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Abstract

Protocols provide the unifying glue in concurrent and distributed software today; verifying that
message-passing programs conform to such governing protocols is important but difficult. Static
approaches based on multiparty session types (MPST) use protocols as types to avoid protocol
violations and deadlocks in programs. An elusive problem for MPST is to ensure both protocol
conformance and deadlock-freedom for implementations with interleaved and delegated protocols.

We propose a decentralized analysis of multiparty protocols, specified as global types and imple-
mented as interacting processes in an asynchronous m-calculus. Our solution rests upon two novel
notions: router processes and relative types. While router processes use the global type to enable
the composition of participant implementations in arbitrary process networks, relative types extract
from the global type the intended interactions and dependencies between pairs of participants. In
our analysis, processes are typed using APCP, a type system that ensures protocol conformance
and deadlock-freedom with respect to binary protocols, developed in prior work. Our decentral-
ized, router-based analysis enables the sound and complete transference of protocol conformance
and deadlock-freedom from APCP to multiparty protocols.
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1 Introduction

This paper presents a new approach to the analysis of the protocols that pervade concurrent and dis-
tributed software. Such protocols provide an essential unifying glue between communicating programs;
ensuring that communicating programs implement protocols correctly, avoiding protocol violations and
deadlocks, is an important but difficult problem. Here, we study multiparty session types (MPST) [38],
an approach to correctness in message-passing programs that uses governing multiparty protocols as
types in program verification.

As a motivating example, let us consider a recursive authorization protocol, adapted from an example
by Scalas and Yoshida [51]. It involves three participants: a Client, a Server, and an Authorization
service. Intuitively, the protocol proceeds as follows. The Server requests the Client either to login or to
quit the protocol. In the case of login, the Client sends a password to the Authorization service, which
then may authorize the login with the Server; subsequently, the protocol can be performed again: this is
useful when, e.g., clients must renew their authorization privileges after some time. In the case of quit,
the protocol ends.

MPST use global types to specify multiparty protocols. The authorization protocol just described can
be specified by the following global type between Client (c), Server (s), and Authorization service (a):

(1)

Gt = 1X .5 = ¢ {Iogm .c— a{passwd(str) . a - s{auth(bool) . X}},}

quit. ¢ — a{quit . e}

After declaring a recursion on the variable X (uX), the global type Gauh stipulates that s sends to ¢
(s = ¢) a label login or quit. The rest of the protocol depends on this choice by s. In the login-branch,
¢ sends to a a label passwd along with a string value ({str)) and a sends to s a label auth and a boolean
value, after which the protocol loops to the beginning of the recursion (X). In the quit-branch, ¢ sends
to a a label quit after which the protocol ends (e).

In MPST, participants are implemented as distributed processes that communicate asynchronously.
Each process must correctly implement its corresponding portion of the protocol; these individual guar-
antees ensure that the interactions between processes conform to the given global type. Correctness
follows from protocol fidelity (processes interact as stipulated by the protocol), communication safety
(no errors or mismatches in messages), and deadlock-freedom (processes never get stuck waiting for
each other). Ensuring that implementations satisfy these properties is a challenging problem, which is
further compounded by two common and convenient features in interacting processes: delegation and
interleaving. We motivate them in the context of our example:

e Delegation, or higher-order channel passing, can effectively express that the Client transparently
reconfigures its involvement by asking another participant (say, a Password Manager) to act on its
behalf;

e Interleaving arises when a single process implements more than one role, as in, e.g., an implemen-
tation of both the Server and the Authorization service in a sequential process.

Note that while delegation is explicitly specified in a global type, interleaving arises in its implementation
as interacting processes, not in its specification.

MPST have been widely studied from foundational and applied angles [7, 19, 39, 50, 5, 6, 51, 20, 41,
44]. The original theory by Honda et al. [37] defines a behavioral type system [40, 3] for a m-calculus,
which exploits linearity to ensure protocol fidelity and communication safety; most derived works retain
this approach and target the same properties. Deadlock-freedom is hard to ensure by typing when
implementations feature delegation and interleaving. In simple scenarios without interleaving and/or
delegation, deadlock-freedom is easy, as it concerns a single-threaded protocol. In contrast, deadlock-
freedom for processes running multiple, interleaved protocols (possibly delegated) is a much harder
problem, addressed only by some advanced type systems [7, 46, 22].

In this paper, we tackle the problem of ensuring that networks of interacting processes correctly im-
plement a given global type in a deadlock-free manner, while supporting delegation and interleaving. Our
approach is informed by the differences between orchestration and choreography, two salient approaches
to the coordination and organization of interacting processes in service-oriented paradigms [47]:
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Figure 1: Given processes P, (), and R implementing the roles of ¢, s, and a, respectively, protocol G,yn
can be realized as a choreography of routed implementations (our approach, left) and as an orchestration
of implementations, with a medium or arbiter process (previous works, right).

e In orchestration-based approaches, processes interact through a coordinator process which ensures
that they all follow the protocol as intended. Quoting Van der Aalst, in an orchestration “the
conductor tells everybody in the orchestra what to do and makes sure they all play in sync” [55].

e In choreography-based approaches, processes interact directly following the protocol without ex-
ternal coordination. Again quoting Van der Aalst, in a choreography “dancers dance following a
global scenario without a single point of control” [55].

Specification and analysis techniques based on MPST fall under the choreography-based approach.
The global type provides the protocol’s specification; based on the global type, implementations for each
participant interact directly with each other, without an external coordinator.

As we will see, the contrast between orchestration and choreography is relevant here because it induces
a different network topology for interacting processes. In an orchestration, the resulting process network
is centralized: all processes must connect to a central orchestrator process. In a choreography, the process
network is decentralized, as processes can directly connect to each other.

Contributions We develop a new decentralized analysis of multiparty protocols.

e Here ‘analysis’ refers to (i) ways of specifying such protocols as interacting processes and (ii) tech-
niques to verify that those processes satisfy the intended correctness properties.

e Also, aligned with the above discussion, ‘decentralized’ refers to the intended network topology for
processes, which does not rely on an external coordinator.

Our decentralized analysis of global types enforces protocol fidelity, communication safety, and deadlock-
freedom for process implementations, while uniformly supporting delegation, interleaving, and asyn-
chronous communication.

The key idea of our analysis is to exploit global types to generate router processes (simply routers)
that enable participant implementations to communicate directly. There is a router per participant; it
is intended to serve as a “wrapper” for an individual participant’s implementation. The composition
of an implementation with its corresponding router is called a routed implementation. Collections of
routed implementations can then be connected in arbitrary process networks that correctly realize the
multiparty protocol, subsuming centralized and decentralized topologies.

Routers are synthesized from global types, and do not change the behavior of the participant imple-
mentations they wrap; they merely ensure that networks of routed implementations correctly behave as
described by the given multiparty protocol. Returning to Van der Aalst’s analogies quoted above, we
may say that in our setting participant implementations are analogous to skilled but barefoot dancers,
and that routers provide them with the appropriate shoes to dance without a central point of control.
To make this analogy a bit more concrete, Figure 1 (left) illustrates the decentralized process network
formed by routed implementations of the participants of G,uh: once wrapped by an appropriate router,
implementations P, @), and R can be composed directly in a decentralized process network.



A central technical challenge in our approach is to ensure that compositions of routed implemen-
tations conform to their global type. The channels that enable the arbitrary composition of routed
implementations need to be typed in accordance with the given multiparty protocol. Unfortunately, the
usual notion of projection in MPST, which obtains a single participant’s perspective from a global type,
does not suffice: we need a local perspective that is relative to the two participants that the connected
routed implementations represent. To this end, we introduce a new notion, relative projection, which
isolates the exchanges of the global type that relate to pairs of participants. In the case of Gy, for
instance, we need three relative types, describing the protocol for a and ¢, for a and s, and for ¢ and s.

A derived challenge is that when projecting a global type onto a pair of participants, it is possible to
encounter non-local choices: choices by other participants that affect the protocol between the two partic-
ipants involved in the projection. To handle this, relative projection explicitly records non-local choices
in the form of dependencies, which inform the projection’s participants that they need to coordinate on
the results of the non-local choices.

To summarize, our decentralized analysis of global types relies on three intertwined novel notions:

e Routers that wrap participant implementations in order to enable their composition in arbitrary
network topologies, whilst guaranteeing that the resulting process networks correctly follow the
given global type in a deadlock-free manner.

e Relative Types that type the channels between routed implementations, obtained by means of a
new notion of projection of global types onto pairs of participants.

e Relative Projection and Dependencies that make it explicit in relative types that participants
need to coordinate on non-local choices.

The key ingredients of our decentralized analysis for G,uh are jointly depicted in Figure 2.

With respect to prior analyses of multiparty protocols, a distinguishing feature of our work is its
natural support of decentralized process networks, as expected in a choreography-based approach. Caires
and Pérez [12] connect participant implementations through a central coordinator, called medium process.
This medium process is generated from a global type, and intervenes in all exchanges to ensure that the
participant implementations follow the multiparty protocol. The composition of the medium with the
participant implementations can then be analyzed using a type system for binary sessions. In a similar
vein, Carbone et al. [17] define a type system in which they use global types to validate choreographies
of participant implementations. Their analysis of protocol implementations—in particular, deadlock-
freedom—relies on encodings into another type system where participant implementations connect to a
central coordinator, called the arbiter process. Similar to mediums, arbiters are generated from the global
type to ensure that participant implementations follow the protocol as intended. Both these approaches
are clear examples of orchestration, and thus do not support decentralized network topologies.

To highlight the differences between our decentralized analysis and prior approaches, compare the
choreography of routed implementations in Figure 1 (left) with an implementation of G,y in the style of
Caires and Pérez and of Carbone et al., given in Figure 1 (right). These prior works rely on orchestration
because the type systems they use for verifying process implementations restrict connections between
processes: they only admit a form of process composition that makes it impossible to simultaneously
connect three or more participant implementations [26, 25]. In this paper, we overcome this obstacle
by relying on APCP (Asynchronous Priority-based Classical Processes) [54], a type system that allows
for more general forms of process composition. By using annotations on types, APCP prevents circular
dependencies, i.e., cyclically connected processes that are stuck waiting for each other. This is how our
approach supports networks of routed participants in both centralized and decentralized topologies, thus
subsuming choreography and orchestration approaches.

Outline This paper is structured as follows. Next, Section 2 recalls APCP as introduced by Van den
Heuvel and Pérez [54] and summarizes the correctness properties for asynchronous processes derived
from typing. The following three sections develop and illustrate our contributions:

e Section 3 introduces relative types and relative projection, and defines well-formed global types, a
class of global types that includes protocols with non-local choices.
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Gauth contains message types. Focusing on the client ¢ (on the left), L. denotes a session type, whereas
R.s and R, are relative types with respect to the server and the authorization service, respectively.

e Section 4 introduces the synthesis of routers. A main result is their typability in APCP (Theo-
rem 11). We establish deadlock-freedom for networks of routed implementations (Theorem 18),
which we transfer to multiparty protocols via an operational correspondence result (Theorems 19
and 23). Moreover, we show that our approach strictly generalizes prior analyses based on central-
ized topologies (Theorem 27).

e Section 5 demonstrates our contributions with a full development of the routed implementations
for Gauth, and an example of the flexible support for delegation and interleaving enabled by our
router-based approach and APCP.

We discuss further related works in § 6 and conclude the paper in § 7. We use colors to improve readability.

2 APCP: Asynchronous Processes, Deadlock-free by Typing

We recall APCP as defined by Van den Heuvel and Pérez [54]. APCP is a type system for asynchronous -
calculus processes (with non-blocking outputs) [36, 9], with support for recursion and cyclic connections.
In this type system, channel endpoints are assigned linear types that represent two-party (binary) session
types [35]. Well-typed APCP processes preserve typing (Theorem 2) and are deadlock-free (Theorem 5).

At its basis, APCP combines Dardha and Gay’s Priority-based Classical Processes (PCP) [23] with
DeYoung et al.’s continuation-passing semantics for asynchrony [29], and adds recursion, inspired by the
work of Toninho et al. [52]. We refer the interested reader to the work by Van den Heuvel and Pérez [54]
for a motivation of design choices and proofs of results.

Process Syntax We write z,y, 2, ... to denote (channel) endpoints (also known as names), and write
Z,9, %, ... to denote sequences of endpoints. With a slight abuse of notation, we sometimes write z; € T
to refer to a specific element in the sequence z. Also, we write 4,5, k,... to denote labels for choices
and I, J, K, ... to denote sets of labels. We write X,V ... to denote recursion variables, and P,Q,... to
denote processes.

Figure 3 (top) gives the syntax of processes. The output action z[y, z] sends a message y (an endpoint)
and a continuation endpoint z along z. The input prefix x(y,z) . P blocks until a message and a
continuation endpoint are received on z (referred to in P as the placeholders y and z, respectively),
binding y and z in P. The selection action x[z] <4 sends a label ¢ and a continuation endpoint z along x.
The branching prefix x(z) > {i : P;}ier blocks until it receives a label ¢ € I and a continuation endpoint
(veffered to in P; as the placeholder z) on z, binding z in each P;. Restriction (vzy)P binds = and y
in P, thus declaring them as the two endpoints of the same channel and enabling communication, as
in Vasconcelos [56]. The process P | @ denotes the parallel composition of P and Q. The process 0



Process syntax:
P,Q = [y, 2] output | xz(y,z).P input
| 2[2] i selection | (2)>{i: P}lier branching | (vay)P restriction
| (P Q) parallel | 0 inaction | z¢ry forwarder
| uX(2).P recursive loop | X(2) recursive call
Structural congruence:
P=,P = pP=pr TEY=SyoT
PlQ=Q|P (vzy)z >y =0
Plo=rpr PIQIR)=(P|Q)|R
z,y ¢ (P) = P|(vry)Q = (vay)(P|Q) (vry)0 =0
El =gl =  pX(3).P=P{(pX(y). P{y/7})/X{5)} (vay)P = (vyz)P
(vay)(vzw)P = (vzw)(vay)P
Reduction:
~Ip LYyFr = (vyz)(z <y | P) — P{z/z}
R (vay)(zla,b] | y(v, 2) . P) — P{a/v,b/z}
Y jel = (vay)(xz[b] aj|y(z) > {i: Pi}icr) — Pi{b/z}
pP=pr P — Q' =qQ P—qQ P—Q
P—Q o= (vzy)P — (vay)Q PIR—Q|R |

Figure 3: Definition of APCP’s process language.

denotes inaction. The forwarder process x <+ y is a primitive copycat process that links together z and
y. The prefix uX(Z) . P defines a recursive loop, binding occurrences of X in P; the endpoints Z form
a context for P. The recursive call X(Z) loops to its corresponding uX, providing the endpoints Z as
context. We only consider contractive recursion, disallowing processes with subexpressions of the form
pX1(2) ... pXn(2) . X1 (2).

Endpoints and recursion variables are free unless otherwise stated (i.e., unless they are bound some-
how). We write fn(P) and frv(P) for the sets of free names and free recursion variables of P, respectively.
Also, we write P{x/y} to denote the capture-avoiding substitution of the free occurrences of y in P for
2. The notation P{uX (§).P’/X(g)} denotes the substitution of occurrences of recursive calls X (g) in P
with the recursive loop uX (). P’, which we call unfolding recursion. We write sequences of substitutions
Plzi/yi} .. Axn/ynt as P{z1/y1,. .., Tn/Yn}

In an output z[y, 2], both y and z are free; they can be bound to a continuation process using parallel
composition and restriction, as in (vya)(vzb)(z[y, 2] | Pap). The same applies to selection z[z] <i. We
introduce useful notations that elide the restrictions and continuation endpoints:

Notation 1 (Derivable Actions and Prefixes). We use the following syntactic sugar:

zly] - P = (vya)(vzd)(xa, b] | P{z/x})
z(y). P:=x(y,z). P{z/x}

Note the use of ‘-’ instead of ‘.’ in output and selection to stress that they are non-blocking.

Tl P:= (vzb)(x[b)<l| P{z/x})
x > {’L : Pi}iel = x(z) I>{Z : Pi{Z/x}}ie[

Operational Semantics We define a reduction relation for processes (P — Q) that formalizes how
complementary actions on connected endpoints may synchronize. As usual for m-calculi, reduction relies



Session Type || Endpoint Behavior

A®°B output an endpoint of type A, then behave as B
A%°B input an endpoint of type A, then behave as B
@°{i: A;tier select a label ¢ € I, then behave as A;

&°{i: Aitier receive a choice for a label ¢ € I, then behave as A;
° closed session; no behavior

Table 1: Session types and their associated endpoint behaviors (cf. Definition 1).

on structural congruence (P = @), which relates processes with minor syntactic differences; it is the
smallest congruence on the syntax of processes (Fig. 3 (top)) satisfying the axioms in Figure 3 (middle).

Structural congruence defines the following properties of our process language. Processes are equiv-
alent up to a-equivalence. Parallel composition is associative and commutative, with unit 0. The
forwarder process is symmetric, and equivalent to inaction if both endpoints are bound together through
restriction. A parallel process may be moved into or out of a restriction as long as the bound chan-
nels do not occur free in the moved process: this is scope inclusion and scope extrusion, respectively.
Restrictions on inactive processes may be dropped, and the order of endpoints in restrictions and of
consecutive restrictions does not matter. Finally, a recursive loop is equivalent to its unfolding, replacing
any recursive calls with copies of the recursive loop, where the call’s endpoints are pairwise substituted
for the contextual endpoints of the loop.

As we will see next, the semantics of APCP is closed under structural congruence. This means that
processes are equi-recursive; however, APCP’s typing discipline (described next) treats recursive types
as iso-recursive (see, e.g., Pierce [48]).

We can now define our reduction relation. We define the reduction relation P — @ by the axioms
and closure rules in Figure 3 (bottom). Presentations of Curry-Howard interpretations of linear logic
often include commuting conversions (such as [14, 57, 23, 29]), which allow pulling prefixes on free
channels out of restrictions; they are not necessary for deadlock-freedom in APCP, so we do not include
them.

Rule —1, implements the forwarder as a substitution. Rule —gz synchronizes an output and an input
on connected endpoints and substitutes the message and continuation endpoint. Rule —gg¢ synchronizes
a selection and a branch: the received label determines the continuation process, substituting the con-
tinuation endpoint appropriately. Rules —»=, —,, and —| close reduction under structural congruence,
restriction, and parallel composition, respectively.

Notation 2 (Reductions). We write —* for the reflexive, transitive closure of —. Also, we write
P —* Q if P —* Q in a finite number of steps, and P—/~*Q for the non-existence of a series of
reductions from P to Q.

Session Types APCP types processes by assigning binary session types to channel endpoints. Follow-
ing Curry-Howard interpretations, we present session types as linear logic propositions (cf., e.g., Caires
et al. [15], Wadler [57], Caires and Pérez [13], and Dardha and Gay [23]). We extend these propositions
with recursion and priority annotations on connectives. Intuitively, actions typed with lower priority
should be performed before those with higher priority.

We write o, k, 7, p, ... to denote priorities, and w to denote the ultimate priority that is greater than
all other priorities and cannot be increased further. That is, Vt € N. w >t and Vi € N. w + ¢ = w.

Definition 1 (Session Types). The following grammar defines the syntax of session types A, B. Let
oe NU{w}.

AB:=Ag°B|AR°B|@°{i: A}icr | &°{i: Alier | ® |uX.A| X

Table 1 gives session types and the behavior that is expected of an endpoint with each type (recursive
types entail a communication behavior only after unfolding). Note that e does not require a priority, as
closed endpoints do not exhibit behavior and thus are non-blocking. We define e as a single, self-dual
type for closed endpoints (cf. Caires [11] and Atkey et al. [4]).



Type uX . A denotes a recursive type, in which A may contain occurrences of the recursion variable
X. As customary, u is a binder: it induces the standard notions of a-equivalence, substitution (denoted
A{B/X}), and free recursion variables (denoted frv(A)). We work with tail-recursive, contractive types,
disallowing types of the form puX; ... uX,,.X; and pX. X ®°A. Recursive types are treated iso-recursively:
there will be an explicit typing rule that unfold recursive types, and recursive types are not equal to their
unfolding. We postpone formalizing the unfolding of recursive types, as it requires additional definitions
to ensure consistency of priorities upon unfolding.

Duality, the cornerstone of session types and linear logic, ensures that the two endpoints of a channel
have matching actions. Furthermore, dual types must have matching priority annotations. The following
inductive definition of duality suffices for our tail-recursive types (cf. Gay et al. [33]).

Definition 2 (Duality). The dual of session type A, denoted A, is defined inductively as follows:
A@°B:=A%°B @°{i: AjYier = &°{i: A ier si=oe X . A=pX. A
AR°B:=A@°B  &°{i: Atier = @°{i: Aibier X=X

The priority of a type is determined by the priority of the type’s outermost connective:

Definition 3 (Priorities). For session type A, pr(A) denotes its priority:

pr(A®° B) :=pr(A®°B) :=o0 pr(pX . A) :=pr(A4)
pr(°{i: A;}tier) = pr(&°{i: Ai}icr) =0 pr(e) :=pr(X) =w

The priority of e and X is w: they denote “final”, non-blocking actions of protocols. Although ® and &
also denote non-blocking actions, their priority is not constant: duality ensures that the priority for ®
(resp. ®) matches the priority of a corresponding % (resp. &), which denotes a blocking action.

