x=x" [Traxs]
~5,X1 =Xy |X3,X) | X3 =%4 — @Xl = X4 [PAR]
G,X] =X +X3,X2 +X3 = X4 — G,X| = X4 [BRA]
6,X] +X) =X3,X3=X4+Xp — 6,X] = X4 [REC]

— the rewriting rules of Fig. 16, followed by
— the transformation into a Petri net of Def. B.1,

the resulting Petri net is an ST-system that satisfies theoretical well-threadedness.

Each of these actions is polynomial, as S-systems and T-systems are well-known
polynomial subclasses of Petri nets (S-systems correspond to global types without fork
and join; T-systems correspond to global types without choice).

Finding a polynomial algorithm which checks exactly the theoretical well-threadedness
properties is an open problem. Existing results show that for general free-choice Petri
nets, checking 1-boundedness is PSPACE-complete [16]. Then, for 1-bounded free-
choice Petri nets, deadlock-freedom is NP-complete [8]. For 1-bounded Petri nets, it is
also known that reachability is PSPACE-complete [8]. We however believe that global
types represent a smaller class of Petri nets with polynomial time properties. The solu-
tion presented here is to use an algorithm which works polynomially, but does not cover
all theoretical well-threaded global types.

B.3 Local Choice Condition

We list here some omitted definitions and examples from the main section.

Active Sender The active sender computation is not as much a counting algorithm
as a verification method that checks whether a given choice has a unique (i.e. local)
responsible participant. In particular, the deduction rules gather the active senders on
each branch and restrict it to be a singleton p.

Local Choice Example (Local choice) is essential for the consistency of the distributed
interaction with respect to choice.
Consider the following incorrect global type:

G_cha =def xg = X1 + X3
x| = Alice — Bob : Item(string); X,
X2 = Bob — Dave : Book(string);x4
x3 = Carol — Bob : Film(string);Xs
X4 +X5 = Xg
X¢ = end in xo

This global type is incorrect because both Alice and Carol are supposed to make a
local choice between Item and Film (prevented by ASend(G-cha.)(Xo)). Even if Alice
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Fig. 17. Active Sender Computation

_ x=endc G ~x]:endeé X2 €Xp
GEx:%(,p1 [ x:%,52 Ghx(:%(,p1 [ x2:%,52

_ X €X] X EX) _ X1 +x=x€G
GExp:%1,p1 [ X2: %2, P2 GEx:%1,01 [ %2 :%0,52
(x; [x=XeGVx|x; =X €G) GHxX:%,p; | x2: %,
GFxp:%1,P1 [ X %0, B2
(xi+x=X €GVx+x, =X €G) GFX: %, [ %2 %,
GEx1:%1,51 [ %21 %,B2

X[ZX‘X’GG 6'—X2Xil,f>] I]Xz:iz,f)z él—XlIXil,fi] HXziiz,}sz
GExp:%1,p1 [ %2 : %2, P2

X| :X+X/€5 GFXZXil,f)] HXz.'f(g,f)z 6}—X/ZX)~(],}31 HXziiz,f)z
GExp:%1,p1 [ %2 : %2,P2

X1=PHP'11(U>;X'1~€5 pEPI GEX|:x%;,p'P1 [ X2: %02
GFxi:%1,p1 [ x2: %2, P2

GEx %,y [ X1 : %1,
GFx1:%1,01 [ x2:%2,P2
X=X|+% €G (N}FXI:O,pﬂxzz(l),p
ASend(G)(x) =p

were to send message Film, it forgets to inform Dave of the choice, which may result
in him waiting forever for a message Book that will never come (it is prevented by the
condition Rev(G—cha. )(X1) # Rev(G-cha.)(X3)). Note that Gs satisfies the local choice
property.

The following incorrect examples illustrates how local choice can also prevents two
identical labels from being in the two branches of the same choice (it confuses Bob):

G_jin = def xg = X1 +x3
X; = Alice — Bob : Film(string);x,
Xy = Bob — Alice : Book(string);X4
x3 = Alice — Bob : Film(string);xs
X4 +X5 = Xg
Xg = end in Xg

B.4 Linearity Condition

The linearity condition is enforced by comparing the results of the Lin(G)(x;) and
Lin(G)(x3) whenever a forking transition X = X | x, is in G. The Lin function is defined
in figure 18.

The Lin function works in a similar way on message labels as the Rcv function
on message receivers (linearity is to forks what choice awareness is to choice) except
that the Lin function also collects joining points in order to establish which labelled

message are possibly conflicting. As with Rcv, the equality Lin(G)(x;) = Lin(G)(x2)
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Fig. 18. Linearity Computation (up to permutation of | and +)

Lin(G)(x) = Lin(G,0,0)(x) (remembers merges and joins)
Lin(G, %, %;)(x) =0 ifx+x =x" e GAX" ekorx=ende€ G
Lin(G,%m,%;)(x) = {pp’ : | : %;} ULin(G, %, %,;)(x')  ifx=p—p :[{U);X € GAP ¢ P
Lin(G,%m,X;)(x) = Lin(G,%m, %) (X') ULin(G,%m, %) (x") it x =% +x" € G
Lin(G,%m,%;)(x) = Lin(G, %, ;) (X' ) ULin(G, %, %) (x") ifx=x'|x" € G
Lin(G,%m,%;)(x) = Lin(G,%mx", %) (x") itxX +x=x" e GAX" ¢ %

Lin(G,%m, %) (x) = Lin(G, %, %;x") (x") itx |x=x"€G

holds if V(pp' : 11 : %) € Lin(G)(x1),¥(pp' : b : %2) € Lin(G)(x2),1; # I, V &}, %, share
a non-null suffix.

C Appendix for Section 3

C.1 Well-formedness for Local Types

Fig. 19. Local Thread Collection Rules

X=X X=X X=X x=xeT x=!{p, (U)X €T
x—5x x[x] =7 x[x] x[x] =7 2 [x]
x:xl\xzef x1|xz=xef X=x®x €T X|+x =x€eT
XIx] =5 x[x1 | x2] x[x1 | x2] =7 x[X] X[X] =7 x[x1 +%o] X[X1+%2] =5 x[x]

X|+x=x%, X, =X ®xbeT xxo e A e v A
X[f]-%%'[xl]
Xi+x=x,X] =x00xX €T xx] =% x'[x)] x'[x)] =% x[xi]
xX =7 2'[x]
X+X1 =%, X] =X Ox5 €T xxo] =% x'[x)] X'[x5] =% x[xi]
%[}]—WX'[X’]
X+X1 =X, X] =x00X €T x[xo] =% x'[x)] x'[x0] =% x[xi]
T
x—endeT x=enddT {x;+X;=x}ocicn CT ‘J’[x”,...,xg]—%‘J’[x’l,...,xi,]
T x> ok T+ TJ[xq,...,x,) >0k
X0 =5 X T+ x>ok
def T in xo > ok

The rules for the external choice and receive are defined as the internal choice and send.

We first define the well-formed local types in figure 19. Well-formedness conditions
for local types are similarly defined as the ones for global types, including inductive
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rules for thread collections. Definitions for local versions of ¥ and T are similar to their
global counterparts.

Proposition C.1 (Well-formedness). If G is well-formed, then the projected types {G |
p}i are well-formed.

C.2 Congruence Rules for Local Types

For local types of the form T = def T in xo, we define in figure 20 a congruent relation
=over7.

Fig. 20. Local Type Congruence (up to commutativity of | and +)

T.x=x = T[x/xX]

X] =X DX3,X0 +X3 =X4 = X] =Xg
X] =X &X3,X)+X3 =X4 = X| =X4
X|+X) =X3,X3 =X &X4 = X| = X4
X] =X |X3,X | X3 =X4 = X] = X4

It eliminates the indirections and locally irrelevant choices, and removes the unused
local threads that can be created by projection. It also eases type-checking by allowing
the projected types to be slightly different from the local types that can be inferred from
processes.

C.3 From Global Types to Global State Automata

This subsection defines the global state automata which are used as the intermediate
automata for the proofs in the main section in § 3.

We can represent the sequences of actions that a global type specifies as a com-
municating state machine. This allows to interpret some well-formedness conditions of
global types as standard properties of communicating finite state machines.

We write X(G) the set of well-formed states built from the recursion variables of a
given global type G. We define local state contexts in a standard way.

Definition C.1 (Global State Automaton). We start from a global type G = def Ginxg
and define the automaton A(G) = (Q,C, qo, A, 0) in the following way:

- Aisthesetof {/{ €T}

— Qis defined as a subset of (X(G))? x (A*)??=1) with p the number of participants
in G.
We write, for g € O, g.p to designate the component X, of g at p’s position, and
q.pq for the content of the channel between p and q. We use the notation g[p := X|
to represent a state ¢’ for which, Vp' # p,¢’.p’ = ¢.p’ and ¢'.p = X. We similarly
define g[pp’ := ] for ® € A*.
Q is defined up to an equivalence relation on local states = defined in figure 21

andby ¢ =z ¢q[p:=X]ifpFqp=zX.
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- C={pq|p,q€ G}
- g0 = (Xo,---,X0)
— 0 is defined by:

e (q,(pp'N),q)€difx=p—p : (U)X € G and g.p =X[x] and ¢.pp’ = ®
and ¢.p = X[x'] and ¢’.pp’ = @ -1 and all the other components of ¢ and ¢’ are
identical.

e (q,(pp'),qd)€difx=p—p : (U)X € Gand g.pp’ = - ® and q.p' = X'[x]
and ¢'.p’ = X'[x] and ¢'.pp’ = ® and all the other components of g and ¢’ are
identical.

Fig. 21. Local State Equivalence for Global State Automata

pFX‘X,EGX/‘X pFX|(X,‘XH)E(~;(X|X/)‘X"

x=p' —=p": (U)X €G p&{pp"}

x=x|x"€G x|¥=x"€G x=xX+x"eG x=x+x"€GC
p}—X[x}Eax[x/\x”] pl—X[x|x’]56X[x//] pFXx =xX[x] pkX[x=5X[x"]

x+x =x"€G x+xX =x"€G

pHX[x] =: X[x"] prFX[x] =: X[x"]

C.4 Causal Ordering in Global Types

Now that both local and global automata have been defined, we need some reasoning
methods to link their behaviour to the global and local types.

Causal Ordering We write x < x' if x € fv,(G;) and x' € fvg(G;) for some G; € G,
i.e. x appears on the left and x' on the right of a single transition G;. For example,
X <gX ifx:Np—>p’:l<U>;x’€G, and x <z x' and x <z x" if x=x'|[x" € G or
x=x+x" € G. Set <g as the transitive closure of <. The relation <g is not an order
because of recursion.

We say Xo and X are consecutive (written Xo <5 X1) if Xo = po — pg : lo(Uo); X(, € G
and x; =p; — p} : [ {U1);X] € G such that xg <2£; x; and if there is no x; = py — ph :
L{Us);x5 € G such that x, <g X, and X, <g X].

We denote by x; <7 X, the same consecutiveness relation adapted to local types (x;
and x, then correspond to sending or receiving transitions).