We now turn to formalizing the unfolding of recursive types. Recall the intuition that actions typed
with lower priority should be performed before those with higher priority. Based on this rationale, we
observe that the unfolding of the recursive type puX . A should not result in A{uX . A/X}, as usual,
but that the priorities of the unfolded type should be increased. This is because the actions related to
the unfolded recursion should be performed after the prefix. For example, consider the recursive type
puX . A% X . If we unfold this type without increasing the priority, we would obtain A 73° (uX. AR X ), a
type in which the priorities no longer determine a global ordering between the two inputs. By increasing
the priority in the unfolded type as in, e.g., A %° (uX . A %" X), a global ordering is preserved.

We make this intuition precise by defining the lift of priorities in types:

Definition 4 (Lift). For proposition A and t € N, we define 1A as the lift operation:

(A B) =" A) @ (1'B)  AU(@i: Aikier) == @i T Aikier tlei=
TH(AN° B) = (1'4) 3T (1'B) P& Aibier) =& i 1" Atier
HpX . A):=puX. (1*A) MX =X

Henceforth, the unfolding of X . A is A{uX . (1*A)/X}, denoted unfold’(uX . A), where t € N depends
on the highest priority of the types occurring in a typing context. We recall that we do not consider
types to be equi-recursive: recursive types are not equal to their unfolding. Recursive types can only be
unfolded by typing rules, discussed next.

We now define the highest priority of a type:

Definition 5 (Highest Priority). For session type A, max, (A) denotes its highest priority:

mperX(A ®° B) := maX(A ®°B) = (Hlp.‘::,X(A), mpermx(B), 0)
rrt?x(@o{i s Aitier) = max(& {i: Ai}ier) = max(mealx(nﬁx(A )),0)
maX(MX A) := max(A)
):

pr

max(e) := max(X =0

pr

Notice how the highest priority of e and X is 0, in contrast to their priority (as given by Definition 3):
they do not contribute to the increase in priority needed for unfolding recursive types.



Typing Rules The typing rules of APCP ensure that actions with lower priority are performed before
those with higher priority (cf. Dardha and Gay [23]). To this end, they enforce the following laws:

1. an action with priority o must be prefixed only by inputs and branches with priority strictly smaller
than o—this law does not hold for output and selection, as they are not prefixes;

2. dual actions leading to a synchronization must have equal priorities (cf. Def. 1).
Judgments are of the form P F Q;T', where:

e P is a process;

e T is a context that assigns types to channels (z : A);

e () is a context that assigns tuples of types to recursion variables (X : (A4, B,...)).

A judgment P F ;T then means that P can be typed in accordance with the type assignments for
names recorded in I and the recursion variables in €. Intuitively, the latter context ensures that the
context endpoints between recursive definitions and calls concur. Both contexts I" and €2 obey exchange:
assignments may be silently reordered. T is linear, disallowing weakening (i.e., all assignments must be
used) and contraction (i.e., assignments may not be duplicated). Q allows weakening and contraction,
because a recursive definition may be called zero or more times.

The empty context is written (). In writing I',z : A (or similarly for Q) we assume that = ¢ dom(T").
We write 1T to denote the component-wise extension of lift (Definition 4) to typing contexts. Also,
we write pr(I') to denote the least priority of all types in I (Definition 3). An assignment % : A means
AR Al,...,Zk : Ak.

Figure 4 (top) gives the typing rules. We describe the typing rules from a bottom-up perspective.
Rule EMPTY types an inactive process with no endpoints. Rule e silently removes a closed endpoint to the
typing context. Rule ID types forwarding between endpoints of dual type. Rule MiX types the parallel
composition of two processes that do not share assignments on the same endpoints. Rule CYCLE types
a restriction, where the two restricted endpoints must be of dual type. Note that a single application of
Mix followed by CYCLE coincides with the usual Rule CUT in type systems based on linear logic [14, 57].
Rule ® types an output action; this rule does not have premises to provide a continuation process, leaving
the free endpoints to be bound to a continuation process using MiX and CYCLE. Similarly, Rule & types
an unbounded selection action. Priority checks are confined to Rules % and &, which type an input
and a branching prefix, respectively. In both cases, the used endpoint’s priority must be lower than the
priorities of the other types in the continuation’s typing context.

Rule REC types a recursive definition by introducing a recursion variable to the recursion context
whose tuple of types concurs with the contents of the recursive types in the typing context, where
contractivity is guaranteed by requiring that the eliminated recursion variable may not occur unguarded
in each of the context’s types. At the same time, the recursive types in the context are unfolded, and
their priorities are lifted by a common value, denoted ¢ in the rule, that must be greater than the highest
priority occurring in the original types (cf. Definition 5). Using a “common lifter”, i.e., lifting the priorities
of all types by the same amount is crucial: it maintains the relation between the priorities of the types
in the context.

Rule VAR types a recursive call on a variable in the recursive context. The rule requires that all the
types in the context are recursive on the recursion variable called, and that the types inside the recursive
definitions concur with the respective types assigned to the recursion varialbe in the recursive context.
As mentioned before, the types associated to the introduced and consequently eliminated recursion
variable is crucial in ensuring that a recursion is called with endpoints of the same type as required by
its definition.

The binding of output and selection actions to continuation processes (Notation 1) is derivable in
APCP. The corresponding typing rules in Figure 4 (bottom) are admissible using Mix and CYCLE. Note
that it is not necessary to include rules for the sugared input and branching in Notation 1, because they
rely on a-renaming only. Figure 4 (bottom) also includes an admissible Rule LIFT that lifts a process’
priorities.

The following result assures that, given a type, we can construct a process with an endpoint typable
with the given type:
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Figure 4: The typing rules of APCP (top) and admissible rules (bottom).

Proposition 1. Given a type A, there exists a P such that PF Q;x : A.

Proof. We inductively define a function char”(A) that, given a type A and an endpoint x, constructs a
process that performs the behavior described by A:

char®(A ®° B) :=Z[y] - (char’(A) | char®(B)) char”(®°{i: A;}icr) :==T aj - char®(A4;) [any j € ]
char®(A%° B) := z(y) . (char?(A) | char”(B)) char®(&°{i : A;}ier) := x> {i : char”(4;) }ier
char®(e) := 0 char®(uX . A) := uX(z) . char”(A) char” (X)) := X (z)

For finite types, we have: char®(A4)  @;z : A. For simplicity, we omit details about recursive types,
which require unfolding. For closed, recursive types, we have: char®(uX . A)F 0;z: uX . A. O

Type Preservation Well-typed processes satisfy protocol fidelity, communication safety, and deadlock-
freedom. The first two properties follow directly from type preservation (also known as subject reduction),
which ensures that reduction preserves typing. In contrast to Caires and Pfenning [14] and Wadler [57],
where type preservation corresponds to the elimination of (top-level) applications of rule CuT, in APCP
it corresponds to the more general elimination of (top-level) applications of rule CYCLE.

Because reduction is closed under structural congruence, type preservation relies on subject con-
gruence: structural congruence preserves typing. The structural congruence rule that unfolds recursive
definitions requires care, because the types of the unfolded process are also unfolded. Hence, type preser-
vation holds up to unfolding. We formalize this with the relation (P;T) = T", which denotes that I'" and
I are equal up to (un)folding of recursive types consistent with the typing of P under T*:

11



Definition 6. We define an asymmetrical relation between a process / typing pair (P;T') and a typing
context T, denoted (P;T) S T'. The relation is defined inductively, with the following being the most
important rules relating unfolded and non-unfolded types:

(P{(uX (@) . P{g/2})/X(§)};2:U) S 2: U VU € U'. U} = unfold" (uX . A})

FoLp
(P{(uX(9) . P{g/z})/X(9)}; % U)Sz:uX. XA
(uX(2). P2 pX . A)S2:uX . A YU € U'. Ul = unfold' (uX . A}
UNFOLD

(uX(3) . P X . A) S50
The other rules follow the typing rules in Figure 4; the following is a selection of rules:

—  EMPTY (P; F) Sr (Q; A) =a Mix
(0;0) = 0 (P|Q:;T,A) ST, A

(P;T,y:A,z:B) ST, y: A,z: B -
(x(y,2) . P;T,x: A®R°B) ST, 2: A/ ®%° B’

We write (P;T) = (Q;T") if (P;T) SI7 and (Q;T") S T.

Theorem 2 (Type Preservation). If P+ ;T and P — Q, then there exists I such that Q F Q; T
and (P;T) = (Q: ).

Deadlock-freedom The deadlock-freedom result for APCP adapts that for PCP [23]. As mentioned
before, binding asynchronous outputs and selections to continuations involves additional, low-level uses
of CYCLE, which we cannot eliminate through process reduction. Therefore, top-level deadlock-freedom
(referred to as progress) holds for live processes (Theorem 4). A process is live if it is equivalent to a
restriction on active names that perform unguarded actions. This way, e.g., in x[y, z] the name z is
active, but y and z are not. We additionally need a notion of evaluation context, under which reducible
forwarders may occur.

Definition 7 (Active Names). The set of active names of P, denoted an(P), contains the (free) names
that are used for unguarded actions (output, input, selection, branching):

an(zly, 2]) == {z} an(z(y, z) . P) == {«} an(0) := 0
an(z[z] <j) := {«} an(z(z) > {i: Pi}ier) = {a} an(z <> y) =
an(P | Q) := an(P) Uan(Q) an(uX(z) . P) := an(P)
an((vay)P) := an(P) \ {z,y} an(X(z)) =10

Definition 8 (Evaluation Context). FEwvaluation contexts £ are defined by the following grammar:
=[|&|P|way)e | uX(@).€
We write E[P] to denote the process obtained by replacing the hole || in € by P.
Definition 9 (Live Process). A process P is live, denoted live(P), if
1. there are names x,y and process P’ such that P = (vxy)P’ with x,y € an(P’), or
2. there are names x,y,z and process P’ such that P = E[(vyz)(z <y | P')].

We additionally need to account for recursion: as recursive definitions do not entail reductions, we
must fully unfold them before eliminating CYCLESs:

Lemma 3 (Unfolding). If P+ Q; T, then there is a process P* such that P* = P and P* is not of the
form uX(2).Q.
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Deadlock-freedom, given next, states that typable processes that are live can reduce. It follows from
an analysis of the priorities in the typing of the process, which makes it possible to find a pair of
non-blocked, parallel, dual actions on connected endpoints, such that a communication can occur. The
analysis also considers the possibility that a blocking action is on an endpoint which is not connected
(i.e., the endpoint is free), in which case a commuting conversion can be performed. Confer the full proof
by Van den Heuvel and Pérez [54, Theorem 7| for more details.

Theorem 4 (Progress). If PF (;T and live(P), then there is a process Q such that P — Q.

We now state the deadlock-freedom result formalized by Van den Heuvel and Pérez [54]. Following, e.g.,
Caires and Pfenning [14] and Dardha and Gay [23], it concerns processes typable under empty contexts.

Theorem 5 (Deadlock-freedom [54]). If P+ 0;(, then either P =0 or P — Q for some Q.

Fairness Processes typable under empty contexts are not only deadlock-free, they are fair: for each
endpoint in the process, we can eventually observe a reduction involving that endpoint. To formalize
this property, we define labeled reductions, which expose details about a communication:

Definition 10 (Labeled Reductions). Consider the labels
an=x4y | )y :a | x)yy L (forwarding, output/input, selection/branching)
where each label has subjects  and y. The labeled reduction P <, Q is defined by the following rules:
(vyz)@ ery| P) "7 Pla/zy  (vay)(ala b [y(v,2) . P) ™
(vay)(lb] < | y(=) > {i s Pi}ier) "% Pi{b/z} (if i€ 1)

P=P P °Q Q=Q P Q PQ
PQ (vay)P = (vay)Q PIR* QIR

Proposition 6. For any P and P', P —s P’ if and only if there exists a label o such that P > P'.

Proof. Immediate by definition, for each reduction in Figure 3 (bottom) corresponds to a labeled reduc-
tion, and vice versa. O

Fairness states that processes typable under empty contexts have at least one finite reduction sequence
(—™) that enables a labeled reduction involving a pending endpoint—an endpoint that occurs as the
subject of an action, and is not bound by input or branching (see below). Clearly, the typed process
may have other reduction sequences, not necessarily finite. Confer the full proof by Van den Heuvel and
Pérez [54, Theorem 11] for more details.

Definition 11 (Pending Names). Given a process P, we define the set of pending names of P, denoted
pu(P), as follows:

pu(z[y, 2]) := {z} pu(z(y, z).P) := {x} U (pn(P) \ {y, 2}) pn(0) := 0
pu(z[z] € j) := {x} pu(z(z) > {i : Pilier) = {2} U (U;c,pn(Pi) \ {z}) pn(IHy) {z,y}
pn(P [ Q) := pn(P) Upn(Q) pu(pX(Z) . P) := pn(P)
pu((vzy)P) = pn(P) pu(X (7)) =0

Theorem 7 (Fairness [54]). Suppose given a process P+ 0;(. Then, for every x € pn(P) there exists a
process P' such that P —* P’ and P’ <. Q, for some process Q and label o with subject x.
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Examples

To illustrate APCP processes and their session types, we give implementations of the three participants
in Gaun in Section 1.

Example 1. Processes P, Q, and R are typed implementations for participants c, s, and a, respectively,
where each process uses a single channel to perform the actions described by Gayth-

login : ¢, (u) . ¢, < passwd - ¢, [logmein345] - X (c,),
quit : ¢, (w) ., <quit-¢,[z] -0

login : @ %% ©*{passwd : e ®° X},
quit : @ 3% @*{quit : e @° e}

P:=puX(cy).cpv {
}—(:;,,:MX.&Q{

Q = pX(s,) .5, <login-5,[u] - s, >{auth : s5,(v) . X(s,)}
F s, puX . @ {login : e @' &'%{auth : ¢ ™ X} quit: e @' e}

o login : a, > {passwd : a,(u) . @, <auth - @,[v] - X(a,)},
Ri=pX(an) . ape {quit say, > {quit : a,(w) . 0}

fL g6 . 7 8 ) 9
Fay X &2 Iogm : &G{pa§swd : 07?5’ ®%{auth: e @ X'}},
quit : &{quit: e B’ e}
Process P is a specific implementation for c, where we use ‘logmein345’ to denote a closed channel
endpoint representing the password string “logmein345”. Similarly, Q is a specific implementation for s
that continuously chooses the login branch.

Note that the processes above cannot be directly connected to each other to implement G- Our goal
is to enable the composition of (typed) implementations such as P, @, and R in a correct and deadlock-
free manner. We shall proceed as follows. After setting up the routers that enable the composition of
these processes according to Gauh (Section 4), we will return to this example in Section 5. At that point,
it will become clear that the priorities in the types of P, @, and R were chosen to ensure the correct
composition with their respective routers.

3 Global Types and Relative Projection

We analyze multiparty protocols specified as global types. We consider a standard syntax, with session
delegation and recursion, subsuming the one given in the seminal paper by Honda et al. [38]. In the
following, we write p, ¢, T, s, ... to denote (protocol) participants.

Definition 12 (Types). Global types G and message types S, T are defined as:

Gi=p—»qli(S).Glicr | pX .G | X | o | skip.G
S,Tu=T.8|?T.S|®{i:Sticr | &{i: S}icr| o

We include basic types (e.g., unit, bool, int), which are all syntactic sugar for e.

The type p — q{i(S;) . G;}ier specifies a direct exchange from participant p to participant ¢, which
precedes protocol G;: p chooses a label ¢ € I and sends it to ¢ along with a message of type S;. Message
exchange is asynchronous: the protocol can continue as G; before the message has been received by q.
The type puX . G defines a recursive protocol: whenever a path of exchanges in GG reaches the recursion
variable X, the protocol continues as uX . G. The type e denotes the completed protocol. For technical
convenience, we introduce the construct skip . G, which denotes an unobservable step that precedes G.

Recursive definitions bind recursion variables, so recursion variables not bound by a recursive defini-
tion are free. We write frv(G) to denote the set of free recursion variables of G, and say G is closed if
frv(G) = 0. Recursion in global types is tail-recursive and contractive (i.e. they contain no subexpres-
sions of the form uXj...uX, . X7). As for the session types in Section 2, we define the unfolding of
a recursive global type by substituting copies of the recursive definition for recursive calls, i.e. uX .G
unfolds to G{uX . G/X}.

14



In approaches based on MPST, the grammar of global types specifies multiparty protocols but does
not ensure their correct implementability; such guarantees are given in terms of well-formedness, defined
as projectability onto all participants (cf. §3.2).

Message types S,T define binary protocols, not to be confused with the types in §2. Type !T". S
(resp. 7T . S) denotes the output (resp. input) of a message of type T followed by the continuation S.
Type @{i : S;}icr denotes selection: the output of choice for a label i € I followed by the continuation
Si. Type &{i : S;}icr denotes branching: the input of a label i € T followed by the continuation S;.
Type e denotes the end of the protocol. Note that, due to the tail-recursiveness of session and global
types, there are no recursive message types.

It is useful to obtain the set of participants of a global type:

Definition 13 (Participants). We define the set of participants of global type G, denoted prt(G):

pri(p — q{i(Si) . Gitier) == {p, ¢} U (U, Prt(Gi)) prt(skip . G) := prt(G) prt(e) :=
pri(uX . G) := prt(G) pri(X) :=

3.1 Relative Types

While a global type such as Gaun (1) describes a protocol from a vantage point, we introduce relative
types that describe the interactions between pairs of participants. This way, relative types capture the
peer-to-peer nature of multiparty protocols. We develop projection from global types onto relative types
(cf. §3.2) and use it to establish a new class of well-formed global types.

A choice between participants in a global type is non-local if it influences future exchanges between
other participants. Our approach uses dependencies to expose these non-local choices in the relative
types of these other participants.

Relative types express interactions between two participants. Because we obtain a relative type
through projection of a global type, we know which participants are involved. Therefore, a relative type
only mentions the sender of each exchange; we implicitly know that the recipient is the other participant.

Definition 14 (Relative Types). Relative types R are defined as follows, where the S; are message types
(cf. Def. 12):

R = p{i(S;) . RYicr | p?r{i. RYicr | pir{i. RYics | pX . R| X | o | skip. R
We detail the syntax above, given participants p and gq.

e Type p{i(S;). R; }ics specifies that p must choose a label i € I and send it to ¢ along with a message
of type S; after which the protocol continues with R;.

e Given an r which is not involved in the relative type (i.e., p # r,q # r), type p?r{i. R; };c1 expresses
a dependency: a non-local choice between p and r which influences the protocol between p and gq.
Here, the dependency indicates that after p receives from r the chosen label, p must forward it to
q, determining the protocol between p and gq.

e Similarly, type plr{i . R;};cr expresses a dependency, which indicates that after p sends to r the
chosen label, p must forward it to q.

e Types uX . R and X define recursion, just as their global counterparts.
e The type e specifies the end of the protocol between p and gq.
e The type skip . R denotes an unobservable step that precedes R.

Definition 15 (Participants of Relative Types). We define the set of participants of relative type R,
denoted prt(R):

pri(p{i(S:) . Ritier) == {p} U (U;es prt(Ry)) prt(skip . R) := prt(R) pri(e) :=0
pri(p?r{i. Ri}ier) := {p} U (U,c; prt(R:)) prt(uX . R) := prt(R) prt(X) =0
pri(plr{i. Ri}ier) == {p} U (U;es pPrt(Ry))
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skip. (Gy [ (p,q)) [any &' € I] if Vi, j.
Gil(p,a) =G;l(p.q)
ddep((p,q). s = r{i(Sy) . Gilier) = ::g o {8; ’ Z;ﬁg liz .
p?s{i . (Gi | (p;@))}ier iftp=r
q?s{i. (Gi I (p:q))}ier ifg=r

pli(Si) - (Gi [ (p,q)) }ier ifp=sandg=r
(s > r{i(Si) - Gitier) | (p,q) :== S ¢{i(Si) - (Gi | (p, @) }ier ifg=sandp=r
ddep((p, q), s — r{i{S;) . G; }icr) otherwise
(X .G) | (p,q) = {uX. (GT(pyq) iG] (p, q) defined and contractive on X
. otherwise

X1(pq =X *[(p,q):=e  (skip.G) [ (p,q) :=skip. (G [(p,q))

Above, skip® denotes a sequence of zero or more skip.

Figure 5: Dependency Detection (top), and Relative Projection (bottom, cf. Definition 17).
When a side-condition does not hold, either is undefined.

We introduce some useful notation:
Notation 3.

o We write p— q : i(S) . G for a global type with a single branch p — ¢{i(S) . G} (and similarly for
exchanges and dependencies in relative types).

o We omit unit message types from global and relative types, writing i . G for i{unit) . G.

o Given k > 1, we write skip® for a sequence of k skips.

3.2 Relative Projection and Well-Formedness

We define relative projection for global types. We want relative projection to fail when it would return
a non-contractive recursive type. To this end, we define a notion of contractiveness on relative types:

Definition 16 (Contractive Relative Types). Given a relative type R and a recursion variable X, we
say R is contractive on X if either of the following holds:

e R contains an exchange, or

e R ends in a recursive call on a variable other than X.

Relative projection then relies on the contractiveness of relative types. It also relies on an auxiliary
function to determine if a dependency message is needed and possible.

Definition 17 (Relative Projection). Given a global type G, we define its relative projection onto a
pair of participants p and q, denoted G | (p,q), by induction on the structure of G as given in Figure 5
(bottom), using the auxiliary function ddep (cf. Figure 5, top).

We discuss how Definition 17 projects global types onto a pair of participants (p, q), as per Figure 5
(bottom). The most interesting case is the projection of a direct exchange s —r{i(S;).G;}icr. When the
exchange involves both p and ¢, the projection yields an exchange between p and ¢ with the appropriate
sender. Otherwise, the projection relies on the function ‘ddep’ in Figure 5 (top), which determines
whether the exchange is a non-local choice for p and ¢ and yields an appropriate projection accordingly:

16



e If the projections of all branches are equal, the exchange is not a non-local choice and ddep yields
the unobservable step skip followed by the projection of any branch.

e If there are branches with different projections, the exchange is a non-local choice, so ddep yields a
dependency if possible. If p or ¢ is involved in the exchange, ddep yields an appropriate dependency
(e.g., plr if p is the sender, or ¢?s if ¢ is the recipient). If neither p nor ¢ are involved, then ddep
cannot yield a dependency and projection is thus undefined.

The projection of uX . G’ considers the projection of the body G’ | (p,q) to see whether p and ¢
interact in G'. If G’ | (p,q) is a (possibly empty) sequence of skips followed by e or X, then p and ¢
do not interact and the projection yields e. Otherwise, p and ¢ do interact and projection preserves the
recursive definition. Note that Definition 16 (contractiveness) is key here: e.g., G'[(p, q) = skip.uY.skip. X
is not contractive on X, so (uX . G’) | (p,q) = e. The projections of recursive calls X, of e, and of skip
are homomorphic.

Example 2 (Projections of Gaun). To demonstrate relative projection, let us consider again Gauh:

Gauth = pX . 5 — c{'ogln .c—» a: passwd(str) . a — s : auth(bool) .X,}

quit.c—a : quit.e
The relative projection onto (s, c) is straightforward, as there are no non-local choices to consider:

login . skip? . X,}

Gauth [ (Sa C) =pX.s {quit .skip . e

However, compare the projection of the initial login branch onto (s,a) and (c,a) with the projection of
the quit branch: they are different. Therefore, the initial exchange between s and c is a non-local choice
in the protocols relative to (s,a) and (c,a). Since s is involved in this exchange, the non-local choice is
detected by ddep:

ddep((s,a),s — c{login..., quit...}) = slc{login..., quit...}
Hence, this non-local choice can be included in the relative projection onto (s,a) as a dependency:

Gautn | (5,0) = X . sle {Iogm .skip . a : auth(bool) .X,}

quit . skip . e

Similarly, c is involved in the initial exchange, so the non-local choice can also be included in the relative
projection onto (c,a) as a dependency:

Gautn | (¢,a) = puX . c7s {Iogln . : passwd(str) . skip . X7}

quit . ¢ : quit(unit) . e

Since relative types are relative to pairs of participants, the input order of participants for projection
does not matter:

Proposition 8. Suppose a global type G and distinct participants p,q € prt(G).
o If G| (p,q) is defined, then G [ (p,q) = G | (¢,p) and prt(G | (p,q)) € {p, a};
e G| (p,q) is undefined if and only if G | (¢,p) is undefined.
Well-formed Global Types We may now define well-formedness for global types. Unlike usual MPST

approaches, our definition relies exclusively on (relative) projection (Def. 17), and does not appeal to
external notions such as merge and subtyping [39, 58].

Definition 18 (Relative Well-Formedness). A global type G is relative well-formed if, for every distinct
p,q € prt(G), the projection G | (p,q) is defined.

The following contrasts our new notion of relative well-formedness with notions of well-formedness
based on the usual notion of local types [37, 28].
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 [Gaun] 1 — Q  [Gaun] 1
€ 1i(Gauen, {5}) |

P — [Gaun] P — [Gayun] " s
€ 1i(Gauth, {c}) € 11(Gauth, {¢}) ‘
N [[Gauthﬂt{ls’C} 7 R N [[Gauthﬂis’c}
€ ri(Gauth7 {a}) € ri(Gautha {87 (l})

Figure 6: Two different networks of routed implementations for Gy (1), without interleaving (left)
and with interleaving (right). For participants p and ¢, Definition 20 gives the router process [[G]]f7 and
Definition 25 gives the set ri(G, ¢). Lines indicate channels and boxes are local compositions of processes.

Example 3. Consider the following global type involving participants p,q,r,s:

— (Sa) . p>»r:LSy).p—>s:1{(Se).q—>71:1(Sq).q—s:1(S.) . e,
Gsi=p q{2<5’f>.r—»p:2(59>.s—»p:2<5’h>.r—»q:2<Si>.s—»q:2<SJ~>.0}

The initial exchange between p and q is a non-local choice influencing the protocols between other pairs
of participants. Well-formedness as in [37, 28] forbids non-local choices. In contrast, Gs is relative well-
formed: p and q must both forward the selected label to both v and s. The dependencies in the following
relative projections express precisely this:

Gs | (p,r) = plg{1.p: 1(Sy) . skip® . e, 2.7 :2(S,) .skip®. e}
Gs | (p,s) = plg{1.skip.p: 1(S.) .skip? . e, 2.skip.s:2(S}).skip”.e}
Gs | (g,r) = q?p{1 .skip? . q : 1(Sy) . skip. e, 2.skip?.r:2(S;).skip.e}
Gs | (q,5) = q?p{1 .skip® . q: 1(S.) . e, 2.skip®.s:2(S;).e}

Dependencies in relative types follow the non-local choices in the given global type: by implement-
ing such choices, dependencies ensure correct projectability. They induce additional messages, but in
our view this is an acceptable price to pay for an expressive notion of well-formedness based only on
projection. It is easy to see that in a global type with n participants, the number of messages per
communication is @(n)—an upper-bound following from the worst-case scenario in which both sender
and recipient have to forward a label to n — 2 participants due to dependencies, as in the example above.
However, in practice, sender and recipient will rarely both have to forward labels, let alone both to all
participants.

4 Analyzing Global Types using Routers

In this section, we develop our decentralized analysis of multiparty protocols (§3) using relative types
(§3.1) and APCP (§2). The intended setup is as follows. Each participant’s role in a global type G is
implemented by a process, which is connected to a router: a process that orchestrates the participant’s
interactions in G. The resulting routed implementations (Def. 25) can then directly connect to each other
to form a decentralized network of routed implementations that implements G. This way we realize the
scenario sketched in Figure 1 (left), which is featured in more detail in Figure 6 (left).

Key in our analysis is the synthesis of a participant’s router from a global type (§4.1). To assert
well-typedness—and thus deadlock-freedom—of networks of routed implementations (Theorem 11), we
extract binary session types from the global type and its associated relative types (§4.2):

e from the global type we extract types for channels between implementations and routers;

e from the relative types we extract types for channels between pairs of routers.
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After defining routers and showing their typability, we set up networks of routed implementations
of global types (§4.3). To enable the transference of deadlock-freedom APCP to multiparty protocols,
we then establish an operational correspondence between global types and networks of routed imple-
mentations (Theorems 19 and 23). Finally, to show that our routed approach strictly generalizes the
prior centralized analyses [12, 17|, we define an orchestrated analysis of global types and show that it is
behaviorally equivalent to a centralized composition of routers (§4.4).

In the following section (§5), we will show routers in action.

4.1 Synthesis of Routers

We synthesize routers by decomposing each exchange in the global type into four sub-steps, which
we motivate by considering the initial exchange from s to ¢ in Gauh (1): s — c{login..., quit...}. As
explained in Example 2, this exchange induces a dependency in the relative projections of Gauih onto (s, a)
and (c,a). We decompose this initial exchange as follows, where P, (), and R are the implementations of
¢, s, and a, respectively (given in Example 1) and R, stands for the router of each x € {s,c,a}. Below,
multiple actions in one step happen concurrently:

1. @ sends ¢ € {login, quit} to R.

2. R, sends ¢ to R, (recipient) and R, (output dependency). @ sends unit value v to Rs.
3. R. sends ¢ to P and R, (input dependency). R, forwards v to R..

4. R, forwards v to P. R, sends ¢ to R.

In Section 4.2, we follow this decomposition to assign to each consecutive step a consecutive priority:
this ensures the consistency of priority checks required to establish the deadlock-freedom of networks of
routed implementations.

We define an algorithm that synthesizes a router process for a given global type and participant. More
precisely: given G, a participant p, and ¢ = prt(G)\ {p}, the algorithm generates a process, denoted [[G]]Z,
which connects with a process implementing p’s role in GG on channel p,,; we shall write such channels
in pink. This router for p connects with the routers of the other participants in G (¢; € ¢) on channels
Dgys -+ »Pg,; We shall write such channels in purple. (This convention explains the colors of the lines in
Figure 6.)

The router synthesis algorithm relies on relative projection to detect non-local choices; this way, the
router can synchronize with the participant’s implementation and with other routers appropriately. To
this end, we define the predicate ‘hdep’, which is true for an exchange and a pair of participants if the
exchange induces a dependency for either participant. Recall that relative projection produces a skip
when an exchange is not non-local (cf. Figure 5). Thus, hdep only holds true if relative projection does
not produce a skip.

Definition 19. The predicate hdep(q, p, G) is true if and only if
o G=s5—>1{i(S;).Gi}icr and q ¢ {s,r} andp € {s,r}, and
e ddep((p,q),G) # skip . R for all relative types R, where ddep is as in Fig. 5 (top).

Example 4. Consider the global type G, :=p—-qg{a.p—>r :a.e, b.r—p:b.e}. We have that
hdep(q, p, Gn) is false because the initial exchange in Gy, is not a dependency for p and g, but hdep(r, p, Gy)
is true because the initial exchange in Gy, is indeed a dependency for p and r.

Definition 20 (Router Synthesis). Given a global type G, a participant p, and participants q, Algorithm 1
defines the synthesis of a router process, denoted [[G]]Z, that interfaces the interactions of p with the other
protocol participants according to G.

We often write R, for [[G]];'t(c)\{p } when G is clear from the context.

Algorithm 1 distinguishes six cases depending on the syntax of G (Def. 12). The key case is
s = r{i(U;) . G;}ier (line 3). First, the algorithm computes a set deps of participants that depend
on the exchange using hdep (cf. Def. 19). Then, the algorithm considers the three possibilities for p:
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Algorithm 1: Synthesis of Router Processes (Def. 20).

1 def [[G]]g as

[S SN

© 0 N o

10

11

12

13

14
15

16

17

18

19
20

switch G do

case s — 1{i(S;) . G, }ier do

deps := {q € ¢ | hdep(q,p, G)} )
if p=s then return ;> {i:p, <i-(p, <) (V) Drw] - (v w | [[Gi]]g)}ia

pa(v) . T[w] - (v e w | [GiD)} .,

g€Edeps
else if p = r then return p > {i: 7, <i-(p, <)
else if p ¢ {s,r} then

depon, := (s € ¢ A hdep(p, s, G))

depon,. := (r € ¢ A hdep(p,r, G))

if depon, and —depon, then return p > {i: 7, <i- [[Gi]]g}

q€Edeps ’

‘el
else if depon, and —depon, then return p, > {i: 71, <i- [[Giﬂg}iel

else if depon, and depon, then return p > {i: 7, <i-p,<{i: [[Giﬂg}}iel

else return [[Gj]]z for any j € I
case 4 X .G do

7 ={qg€q|Gl(pq) #e}

if ¢ # 0 then return uX(u,,(p,)
else return O

case X do return X(u,, (p,)

). 1617

q€q’

)

9€q
case skip . G’ do return [G']!

case e do return 0

1. If p = s then p is the sender (line 5): the algorithm returns a process that receives a label i € I

over /,,; sends i over p, and over p, for every g € deps; receives a channel v over p,,; forwards v as

w over p,; and continues as [Gy].

. If p = r then p is the recipient (line 6): the algorithm returns a process that receives a label i € T

over p,; sends i over /1, and over p, for every g € deps; receives a channel v over p,; forwards v as

. ; 74
w over p,; and continues as [G;]}.

. Otherwise, if p is not involved (line 7), we use hdep to determine whether p depends on an output

from s, an input from 7, or on both (lines 8 and 9). If p only depends on the output from s, the
algorithm returns a process that receives a label i € I over p; sends i over /1,; and continues as
[[Gi]]z (line 10). If p only depends on an input from r, the returned process is similar; the only

difference is that 7 is received over p, (line 11).

When p depends on both the output from s and on the input from 7 (line 12), the algorithm

returns a process that receives a label i € I over p; sends i over p,,; receives the label i over p,;

and continues as [G;];.

If there are no dependencies, the returned process is [[Gjﬂz, for arbitrary j € I (line 13).

In case uX.G’ (line 14), the algorithm stores in ¢’ those ¢ € ¢ that interact with pin G’ (i.e. uX.G'[(p, q) #
o). Then, if ¢’ is non-empty (line 16), the algorithm returns a recursive definition with as context the
channels p, for ¢ € ¢ and f1,. Otherwise, the algorithm returns O (line 17). In case X (line 18), the
algorithm returns a recursive call with as context the channels p, for ¢ € ¢ and f1,,. In case skip . G’
(line 19), it continues with G’ immediately. Finally, in case e (line 20), the algorithm returns 0.

Considering the number of steps required to return a process, the complexity of Algorithm 1 is

linear in the size of the given global type (defined as the sum of the number of communications over all
branches).
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Below, o € N is arbitrary:

(o) = (\T. S) := (T) @° (S) (©fi : Si}ier) == @°{i: (Si) }ier
(77 . S) := (T) B° (S) (&{i = Sitier) == &°{i: (Si) }ier

If G =s—r{i(S;).Gilier,

@i : (Si) @ (Gi 1°7 p) bier ifp=s

&2 (Sy) 33 (G 1M p)Yier ifp=7
G 1opi={ &520i (G 17 p)hies if p ¢ {s,r} and hdep(p, s, G)
&30 (Gi |°7 p)Lier if p ¢ {s,r} and —hdep(p, s,G) and hdep(p,r,G)
Gy |°T p [any i € I] otherwise
Otherwise,
o°pi=e  (skip.G)|°p:=G|"""p X|[°p=X
o X.(G"|° if G’ |° p defined and contractive on X
(uXG)Lp:{“ () ?
° otherwise

Figure 7: Extracting Session Types from Message Types (top), and Local Projection: Extracting Session
Types from a Global Type (bottom, cf. Definition 23).

4.2 Types for the Router’s Channels

Here, we obtain session types (cf. Def. 1) for (i) the channels between routers and implementations
(§4.2.1) and for (ii) the channels between pairs of routers (§4.2.2). While the former are extracted from
global types, the latter are extracted from relative types.

4.2.1 The Channels between Routers and Implementations

We begin with the session types for the channels between routers and implementations (given in pink),
which we extract directly from the global type. A participant’s implementation performs on this channel
precisely those actions that the participant must perform as per the global type. Hence, we define this
extraction as a form of local projection of the global type onto a single participant. The resulting session
type may used as a guidance for specifying a participant implementation, which can then connect to the
router’s dually typed channel endpoint.

Global types contain message types (Def. 12), so we must first define how we extract session types
from message types. This is a straightforward definition, which leaves priorities unspecified: they do not
matter for the typability of routers, which forward messages between implementations and other routers.
Note that one must still specify these priorities when type-checking implementations, making sure they
concur between sender and recipient.

Definition 21 (From Message Types to Session Types). We define the extraction of a session type from
message type S, denoted (S|, by induction on the structure of S as in Figure 7 (top).

We now define local projection. To deal with non-local choices, local projection incorporates de-
pendencies by relying on the dependency detection of relative projection (cf. Def. 17). Also similar to
relative projection, local projection relies on a notion of contractiveness for session types.

Definition 22 (Contractive Session Types). Given a session type A and a recursion variable X, we say
A is contractive on X if either of the following holds:

e A contains a connective in {®,%,®,&}, or
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| ,fer{isaermagl) o=
(s{i(Si) - Ri}ier) g == ot1 [ o+2 o4 ~
& {Z P08 B (R g }iel ifg=s
. o & {Z : qRiD;T;}ieI fp=r
(r?sti. Ritier)p)q =9 ., . o+4 ;
&° {z : qRiDP)Q }ieI if q=r
. o e {Z : qRiD;;ﬁ}ieI fp=s
(str{i. Ri}ier) ), o= ey ot+4 .
&t {z (R ) }iel ifg=s
(el =e  (skip.R) == (R} (uX.R)p, = uX. (R, (X)), :=X

Figure 8: Extracting Session Types from Relative Types (cf. Definition 24).

o A is a recursive call on a variable other than X.

Definition 23 (Local Projection: From Global Types to Session Types). We define the local projection
of global type G onto participant p with priority o, denoted G |° p, by induction on the structure of G as
in Figure 7 (bottom), relying on message type extraction (Def. 21) and the predicate hdep (Def. 19).

We consider the local projection of an exchange in a global type onto a participant p with priority o.
The priorities in local projection reflect the four sub-steps into which we decompose exchanges in global
types (cf. Section 4.1). There are three possibilities, depending on the involvement of p in the exchange:

1. If p is the sender, local projection specifies a choice (@) between the exchange’s labels at priority
o and an output (®) of the associated message type at priority o+ 1, followed by the projection of
the chosen branch at priority o + 4.

2. If p is the recipient, local projection specifies a branch (&) on the exchange’s labels at priority o+ 2
and an input (%) of the associated message type at priority o+ 3, followed by the projection of the
chosen branch at priority o + 4.

3. If p is neither sender nor recipient, local projection uses the predicate hdep (Def. 19) to detect
a dependency on the sender’s output or the recipient’s input. If there is a dependency on the
output, local projection specifies a branch on the exchange’s labels at priority o + 2. If there is a
dependency on the input, local projection specifies a branch at priority o + 3. Otherwise, when
there is no dependency at all, local projection simply continues with the projection of any branch
at priority o + 4.

Projection only preserves recursive definitions if they contain actual behavior (i.e. the projection of
the recursive loop is contractive, cf. Definition 22). The projections of e and recursion variables are
homomorphic. The projection of skip simply projects the skip’s continuation, at priority o + 4 to keep
the priority aligned with the priorities of the other types of the router.

4.2.2 The Channels between Pairs of Routers

For the channels between pairs of routers (given in purple), we extract session types from relative
types (Def. 14). Considering a relative type that describes the protocol between p and ¢, this entails
decomposing it into a type for p and a dual type for g.

Definition 24 (From Relative Types to Session Types). We define the extraction of a session type from
relative type R between p and q at p’s perspective with priority o, denoted (R) by induction on the
structure of R as in Figure 8.

o]
P)q’
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Here, extraction is directional: in GRD:> @ the annotation p)q says that the session type describes the
perspective of p’s router with respect to ¢’s. Messages with sender p are decomposed into selection (@)
at priority o + 1 followed by output (®) at priority o + 2. Dependencies on messages recieved by p
become selection types (@) at priority o + 1, and dependencies on messages sent by p become selection
types (@) at priority o + 2. Messages from ¢ and dependencies on ¢ yield dual types. Extraction from e
and recursion is homomorphic, and extraction from skip simply extracts from the skip’s continuation at
priority o + 4.

This way, the channel endpoint of p’s router that connects to ¢’s router will be typed (G [ (p, q)D;m7
i.e. the session type extracted from the relative projection of G onto p, g at p’s perspective. Similarly, the
endpoint of this channel at ¢’s router will have the type (G | (p, q)[)g>p, i.e. the same relative projection
but at ¢’s perspective. Clearly, these session types must be dual.

Theorem 9. Given a relative well-formed global type G and p, q € prt(G),

G TP, a5, = (G T(p,q)3),-

Proof. By construction from Definition 17 and Definition 24. O

4.3 Networks of Routed Implementations

Having defined routers and types for their channels, we now turn to defining networks of routed im-
plementations, i.e., process networks of routers and implementations that correctly represent a given
multiparty protocol. Then, we appeal to the types obtained in §4.2 to establish the typability of routers
(Theorem 11). Finally, we show that all networks of routed implementations of well-formed global types
are deadlock-free (Theorem 18), and that networks of routed implementations behave as depicted by the
global types from which they are generated (Theorems 19 and 23).

We begin by defining routed implementations, which connect implementations of subsets of protocol
participants with routers:

Definition 25 (Routed Implementations). Given a closed, relative well-formed global type G, for par-
ticipants p C prt(G), the set of routed implementations of p in G is defined as follows (cf. Def. 23 for
local projection ‘|’ and Def. 20 for router synthesis ‘[...]’):

QFOT.(r,:G°p) }

I'l(G7p) = {(Vﬂppﬂ)peﬁ (Q | HpeﬁRP) A Vp c ﬁ Rp _ [[G]]p”(c)\{p}
' p

We write ./\/',3,./\/;5), ... to denote elements of ri(G, D).