Executions Before proceeding, we need to elaborate on the definition of stable-outputs

executions. We use the term stable-outputs sequence (SOS) execution to refer to an
execution ¢ that is such that ¢ = ¢y ... ¢, where all ¢,...,¢, are stable-outputs.
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An execution so-%s, in A(G) is said to be globally ordered if, for any transition ¢
such that @ = @or @y, either ¢ is of the form pq!/, with corresponding global transition
X; =p — q:[1(U;);x] € G, and there exists in ¢ an action of the form p'q/?/’, with
corresponding global transition x, = p’ — q' : I'{U’);X' € G such that x, < GXi;ortis
of the form pq?! and ¢y is of the form ¢y’ with ¢ = pq!/.

Note that globally ordered executions always start from the initial state and are thus
1-buffer.

Transition Causality We now define causality ordering between transitions in global
automata. For any reachable state s of a global automata A (G) such that s 51 L5y 2553,
we say that #, depends on 71, or ] causes t,, written #] <it, if either:

- (00) 1, = pqy !ll~and ty = pqa!ly and X| =p—q: L({U);x) € G and xp = p—
dz : h(U2):x, € G and x| <5 Xz (With T = G [ p) and s.p = X[xy];

- (It =p19? and tp = paq?h and x; =p; — q: 1 (U;):x] € G and x, =p,—q:
L (Us);x, € G and x, <7 Xz (with T=G I @) and s.q = X[x;];

- (I0) t; = p19? End t, = qp!l and X| =p1 —q: LU )x) € G and x; = q—
p2: b(U2):x, € Gand x| <5 Xz (With T = G [ q) and 5.9 = X[xy];

- (OD) 1y =pq;!ly and 1, = qup?h and X; =p — q; : [;(U;);x] € G and x, = g —
p:L(Us);x) € G and x; <7 Xp (with T=G I'q) and 5.q = X[x1];

- (Comm) 7y =pq!l and 1, = pq?l and x; =p — q: [; (U );X| € G and s.p = X[xq]
and s.q = X'[x1];

Note that the (O0), (I), (I0) and (OI) causalities correspond to local ordering, while
the (Comm) causality is the result of communication. We write #| > ; if #; <#, does not
hold.

We say that an execution @ is a causal chain if, for any ¢ € @, there exists at’ € @
and @o, @1, @, such that ¢ = @ot’ @;1¢ and ¢’ «t.

Finally, we characterise an SOS execution @ as being a SOS causal chain if, for any
t € @, there exists a ' € @ and @g, @, @> such that ¢ = @y’ @1t¢, and ¢’ <t, or ¢ is an
send and ¢ is immediately followed in ¢ by the corresponding receive.

C.5 Global State Automata Properties
We now state some essential properties of global state automata.
Lemma C.1 (Commutativity). For any well-formed global type G, in the MSA A(G),

if there is a reachable state s such that s15s1 25, and t1 < tp, then there exists a state

s such that s Lys,.

Proof. By case analysis on the transitions #; and f,.
Proposition C.2. For any well-formed global type G = def G in xo, if X x] = X2[x]

and x =p — p' : (U)X, then X|[X'] = X,[X] for all X},X5 such that X; =; X and
X=X
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Proof. By definition of =.
Proposition C.3 (Determinism). If G is well-formed, then A(G) is deterministic.

Proof. Suppose G = def Gin xq is well-formed. We assume by contradiction that there
exists a global state ¢ € Q from which there are two transitions (g, (pp’!l),q]) and
(¢: (pp'!),q5) with q{ Z ¢5.

From the linearity condition and the definition of A(G), we know that there is a
unique element of G of the form x = p — p’ : [{U).X'. Then by definition of A(G),
there exists ¢1, 42,4}, 45 such that ¢;.p = X [x], g2.p = X2[X], ¢1.pp’ = @1, ¢2.pp’ = 0,
g1 =qilp:=Xi[x],pp’ := @1 1], 5 = qo[p := X [X'].pp’ := @ - [ and g =5 g1 =; ¢>
and ¢ =z ¢} and ¢y = q5.

First, by definition of = G we have w; = @,. Second, by well-formedness, we know
that X; and X, are contexts which do not contain either x or x'. Then by Proposition C.2,
X; [x'] =g X2[x']. Hence it contradicts the assumption ¢ Zz 5.

Proposition C.4 (Choice Awareness). If G is well-formed, then A(G) is choice aware.
Proof. By definition of well-formedness of G.

Proposition C.5 (Correct Ending). If G = def G in Xo is well-formed and if there
is a transition Xeng = end € G, then A(G) does not have any transition from q =
(Xench ...Xend, €, - ,8).

Proof. There exists a unique Xgng = end € G. Suppose there is a transition from the
end state gend = (Xend, - - -, Xend, €, - - - , €). [t means there exists a transition x =p — p’:
1{U) X' € G for which there is a ¢ = geng such that ¢.p = X[x]. All the equivalence rules
have to be read from right to left with the important fact that no message rule implying
p can be traversed. Only the rule x| = X, & X3 and x; = X, € x3 allows to be equivalent
to a recursion variable that is on the left-hand side of a rule. But the (choice awareness
rule) implies that active senders on both branches of the choice must be identical, which
contradicts the fact that p is able to send a message.

Lemma C.2 (Parallel). Assume G is well-formed. Suppose s € RS(A(G)) and s%s;
and s2s,.

1. Ift) and ty are both inputs at q, then the state of q in s is X[X; | x2] with x; = p; —
q: (U)X, e G(i=1,2).

2. Ifty is an input at q, and 1, is an output to q, then the state of q in s is X[X| | X] with
X1 =p1 = q: [ {U1)X; €Gandx; =q— qz: L({Us) X, € G.

Proof. For (1), by definition of § of A(G), there is a state X such that X = X;[x;] =
Xz [X2]. By assumption, we have #; <1 #,. The statement means that we prove X = X'[x1 |
xp] if 1y > 1, and there is no case X = X'[x] +Xa].
We prove by induction on the number of applications of = (the size of the = proof).
The base case is obvious by X = X [x1] = Xa[xa] = X'[x; | x2].
For inductive case, suppose X; [x]] = Xz[x»]. We apply the = rule once to X; [x;].
Then X;[x1] = X [X3 +X4] with X; = X3 +x4 € G or x3 + x4 = x| € G. In this case,
X; =x; | X" for some X”.
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It is obvious that there is no case such that X = X'[x{ + x5] with x{ <:;£ x; and

x’2’ <JG£ X, because if so, only one of # can be executed from s, which contradicts to the
assumption.

If we apply the fifth rule to x; | X, in X'[X] | X;] to obtain X'[x'], then we apply back to
obtain X'[x; | x;]. If we apply other rules to X; [x;], then obviously X; =x; | X”. Applying
this repeatedly, we can check if X[x; | xo] = X|[x] | x2] and X[x; | x2] = X} [x; | X5], then
there exits X such that X[x; | x| = X'[x] | x5]; or X'[x'] such that X[x; | xo] = X'[x] | x}]
with x| |x; =x" € G.

The proof for (2) is similar to the one for (1).

Lemma C.3 (Diamond Property). Assume G is well-formed. Suppose s € RS(A(G))
and s%ss1 and s2ss, where (1) t1 and t» are both inputs; or (2) t| is an output and
1y is an input, then there exists s' such that s\ 25s" and s, 2s' where ((t;) = ((t5) and
0ty) = L(1)).

Proof. (1) Suppose t; =p1q1?!; and t, = p2q>?l,. By linearity, [; # ;. By definition of
areceiving transition, we have p;q; # paqz (to allow both receptions at the same time).

If q; # qp, then s contains local states for q; and qp that each allow a reception.
Since #; does not modify q»’s state (and vice-versa), the property holds.

Ifqi =q2 =q, let X be the state of qin 5. Letx; =p; = q: i <U1>.x’1 and xp =py —
q: [(U,) x5 be the relevant global transitions in G. We know that X = X;[x;] = Xz[x2].
By Lemma C.2(1), we know that X = X3[x; | x2]. Hence the diamond property holds by
definition of A(G).

Concerning (2), we suppose t| = p1q1?/; and r, = prqp!o.

If q # p2, then s contains local states for q; and p, that allow a reception and a
send, respectively. Since #, does not modify q»’s state (and vice-versa), the diamond
property holds.

If q1 = p2» = q, let X be the state of g in 5. Let x; =p; — q: [;(U).X] and X, =q —
qs : b(U).x) be the relevant global transitions in G. We know that X = X;[x;] = Xz2[x2].
Then by Lemma C.2(2), we have X = X3[x; | x»]. Hence the diamond property holds by
definition of A(G).

Proposition C.6 (Stable-Outputs Decomposition). Assume G is well-formed and s €
RS(A(G)). Then there exists so25--- 255 where each @; is stable-outputs, i.e. s is
reachable by an SOS execution.

Proof. By induction on the number of transitions leading to the state s.

If s = 59, we conclude trivially. If the last transition to s is a send, then we can con-
clude by induction. We therefore examine the only interesting case: the last transition
is of the form ¢ = (s, pp’?L,s). The corresponding global type transition isx =p — p’:
U)X €G.

We call ¢ an SOS execution from sg to s, such that the sending action, of the form
" = (s;,pp’!l,si+1), corresponding to ¢ is the closest to s,,. We are thus in the following
situation (with ¢y SOS, and a minimal ¢ ):

t t
S()&)Si—)_s‘i_»,_l &S,,—%Y
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assume ¢ to be stable-outputs.

By minimality of @, we deduce that #'¢; is an SOS causal chain (meaning that
each action is either causally related to a previous one, or is a sending action preceding
areception). Since t ¢ ¢;, the SOS causality chain ¢; only involves transitions that cor-
respond to global type transitions that are successors of x. Therefore, we know that ¢;
does not contain any action by p’ and thus that 7 is not causally related to any transition
in ;. By Lemma C.1, our reordered situation is the following:

t t
50 s Lsi Ssi, D
Since @ot'@; was SOS, @ot't@; is SOS.

Proposition C.7 (Reception Error Freedom). If the global type G is well-formed,
then A(G) is reception-error-free.

Proof. By definition of A(G), only transitions with correct labels can exist.

Proposition C.8 (Stable Configurations). Suppose so-2% - - - 25 with @; stable-outputs.

Then there exists an execution ~ such that s 2 s3 and s3 is stable, and there is a -
1

buffer execution sg LN 53.

Proof. We proceed by induction on the total number of messages that are in the buffers
in reachable configuration s and on the size of the non-globally ordered suffix of an
execution to reach s.

By Proposition C.6, we have the existence of SOS executions reaching s from s.
We take the one with the maximal (i.e. longest) globally ordered prefix. If this prefix
reaches s, we are done. Otherwise we are in the following situation:

s025;Losi 1 Ls

with ¢y maximal, globally ordered and 1-buffer, and s; stable.

By definition of an SOS and globally ordered execution, ¢ is of the form pq!/,with
x=p—q:{U);x' € G. Since ¢ is maximal, we know that x is not the consecutive
transition of any in ¢q. It implies that there exists a chain of consecutive transitions
X1,...,X¢ from some point in @, with X; < x. By definition of A(G), the alternation
of send and receive transitions from x, ..., Xy, written ¢*, are executable from s;. These
transitions ¢* are such that @y@™ is globally ordered and that no transition of ¢* are in
¢,. It is therefore possible to apply Lemma C.3 in the following way.