Thus, the composition of a collection of routers and an implementation @) is a routed implementation
as long as @ can be typed in a context that includes the corresponding projected types. Note that
the parameter p indicates the presence of interleaving: when p is a singleton, the set ri(G,p) contains
processes in which there is a single router and the implementation @ is single-threaded (non-interleaved);
more interestingly, when p includes two or more participants, the set ri(G, p) consists of processes in which
the implementation @ interleaves the roles of the multiple participants in p.

A network of routed implementations of a global type, or simply a network, is then the composition
of any combination of routed implementations that together account for all the protocol’s participants.
Hence, we define sets of networks, quantified over all possible combinations of sets of participants and
their respective routed implementations. The definition relies on complete partitions of the participants
of a global type, i.e., a split of prt(G) into non-empty, disjoint subsets whose union yields prt(G).

Definition 26 (Networks). Suppose given a closed, relative well-formed global type G. Let P be the set
of all complete partitions of prt(G) with elements w,7’,.... The set of networks of G is defined as

net(G) = {(quQp)p,qEPrt(G)(HpEWNﬁ) ’ T e Pg AVp E . ./\/;5 € I‘i(G,ﬁ)}.
We write N, N7, ... to denote elements of net(G).

Example 5. Figure 6 depicts two networks in net(Gaun) related to different partitions of prt(Gaun),
namely {{a},{s},{c}} (non-interleaved) on the left and {{a,s},{c}} (interleaved) on the right.

23



Definition 23 Definition 20  Definition 17  Definition 24

8 N

. . Gauth Y (C’ S)D;S
cu: Gaun |° € 1.0 Gauth | € 5
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o
T Ca: dGauth f(c7 a)D;a

implementation router

Figure 9: Overview of Theorem 11, with the definitions and notations for synthesizing and typing routers,
using participant ¢ of G,y implemented as P (cf. Example 1). Boxes indicate processes and lines indicate
channels.

Because a network N may not be typable under the empty typing context, we have the following
definition to “complete” networks.

Definition 27 (Completable Networks). Suppose given a network N such that N' & 0;T. We say that N'
is completable if (i) T is empty or (i) there exist U,w such that (Vow)N F 0;0. When N is completable,
we write N© to stand for N' (if N '+ 0;0) or (vow)N (otherwise).

Proposition 10. For any closed, relative well-formed global type G, there exists at least one completable
network N € net(G).

Proof. To construct a completable network in net(G), we construct a routed implementation (Def. 25) for
every p € prt(G). Given a p € prt(G), by Proposition 1, there exists Q - 0;p, : G 19 p. Composing each
such characteristic implementation process with routers, and then composing the routed implementations,
we obtain a network A € net(G), where N+ 0; (). Hence, A is completable. O

4.3.1 The Typability of Routers

We wish to establish that the networks of a global type are deadlock-free. This result, formalized by
Theorem 18 (Page 37), hinges on the typability of routers, which we address next. Figure 9 gives an
overview of the definitions and notations involved in this theorem’s statement.

Theorem 11. Suppose given a closed, relative well-formed global type G, and a p € prt(G). Then,

pre(G)\{p} . . 0 . 0
[[G]]p F q)v :up . G L b, (pq . QG r (p7 q)qu)qeprt(G)\{p}-
This result is a corollary of Theorem 16 (Page 28), which we show next. We give a full proof on Page 36,
after the proof of Theorem 16.

Alarm Processes We focus on networks of routed implementations—compositions of synthesized
routers and well-typed processes. However, in order to establish the typability of routers we must
account for an edge case that goes beyond these assumptions, namely when a routed implementation is
connected to some undesirable implementation, not synthesized by Algorithm 1. Consider the following
example:

Example 6. Consider again the global type Gaun, which, for the purpose of this example, we write as
follows:

_ login : Glogin,
Gauth = 5 = ¢ {quit : Gquit

As established in Example 2, the initial exchange between s and c determines a dependency for the
interactions of a with both s and c. Therefore, the implementation of a needs to receive the choice
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between login and quit from the implementations of both s and c. An undesirable implementation for c,
without a router, could be for instance as follows:

login : ¢, < quit - ...
/o a )
R'CSD{quit:caqquitm.. }

Notice how R’ always sends to a the label quit, even if the choice made by s (and sent to c) is login.
Now, if s chooses login, the router of a is in limbo: on the one hand, it expects s to behave as specified
in Glogin; on the other hand, it expects c to behave as specified in Gquie. Clearly, the router of a is in an
inconsistent state due to c’s implementation.

Because routers always forward the chosen label correctly, this kind of undesirable behavior never occurs
in the networks of Definition 26—we state this formally in §4.3.2 (Theorem 17). Still, in order to
prove that our routers are well-typed, we must accommodate the possibility that a router ends up in an
undesirable state due to inconsistent forwarding. For this, we extend APCP with an alarm process that
signals an inconsistency on a given set of channel endpoints.

Definition 28 (Alarm Process). Given channel endpoints & = x1,...,x,, we write alarm(Z) to denote
an inconsistent state on those endpoints.

In a way, alarm(Z) is closer to an observable action (a “barb”) than to an actual process term: alarm(Z)
does not have reductions, and no process from Figure 3 (top) can reduce to alarm(Z). We assume that
alarm(Z) does not occur in participant implementations (cf. @ in Definition 25); we treat it as a process
solely for the purpose of refining the router synthesis algorithm (Algorithm 1) with the possibility of
inconsistent forwarding. The refinement concerns the process on line 12:

pov {i: T, i p,a{i: [Gi]}},.,
We extend it with additional branches, as follows:
{i: [[Giﬂ‘;}

U {i" : alarm(p,,, (p,)

Vier (2)

P>t i, At p,. <
fism; Yiren{i}

q9€q

This new process for line 12 captures the kind of inconsistency illustrated by Example 6, which occurs
when a label ¢ € I is received over p, after which a label i’ € I'\ {i} is received over p,. We account for
this case by using the underlined alarm processes.

Routers are then made of processes as in Figure 3 (top), selectively extended with alarms as just
described. Because alarm(Z) merely acts as an observable that signals undesirable behavior, we find it
convenient to type it using the following axiom:

ALARM

alarm(zy, ..., 2n) F Q5210 Ay, 2, Ay

where the recursive context (2 and types Ai,..., A, are arbitrary.

Context-based Typability Considering the refinement of Algorithm 1 with alarm processes, we
prove Theorem 16 on Page 28, from which Theorem 11 follows as a corollary. It relies on some additional
auxiliary definitions and results.

To type the router for a participant at any point in the protocol, we need the definition of the
entire protocol. It is not enough to only consider the current (partial) protocol at such points: we need
information about bound recursion variables in order to perform unfolding in types. To this end, we
define global contexts, that allow us to look at part of a protocol while retaining definitions that concern
the entire protocol.

Definition 29 (Global Contexts). Global contexts C' are given by the following grammar:

o {Z<S> .G}ie[ .
C..—p—»q(u{i,<s>_c}i/¢1> | skip. C | pX . C'|]

We often simply write “context” when it is clear that we are referring to a global context. Given a context
C' and a global type G, we write C[G] to denote the global type obtained by replacing the hole [| in C with
G. If G = C[Gs] for some context C and global type G, then we write G5 <¢ G.

25



As mentioned before, a context captures information about the recursion variables that are bound at
any given point in a global type. Our goal is to obtain a context-based typability result for routers.
The order in which recursive variables are bound is important to correctly unfold types:

Example 7. Consider the following global type with three nested recursive definitions:
Grec=puX.a—»b:1.uY.a—>»b:2.uZ. a>»b{x: X, y:Y, z:Z}

To type the router for, e.g., a at the final exchange between a and b, we need to be aware of the unfolding
of recursion. The recursion on X, Y, and Z have all to be unfolded, and the recursion on Z must include
first the unfolding of X and then the unfolding of Y, which must in turn include the prior unfolding of X .

To account for nested recursions, the following definition gives the bound variables of a context exactly
in the order in which they appear:

Definition 30 (Recursion Binders of Contexts). Given a global context C, the sequence of recursion
binders to the hole of C, denoted ctxbind(C), is defined as follows:

ctxbind(pX . C) := (X, ctxbind(C)) ctxbind(skip . C) := ctxbind(C) ctxbind([]) := ()

ctxbind(p — ¢ (%<§3><SSZ}ZCE,§Z/¢I>) := ctxbind(C)

Given G5 <¢ G, the sequence of recursion binders of G, denoted subbind(Gs, G), is defined as ctxbind(C).

The following retrieves the body of a recursive definition from a global context, informing us on how to
unfold types:

Definition 31 (Recursion Extraction). The function recdef(X,G) extracts the recursive definition on
X from G, i.e. recdef(X,G) = G if uX .G <¢ G for some context C. Also, recCtx(X,G) extracts the
context of the recursive definition on X in G, i.e. recCtx(X,G) = C if uX . recdef(X, G) <¢ G.

When unfolding bound recursion variables, we need the priorities of the unfolded types. The following
definition gives a priority that is expected at the hole in a context, as well as the priority expected at
any recursive definition in a global type:

Definition 32 (Absolute Priorities of Contexts). Given a context C and o € N, we define ctxpri®(C) as
follows:

ctxpri®([]) :==o ctxpri®(skip . C') := ctxpri®™*(C) ctxpri®(pX . C) := ctxpri®(C)

o 1(S;) . Gi}i o
ctxpri®(p — ¢ ({U<{Zz’><5y Z}CZ,E}IZ/W)) = ctxpri®(0)
Then, the absolute priority of C', denoted ctxpri(C), is defined as ctxpri®(C). The absolute priority of X
in G, denoted varpri(X, G), is defined as ctxpri(C) for some context C such that uX .recdef (X, G) <¢ G.

To avoid non-contractive recursive types, relative projection (cf. Figure 5) closes a type when the
participants do not interact inside a recursive definition. Hence, when typing a router for a recursive
definition, we must determine which pairs of participants are “active” at any given point in a protocol,
and close the connections with the “inactive” participants.

Example 8. Consider the following global type, where a client (c) requests two independent, infinite
Fibonacci sequences (f1 and f3):

Gfp = ¢ — fy :init(int X int) . ¢ — fo :init{int x int) . uX . f; — ¢ : next(int) . fo — ¢ : next(int) . X

’
C:fib

Participants f1 and fo do not interact with each other in the body of the recursion, as formalized by their
relative projection:

recdef (X, Grip) | (f1, fo) = skip . skip . X

Hence, Gy | (f1, f2) = o, and fi and fo do not form an active pair of participants for the recursion in
Giin. Therefore, f1’s router closes its connection with fs’s router at the start of the recursion on X, and
vice VErsa.
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The following definition uses relative projection to determine the pairs of active participants at the hole
of a context, as well as at any recursive definition in a global type. We consider pairs of participants
(p,q) and (g, p) to be equivalent.

Definition 33 (Active Participants). Suppose given a relative well-formed global type G. The following
mutually defined functions compute sets of pairs of active participants for recursive definitions and
contexts, denoted recactive(X,G) and active(C, G), respectively.

recactive(X, G) := {(p, q) € active(recCtx(X, G), Q) | (uX .recdef(X,G)) | (p,q) # o}

ecactive(Y,G) if ctxbind(C) = (X,Y
active(C.C) = 4 12V (Y,G) if ctx in (C)=( )

prt(G) otherwise
The interdependency between recactive(X, G) and active(C, G) is well-defined: the former function con-
siders the active participants of a context, which contains less recursive definitions.

When typing a router for a given protocol, we have to keep track of assignments in the recursive context
at any point in the protocol. The following two lemmas ensure that the active participants of recursive
definitions are consistent with the active participants of their bodies.

Lemma 12. Suppose given a closed, relative well-formed global type G, and a global type G5 and context
C such that G; <¢ G. For any Z € ctxbind(C), active(C, G) C recactive(Z, G).

Proof. Take any Z €  ctxbind(C). Then ctxbind(C) = (X' ,Y). By definition,
active(C, G) = recactive(Y,G). If Y = Z the thesis is proven.  Otherwise, by definition,
recactive(Y, G) C active(recCtx(Y, G), G). Since the recursive definition on Z appears in recCtx(Y, G),
it follows by induction on the size of X that active(recCtx(Y,G),G) C recactive(Z,G). This proves the
thesis. O

The following lemma ensures that when typing a recursive call, the endpoints given as context for the
recursive call concur with the endpoints in the recursive context:

Lemma 13. Suppose given a closed, relative well-formed global type G, a recursion variable Z, and a
context C such that Z <c G. Then, active(C, G) = recactive(Z, G).

Proof. Because G = C[Z] and G is closed (i.e. frv(G) = 0), there is a recursive definition on Z in G.
Hence, ctxbind(C) # 0, i.e. ctxbind(C) = (X,Y) and active(C, G) = recactive(Y,G). If Y = Z, the thesis
is proven. Otherwise, the recursive definition on Y in G appears somewhere inside the recursive definition
on Z. Suppose, for contradiction, that active(C, G) # recactive(Z, G). There are two cases: there exists
(p,q) € prt(G)” s.t. (i) (p,q) € active(C,G) and (p,q) ¢ recactive(Z, G), or (ii) (p,q) € recactive(Z, G)
and (p, q) ¢ active(C, G). Case (i) contradicts Lemma 12.

In case (ii), (17 . recdef(Z,G)) | (p,q) # o and (uY . recdef(Y, G)) | (p,q) = o. The recursive call on
Z in G appears somewhere inside the recursive definition on Y, and hence recdef(Y, G) | (p, q) contains
the recursive call on Z. This means that recdef(Y, G) | (p,q) is contractive on Y (Def. 16), and hence
(1Y . recdef (Y, @)) | (p,q) # e, contradicting the assumption. O

Our typability result for routers relies on relative and local projection. Hence, we need to guarantee
that all the projections we need at any given point of a protocol are defined. The following result shows
a form of compositionality for relative and local projection, guaranteeing the definedness of projections
for all active participants of a given context:

Proposition 14. Suppose given a closed, relative well-formed global type G, and a global type G such
that Gy <¢ G. Then, for every (p,q) € active(C, G), the relative projection G | (p,q) is defined. Also,
for every p € {p € prt(G) | g € prt(G). (p,q) € active(C, G)}, the local projection G4 |° p is defined for
any priority o.

Proof. Suppose that, for contradiction, G | (p,q) is undefined. We show by induction on the structure
of C that this means that G [ (p, ¢) is undefined, contradicting the relative well-formedness of G.

e Hole: C' =[]. We have G, = G, and the thesis follows immediately.
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o — o (1450 Gitier , . .
e Exchange: C =71 — s (U (80} . C'yvgr ) By the IH, C’'[G,] | (p,q) is undefined. Since the

relative projection of an exchange relies on the relative projection of each of the exchange’s branches,
G | (p,q) is undefined.

e Skip: C = skip.C’. By the IH, C'[G;] | (p,q) is undefined. Since the relative projection of a skip
relies on the relative projection of the skip’s continuation, G | (p, q) is undefined.

e Recursive definition: C' = pX . C'. It follows from Lemma 12 that active(C, G) C recactive(X, G).
Hence, (p,q) € recactive(X,G), and thus (uX . recdef(X, Q) | (p,q) = (uX . C'[Gs]) | (p,q) # ®
which means that C’[G,] | (p, q) is defined. This contradicts the TH.

The proof for the definedness of local projection is analogous. O

Recall Example 7, where nested recursive definitions in a protocol require nested unfolding of recursive
types. The following definition gives us a concise way of writing such nested (or deep) unfoldings:

Definition 34 (Deep Unfolding). Suppose given a sequence of tuples U, with each tuple consisting of a
recursion variable X;, a lift t; € N, and a type B;. The deep unfolding of the type A with U, denoted
deepUnfold(A, U), is the type defined as follows:

deepUnfold(4,()) := A
deepUnfold(A, (U, (X,t, B))) := deepUnfold(A, U){(uX . (t'deepUnfold(B,U)))/X }

When typing a router’s recursive call, the types of the router’s endpoints are unfoldings of the types in
the recursive context. However, because of the deep unfolding in types, this is far from obvious. The
following result connects a particular form of deep unfolding with regular unfolding.

Proposition 15. Suppose given a type A and a sequence of tuples U consisting of a recursion variable,
a lift, and a substitution type. Then,

deepUnfold(A, (U, (X, t, A))) = unfold’ (X . deepUnfold(A, U)).
Proof. By Definition 34:

deepUnfold(A, (U, (X, t, A))) = deepUnfold(A, ﬁ){(uX (1*deepUnfold(A, U)))/X}
= unfold’ (X . deepUnfold(A, U7)) O

Armed with these definitions and results, we can finally state our context-based typability result for
routers:

Theorem 16. Suppose given a closed, relative well-formed global type G. Also, suppose given a global type
G5 such that G5 <¢ G, and a p € prt(G) for which there is a g € prt(G) such that (p,q) € active(C, G).
Consider:

e the participants with whom p interacts in Gs: ¢ = {q € prt(G) | (p,q) € active(C,G)},
e the absolute priority of Gs: oc = ctxpri(C),

e the sequence of bound recursion variables of Gg: 5(\5 = ctxbind(C),

o for every X € 5(;

— the body of the recursive definition on X in G: Gx = recdef(X,G),
the participants with whom p interacts in Gx: 4x = {q € prt(G) | (p,q) € recactive(X, G)},

— the absolute priority of Gx: ox = varpri(X, G),
— the sequence of bound recursion variables of Gx excluding X : 37;( = subbind(uX . Gx, G),

the type required for p,, for a recursive call on X:

Ax p = deepUnfold(Gx |°¥ p, (Y ty, Gy |*Y p)ycy7):
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— the type required for p, for a recursive call on X:

B g = deepUnfold((Gix [ (p,0))5, (Yt Gy | (0, 0)))y o)

— the minimum lift for typing a recursive definition on X: tx = maxpy (AX, (BX’Q)thix) +1,
e the type expected for 11, for p’s router for Gs:

Dy, = deepUnfold(G, |°° p, (X, tx,Gx |°* p)xex2)

e the type expected for p, for p’s router for G:

By = deepUnfold((G | (p, )35, (X, tx, (Gx | ()35 )

Then, we have:
[[Gsﬂg F (X : (AXa (Bqu)thix)>X€5(‘g; Hp - Dy, (pq : E‘I)qezj

Proof. We apply induction on the structure of G, with six cases as in Algorithm 1. We only detail the
cases of exchange and recursion. Axiom ALARM is used in only one sub-case (case 3(c), cf. Figure 11

below).

e Exchange: G5 = s — 1r{i(S;) . Gi}ier (line 3).
In this case, we add connectives to the types obtained from the IH. Since we do not introduce any
recursion variables to these types, the substitutions in the types from the IH are not affected. Hence,
we can omit these substitutions from the types. Also, for each i € I, we have frv(G;) C frv(Gs), i.e.
the recursive context remains untouched in this derivation, so we also omit the recursive context.

Let deps := {q € ¢ | hdep(q,p,Gs)} (as on line 4). There are three cases depending on the
involvement of p.

1. If p = s, then p is the sender (line 5).
Let us consider the relative projections onto p and the participants in ¢. For the recipient r,

Gs [ (p,r) = p{i- (Gi I (p, 7)) }ier- 3)

For each ¢ € deps, by Definition 19, ddep((q,p), G) # skip . R for some R. That is, since p is
the sender of the exchange, for each ¢ € deps, by the definitions in Figure 5,

Gs [ (p,g) =plr{i. (Gi | (p,q))}ier- (4)
On the other hand, for each ¢ € ¢\ deps \ {r},

for any i’ € I, because for each i,j € I,

Gil(p,q) =G; [ (p,q). (6)
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Let us take stock of the types we expect for each of the router’s channels.

For 4, we expect Gy 1°9 p=a°c{i: (S;) @t (G; [°°T p)}ier
= &°{i: (Si) 3°¢T (G 1°°T p)ier. (7)
For p, we expect (Gs 1 (0, D55 = {i- (Gi T (p,7)) }ier),s, (cf. (3))
= &°c i1 (8:) @2 (G | (0,75 ier

For each ¢ € deps,

for p, we expect (Gs 1 (p, q)D;>Cq = (p!r{i. (G;i 1 (p, q))}ieIDgfq (cf. (4))
=@ i (G | (p, Q)Dgfqﬂ}iel- ()

For each ¢ € ¢\ deps \ {r},

for p, we expect (Gs T (p,@)),5, = (skip . (G T (0, 2))D55, (cf. (5))
= (Gy | (p, q)l);fq+4 for any i’ € I. (10)

Let us now consider the process returned by Algorithm 1, with each prefix marked with a
number:

[GaDE =y, {i: @. (Pg 9, cdeps .w.@.(v el [G1D},.,
1 2; 3 4; 5i

For each i € I, let Cyr := C[s — r({i(S;) . Gi}ien gy U {i'(Sir) . [[})]. Clearly, Gy <¢, G.
Also, because we are not adding recursion binders, the current value of ¢ is appropriate for
the TH. With this context C;; and ¢, we apply the IH to obtain the typing of [[Gi/]]g, where
priorities start at ctxpri(Cy/) = ctxpri(C) +4 = oc + 4 (cf. Def. 32). Following these typings,
Figure 10 gives the typing of [[GSHZ’ referring to parts of the process by the number marking
its foremost prefix above.

Clearly, the priorities in the derivation of Figure 10 meet all requirements. The order of
the applications of &* for each ¢ € deps does not matter, since the selection actions are
asynchronous.

. If p =r, then p is the recipient (line 6). This case is analogous to the previous one.

3. If p ¢ {r,s} (line 7), then further analysis depends on whether the exchange is a dependency

for p. Let

depon, := (s € ¢ A hdep(p, s, G)) (as on line 8), and
depon,. := (r € § A hdep(p, 7, G)) (as on line 9).

To see what the truths of depon, and depon,. mean, we follow Definition 19 and the definitions
in Figure 5.

slr{i . (Gi | (p,s)) tier if depon, is true

Gy | (p,s) = { (11)

skip. (G | (p, s)) for any ¢/ € I  otherwise

r?s{i. (G; | (p,7))}ier if depon,. is true (12)
skip. (G4 [ (p,r)) for any i’ € I  otherwise

Gsf(pﬂ”):{

Let us also consider the relative projections onto p and the participants in ¢ besides r and s,
which follow by the relative well-formedness of Gs. For each ¢ € ¢\ {r, s},

Gs [ (p,q) = skip. (Gir [ (p,q)) (13)

for any i’ € I.
The rest of the analysis depends on the truth of depon, and depon,.. There are four cases.
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Ip _ R
Viel vewho: (S),w: (Si) Vie I [Gi)2+ p, : (Gi 1°™ p), (p, : (Gi | (p, q)Dgfj‘*)qeq i
Viel.vew)| [[Gi]]g Fop, o (G |t p), v :4QSiD,w : (S,
(g : Gi T ()25,
q€q ®*
Viel 5k p,: (G [t p), v : (Si),
P (Si) @ (G | (p,r))35 Y,
. ) oc+4
(P (Gi TP O35) 5
Viel 4k p, 2 (S5) BT (G [°et p),
Pyt (i) @°F2 (G | (p, )25,
. oc+4
(P = (G 1P D35 ey "y
Vi€ 3t pu, : (Si) B°¢H (G [°o T p),
Pyt (S:) @2 (G | (p, )05,
(py = @i (G 1 (@), Vi) g
. oc+4
(py : (Gi | (P @), )qeq\deps o
Vi€ 2k pu,: (i) 3¢ (G [0 p),
Py @°C ik (8i) @12 (Gi | (p )5 Ve,
. @° +1 oc+4
(py - &% {i: (G 4( D35y HeD) e
(Pq + (Gi T P DD35) o gens (cE. (6)) 5
[Ty = 1 g, s &5 (i (S 3% (G 1M p) e, (cf. (7))
P, s @i () @ (G L(p’r)D;>CT+ Yier,  (cf. (8))
(pq: °C+1{z (Gs T (p, )D°c+ }iel)queps7 (cf. (9))
(P : (Gir 1 (pa)) ;i,“)ng\deps (cf. (10))

Figure 10: Typing derivation used in the proof of Theorem 11.

(a) If depon, is true and depon, is false (line 10), let us take stock of the types we expect for
each of the router’s channels.

For 11, we expect G, %9 p = &°c+2{i: (G; 1°°T p)}ier
= @i+ (G 1T p)Yier. (14)
For p, we expect (Gs 1 (ps 8)y5s = (i (Gi | (p, 5)) Yiet)ySs (cf. (11))
= & i (G T (0 s))ys Y (15)
For each ¢ € ¢\ {s},
for p, we expect (Gs 1 (p,q))S g = (skip. (G | (p, q))D°>Cq (cf. (12) and (13))
= (G | (p, q)D;C; for any i’ € I. (16)

Similar to case (1), we apply the IH to obtain the typing of [[Gi]]g for each ¢ € I, starting
at priority oo + 4. We derive the typing of [[Gs]}z:

Vi€ L[GUF 1, : G 1% p, (p, : (Gi 1 (p,@))o5H)

Pa /qeq N

Viel. [, < [[Gi]]f, F o, s @°CT2 i Gy 1% plier, (g ¢ (Gi T (p, Q)D;fq+4)q€q ? N
[GSl] = pov i 1, i [Gilfhier F py s @°°2 i G i °“ ™ plier, (cf. (14))
Py & i (Gl (@), Ve, (cf. (15))
(py : (G111 (2, q>D°§‘*4)q€§ (cf. (16))
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ALARM

Viel.
Vi’ € I'\ {i}. alarm(chs) b 1, : Gi [°¢T* p,

Viel. pe: (Gil (p, )25,

[[Gi}]g b, G [0t p, Pt (G T (p, T)D;>CT+4v

I
o 4 .
(pg = (G 12035, (p, - (Gi ]
Viel p.>{i: [[Gi]]g} u{i: alarm(chs) birer\ iy F 11, © G |oct p,
Ps : qu [(pa S)DO§5+47
oc+2y, v oc+4
Py &P (Gar | (0 m)),S T Hiers

p)r
(pq : qu f(p: q)D;>clI+4)q€§\{5vT}

Viel. Edi “p > {’L : [[G—L]]g} U {i, : alarm(chs)}i/ef\{i} = My @OC+2{’i : G [°C+4 p}ie],
P (Gi | (p )25,

P &0 (Gy | (p, T)DZ%H}ieI,
(pq (G T POV, o 5
o> {i 7, <i-p, > {i: [Gi]7} oy, s @29 i Gi 1°97 plier, (cf. (17))
U {i’ : alarm(chs)}irenqiy bier  p, : &0 (Gi | (p, s)D;‘fS+4}i€[, (cf. (18))
Py &0 (G | (0 )25  Yier,  (of. (19))
(pg : (G T (0, )35, (cf. (20))

oc+4
(D), S, )qu\{S’T} &

[Gs12

)qeé\{sw}

Figure 11: Typing derivation used in the proof of Theorem 11, where chs = {1, } U{p, | ¢ € ¢}

(b) The case where depon, is false and depon,. is true (line 11) is analogous to the previous
one.

(c) If both depon, and depon, are true (line 12 and (2)), let us once again take stock of the
types we expect for each of the router’s channels.

For 11, we expect G, 1°9 p=&°c+2{i: (G; |°°™ p)}ier
= 0% (Gi 1°T p)}ies (17)
For p, we expect (Gs T (p, 5)D;>Cs = (slr{i.(G; I (p, s))}ieID;'fs (cf. (11))
= &M i (G | (0 )3, e (18)
For p, we expect (Gs T (p, r)l);fr = (r?s{i. (G; | (p, ’"))}ieID;CT (cf. (12))
= &0 i (G | (o))} e (19)
For each ¢ € G\ {s,7},
for p, we expect (Gs T (p, @), = (skip - (G | (p,a))),, (cf. (13))
= (G I (p,q))25, " for any i’ € T (20)

It is clear from (18) and (19) that the router will receive label ¢ € T first on p, and then
i’ € I on p,. We rely on alarm processes (Definition 28) to handle the case ¢’ # 1.
Similar to case (1), we apply the IH to obtain the typing of [[Gi]]g for each i € I, starting
at priority oo + 4. Figure 11 gives the typing of [[GS]];z.

(d) If both depon, and depon, are false, let us again take stock of the types we expect for
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each of the router’s channels.

For p,, we expect G, |°¢ p=Gy |°¢Tpfor any i’ € I.
For each ¢q € ¢,
for p, we expect  (Gs [ (p, )55, = (skip . (Gir | (p,9)))35, (cf. (11), (12) and (13))

— (G 1 (@)™ for any i € 1.

Similar to case (1), we apply the TH to obtain the typing of [[Gi/]]z, starting at priority
oc + 4. This directly proves the thesis.
o Recursive definition: G, = uZ . G’ (line 14).
Let

7 ={q€q|Gsl(p,q) #e} (21)

(as on line 15). We consider the relative projections onto p and the participants in §. For each
q € ¢, we know Gy | (p,q) # e, while for each ¢ € ¢\ ¢, we know G | (p,q) = . More precisely,
by Definition 17, for each ¢ € ¢,

Gsl(pa) = (nZ.G") [ (p,q) = pZ . (G'[ (p,q)). (22)

and thus

G' | (p,q) # skip™ . @ and G’ | (p,q) # skip” . Z.

For each ¢ € ¢\ ¢/,

Gs | (pq) = (uZ.G") [ (p,q) = e, (23)

and thus

G’ | (p,q) = skip® . e or G’ | (p,q) = skip” . Z.

Further analysis depends on whether ¢’ = () or not. We thus examine two cases:

— If ¢ = 0 (line 16), let us consider the local projection G5 |°¢ p. We prove that G |°¢ p = e.
Suppose, for contradiction, that G5|°°p # e. Then, by the definitions in Figure 7, G'[°°p # X
and G’ |°° p # e. That is, G’ |°° p contains communication actions or some recursion variable
other than Z. However, communication actions in G’ |°¢ p originate from exchanges in G,
either involving p and some ¢ € ¢, or as a dependency on an exchange involving some ¢q € q.
Moreover, recursion variables in G’ |°¢ p originate from recursion variables in G’. But this
would mean that for this ¢, G’ [(p, ¢) contains interactions or recursion variables, contradicting
(23). Therefore, it cannot be the case that G4 |°° p # e.

Let us take stock of the types we expect for each of the router’s channels. For now, we omit
the substitutions in the types.

For 11, we expect Gs |*“p=

0
~ o o
For each g € ¢, for p, we expect Gs T(p, @), = (o), = (cf. (23))

Because all expected types are e, the substitutions do not affect the types, so we can omit
them altogether.
First we apply EMPTY, giving us an arbitrary recursive context, and thus the recursive context
we need. Then, we apply e for 1, and for p, for each ¢ € g, and obtain the typing of [[GSHZ
(omitting the recursive context):

[G]y =0k 1, -0, (p, : @)

q€q
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—If ¢ # 0 (line 17), then, following similar reasoning as in the previous -case,

Gs |°° p=pZ.(G" |°¢ p). We take stock of the types we expect for each of the router’s
channels. Note that, because of the recursive definition on Z in G, there cannot be an-
other recursive definition in the context C' capturing the recursion variable Z. Therefore, by
Definition 30, Z ¢ X¢.

For 41, we expect deepUnfold(Gy |°¢ p,...)
= deepUnfold(uZ . (G’ |°¢ p),...)

= deepUnfold(nZ . G’ |°° p,...)

= pZ . deepUnfold(G’ |°¢ p, (X, tx,Gx | P)xexs) (24)
For each ¢ € ¢,
for p, we expect deepUnfold((Gs | (p, q)Dqu, o)

= deepUnfold((uZ . (G' | (9, 9))) 55+ - -)

= deepUnfold(uZ . (G' | (p, q)D;cq7 o) (cf. (22))

_ !/ oc ox

= nZ . deepUnfold((G" T (p, a)) 5 (X tx, (Gx T (0, D)) o)

(25)

For each ¢ € ¢\ ¢/,
for p, we expect deepUnfold((G; | (p, q)D;cq, o)

= deepUnfold((e),S,,...)

= deepUnfold(e,...) (cf. (23))

We also need an assignment in the recursive context for every X € %, but not for Z.
Let C" = CuZ . []]. Clearly, G’ <¢» G. Let us first establish some facts about the recursion
binders, priorities, and active participants related to C’, G’, and Z:

* Xcv = ctxbind(C) = (ctxbind(C), Z) = (X¢, Z) (cf. Def. 30).

x Gz =recdef(Z,G) = G’, as proven by the context C’ (cf. Def. 31).

x Yz = subbind(1Z . Gz, G) = ctxbind(C) = Xc.

% oo = ctxpri(C’) = ctxpri(C) = o¢, and oz = varpri(Z, G) = ctxpri(C) = o¢, and hence

ocr = oz (cf. Def. 32).
x Gz = ¢ (cf. Def. 33 and (21)).

Because X¢v = (3(\5, Z) and ¢’ = Gz, ¢ is appropriate for the TH. We apply the IH on C’, G’,
and ¢’ to obtain a typing for [G’ ]]Z , where we immediately make use of the facts established
above. We give the assignment to Z in the recursive context separate from those for the
recursion variables in X¢. Also, by Proposition 15, we can write the final unfolding on Z in
the types separately. For example, the type for 11, is

deepUnfold(G" |°¢" p, (X, tx,Gx |°¥ p)yc i)

= deepUnfold(G’ |°° p, (X, tx,Gx |°¥ p>Xe(3<‘E,Z))
= deepUnfold(G’ LOC b, ((Xa tXa GX LOX p)Xe)’(Ea (Za tZa GZ LOZ p)))

= deepUnfOId(G/ LOC b, ((Xa tXa GX LOX p)XeS(\E? (Z7 th G’ LOC p)))
= unfold'? (MZ . deepUnfold(G’ |°¢ p, (X, tx,Gx |°¥ p)Xe%)).
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The resulting typing is as follows:
deepUnfold(Gx [°X p, (Y, ty, m)%g( ),
(deepUnfold(Gx T (p,0))55 (Vity, Gy | (1, ))3),)y i)
deepUnfold(G' |°? p, (X, tx,Gx [ p P)xexs)
(deepUnfold (@' 1 (p. )3, (X tx. (Ox 1 -0y 5)), )
s unfold'? (uZ . deepUnfold(G' [°7 p, (X, tx,Gx 1% p)ycx2))s

(pq unfold'” (12 . deepUnfold((G” | (p, @))%, (X tx, (Gx | (p q)Dg;(q)Xe%)))qeq,

[+ | x

)

q€qx XeXeo

By assumption, we have

deepUnfold(G” |°° p, (X, tx,Gx |°* p) xex2)
t7 = max

oc ox + 17
-\ (deepUnfold (G | (p, @))3S, (X tx, (Gx T (p )l

XE}\E))qeq/

so tz is clearly greater than the maximum priority appearing in the types before unfolding.
Hence, we can apply REC to eliminate Z from the recursive context, and to fold the types,

giving the typing of [[GS]]Z = uZ(Mp7 (pq)qeq,) . [[Glﬂi :
deepUnfold(Gx |°X p, (Y, ty, m)y@’f; ),
(deepUnfold(QGX I (p, )Dp>q, (Yity, ([Gy | (p Q)DZQ
1, : pZ . deepUnfold(G” |°° p, (X, th)Xe};),

(py s 12 . decpUnfold((G" [ (p, @), (X, tx (Gx | (0, ))3)

)

[GiF | X ) ))
YeYx q€qGx XeXco

XE;(\E)> qeq’

In this typing, the type for ji, concurs with (24), and, for every q € ¢, the type for P, concurs
with (25). For every ¢ € ¢\ ¢’, we can add the type for p, in (26) by applying . This proves
the thesis.

e Recursive call: Gs = Z (line 18).

Clearly, because G is closed (i.e. frv(G) =0), Z € 5(\5 More precisely, % = (X1,Z,X5).

Note that the recursive definitions on the variables in X, appear in G after the recursive definitions
on the variables in (Z, X3). Because the unfoldings of (Z, X3) occur before the unfoldings of X1,
the recursive definitions on the variables in X; are renamed in order to avoid capturing these
variables when performing the unfoldings of (Z, X3). So, after the unfoldings of (Z, X3), there are
no recursive calls on the variables in X; anymore, so the unfoldings on X; do not have any effect
on the types.

Also, note that X, = }//Z (ctf. Def. 30).
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Let us take stock of the types we expect for our router’s channels.

For 11, we expect deepUnfold(Gy |°¢ p,...)

= deepUnfold(Z |°¢ p,...)

= deepUnfold(Z,...)

= deepUnfold(Z (X tX,GX | o )Xe(Xl,Z,?;))

= deepUnfold(Z, (X,tx,Gx |°* p)Xe(Z,f/}))

= uZ . (1*2deepUnfold(Gz |°7 p, (X, tx,Gx |°% P)xev,)) (27)
For each q € ¢,
for p, we expect deepUnfold((Gs | (p, q)Dqu, o)

= deepUnfold(QZD;fq, o)

= deepUnfOld(Za (Xa tXa (]GX f (p7 q)D;);(q)XE(Xl,ZS/}))

= deepUnfold(Z, (X, tx, (Gx [ (1, ))p}y) o 1. 75))

= pZ . (12 deepUnfold((Gz [ (p, 0))3fy» (Xotx, (Gx TP, 0))y]g) o o5)) (28)

Also, we need an assignment in the recursive context for every X € 3(; By Lemma 13, ¢ = ¢z.
Hence, for Z, the assignment should be as follows:

deepUnfold(Gz |°% p, (X, tx,Gx |°¥ p) x ;)

(deepUnfold((]GZ I (p, )Dp>q,(X tx, (Gx I (P, )5 PYq )XeYz)) (29)

q€q

We apply VAR to obtain the typing of [[GS]]Z’ where we make us the rule’s allowance for an arbitrary
recursive context up to the assignment to Z. VAR is applicable, because the types are recursive
definitions on Z, concurring with the types assigned to Z, and lifted by a common lifter ;.

VAR

[G:]5 = X (s (Pg) g
deepUnfold(Gx [°% p, (Y, ty, m)y@%} )
(deepUnfold(GGX I (p, )Dp>q, (Yity, (Gy [ (p q)Dqu
deepUnfold(Gz |°7 p, (X,tx,Gx |°* p P)xev,):
(deepUnfold((G7 | (p, )37, (X tx, (Gx | (pa))5s)

Z . (1*2deepUnfold(Gz |°% p, (X, tx,Gx |°* p

',

)

)Yeg()>q€tix XeXc\(2)

XGYZ))qeq ’
p)Xe{/;))?

(pq s pZ . (117 deepUnfold((G'z | (p,9))pf, (X tx, (Gx [ (p,a))p)y) Xe?;))>

q€q

In this typing, the type of ji, concurs with the expected type in (27), the types of p, for each ¢ € ¢
concur with the expected types in (28), and the assignment to Z in the recursive context concurs
with (29). This proves the thesis. O

Now, we can prove Theorem 11 as a corollary of Theorem 16:

Proof of Theorem 11 on Page 2/. We have been given a closed, relative well-formed global type G,
and a participant p € prt(G). Let C := [] and G5 := G. Clearly, G; <¢ G. By Definition 33,
active(C,G) = prt(G)Q. For p to be a participant of G, there must be an exchange involving p and some
other participant g, i.e. there exists a ¢ € prt(G) such that (p, q) € active(C, G). Moreover, § as defined
in Theorem 16 is {g € prt(G) | (p,q) € active(C,G)} = q € prt(G) \ {p}. Hence, Theorem 16 allows us
to find a typing for [[G]]Zrt(c)\{p}.

Let us consider the precise values of the ingredients of Theorem 16 in our application:
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1. o¢ = ctxpri(C) =0,
2. X¢ = ctxbind(C) = (),
3. Dy = deepUnfold(G, |°° p, (X, tx,Go |°¥ p) xx72)

=G % (cf. Definition 34),
4 By =decpUnfold((Gy | (0 @))35,, (X, tx, (Gx | (0, 0))) ¢ )
= (G I (p, Q)ng (cf. Definition 34).

Finally, the result of Theorem 16 is as follows:

HGsﬂz F (X : (AXa (BX,q)qeqX)> — 5 Hy 2 Dy, (pq 1 Ey)

XeXce q€q

Applying (1)—(4) above, we get the following:

[[G]]zrt(G)\{P} F0; 1, GO, (pg: (G (p, q)D2>q)qeprt(G)\{p}

This coincides exactly with the result of Theorem 11. O

4.3.2 Transference of Results (Operational Correspondence)

Given a global type G, we now formalize the transference of correctness properties such as deadlock-
freedom from net(G) (cf. Definition 26) to G. Here, we define an operational correspondence between
networks and global types, in both directions. That is, we show that a network performs interactions
between implementations and routers and between pairs of routers if and only if that communication
step is stipulated in the corresponding global type (Theorems 19 and 23).

Before formalizing the operational correspondence, we show that networks of routed implementations
never reduce to alarm processes. To be precise, because alarm processes only can occur in routers (not in
implementations), we show that none of the routers of a network reduces to an alarm process, formalized
using evaluation contexts (Def. 8):

Theorem 17. Given a relative well-formed global type G and a network of routed implementations
N € net(Q), then
N —£* Elalarm (7)),

for any reduction context £ and set of endpoints x.

Proof. By definition (Definition 26), A consists only of routers (Definition 20) and well-typed processes
not containing the alarm process (cf. the assumption below Definition 28).

Suppose, for contradiction, that there are £ and Z such that N'—* E[alarm(Z)]. Since only routers
can contain the alarm process, there is a router R, in A for participant p € prt(G) that reduces to the
alarm process. Since it is the only possibility for a router synthesized by Algorithm 1 to contain the
alarm process, it must contain the process in (2). This process is synthesized on line 12 of Algorithm 1, so
there is an exchange in G with sender s € prt(G) \ {p} and recipient r € prt(G)\ {p} that is a dependency
for the interactions of p with both s and 7.

For this exchange, the router R for s contains the process returned on line 5 of Algorithm 1, and
the router R, for r contains the process returned on line 6. Suppose s has a choice between the labels
in I, and the implementation of s chooses i € I. Then, R, sends ¢ to R, and R,.