50 Lrsi-Drsip1 BysLos*  and  soBrsErLrsi, | Bys*
There are now two cases:

— If ¢t is immediately followed in @; by the corresponding ¢’ = pq?l,i.e. @ =1 @,, we
use the induction hypothesis on s* defined by so-2>s; 2555, L, @y ¢* which is an
SOS execution with the same buffer size as the one for s, but with a smaller non-
globally ordered suffix (a suffix of ¢,). We therefore get the existence of ¢’ such
that s* 255" with s” stable. For s, the execution leading to s” is thus s-£s* LN
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— If ¢, does not contain the transition ¢’ = pq?l, it is possible to execute it from state

s* and state sg 1 and it commutes with ¢;. We thus have:

* ’ * ’
5025 L5 s Les* Los’  and 5o Bos;ErLrst, | Dos’ s

The state s’ is thus accessible by an SOS execution and its buffer usage is inferior to
s’s buffer usage. We can thus apply the induction hypothesis and get the existence
of @' such that s’ 2+s” with s” stable. For s, the execution leading to s” is thus

! /
s Lygr Ly Oy

Proposition C.9 (Deadlock-Freedom). If G is well-formed, then A(G) is deadlock-
free.

Proof. By (reception error freedom) and (correct ending), together with (stable-output
decomposition), we only have to check, there is no input is waiting with an empty queue
forever. Suppose by contradiction, there is s € RS(A(G)) such that s = (¢; €) and there
exists input state g, € ¢ and no output transition from g such that k # q.

Then by the shape of global types, there exists at leastone G=x=q —p: [{U) X' €
G for some q. By well-formedness of G, there is a 1-buffer execution ¢ which corre-
sponds to this G.

Since @ is not taken (if so, by (linearity), ¢, can perform an input), then there is
another execution ¢’ such that it leads to state s which is deadlock at gp.

Case (1) Suppose ¢ does not include input actions at q except /, i.e. [ is the first input
action at q in @. We let ¢y for the prefix before the actions of qp!/ - qp?!.

By (choice awareness), we know p € Rev(@').

By the assumption, the corresponding input action has a different label from /, i.e.
q'p?l’ € ¢'. By the same argument of the proofs in Lemma C.3 and Proposition C.6,
q'p?!’ and qp?! are originated from the parallel composition (i.e. ¢t <1 t, with q'p?l’ =
£(r1) and qp?l = £(12)). Hence the both corresponding outputs q'p!/’ and gp!/ can be
always fired if one of them is (since they are also originated from the parallel compo-
sition by definition of A(G)). This contradicts the assumption that ¢, is deadlock with
label I.

Case (2) Suppose ¢ includes other input actions at q before qp?/, i.e. p € Rev(go).
Let q'p?!’ the action which first occurs in @y. By p € Rev(¢'), there exists q"p?l” €
@'. If "p2” # q'p?l’, by the same reasoning as (1), the both corresponding outputs
are available. Hence we assume the case q"p?l"” = q'p?!’. Let s is the first state from
which a transition in @y and a transition in ¢’ are separated. Then by assumption, if

¢0-q'p!'-q'p?’ ¢1-'p!'-q'p? . q'pl-q'p
s ————— 51 and s —————— 57, by assumption !’ & @y U @y, hence s —————

) q'p!l’-q'p’ ¢ . .
s) — sy and s ———— §) — 5, by Lemma C.1. Since s; can perform an input at

q by the assumption (because of gp?l), @] should contain an input at q by the choice
awareness. If it contains the input to q in @], then we repeat Case (2); else we use Case
(1) to lead the contradiction; otherwise if it contains the same input as gqp?/, then it
contradicts the assumption that g, is deadlock.

Proposition C.10 (Strong Boundedness). If G is well-formed and all cycles in A(G)
has an 10-causality between uses of the same channel, then G is strongly bounded.
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Proof. We follow exactly [10, § 3].

Proposition C.11 (Progress). If G is well-formed, then A(G) satisfies the progress
property.

Proof. By Propositions C.5, C.7 and C.9.

Proposition C.12 (Liveness). If G is well-formed and x = end € G, then A(G) satisfies
the liveness property.

Proof. By Propositions C.11 and C.5.

C.6 Equivalence between Global State Automata and MSA

We now state that the collection of the local state automata obtained after projection
from a global type is actually the same automaton as the global state automaton that
can be defined directly.

Proposition C.13 (Automaton Equivalence). For any well-formed global type G, the
MSA A(G) is isomorphic to the collection (A(G [ p1),..., A(G [ pp)).

Proof. The sets of states, channels and alphabets are identical.

The state equivalences are identical as well, since projection for p” of x=p — p’:
L{U);x' gives x = x' and the state equivalences for global state automata and MSAs are
the same in this case. Thus, the equivalence relation for states for A(G | p) is the same
as the one that can be proved under p in A(G).

The transitions are also identical by definition.

C.7 Proofs for Properties of MSA

We use Proposition C.13.

Proofs for Lemma 3.1

1. (Determinism) By Proposition C.3 and Proposition C.13.
2. (Choice Awareness) By Proposition C.4 and Proposition C.13.
3. (Diamond Property) By Lemma C.3 and Proposition C.13.
4. (Stable-Outputs Decomposition) By Proposition C.6 and Proposition C.13.
5. (Stable Configurations) By Proposition C.8 and Proposition C.13.
Proofs for Theorem 3.1 By Proposition C.9 and Proposition C.13.
Proofs for Theorem 3.2 By Proposition C.10 and Proposition C.13.