Now, for R,, to reduce to the alarm process, it has to receive from R, alabel ¢ € I'\{i}. However, this
contradicts line 6 of Algorithm 1, which clearly defines R, to send i to R,,. Hence, N'—/~" E[alarm(z)]. O

It follows from this and the typability of routers (Theorem 11) that networks of routed implementa-
tions are deadlock-free:

Theorem 18. For relative well-formed global type G, every N € net(G) is deadlock-free.

Proof. By the typability of routers (Theorem 11) and the duality of the types of router channels (Theo-
rem 9), N'F 0; (. Hence, by Theorem 5, A is deadlock-free, and by Theorem 17, A/ never reduces to the
alarm process. O
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To formalize our operational correspondence result, we apply the labeled reductions for processes
P . Q (cf. Definition 10) and define a labeled transition system (LTS) for global types.

Definition 35 (LTS for Global Types). We define the relation G % G, with labels B of the form
p)q : €(S) (sender, recipient, label, and message type), by the following rules:

Jjel eR-el G{uX.G/X} 5 &
p— alilSi) . Giier 22250 skip. G % G uX . G5 aG'

Intuitively, operational correspondence states:

1. every transition of a global type is mimicked by a precise sequence of labeled reductions originating
from an associated completable network (completeness; Theorem 19), and

2. for every labeled reduction originated in a completable network there is a corresponding global
type transition (soundness; Theorem 23).

We write p1p2 for the composition of relations p; and p2. Recall that the notation —* stands for finite
sequences of reductions, as defined in Notation 2.

Theorem 19 (Operational Correspondence: Completeness). Suppose given a relative well formed global

type G. Also, suppose given p, q € prt(G) and a set of labels J such that j € J if and only if G P14:3{5;) G,

for some S;. Then,

Py bpid’

1. for any completable N € net(G), there exists a j' € J such that NO —* ~““77 Ny;

2. for any j' € J, there exists a completable N € net(G) such that N© —* Pultiyid No,

3. for any completable N' € net(G) and any j' € J, if NO —* M]\/’o, then there exists a

completable N € net(G,:) such that,

3 -/
Pg)dpid Hq)d,td PV PpiW s Ha)d W peosw
No s —* , .- N

7.

J

Proof. By the labelled transitions of global types (Def. 35) and relative well-formedness, G is a sequence
of skips followed by an exchange from p to ¢ over the labels in J. Since the skips do not influence the
behavior of routers, let us assume simply that

G =p—q{i(S;) - Gj}jes-
We prove each Sub-item separately.

(a) Take any completable ' € net(G). By definition (Def. 27), N© + 0;0. By the construction of
networks of routed implementations (Def. 26), p, € bn(N©), and p,, is connected to ,,.

Also by construction, the type of p, in the typmg derivation of N© is
G p=a":(S;) @ (Gj " p)}jes

By the well-typedness of N©, we can infer the kind of action that is defined on P, a selection, or
a forwarder. By induction on the number of connected forwarders (which is finite by the finiteness
of process terms), eventually a forwarder has to be connected to a selection. So, after reducing the
forwarders, we have a selection on Pus of some 7' € J.

Hence, by Fairness (Theorem 7), after a finite number of steps we can observe a communication

of the label j" from p, to s,. This proves the thesis: NO o+ ” s LUV
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(b) Following the proof of the existence of completable networks (Proposition 10), we can generate
an implementation process for all of G’s participants from local projections (cf. Proposition 1).
Take any j' € J. For the implementation process of p, we specifically generate an implementa-
tion process that sends the label j’. These implementation processes allow us to construct N,
which by construction is in net(G) and is completable. Following the reasoning as in Subitem (a),

Pu)bpid’
NO —* ZE222 NG,

(c) By definition (Def. 27), N© I 0); . Hence, by Fairness (Theorem 7), for any of the pending names
of N©, we can observe a communication after a finite number of steps. By construction (Def. 26),
the endpoints that we are required to observe by thesis are bound in N©. From the shape of G,
the definition of routed implementations (Def. 25), and the typability of routers (Theorem 11), we
know the types of all the required endpoints in N©. We can deduce the required labeled reductions
following the reasoning as in Subitem (a). Let us summarize the origin of each of the network’s
steps:

-/

1. NO —* MNO: The implementation of p selects label 5 with p’s router.

)y .
2. Ny Pal% AL The router of p forwards j' to ¢’s router.

3. N1 —* N3: The router of p forwards ;' to the routers of the participant that depend on the
output by p, and these routers forward j’ to their respective implementations.
g,

4. N » —* N3: The router of ¢ forwards j’ to ¢’s implementation, and to the routers of
the participants that depend on the input by ¢, and these routers forward j’ to their respective
implementation (if they have not done so already for the output dependency on p).

5. N3 . "™ Nio: The implementation of p sends an endpoint v to p’s router,
which sends a fresh endpoint w to ¢’s router, and v is forwarded to w.

PuYHpV  Dg)dpiw

Nq>q,, W yew
- 7

6. ./\/'471, —
and v is forwarded to w.

./\/f,) The router of ¢ sends a fresh endpoint w to ¢’s implementations,

In ./\/]9, all routers have transitioned to routers for G,.. Moreover, by Type Preservation (The-
orem 2), j\f]@ F ;. By isolating restrictions on endpoints that belong only to implementation
processes, we can find N, € net(G;/) such that /\/jc,) is its completion. This proves the thesis.

Note that G can also contain recursive definitions before the initial exchange; this case can be dealt
with by unfolding. O

Our soundness result, given below as Theorem 23, will capture the notion that after any sequence
of reductions from the network of a global type G, a network of another global type G’ can be reached.
Crucially, G’ can be reached from G through a series of transitions. Networks are inherently concurrent,
whereas global types are built out of sequential compositions; as a result, the network could have enabled
(asynchronous) actions that correspond to exchanges that are not immediately enabled in the global type.

For example, consider the global types G = a — b{1(S1).c - d{1(5").end},2(S2).c — d{1(S").end} }
and G' = a — b{1(S).b - ¢{1(5").end}}. Clearly, the initial exchange in G between a and b is not a
dependency for the following exchange between ¢ and d. The routers of ¢ and d synthesized from G thus
start with their exchange, without awaiting the initial exchange between a and b to complete. Hence,
in a network of G, both exchanges in G may be enabled simultaneously. We further refer to exchanges
that may be simultaneously enabled in networks as independent (global) exchanges. While all exchanges
appearing in G are independent, the two exchanges in G’ are not.

In the proof of soundness, we may encounter in a network reductions related to independent exchanges,
so we have to be able to identify the independent exchanges in the global type to which the network
belongs. Lemma 21 states that independent exchanges related to observed reductions in a network of a
global type G can be reached from G after any sequence of transitions in a finite number of steps. The
proof of this lemma relies on Lemma 20, which ensures that if a participant does not depend on a certain
exchange, then the routers synthesized at each of the branches of the exchange are equal.
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Lemma 20. Suppose given a relative well-formed global type G = s — r{i(S;).Gi}ier, and take any
p € prt(G) \ {s,7} and g C prt(G)\{p}. If neither hdep(p, s, G) nor hdep(p,r, G) holds, then [G;]; = [[Gj]];
for every i, j e 1.

Proof. The analysis proceeds by cases on the structure of G. As a representative case we consider
G = s - r{1(51).G1,2(S2).G2}. Towards a contradiction, we assume [G1]} # [G2];. There are many
cases where Algorithm 1 generates differents routers for p at G; and at G'3. We discuss the interesting
case where [G1]! = p, > ... (line 5) and [G2]! = p,, > ... (line 6). Then Gy = p— qi{...} and
Gy = g2 - p{...}. We have G1 [ (p,q1) = p{...} and G2 [ (p,q1) = skip... or G2 [ (p,q1) = p?qa{...}
(w.l.o.g., assume the former). Since G is relative well-formed, the projection G [ (p, ¢1) must exist. Hence,
since p ¢ {s,r} and Gy | (p,q1) # G2 | (p,q1), it must be the case that ¢; € {s,r}—w.l.o.g., assume
g1 =s. Then G | (p,q1) = q1!r{1l.p{...},2.skip...}, and thus hdep(p, g1, G) = hdep(p, s, G) is true. This
contradicts the assumption that hdep(p, s, G) is false. O

Lemma 21. Suppose given a relative well-formed global type G and a completable N' € net(G) such

that N© C”M“:Z/, for some ¢ € prt(G). For every G' and B1,...,8, (n > 0) such that G LI Ny o
where ¢ is not involved in any B, (with G = G’ if n = 0), there exist G”, d € prt(GQ), and Bi,..., 5,

(m > 0) such that G’ By Py g = c— d{i(S;).G;}icr where c is not involved in any B, (with

Proof. By induction on n (IH;). We first observe that the behavior on s, in N'© can only arise from the
router generated for ¢ at G, following Algorithm 1 (line 5) after finitely many passes through lines 13
(no dependency) and 19 (skip); for simplicity, assume only line 13 applies.

e Case n = 0. Let x > 0 denote the number of passes through line 13 to generate the router for ¢
at G. We apply induction on x (IHjy):

— Case z = 0. The router for ¢ at G is generated through line 5, so G = ¢ — d{i(S;).G; }icr,
proving the thesis.

— Case z = 2’ + 1. Then G = a — b{i(S;).G; }icr and line 13 returns the router for ¢ at G; for

i (S

b:
any j € I. We have G M) G;. Given the same implementation process for ¢ as in NV, we

CuYphol .
can construct a completable M € net(G;) such that /\/loL Hence, the thesis follows
from IHs.

e Case n = n/ + 1. By assumption, G B—1> G', where ¢ is not the sender or recipient in ;. Hence,
G = a — b{i.(S;).Gi}ier where G} = G, for some j € I. The router for ¢ at G is thus generated
through line 13 of Algorithm 1. It follows from Lemma 20 that this router is equal to the router
for ¢ at G, but with one less pass through line 13. Given the same implementation process for ¢

Cu)ol .
as in NV, we can construct a completable M € net(G}) such that M© - et Hence, the thesis
follows from IH;. ]

The proof of soundness relies on Proposition 22: if different reductions are enabled for a given process,
then they do not exclude each other. That is, the same process is reached no matter the order in which
those reductions are executed. We refer to simultaneously enabled reductions as independent reductions.

Proposition 22 (Independent Reductions). Suppose given a process P+ Q;T' and reduction labels «

/

and o, ... al, (n>1) where o ¢ {o;,....al} (cf. Definition 10). If P, and P, ... °". then there
evists a process Q such that P < “ ... " Q and P °%. ... °". ©. Q.

Proof. By induction on n:

e n = 1. By assumption, P~ and P “ . The proof proceeds by considering all possible combinations
of shapes for @ and ) (forwarder, output/input, and selection/branching).

Consider the case where @ = z)y : @ and af = w)z : b. Because P is well-typed, we infer that there
are evaluation contexts F; and Fs such that P = E1[(vzy)(zla, | y(a,c).P1)] = Es[(vwz)(w|b,d] |
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z(b,d).Ps]) (Definition 8). Since the reductions labeled « and o are both enabled in P, it cannot
be the case that z,y € fn(P2) and w,z € fn(P;). Hence, there exists an evaluation context Fj

such that P = E3[(vay)(z[a,c] | y(a,c).P1) | (vwz)(wb,d] | 2(b,d).P,]). Then P %, Q, = E3[P |
(vw2)wlb,d] | (b, d).P]) and P ™. Qs = By(wey)ala ] | (e, ). Pr) | P Let @ = B[Py | P}
then Q1 -+ Q and Q> < Q. Hence, P %, “1.Q and P °% <.Q.

All other cases proceed similarly. Note that when one of the reductions (say, «) has a selec-
tion/branching label, such a reduction would discard some branches and thus possible behaviors.
This is not an issue for establishing the thesis, because typability guarantees that the sub-process
that enables the o’-labeled reduction does not appear under the to-be-discarded branches. Hence,
the execution of « will not jeopardize the o’-labeled reduction.

e n=n'+1forn' >1. BytheIH, P% “ . @l and P2 ... 2" P/ ® Q). By assumption,
p o Q. Since P is well-typed, by Theorem 2 (Subject Reduction), P’ is well-typed. Since

P % Q) and P’ O @5, we can follow the same argumentation as in the base case to show that
Q) n, Q and Q) % Q. Hence, P . oS Q) on, Q and P Mo S pr e L Q. O
To understand the proof of soundness and the role of independent reductions therein, consider the
following example. We first introduce some notation which we also use in the proof of soundness: given
an ordered sequence of reduction labels A = (a1, ..., ax), we write P 4 Q to denote P %, ... %,
Example 9. The recursive global type G = pX.a — b : 1{S).c > d : 1(S).X features two independent
exchanges. Consider a network N € net(G). Let A denote the sequence of labeled reductions necessary
to complete the exchange in G between a and b, and C similarly for the exchange between ¢ and d.

Assuming that communication with routers is not blocked by implementation processes, we have N o4

and J\/Oi, because the exchanges are independent.

C N

m times
We see that N' is not a network of a global type reachable from G: there are still m exchanges between
a and b pending. Still, we can exhibit a series of transitions from G that includes m times the exchange
between ¢ and d:

Now, suppose that from N'© we observe m times the sequence of C reductions: N© ° ..

a)b:1(S) ¢)d:1(S) ayb:1(S) c¢)d:1(S)

G G

m times

Following these transitions, we can exhibit a corresponding sequence of reductions from N© that includes
m times the sequence C' and ends up in another network M € net(G):

At this point it is crucial that from N'© the sequences of reductions A and C can be performed indepen-
dently. Hence, by Proposition 22, N© <N A A Mo,
—— N——

m times m times

In the proof of soundness, whenever we assure that certain reductions are independent, we refer to
those assurances as independence facts (IFacts). Also, in the proof we consider labeled reductions, and
distinguish between protocol and implementation reductions: the former are reductions with labels that
indicate any interaction with a router, and the latter are any other reductions (which, by the definition
of networks, can only occur within participant implementation processes). By a slight abuse of notation,
given ordered sequences of reduction labels A and A’, we write A’ C A to denote that A’ is a subsequence
of A, where the labels in A’ appear in the same order in A but not necessarily in sequence (and similarly
for A’ C A). With A\ A’ we denote the sequence obtained from A by removing all the labels in A’, and
AU A’ denotes the sequence obtained by adding the labels from A’ to the end of A.

Theorem 23 (Operational Correspondence: Soundness). Suppose given a relative well-formed global type
G and a completable N € net(G). For every ordered sequence of k > 0 reduction labels A = (aq, . .., ay)
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and N’ such that N© iN’, there exist G' and B, ..., B, (with n > 0) such that (i) G LN Ny e
and (ii) N' —* M, with M € net(G’).

Proof. By induction on the structure of G; we detail the interesting cases of labeled exchanges with

implicitly unfolded recursive definitions. We exhibit transitions G O P 67 and establish a cor-
responding sequence of reductions N© —* MO that includes all the labels in A, with M € net(G").
During this step, we assure the independence between the observed reductions A and the reductions we
establish (IFacts). Using these independence assurances, we show that also N’ —* MO.

We apply induction on the size of A (IH;) to show the existence of (i) G’ and fi,. .., 3, such that

(i) G O P 6 and (i) NO —* MO including all reductions in A, with M € net(G"):
e Base case: then A is empty, and the thesis holds trivially, with G’ = G and M = N.

e Inductive case: then A is non-empty.

By the definition of networks (Definition 26), we know that reductions starting at N'© are protocol
reductions related to an independent exchange in G, or implementation reductions. Every protocol
reduction in A is related to some exchange in G, and so we can group sequences of protocol reduc-
tions related to the same exchange. By construction, every such sequence of protocol reductions
A, C A starts with an implementation sending a label to a router, i.e., with a label of the form
Oy = c“>pc : £. For each such o, the router in A of the sender ¢ has been synthesized from G in
a finite number of inductive steps. We take the «a, that originates from the router synthesized in
the least number of steps. This gives us the A, starting with «, that relates to an exchange in G
which is not prefixed by exchanges relating to any of the other A, C A\ A,.

Networks are well-typed by definition. None of the reductions in A, are blocked by protocol
reductions appearing earlier in A (IFact 1): they originate from exchanges in G appearing after
the exchange related to A, and the priorities in their related types are thus higher than those in
the types related to A,, i.e., blocking by input or branching would contradict the well-typedness
of N©. However, it may be that some implementation reductions A, C A\ A, do block the
reductions in A,; they are also not blocked by any prior protocol reductions due to priorities
(IFact 2). Hence, from N'© we can perform the implementation reductions in A,. By Subject

Reduction (Theorem 2), this results in another completed network ./\/0O of GG. This establishes the
A

reduction sequence N© -, NP A7

By Lemma 21, there are m > 0 transitions G & Gi... ﬁ—m> G, where the initial prefix of G,,
corresponds to the labeled choice by the implementation of ¢: G, = ¢ — d{i(S;).G}}icr, with
¢ € I. Additionally, GG, contains exchanges related to every sequence of protocol reductions in
A\ Ay \ A, all these sequences start with a selection from implementation to router, and thus
the involved participants do not depend on any of the exchanges between G and G,,, such that
Lemma 20 applies. To establish a sequence of reductions from J\/OO to the completion of a network
N, € net(G,,), we apply induction on m (IHz):

— The base case where m = 0 is trivial, with G,,, = G and thus NQ = N{.

— In the inductive case, following the same approach as in the proof of completeness (Theo-
rem 19), we reduce N —* N° such that Nj € net(Gy). Then, by THy, N —* N2
where N, € net(G,,). Note that these reductions may require implementation reductions to
unblock protocol reductions, and these implementation reductions may appear in A. None of
the reductions from Ng) to N,%) can be blocked by any of the other protocol reductions in A,
following again from priorities in types; hence, the leftover reductions in A are independent
from these reductions (IFact 3). Additionally, the sequence of protocol reductions A, was
already enabled from NOO , so those reductions are also independent (IFact 4).

Cpudpie:l cyd:€{Sg) , .
We know that NS "~ and G,, ——— G}. From N, we again follow the proof of complete-
ness to show that N2 —* MY, where M, € net(GY). Given the definition of routers, it must be
that all the reductions in A, appear in this sequence of reductions. Let A’ C A denote the leftover
reductions from A (i.e., A except all reductions that occurred between N'© and M% including
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A, and A,). By IFacts 14, M? A" M. Then by IH;, there exist G’ and B,,42, ..., By (with
n > m+1) such that (i) G}, Btz By and (ii) MY —* MO including all reductions in A’
with M € net(G’). Let Bi11 = ¢)d : £(S;). We have shown the existence of G’ and f,.. ., 5, such
that (i) G 2 .. 2my @ Zmy g Pz B G and () NO — VD —F MO —F MO
including all reductions in A, with M € net(G’).

We are left to show that from N'© —* MO and NO 2 N’, we can conclude that N/ —* MO, We
apply induction on the size of A (IH3), using IFacts 1—4 and Proposition 22:

e Base case: Then A is empty, there is nothing to do, and the thesis is proven.

e Inductive case: Then A = A’ U (/). By IH;, N© AN N MO, Moreover, by
assumption, N” -~ N’. IFacts 1-4 show that the o/-labeled reduction is independent from the

reductions between N’ and N’”. Hence, by Proposition 22, we have AN/© AN YN s MO,
That is, N© AN MO, proving the thesis. O

In the light of Theorem 23, let us revisit Example 9:

Example 10 (Revisiting Example 9). Recall the global type G = pX.a — b : 1(S).c > d : 1{S).X from
Example 9, with two independent exchanges. We take some N € net(G) such that N© Ca iN’,
——

m times
where C denotes the sequence of reduction labels corresponding to the exchange between ¢ and d. By

Theorem 23, there indeed are G' and B31,..., B3, such that G B B o and N — MO, with
M € net(G'). To be precise, following Theorem 23, indeed

g LPS), AdE) | abAS), Od1S), oy N0 S C N A A MO
~— ~—

m times m times m times

where A is the sequence of reduction labels corresponding to the exchange between a and b and M € net(G).

4.4 Routers Strictly Generalize Centralized Orchestrators

Unlike our decentralized analysis, previous analyses of global types using binary session types rely on
centralized orchestrators (called mediums [12] or arbiters [17]). Here, we show that our approach strictly
generalizes these centralized approaches. Readers interested in our decentralized approach in action may
safely skip this section and go directly to Section 5.

We introduce an algorithm that synthesizes an orchestrator—a single process that orchestrates the
interactions between a protocol’s participants (§4.4.1). We show that the composition of this orchestrator
with a context of participant implementations is behaviorally equivalent to the specific case in which
routed implementations are organized in a centralized composition (Theorem 27 in §4.4.2).

4.4.1 Synthesis of Orchestrators

We define the synthesis of an orchestrator from a global type. The orchestrator of G will have a channel
endpoint 4z, for connecting to the process implementation of every p; € prt(G).

Definition 36 (Orchestrator). Given a global type G and participants ¢, Algorithm 2 defines the synthesis
of an orchestrator process, denoted Og[G], that orchestrates interactions according to G.

Algorithm 2 follows a similar structure as the router synthesis algorithm (Algorithm 1). The input
parameter ¢ keeps track of active participants, making sure recursions are well-defined; it should be
initialized as prt(G).

We briefly discuss how the orchestrator process is generated. The interesting case is an exchange
p—>q{i(U;).G;}ier (line 3), where the algorithm combines the several cases of the router’s algorithm (that
depend on the involvement of the router’s participant). First, the sets of participants deps that depend
on the sender and on the recipient are computed (line 4) using the auxiliary predicate hdep (cf. Def. 19).
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Algorithm 2: Synthesis of Orchestrator Processes (Def. 36).

1 def O4[G] as
2 | switch G do
3 case s — 1{i(S;) . G, }icr do
1 deps := {q € ¢ | hdep(q, s, G) V hdep(q,7,G)}
s | || return oo fiiimais (g @), - 0 (0) - Rl (06 w | OglGH bier
6 case uX .G do
7 7:=1{q4€q|G|°q#e}
8 if ¢ # 0 then return uX((/tq)qEq,) .04[G"]
9 else return O
10 case X do return X((u,q)qeq>
11 case skip. G’ do return O4[G’]
12 case end do return O

Then, the algorithm returns a process (line 5) that receives a label i € I over y; forwards it over y, and
over /i, for all ¢ € deps; receives a channel over 4 ; forwards it over /,; and continues as O4[G}].

The synthesis of a recursive definition X .G’ (line 6) requires care, as the set of active participants g
may change. In order to decide which ¢ € ¢ are active in G’, the algorithm computes the local projection
of G onto each ¢ € § to determine the orchestrator’s future behavior on 11, creating a new set ¢’ with
those ¢ € ¢ for which the projection is different from e (line 7). Then, the algorithm returns a recursive
process with as context the channel endpoints 1, for ¢ € ¢’, with Oz [G’] as the body.

The synthesis of a recursive call X (line 10) yields a recursive call with as context the channels Hq
for ¢ € ¢. Finally, for skip. G’ (line 11) the algorithm returns the orchestrator for G’, and for e (line 12)
the algorithm returns 0.

There is a minor difference between the orchestrators synthesized by Algorithm 2 and the mediums
defined by Caires and Pérez [12]. The difference is in the underlined portion in line 5, which denotes
explicit messages (obtained via dependency detection) needed to deal with non-local choices. The medi-
ums by Caires and Pérez do not include such communications, as their typability is based on local types,
which rely on a merge operation at projection time. The explicit actions in line 5 make the orchestrator
compatible with participant implementations that connect with routers. Aside from these actions, our
concept of orchestrator is essentially the same as that of mediums.

Crucially, orchestrators can be typed using local projection (cf. Def. 23) similar to the typing of
routers using relative projection (cf. Theorem 11). This result follows by construction:

Theorem 24. Given a closed, relative well-formed global type G,

Oprt(G) [G} t Q), (Mp : m)peprt(G)'

Proof. We prove a more general statement. Suppose given a closed, relative well-formed global type G.
Also, suppose given a global type G5 <¢ G. Consider:

e the participants that are active in G4: ¢ = {q € prt(G) | Ip € prt(G). (p,q) € active(C, G)},
e the absolute priority of G5: o = ctxpri(C),

e the sequence of bound recursion variables of G,: X¢ = ctxbind(C),

e for every X € YE:

— the body of the recursive definition on X in G: Gx = recdef(X, G),

— the participants that are active in Gx: ¢x = {q € prt(G) | Ip € prt(G). (p, q) € recactive(X, G)},
— the absolute priority of Gx: ox = varpri(X, G),

the sequence of bound recursion variables of Gx excluding X: ﬁ( = subbind(uX . Gx, G),
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— the type required for y, for a recursive call on X:

Ax g = deepUnfold(Gx |°* ¢, (Y. ty,Gy | @)y cy7)

— the minimum lift for typing a recursive definition on X: tx = maxp, ((A Xﬂ)qeéx) +1,

e the type expected for p, for the orchestrator for Gs:

Dy = deepUnfold(G, |°° ¢, (X, tx,Gx I°¥ ¢) xcx2)-

Then, we have:

04lG) - (X : (Ax,q)qegx)xe)?;z (14 : Da) 4eq

Similar to how Theorem 11 follows from Theorem 16, the thesis follows as a corollary from this more

general statement (cf. the proof of Theorem 11 on Page 36).

We apply induction on the structure of G, with six cases as in Algorithm 2. We only detail the cases

of exchange and recursion.

e Fxzchange: Gs = s — r{i(S;) . Gi}icr (line 3).

Following similar reasoning as in the case for exchange in the proof of Theorem 16, we can omit
the unfoldings on types, as well as the recursive context.

Let deps, := {¢ € ¢ | hdep(g, s,Gs)} and deps, := {q € ¢\ deps, | hdep(q,r,Gs)}. Note that
deps, U deps,. coincides with deps as defined on line 4 and that s, ¢ deps, U deps,.

Let us take stock of the types we expect for each of the orchestrator’s channels.

For 11, we expect Gy |°s=a°{i: (Si) @ (G; |7 8) }ier

= &°{i: [S)) 3°7 (Gi 1°TH ) bier (30)
For 11, we expect G, [°r = &°o+2{i : (S5) B°F3 (Gy 1°T 1) Yier

= &7 1 (S)) @ (G 1°M 1) e (31)
For each ¢ € deps,,
for 11, we expect Gy 1°q=&"2{i: (Gi |°" Q)}iex

=i (Gi 1”7 @ bier- (32)
For each g € deps,.,
for 11, we expect Gy °q=&3{i: (Gi |°™ q)}iex

=30 (G 1°7 @) Vier (33)

For each ¢ € G\ deps, \ deps,. \ {s,r},
for y1, we expect Gs 1°q=Gy | g forany i € I. (34)

Let us now consider the process returned by Algorithm 1, with each prefix marked with a number.

qEdeps ’ ‘U/S(v) m[w] '(U cw | Oﬁ[GiD}iEI
1 2i 3i 41. 51.

O4(G] = pyv i fr,<i- (7, <)
—_—— ——

For each i € I, let Cy := C[s — r({i(S;) . Gitien\iry U {7'(Sw) . [I})]. Clearly, G <¢, G.
Also, because we are not adding recursion binders, the current value of ¢ is appropriate for the
IH. With Cy and G, we apply the IH to obtain the typing of O4[Gy/], where priorities start at
ctxpri(Cy) = ctxpri(C) + 4 (cf. Def. 32). Following these typings, Figure 12 gives the typing of
04[Gs), referring to parts of the process by the number marking its foremost prefix above.
Clearly, the priorities in the derivation in Figure 12 meet all requirements. The order of the
applications of @* for each ¢ € deps, U deps, does not matter, since the selection actions are
asynchronous.
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— Ip —_
Viel.vewhkov: S;,w: S, Vi e I. Og[Gi] - (1, : Gi 1ot q)

_ q€q Mix
Viel.vew|O04GilFo: Si,w: Sy,
o+4
(lu’q N G t q)ng ®*
Viel 5itv:S, -
w8 @ (G 1o ),
L jotd
(o2 G Doeqiy 3
Vi€l 4k p, (S 3 (G FE ),
1, 1 (S5) @7 (Gy |°T ),
. (. [ot4
(,uq G| (Z)qeq\{s r} (EB*)*
Viel 3Z+M L (S:) 3T (Gy 19T ),
H(19:) @7 (Gi 17T ),
. o+2 0
(5772 (G I i) g,
. o+3 o 4
(#q {Z (Gl " q)}lgl)qedepsr
X 0+4
('U’q q)qEq\dePS \deps,.\{s,r} o*
Viel 2;Fpu,: (S D75’°+1( i °+4)7
p, @i (8i) @72 (Gi 1P 1) hier,
. o+2
(/Lq {Z ¥}Z€I)q€depsS
(1q 1&(@ ot D}Yier) yedeps,
. . |o+4
(g : Gil q)qed\depss\depsr\{sw} &

O4lGs] = 1F 1+ & : (Si) 37 (G I°M 9)}ier,  (cf. (30))
pp @ i GSzD ®* (Gz' T4 r)Yier,  (cf (31))
(1, : &°7{i : (Gi | )}ze[)qedepss (cf. (32))
(g : @i 2 (Gi 17 q)}ier) (cf. (33))
(1 : Gir 1T g (cf. (34))

qEdeps,.

)qeé\depss \deps,.\{s,r}

Figure 12: Typing derivation used in the proof of Theorem 24.

e Recursive definition: Gy = uZ .G’ (line 6). Let

7 ={q€q|Gs|°q#e} (35)
(as on line 7). The analysis depends on whether ¢ = () or not.

— If ¢ = 0 (line 9), let us take stock of the types expected for each of the orchestrator’s channels.
For now, we omit the substitutions in the types.

For each g € ¢, for 1, we expect G, %€ g =e. (36)

Because all expected types are e, the substitutions do not affect the types, so we can omit
them altogether.

First we apply EMPTY, giving us an arbitrary recursive context, thus the recursive context
we need. Then, we apply e for /1, for each ¢ € ¢ (cf. (36)), and obtain the typing of O;[G ]
(omitting the recursive context):

O4lGs] =0+ (p, - .)qeq'

— If ¢ # 0 (line 8), let us take stock of the types expected for each of the orchestrator’s channels.
Note that, because of the recursive definition on Z in Gy, there cannot be another recursive
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definition in the context C' capturing the recursion variable Z. Therefore, by Definition 30,
Z ¢ Xc.

For each ¢ € ¢/,
for 11, we expect deepUnfold(G, |°¢ q,...)
= deepUnfold(nZ . (G’ |°¢ q),...)

= deepUnfold(uZ . G’ |°° q,...)

= pZ . deepUnfold(G" [°° ¢, (X, tx,Gx I°% @) yex)- (37)
For each q € ¢\ ¢,
for 11, we expect deepUnfold(m, oY)

= deepUnfold(e,...) = e (38)

We also need an assignment in the recursive context for every X € EE, but not for Z.
Let C" = C[uZ . []]. Clearly, G’ <¢» G. Let us establish some facts about the recursion
binders, priorities, and active participants related to C’, G’, and Z:
* X¢v = ctxbind(C”) = (ctxbind(C), Z) = (X¢, Z) (cf. Def. 30).
*x Gz =recdef(Z,G) = G', as proven by the context C’ (cf. Def. 31).
E = subbind(uZ . Gz, @) = ctxbind(C) = ./X\g
ocr = ctxpri(C”) = ctxpri(C) = o¢, and oy = varpri(Z,G) = ctxpri® (=)oc, and hence
ocr = oz (cf. Def. 32).
* Gz = ¢ (cf. Def. 33 and (35)).

*

*

Because X¢v = (/XVC, Z) and ¢’ = Gz, ¢ is appropriate for the TH. We apply the IH on C’, G’,
and ¢’ to obtain a typing for Oz [G’], where we immediately make use of the facts established
above. We given the assignment to Z in the recursive context separate from those for the
recursion variables in X¢. Also, by Proposition 15, we can write the final unfolding on Z in
the types separately.

04[G'] F (X : (deepUnfold(Gx [°% ¢, (Y. ty, Gy | q)

Z : (deepUnfold(G" |°¢ ¢, (X, tx,Gx |°¥ q)

YGg))QEQX)Xe%’
X@A{;))q@i’;

(/1,(1 : unfold” (uZ . deepUnfold(G’ |°° q, (X, tx, Gx |°X q>Xe%)))

q€q’

By assumption, we have

t; = max (deepUnfold(G’ 3¢ ¢, (X, tx, Gx |°X q)Xe)f;)) 1,
pr ¢’/ qeq

so tz is clearly bigger than the maximum priority appearing in the types before unfolding.
Hence, we can apply REC to eliminate Z from the recursive context, and to fold the types,
giving the typing of O;5[Gs] = nZ((,) ) - Og[G']:

qeq’

04[]+ (X : (deepUnfold(Cx ™ 4. (Y.t Gy 1 @)y ery))ep ) o

(1 12 . deepUnfold (G g, (X, tx, Gx 1™ @) yex5))

q€q’

In this typing, the type for 1, for every ¢ € ¢’ concurs with (37). For every ¢ € ¢\ ¢', we can
add the type for /1, in (38) by applying e. This proves the thesis.

e Recursive call: Gs = Z (line 10).
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Following similar reasoning as in the case of recursive call in the proof of Theorem 16, let us take
stock of the types we expect for our orchestrator’s channels.

For each q € q,

for p, we expect deepUnfold(W ol
= deepUnfold(Z [°¢ ¢,...)
= deepUnfold(Z, )
= deepUnfold(Z (X tX’W)XE(Xl,Z,E))
= deepUnfold(Z, (X, tx,Gx |°X ¢ q)Xe(Ziéﬂ
. (1 deepUntold(@7 T7 . (X, 5. Cx ™™ Dyerz)) (39

Also, we need an assignment in the recursive context for every X € 3(\5 By Lemma 13, ¢ = ¢z.
Hence, for Z, the assignment should be as follows:

Z: (deepUnfold(GZ 1° q, (X, tx,Gx |°¥ q) (40)

XGE)L@

We apply VAR to obtain the typing of O4[G;], where we make us the rule’s allowance for an arbitrary
recursive context up to the assignment to Z. VAR is applicable, because the types are recursive
definitions on Z, concurring with the types assigned to Z, and lifted by a common lifter .

VAR

041G4] = X((n,) )+ (X : (deepUnfold(Giy |°% ¢, (Y, ty, Gy |° g

-~ )Yeg())qetb()Xe)A(E\(Z)’

7 : (deepUnfold(Wozq7 (X, thWxg{/})) ;

9€q
(11g 1 Z . (1*2deepUnfold(Gz [°7 ¢, (X, tx,Gx |°¥ Q)Xeg)))qeq
In this typing, the types of p, for each ¢ € ¢ concur with the expected types in (39), and the
assignment to Z in the recursive context concurs with (40). This proves the thesis. O

4.4.2 Orchestrators and Centralized Compositions of Routers are Behaviorally Equivalent

First, we formalize what we mean with a centralized composition of routers, which we call a hub of routers.
A hub of routers is just a specific composition of routers, formalized as the centralized composition of
the routers of all a global type’s participants synthesized from the global type:

Definition 37 (Hub of a Global Type). Given global type G, we define the hub of routers of G as
follows:

Ha = (Upyp)p.acon(@) (pepnia) Ro)

Hubs of routers can be typed using local projection (cf. Def. 23), identical to the typing of orchestrators
(cf. Theorem 24):

Theorem 25. For relative well-formed global type G and priority o,
HG F 07 (:u’p : (G Lo p))pGprt(G)'

Proof. By the typability of routers (Theorem 11) and the duality of the types of the endpoints connecting
pairs of routers (Theorem 9). O

To state the behavioral equivalence of orchestrators and hubs of routers, we first define the specific
behavioral equivalence we desire. To this end, we first define a labeled transition system (LTS) for APCP:
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Figure 13: Labeled transition system for APCP (cf. Definition 38).

Definition 38 (LTS for APCP). We define the labels « for transitions for processes as follows:

oan=T communication
| 2[a,d] output | (vya)(vzb)zla,b] bound output
| zb]<j selection | (v2b)z[b] <j bound selection
| (v, w) input | 2(w) > j branch

The relation labeled transition (P <3 Q) is then defined by the rules in Figure 13.
Proposition 26. P — Q if and only if P 5 Q.

As customary, we write = for the reflexive, transitive closure of =, and we write = for = 5= if a # 7

and for = otherwise.
We can now define the behavioral equivalence we desire:

Definition 39 (Weak bisimilarity). A binary relation B on processes is a weak bisimulation if whenever
(P,Q) €B,

e P % P implies that there is Q' such that Q = Q' and (P',Q') € B, and
e Q= Q' implies that there is P’ such that P = P' and (P',Q’) € B.

Two processes P and Q) are weakly bisimilar if there exists a weak bisimulation B such that (P,Q) € B.

Our equivalence result shall relate an orchestrator and a hub on a single but arbitrary channel. In
order to isolate such a channel, we place the orchestrator and hub of routers in an evaluation context
consisting of restrictions and parallel compositions with arbitrary processes, such that it connects all but
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one of the orchestrator’s or hub’s channels. For example, given a global type G and implementations
P, 0 py G |9 ¢ for every participant ¢ € prt(G) \ {p}, we could use the following evaluation context:

E:= (V/I'qq;,)qurt(G)\{p} (Hqurt(G)\{p}Pq | H)

Replacing the hole in this evaluation context with the orchestrator or hub of routers of G leaves one
channel free: the channel y, for the implementation of p. Now, we can observe the behavior of these two
processes on /i,,.

In what follows we write (9% instead of O4[G]. When we appeal to router and orchestrator synthesis,
we often omit the parameter ¢. That is, we write [G] , instead of [[G]]g, and Og instead of (’)g.

Theorem 27. Suppose given a relative well-formed global type G. Let Hg be the hub of routers of G
(Def. 37) and take the orchestrator Ogt(c) of G (Def. 36). Let p € prt(G), and let E be an evaluation
context such that E[Hg] = 0511, : (G |° p). Then, E[Hg] and E[O¢g] are weakly bisimilar (Def. 39).

We first give an intuition for the proof of Theorem 27 and its ingredients, after which we give the proof
and detail the ingredients. The proof is by coinduction, i.e., by exhibiting a weak bisimulation B that
contains the pair (E[H¢g], E[Og]). To construct B and prove that it is a weak bisimulation we require
the following:

e We define a function that, given a global type G and a starting relation By, computes a corre-
sponding candidate relation. This function is denoted B(G,By) (Def. 40).

e Suppose G LINNIN G’, with k > 0. Given some starting relation By, we want to show that
the relation obtained from B(G’,By) is a weak bisimulation, for which we need to assert that By
is an appropriate starting relation. To this end, we define a function that computes a consistent
starting relation for a bisimulation relation, given a pair (P, @) of processes and a participant p of

G. This function is denoted (G LN Nyl (P,Q),p) (Def. 41).

e The property that processes in such a consistent starting relation follow a pattern of specific labeled
transitions, passing through a context containing the router of p or the orchestrator (Lemma 28).

e The property that the relation obtained from B(G’, By, p) is a weak bisimulation, given the consis-
tent starting relation By = (G by By G, (E[M¢a], ElO¢g]), p) (Lemma 29).

Theorem 27 follows from these definitions and results:

Proof of Theorem 27. Let B = B(G,By), where By = (G, (E[H¢], E[Og]), p). By Lemma 29, B is a weak
bisimulation. Because (E[H¢g], E[Og]) € By C B, it then follows that E[Hg] and E[Og| are weakly
bisimilar. ]

We setup some notations:
Notation 4. We adopt the following notational conventions.
o We write Proc to denote the set of all typable APCP processes.

e In the LTS for APCP (Def. 38), we simplify labels: we write an overlined variant for output and
selection (e.g., for (vab)u,[a] <€ we write Ti, <L), and omit continuation channels for input and
branching (e.g., for ju,(a) > £ we write 1, > ).

o Also, we write P =222 Q rather than P == P, =% P, ... =% Q.

1.0

o We write & to denote a sequence of labels, e.g., if @ = ay...qy then 2y — SieGn, Ifa =¢

(empty sequence), then LN

The following function defines a relation on processes, which we will use as the weak bisimulation
between E[H¢| and E[O¢g]:
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Definition 40 (Candidate Relation). Let G be a global type and let p be a participant of G. Also, let
By C Proc x Proc denote a relation on processes. We define a candidate relation for a weak bisimulation
of the hub and orchestrator of G observed on p,, starting at By, by abuse of notation denoted B(G, By, p).
The definition is inductive on the structure of G:

e G =-e. Then B(G,By,p) = By.
o G=s5—>1{iS;).G;}ticr. We distinguish four cases, depending on the involvement of p:
— p=s. Foreveryiel, let

. 1,1 1,>E
le = {(Plan) | E'(Po,Qo) € By s.t. Py IA——):> Py and QO /A-—>:> Ql},

i i 15 (y) 1Y)
BL = {(P5, Qo) | 3Py, Q1) € B s.t. Py 2205 Py and Q1 —= Qo)

Then ‘ ‘
B(Gv Bovp) = BO U UzeI(IB%Zl U B(G“Bé’p))

— p=r. For everyi €I, let

<t i<t

le = {(Plan) | H(Po,Qo) € Bgy s.t. Py ——= P, and Qo —r= Q1}7
B, = {(Po,Q2) | 3(P1, Q1) € By and y s.t. P 2= Py and @ 2% = Q,).

Then ‘ A
B(Ga B()vp) = BO U UieI(IBll UB(GHBZQap))

— p ¢ {s,r} and hdep(p, s,G) or hdep(p,r,G). For every i € I, let

i T, < T, i
IB%Zl = {(Pth) | E'(P(),Qo) S ]B() s.t. _P(] —= P1 and QO —_—= Ql}

Then '
B(Gvﬁ(hp) = BO U UzGIB(Gthhp)

— p ¢ {s,r} and neither hdep(p, s, G) nor hdep(p,r,G). Then
B(G, By, p) = B(G;,Bo, p)
forany j € 1.
o G =puX.G'. ThenB(G,Bo,p) =B(G'{uX.G'/X},Bo,p).
o G =skip.G. Then B(G,Bg,p) = B(G',By,p).