Proofs for Theorem 3.3 By Proposition C.11, Proposition C.12 and Proposition C.13.
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D Appendix for Section 4
D.1 Additional Process Examples
Broker B in the Trade Example

Pg =def x(x,t,0) = x[B](z) Xo(t,0,2)

)
xo(t,0,z) = 2?7 (B, Item(x)) x; (t,0,0,7)
x5(t,0,i,z) + X1 (t,0,1,2) = X(t,0,i,2)
x5 (t,0,i,z) = if t <ithenXx3(t,0,2)
else x4(i,z2)
x3(t,0,2) = 2!(C, Offer(0)) .x4(t,0+5,2)
x4(t,0,2) =2?(C, Counter(i)) .Xs(t,0,i,2)
X6(i7Z) =X7 (ivz) | Xg(i,Z)
x7(i,2) = z!(8, Final{i)).X9(z)
x3(i,z) = z!(C, Result(i)).x10(z)
X9(z) | x10(2) =x11(2)
x11(z) =end in x(a,42,0)

New Name Creation The following P corresponds to uX .x[p](y).(va)y!(p,l{a)).X
where uX.P represents the standard recursion. This agent sends a fresh name whenever
asked.
Py = def xo(x) = x[p] (y).x1(x,y)
Xl(xvy) = (va)xz(x,y,a)
X2(x,3,2) = y 1 (p, 1(2)) Xo(x) in Xo ()

The following P, represents (va)uX .x[p](y).y!(p,/{a)).X which sends the same
name each time.

Py = (va)def x(x,z) = z[p](y)-x1(x,2,y)
Xl(X,Z,y) =Yy ! <p,l<)€>>.X()(X,Z) in XO(aab)

D.2 Structure Congruence Rules

We define structural congruence for process states, processes and networks which are
defined in figure 22 (we omit the queue as it is the same as in [3]).

D.3 Omitted Operational Semantics

We list the omitted operational semantics in figure 23.
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Fig. 22. Structural Congruence for Processes and Networks

X(%) =x'(5) [ x"(2) - x(7) = X' (5[%/5]) | x" (2[%/5])
x(9) [ X' (2) = x"(%) = x(3[v/2]) | X' (2[0/5]) =x"(¥)
X(%) +x' (%) =x"(%) - x(7) = x"(7)
X(%) +x'(%) = x"(%) - X' (#) =x"(¥)

x(X)=0Fx(¥)=0
PFX\(Va)X’=(Va)(X|X’) (a ¢X)
PEX|X' =X|X
PEX=X" _PXx=X
PEX|X =X"|X PP P -X=X
defPin0=0  def Pin (va) X = (va) def Pin X
NJ[0=N N[N=N|[N N[ N[N)=(N]|N)[N
N|| (va)N' = (va)(N||N') (n&N) (vn)0=0 (vs)(s:h)=0

E Appendix for Section 5

E.1 Operators in figure 13

We give the full definition of operators used in figure 13. We then give the detailed
explanation for typing rules in figure 13.
Assume T; =def T; inx; (i =1,2) and T = def Tinx.

. Tux=x ¥ defx=x/,T inx

. T'wx=(p,[{U)). ’defdefx X, Tinx

. Tiwx=2(p,l{U)).x efdefx—"(p,l<U>>x Tinx
(TIUT)Wx=x | X2 —defx—x1 |x2,T1UT2 in x
(TieT)ux= xl@xz7defx7x1®X27T1UT2|nx
) (Tl&Tz)Ux:xl&xz:defx:xl&xz,TluTg in x

. T,-Eerl+X2:xd§fdefx1+xz:x,fin X;

00 N N L AW

def = .
. TiwWxg|xp=x' = def xi|xp =X/, T in x;

E.2 Omitted Rules from Fig. 13
We list the omitted typing rules in figure 24.

E.3 Explanations of Typing Rules

1. The rules for expressions (|Truk, Names, Not]) are standard.

2. Rule [ini1] types the initialisation where  is variables for sorts, while 7 are variables
for session types. ¥ should cover x and variables in é appeared in the right hand
side. State variables x and x are assigned by corresponding type where z; has type
T wx=x', which means that we record x=x' at the head of T. This is essentially
the same as usual session type.
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Fig. 23. Operational Semantics (remaining rules)

e[v/i] | false  &"[p/5] |V . PFXo 35X} Pag]
X(X) =if e then /(%) else X" (%) F x(¥) = x"(#"") PHXo | X & X)X
% o~/ D — % ! — ! = [
M[WEAK] PFX:X()jXO_X [STR] fFX—)Xa aga/ RES]
PP P -X5X PEX =X P (va)X = (va)X
NN NN N=No—=Ny=N

[RESy] [STRy]

[PARy]
" NN

(vi) N = (vn) N/ N[N’ =N [N

3. Rule [Req] is similar except we record introduced session type T = G | p in X' in the
right side.
4. Rule [senp] records the send type for z; (T; = x =!{(p,l{U)).x) and x = x’ for all
other sessions.
5. Rule [Recv] is its symmetric rule. It records T; = T;Wx=?(p,l(U)).X’ for z; and
x = X’ for all other sessions.
6. Rule [DeLEG] types the delegation (sending a session name) where we record the type
T of the sent session name y as the argument of x (as the standard rule [14]).
7. Rule [Carcn is its symmetric rule, recording T for y as the final argument x’.
8. Rule [par] introduces the parallel composition. The operation (T} UT,) Wx=x; | x»
means we record X=X | X at the head of a union of T} and T;. Note that § covers
a union of §; and §, and session names Z are common so that the substitution is
always defined.
9. Rule pomv is its symmetric rule.
10. Rule (1r] introduces the internal choice. We note that variables in e and é are covered
by J.
11. Rule [cnoice] types the external choice.
12. Rule [MEerGE] merges two types.
13. In rule [res], we record type (G) for a (the last argument of x').

E.4 Typing Run-Time Processes

This subsection defines the typing systems for runtime processes. We use the following
abbreviations for message types.

T ::= defTinX
T == Np1,h(U1)); Kp2, (U2))s - Hpn: 1n(Un))

Type T is called message type which contains single x = € (instead of x = end) and
others are sequence of outputs which represents a sequence of messages stored in a
queue [3].
A A" = A\dom(A")UA"\dom(A)
U{c:A(c)|A'(c) | c € dom(A)Ndom(A’)}
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Fig. 24. Typing System for Initial State Processes (remaining rules)

(Tro] WU € F[NAME] I' - e :bool
I' F true : bool I'tu:U I' - not(e) : bool

y:OFe: 0" Ty=Tiux=!(p,(T)).x Vj#iT;=Tux=x
Fx(52y) =z 1 (p, L)) X (€2)>x: OTT | X : O'T
y:U,y:UFe:0" T;=Tiwx=2(p,l(U))x Vj#iT;=T,sx=x
Fx(52) =22 (p,l(v)) X (&) >x: 0T | X :0'T
é:U0" T;=Twx=2(p,(T)).x VNj;éi,Tj::I‘;-Lﬂx:x’
Fx(32) =z2(p,l(y)) X (€2y)>x:UT | X :U'TT
yZUFeIU )7:[7#51 IU] )7:17%52:172 Vi,T,‘Z(T],‘UTQi)L‘szxl@Xz
Fx(§2) =if e then x| (é1%) else xp (&) >x:UT | x1: U1 T1,%0: U Ty
Vi, T; = (TliUTzi)%J’)f:Xl &)EQN —_[CrorcE]
Fx(52) =x1(52) & x(Z)>x:UT [ x : UTy,x: UT,
_ ~~Vz,Tz —~~T1Lﬂxl tX=x __IMeror]
Fx(52) +x0%) =x(Z)> x:UT,x: UT [x:UT
Vi,ﬁ:'fitr)x=x/
— 7 e = 7 ~=; [RES]
Fx(32) = (va)x' (a32)>x:UT [ X : (G)UT
CEN, TENy o Tai(G)EN
F}—N] ||N2 F}—(VG)N

[NoT]

[DELEG]

[RECV]

[CATCH]

[1F]

Vi, T; :defx:end~inx
Fx3)=0>x:0T |

[NIL]

[NRES] ——[NNIL]
I'+o

where ~ _ _
(def Tinxy) | (def T inxp) =def T in (x; | x2)

Wpt, L (UD)Ys - Upn, [ (Uy)) | (def T in x) = def T” in x
with T/ = x =!(py, 11 (U1)) X1, X =1(p2, o (U2)) Xns1, T [Xn 1 /X].

| is the parallel composition of two definition types or we concatenate a message
type to the top of the definition type. Other cases are undefined.

Fig. 25. Typing Rules for Run-Time State Processes

FP>E [ Z comp({Zi; X)) x:UTeX I'+v:U

[STATE]

rPex(pd)>é: T
PEXi>A (i=1,2) Ia:(G),P-X>A

po [PAR] — [RES]
F,P"X1|X2DA1‘A2 F,P}—(Va)XDA

FPR>Zi X comp({Z;; Zl}) rPFX>A
= [NIL] — [RDEF]
I'PFO>¢:defx=endinx CHdefPinXD>A
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We define the generalised session types which have both message and completed
types.

Generalised T ::=T session
| T message
| T;T continuation

Then ; is defined by:

Alslqir]:TT ifA=A"s[q:r]:T,
A,slq:r]:T otherwise.

Ai{s[q:7] :T}:{

Fig. 26. Typing System for Run-Time State Processes

—————— [QINIT]
I'kFys:ev0

I'Fys:hoA I'tv:U
'ty s:h-(q,p,1(v))>As{s[q] :p,!(U))}
TFys:hA

TEs:h(qp, 1 [P) > (4,5 T): {s[q] :!{p,(T"))}

[QVAL]

[QDELEG]

Fig. 27. Typing system for queues

I'-PoA 'ty NoA AxA
——— [PrOM] [EQ]
) S 'y N>A'

'ty NoA Ty NpA' 'ty NeA  co(s,A)

[GPAR] [GSRES]
'y N|IN'>A| A I'Egs (Vs)NBA\s

Ta:{G)Fy N>A I'ta:(G) Glp=T
— — [GNRes] [GINIT]
'ty (va)NeA I'g alpl(s)>s[p] : T

Typing Systems The typing of the state is similar with the definition agent, given in
Fig. 25. The typing of network processes and the typing for queues are essentially the
same as the communication typing system in [3] since the network level processes can
be seen as the same as the original session calculus. Hence we omit co(s,A) (which
means A is a complete collection of projections from some G at s) and the standard
type equivalence.
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F Appendix for Section 6

F.1 Transition Rules between Environments

We define the transition system between environments in figure 28. We also omitted the
following structure rule from the type transition system.

To=T5T =T,

Ty 5 T)

[STR]

Fig. 28. Environment Transition System

(r.a) 5 (.4 [Tau]
(Ta:(G),4) “Cs (Ia:(G),A) (i)

(Fa: (G),4) ““Bs (1 4 (G),4,50p] : G T p) (acc)

Hal(U) 2{p,l(U))

T T TI'kv:U [SEND] T T T'kv:U
.y Sl . .y SaP20) .
(F7A’S[p]T)—>(F7A7S[p]T) (F7A7S[P}T) (F7A7S[P]T)
Ha,(Ty)) T

[RECV]

RdET el
(T, A,s[p] : T,s'[p'] : Ty) 22X 2 (A sp] = T)
5| ]’EKZEP/’]I;T’» r [CATCH]
(T, A,s[p) - T) 222220 (1 Asp) - T, 5'[p] - T,)
LN VI NG Re
[CoM]

(s[p] : Ty,slq) : T2,4) = (s[p] : T',5[q) : T3,4)

In figure 28, rules |INIT,Acc] are used for the session initiations. Others promote
transitions between local types to transitions between environments. Other rules are
straightforward.

F.2 Proofs
Proof of Lemma 6.1

1. (Process P) For the axioms in figure 22, we use the type equalities in figure 9.
Others are straightforward by induction.

2. (Def agents P) For the case of join and merge, we use the structure rule for local
types defined in figure 14.

3. (Network N) The same as [3].
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Proof of Theorem 6.1 (Process P)

Case [senp] Suppose:
x(72) = x1(p,1(e)) X' (&2) F x(v¢) 22, (7
with x[¢/Z] = s[q], e[V/F] | v and &[/F] | W by (senpl. Then by [stare] in figure 25,

rPEx(5E)>¢: T

and
P=x(52) =x!(p,l{e)).x'(&Z)
has type _ _
FPex:UT | X :0'T
with
jy:O0Fe:U, 5:UFé:0,
and

T, =T;wx=!(p,/({U)) X Vj#i,T;=T;ux=x

with z; = x. By substitution lemma,
Ww:UOFeld/3]:U,eli/3]: U
On the other hand, by |senp,| in figure 14, we have

I

1

T; = T)wx=! (p,[{U)) x

This implies, by (senp] in figure 28, with I' v : U and x[¢/Z] = s[q], we have:

(F,A) S[q,p]!l(v) (F,Al)

where A =¢: T and A’ = A\ s[q]U {s[q] : T/} as desired.
Case [Recv] Similar with [Sexb].
Case [ini] Similar with next [AccepT].

Case [ACCEPT]
Suppose
x(5%) = x(p)(y) X (e23) F x(5¢) B ¥ (725)

with a = x[Ww/J], é[w/¥] | ¥, By [Reql in figure 13,
Fx(52) = x[p](v) X' (&Zy) >x: OT | X' : U'T'T
withy:UFé:U0",5:UFx:(G),Vi,T;=T,wx=x"and T = G | p. Then by [state] in

figure 25, we have: B
rPx(wé)>é: T
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and, by [Acc] in figure 28, we have

(r,A) P (r A s[p]:T)

By [stare in figure 25, we have

[,PHX(vcs)>é:T,s[p]: T

as desired, noting T = T;.

Case [1rT,1rF] Direct by using |conp| in figure 14.

Case [New] Trivial by [state] and [Res] in figure 25.

Case [Ex1] Direct by using |croice] in figure 14.

Other cases ([Par],[WEAK],[STR],[REs]) are straightforward by induction.

(Def agent P)

1. The case P % P/ is straightforward by [Der] in figure 13 and [State] in figure 25.
2. The case [Tau] is trivial.

(Network N)

Case [put] Assume
Plls:h—P|s:h-(p,q,l{v))

with

p S oy

Since there is a typed transition, s[p] in P has a type
T < (def x =!pa, 11 (Up)) x1, T in x)
and s[p| in s : & has a type
def
Ty =11, (U1))s -+ 5 1Pa—1,11 (Un-1))
On the other hand, s[p] in P’ has a type:
T, & (def T inx;)

and s[p]ins: h--(p,q,/{v)) has a type

def
T2 =W p1, i (UL))s 1Pt 11 (Un—1))- (P, [1 (Un))
Then by the parallel composition rule, we have T, | T, = T | Ty, as desired.
Case [Ger] Similar with [puT].

Case [INITy]

Easy using [Ginir, and noting a parallel composition of a[p;](s) forms the complete type
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co(s,A) with A = {s[p;] : T;};, hence we can close by name hiding.
Case [Accy] .

By (Ginir] in figure 26, we can assume I' E P || a[p](s) > A,s[p] : G [ pwith " Fa: (G).
Then by [Req] in figure 13, I' =P’ > A s[p] : G | p, as required.

Other cases [Resy,Pary,STRy] are standard.
This concludes all cases for Subject Transition and Reduction Theorems. a

Theorem 6.5 Since P and X does not contain P such that a primitive which can be
blocked from the outside, i.e. P in def xo(x) = x[p](y).X1, P in Xo(a) does not contain
any initiator, acceptor, name creator, delegation nor catch (sending and receiving session
channels as arguments), completeness for P and X is trivial due to a tight correspon-
dence between types and processes. Hence we only show the main case, (3).

Assume N is simple and N —* N'. W.Lo.g, we can assume N —* N' = (vs)(s :

O|Pi |- || Pn) witha: (G) FP;>s[pj] : T;. By assumption, there exists i # j such
that
Hpj (U 2 (pr,
T (pj:1{U)) T, T, (pi-/(U)) T, )
[Com]

(sfpi] : T1,s[pj] : T2,4) — (s[pi] : T, s[p;] : T2, 4)

Then by assumption,
slpip,](v)
—P;

1

P;

Hence, we have:
Pil[s:h—Pi|[s:h-(p,q.1(v))

by (put]. On the other hand, we have:

ipi| (v
P] S[P Pj] <‘> P;

This implies
P;|ls: (pi,pj,l(v)) - h =P}

Hence, even in the case h = 0, there exists at least two steps reductions such that: P; ||
Pj|ls:h—— P[P ||s:h,as required.
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