The function B(G, By, p) constructs a relation between processes by following labeled transitions on M
that concur with the expected behavior of p’s router and the orchestrator depending on the shape of
G. For example, for G = s — p{i(S;) . Gi}icy, for each i € I, the function constructs B containing
the processes reachable from B, through a transition labeled 1, < (selection of the label chosen by s),
and B} containing the processes reachable from By through a transition labeled T,[y] (output of the
endpoint sent by s); the resulting relation then consists of By and, for each i € I, B} and B(G;,BS, p)
(i.e., the candidate relation for G; starting with B}). Since we are interested in a weak bisimulation, the
T-transitions of one process do not need to be simulated by related processes. Hence, e.g., if (P,Q) € By
and P = P and Q = @', then {(P,Q), (P, Q),(P,Q"),(P',Q")} C B(G,By,p). This way, we only
synchronize related processes when they can both take the same labeled transition.

We intend to show that, if G LATOIN G’, the function B(G’, By, p) constructs a weak bisimulation.
However, for this to hold, the starting relation By cannot be arbitrary: the pairs of processes in By have
to be reachable from E[H¢g] and E[O¢] through labeled transitions that concur with the transitions from
G to G'. Moreover, the processes must have “passed through” evaluation contexts containing the router
for p at G" and the orchestrator at G’. The following defines a consistent starting relation, parametric on
k, that satisfies these requirements. Note that for constructing the relation B, we only need the following
definition for £ = 0. However, in the proof that B is a weak bisimulation we need to generalize it to
k > 0 to assure that the starting relation of coinductive steps is consistent.
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Definition 41 (Consistent Starting Relation). Let G LINNCINYes (with k > 0) be a sequence of
labeled transitions from G to G’ including the intermediate global types (cf. Definition 35) and let p be a
participant of G. Also, let (P, Q) be a pair of initial processes. We define the consistent starting relation
for observing the hub and orchestrator of G’ on yu, starting at (P, Q) after the transitions from G to G,

denoted (G LN G',(P,Q),p). The definition is inductive on the number k of transitions:
e k=0. Then (G,(P,Q),p) ={(P,Q") | P= P and Q = Q'}.
e k=K +1. Then

<Gﬁ—1> —BiL)Gk/ B—k>Gk7(PaQ)7p> =
{(PQi) | 3(Pe.Qu) € (G 25 . 2% 6 (P.Q).p)
s.t. ( (HO s.t. Py é C[[[Gk]]p] = Pk)
and (3D s.t. Qu = D[0g,] = Qi))},

where & depends on By = s)r : j(S;) and Gy (in unfolded form if Gy = pX . G}, ):

— Ifp=s, then & = 1, > jj1,(y).

— Ifp=r, then & =1, 45 1, [y].

If p ¢ {s,r} and hdep(p, s, Gy) or hdep(p,r,Gx), then & =i, <j.

— Ifp ¢ {s,r} and neither hdep(p, s, Gx) nor hdep(p,r, Gy), then & = e.

Lemma 28. Let G be a relative well-formed global type such that G LN (Nyel for k>0 and let p
be a participant of G. Also, let E be an evaluation context such that fn(E) = {j1,}. Then there erists &

such that, for every (P,Q) € (G LTI G', (E[H¢g), E[O¢g)), p),

o E[Hs] LN C’[[[G']}p] = P where C is an evaluation context without an output or selection on ju,;

and

o E[0¢] L D[(’)G/] = @ where D is an evaluation context without an output or selection on ji,,.

Proof. By induction on k. In the base case (k = 0), we have G = G', so E[H¢g] = C[[G'] ] = P and
E[0] = D[O] = Q.
For the inductive case (k = k' 4+ 1), we detail the representative case where

Bt s:4/(S;r)

Gy G = p o s{ilS)) . Glyie 2 o

for some ¢’ € I. By the IH, for every (P, Qx) € (G LN N G, (E[Hg], F[Og)), p), there exists
&' such that F[Hg] N C'[Gx]*?] = P and E[Og] AN D'Og,,] = Qi where C'" and D’ are without

output or selection on f1,. Take any (P,Q) € (G LINNLIN Gy S Sw), G, (E[H¢a], FlO¢g]),p). By

definition, there exists (P, Q) € (G LI N Gy, (E[H¢], E]Og)), p) such that

Py WqZ:W[y% C[[G']] = P and Q- % D[Oc/] = Q

where there are no outputs or selection on s, in C and D. Let & = & ju,<4J,[y]. Then
E[He] = C[[G'],] = P and E[Og] < D[O¢'] = Q. O

Lemma 29. Let G be a relative well-formed global type such that G LN NV (with k > 0) and let

p be a participant of G. Also, let E be an evaluation context such that fn(E) = {11, }. Then the relation
B(G',By), with By = (G Ly 2y G, (E[H¢g], E]Og)), p), is a weak bisimulation (cf. Definition 39).
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Proof. By coinduction on the structure of G’; there are four cases (communication, recursion, skip,
and o). We only detail the interesting case of communication, which is the only case which involves
transitions with labels other than 7. There are four subcases depending on the involvement of p in the
communication (p is sender, p is recipient, p depends on the communication, or p does not depend on
the communication). In each subcase, the proof follows the same pattern, so as a representative case, we
detail when p is the recipient of the communication, i.e., G’ = s — p{i(S;) . G} }icr. Recall

[[G/]]p =p,>{i: 7, <i-(p, < i)qedeps ps(v) T [w] - (v w | [[G;ﬂp)}iel, (Algorithm 1 line 6)
[G'], = 11, > {0 55 i (5 99) egeps * 15 (V) - Splw] - (v w [ [G])}, s (Algorithm 1 line 5)
Ogr = pg v i 1, Qi - (17, < i)qedeps s (V) T [w] - (v w | Ogr) bier (Algorithm 2 line 3)

Let B = B(G',By). We have B = By U |J,,; (B} UB(G},B})) with B} and B} as defined above. Take any
(P, Q) € B; we distinguish cases depending on the subset of B to which (P, Q) belongs:

e (P,Q) € By. By Lemma 28, we have E[Hg] = C[[G¢"],] = P and E[O] L D[Og] = Q, where

C and D do not contain an output or selection on .

Suppose P = P’; we need to exhibit a matching weak transition from Q. By assumption, there
are no outputs or selections on 4, in €' and D. Since there are no outputs or selections on 1, in
C, by definition of [G'] > We need only consider two cases for a:

—a=71. We have Q = Q, so Q@ = Q. Since C[[G¢"],] = P" and D[O¢] = Q, we have
(PI7Q) € IB0 c B.

— a = [, <y for some j € I. To enable this transition, which originates from p’s router,
somewhere in the 7-transitions between C[[G'] ] and P the label j was received on p,, sent
by the router of s on s,. For this to happen, the label j was received on ., sent from the
context on s,. Since Hg and O are embedded in the same context, the communication of
J between s, and j, can also take place after a number of 7-transitions from D[O¢/], after
which the selection of j on 1, becomes enabled. Hence, since there are no outputs or selection

Fip<y

on /i, in D, we have Q = Qo — Q'. We have D[O¢/| = Qo, so (P,Qo) € By. Since
7<) 7<) ,
P Pand Qp 225 = @', we have (P, Q') € B! C B.
Now suppose Q — @Q’; we need to exhibit a matching weak transition from P. Again, we need
only consider two cases for a:

— « = 7. Analogous to the similar case above.

— a=71,<] for some j € I. To enable this transition, which originates from the orchestrator,
somewhere in the 7-transitions between D[O¢/] and @ the label j was received on i, sent
from the context on s,. Hence, this communication can also take place after a number
of transitions from E[H¢], where the label is received by the router of s. After this, from
C[[G"],], the router of s forwards j to p’s router (communication between s, and p,), enabling
the selection of j on p, in p’s router. Hence, since there are no outputs or selections in C, we

have P = Py % P'. We have C[[G'],] = P, so (P, Q) € By. Since Py 3= P’ and
Q Y= @, we have (P',Q') € B) C B.
e (P,Q) € B! for some j € I. We have E[H¢] N Ccll¢,] = R Y P oand

E[O¢] 1N D[O¢/] = Qo Y, Q@ where (Pp, Qo) € By. Since we have already observed the se-

lection of j on 11, from both the hub and the orchestrator, we know that the routers of p and s are
in branch j, and similarly the orchestrator is in branch j.

Suppose P % P’. To exhibit a matching weak transition from @Q we only need to consider two
cases for a:
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— a=7. We have Q = Q, and P, ML>:> P’ and Qg L:> Q,so (P,Q) € IB%{ C B.

— a = i, [y] for some y. The observed output of some y on 1, must originate from p’s router.
This output is only enabled after receiving some v over p, which must be sent by the router of
s over s,. The output by the router of s is only enabled after receiving some v over 1, sent by
the context over s,. Since the hub and the orchestrator are embedded in the same context, the
communication of v from s,, to y, can also occur (or has already occurred) for the orchestrator.

After this, the output of y over 1, is enabled in the orchestrator, i.e., Q = Q1 ply) —— Q. We

have Qg LN Q1, so (P,Q1) € BI. Since P ﬂé P’ and @, ;1,[y]

(P,Q") e BJ By definition, IB%J C IB%(G;. BJ) C B, so (P,Q’) € B.

——= @', we have

Now suppose Q@ — @Q’. To exhibit a matching weak transition from P we only need to consider
two cases for a:

— a = 7. Analogous to the similar case above.

- a= @[y] for some y. The observed output of some y on 1, must originate from the orches-
trator. This output is only enabled after receiving some v over pu,, sent by the context of
5,,. Since the hub and the orchestrator are embeded in the same context, the communication
of v from s, to p, can also occur (or has already occurred) for the router of s. After this,
the router of s sends another channel v’ over s, received by p’s router on p,. This enables

u,, T, [yl

Trp <
the output of y on p, by p’s router, ie., P = P —— P’. We have P, NN Py, so

(P1,Q) € B]. Since P ﬂé P and Q; —— il = @', we have (P, Q') € B). As above, this

implies that (P’,Q’) € B.
e For some j € I, (P,Q) € IBB(G;-,IBSQ). The thesis follows from proving that IB%(G;-,IB%%) is a weak

bisimulation. For this, we want to appeal to the coinduction hypothesis, so we have to show that
B, = (G2 . P M G, (B[Ha], E[0)), p). We prove that (Ps,Qs) € B if and only if
(Py,Q2) € (G by o LS>> G, (E[Hc], E[O]),p), i.e., we prove both directions of the

bi-implication:

Ty T, [yl

— Take any (Py,Q2) € Bj. We have E[Hg] = C[[G'],] = P

E[0] £ D[0a] = Qo 5= Q1 5= Q,, where (Py, Qo) € By and (Py, Py) € B .
By definition, somewhere during the transitions from C[[G'] )] to P1, we find C’ [[[G;.]]p], which
may then further reduce by 7-transitions towards P,. As soon as we do find C’ [[[G;»]]p],

= P = P, and

/p <y /,)[y

the output on p, is available, and the selection on s, has already occurred or is still avail-
able. Because they are asynchronous actions, we can observe the selection and output on
[, as soon as they are available, before further reducing p’s router. Hence, we can observe

cllal,) =

ey :>%Tp_[y]>:> C//[[[G;‘Hp] = Py, ie.,

Blta] & O[[¢"),) T

C”[[[G;]]p] = P;.

By definition, [[G;]] has no output or selection on y, available, so there are no outputs or
P

selections on y,, in C".

T, < up Ty (Y]
=

By a similar argument, we can observe D[O¢/] = = D"[(’)Gw] = Qq, ie.,

71, <5 oy Y]
- ———1

E[0] £ D[0g]

selections on y,, in D".

D"[OGQ] = (2. Also in this case, there are no outputs or

By assumption and definition,

(C"[G'],), D"[0c]) € By = (G 25 ... 25 @ (E[He], E[O)), p).

54



Hence, by definition, (P, Q) € (G 2 ... 2% qr 220550, ¢ (EHG), E[0), p).
— Take any (P,Q) € (G 25 ... 2 qr 2795, r (M), B[O)),p). By definition, there are
(P,Q) € (G 25 ... 2% & (B[Hg), EO), p) such that P' 222, cifcr] | = P and

@ Z2EY, piog) = Q. Since, By = (G 25 ... 2 & (B[H), E[O)),p), by definition
(P,Q) € B, -

5 Routers in Action

We demonstrate our router-based analysis of global types by means of several examples. First, in §5.1
and §5.2 we consider two simple protocols: they illustrate the different components of our approach,
and our support for delegation and interleaving. Then in §5.3 we revisit the authorization protocol
Gautn from Section 1 to illustrate how our analysis supports also more complex protocols featuring also
non-local choices and recursion.

5.1 Delegation and Interleaving

We illustrate our analysis by considering a global type with delegation and interleaving, based on an
example by Toninho and Yoshida [53, Ex. 6.9]. Consider the global type:

Ginn :=p—>q:1{lint. o) .r »t:2(int).p—>q:3.e

Following Toninho and Yoshida [53], we define implementations of the roles of the four participants
(p,q,7,t) of Gintn using three processes (Py, Ps, and P3): P> and P; implement the roles of ¢ and r,
respectively, and P; interleaves the roles of p and ¢ by sending a channel s to ¢ and receiving an int value
v from r, which it should forward to g over s.

Pri=p<al-pls] - (4> {2 4(v)  S[w] v wh [Py <3-Pl2] - 0)
}—pM:@O{l: (lint. o) @' ®*{3: 0@ o}}, t,&5{2: e N7 e}

Pyi=q,>{1:q,(y) . y@).q,>{3:q,(u) .0t} Fq,: & {1: (lint. o) 3> &'{3: e 3" o}}
Py:=7,42-7,[33] -0k 7, : ©*{2: e @° @}

where ‘33’ denotes a closed channel endpoint representing the number “33”.

To prove that Py, P», and Ps correctly implement Gin, we compose them with the routers synthesized
from Gipt. For example, the routers for p and ¢, to which P; will connect, are as follows (omitting curly
braces for branches on a single label):

Rp=11,>1.p, a1 pu,(s) . Dgls']- (s> 5" | 11, >3.p, 93 1,(2) . P[] - (z > 2" 0))
Ri=1t>2.0,42t.(v) .5 [v] - (v 0| 0)

We assign values to the priorities in (lint.e) = e ®° e to ensure that P; and P, are well-typed;
assigning o = 8 works, because the output on s in P; occurs after the input on ¢, (which has priority
6—7) and the input on y in P, occurs before the second input on qp (which has priority 10-11).

The types assigned to p,, and ¢,, in P, coincide with (Glinn [Op) and (Gintr Lot), respectively (cf. Def. 23).
Therefore, by Theorem 11, the process Py connect to the routers for p and ¢ (vp,,u1,)(¥t,.it)(Pr| Ry | Ry)
is well-typed. Similarly, (vq,u,)(P2 | Rq) and (vr,u,)(Ps | R.) are well-typed.

The composition of these routed implementations results in the following network:

(quqp)(VpTT‘p) (Vp/l,:“’p)(ytlhut)(Pl | RP ‘ Rt)
Nintrl := (th )(Vqrrq) | (V(I;Lﬂq)(PQ ‘ Rq)
gty (writr) \ | (rup,)(Ps | Ry)

We have Nigin € net(Gini) (cf. Def. 26), so, by Theorem 18, Niny is deadlock-free and, by Theorem 19
and Theorem 23, it correctly implements Ginty-
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5.2 Another Example of Delegation

Here, we further demonstrate our support for interleaving, showing how a participant can delegate the
rest of its interactions in a protocol. The following global type formalizes a protocol in which a Client
(c) asks an online Password Manager (p) to login with a Server (s):
G(deleg =Cc—=>p: |Og|n<S> : G:ieleg

where

S :=(?bool . e) . S’

S := &{passwd : ?str . ®{auth : Ibool . e}}

Gleleg = ¢ — § : passwd(str) . s — ¢ : auth(bool) . e

Here S’ expresses the type of R.’s channel endpoint ;.. This means that we can give implementations
for ¢ and p such that c can send its channel endpoint ¢, to p, after which p logs in with s in ¢’s place,
forwarding the authorization boolean received from s to c¢. Giving such implementations is relatively

straightforward, demonstrating the flexibility of our global types and analysis using APCP and routers.
Using local projection, we can compute a type for ¢’s implementation to safely connect with its router

G deleg 10¢c= @%login : (S) @' (Géeleg * o)}

where
(S) = (3% ) & ()
(S") = &™{passwd : ® 3” @&°{auth : e @ e}}
G:ﬁeleg fe= @*{passwd : e @° &'°{auth : e 2l o)
Notice how ($') = (l:leleg [4 ¢, given the assignments m = 4,p =5,5 = 10,¢ = 11.

We can use these types to guide the design of a process implementation for ¢. Consider the process:
Q =7, <alogin - T, [u] - w[v] - (w4 ¢, [ v(a) . 0) F B;c, : Gaeleg |° €

This implementation is interesting: after the first exchange in Ggeleg—sending a fresh channel u (to p)—
¢ sends another fresh channel v over u; then, ¢ delegates the rest of its exchanges in Gédeg by forwarding
all traffic on ¢, over u; in the meantime, c awaits an authorization boolean over v.

Again, using local projection, we can compute a type for p’s implementation to connect with its
router:

Gdeleg LO p= &2{|Ogil"l : @ 7?3 .}
We can then use it to type the following implementation for p:

login : p,,(c.) - c.(v)
P:=p,> . €, A passwd - ¢, [pwd123] F0:p, : Gaeleg |” P
¢, <{auth: ¢,(a) . 9[a'] -a < a'}

In this implementation, p receives a channel ¢, (from c) over which it first receives a channel v. Then,
it behaves over ¢, according to ¢’s role in Gy, Finally, p forwards the authorization boolean received
from s over v, effectively sending the boolean to c.

Given an implementation for s, say S 0;s, : Ggeleg 1% s, what remains is to assign values to the
remaining priorities in (S): assigning o = 12,k = 4 works. Now, we can compose the implementations
P, @Q and S with their respective routers and then compose these routed implementations together to
form a deadlock-free network of Ggeleg. This way, e.g., the router for ¢ is as follows (again, omitting curly

braces for branches on a single label):
Re = . > login . ¢, <login - p.(u) . ¢,u] - (
w <> u' | pu, > passwd . cg < passwd - ji.(v) . C5[v'] - (
v v | s> auth ., <auth - cg(w) . T [w'] - (w < w' | 0)))

Interestingly, the router is agnostic of the fact that the endpoint u it receives over . is in fact the
opposite endpoint of the channel formed by ..
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5.3 The Authorization Protocol in Action

Let us repeat G,uen from Section 1:

Gauth = pX . 5 — C{'Ogln .c—» a: passwd(str) . a — s : auth(bool) .X,}

quit.c—a : quit.e

The relative projections of G,y are as follows:

Gautn | (5,0) = X . sle {Iogm .skip . a : auth(bool) . X7}

quit . skip . e
login . ¢ : passwd(str) . skip . X
quit.c: quit.e

login . skip? . X,
quit . skip . e

CTvauth r (C, 0,) = ,LLX .c?s {
Gautn | (5,¢) = uX . s {

The typed routers synthesized from G,y are given in Figure 14. Let us explain the behavior of
Ra, the router of a. R, is a recursive process on recursion variable X, using the endpoint for the
implementation 1, and the endpoint for the other routers a. and as as context. The initial message
in Gaun from s to c¢ is a dependency for a’s interactions with both s and ¢. Therefore, the router first
branches on the first dependency with s: a label received over as (login or quit). Let us detail the login
branch. Here, the router sends login over . Then, the router branches on the second dependency with
¢: a label received over a. (again, login or quit).

e In the second login branch, the router receives the label passwd over a., which it then sends over 1.
The router then receives an endpoint (the password) over a., which it forwards over p,. Finally,
the router receives the label auth over p,, which it sends over as. Then, the router receives an
endpoint (the authorization result) over i, which it forwards over as. The router then recurses to
the beginning of the loop on the recursion variable X, passing the endpoints p,, as, a. as recursive
context.

a’

e In the quit branch, the router is in an inconsistent state, because it has received a label over a.
which does not concur with the label received over as. Hence, the router signals an alarm on its
endpoints i, as, dc.

Notice how the typing of the routers in Figure 14 follows Theorem 11: for each p € {c,s,a}, the
endpoint 1, is typed with local projection (Def. 23), and for each q € {c,s,a} \ {p} the endpoint p, is
typed with relative projection (Defs. 17 and 24).

Consider again the participant implementations given in Example 1: P implements the role of ¢, @
the role of s, and R the role of a. Notice that the types of the channels of these processes coincide with
relative projections:

P @7 Cp Gauth LO c Q - Q)a Spot C:auth LO S R ®7 Ayt Gauth LO a

Let us explore how to compose these implementations with their respective routers. The order of com-
position determines the network topology.

Decentralized By first composing each router with their respective implementation, and then compos-
ing the resulting routed implementations, we obtain a decentralized topology:

decentralised (vesse) (vieen) (Re | P)
N2 = (veqae) | | (vpgsu) (Rs | Q)
(vsaas) \ | (V/l'aa'#)(Ra | R)

This composition is in fact a network of routed implementations of G (cf. Def. 26), so Theorems 18,

19 and 23 apply: we have Ndecentralized ¢ pot(G, ), so Naesentralized hehaves as specified by Gauth
and is deadlock-free.
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login : 7i_ <t login - ¢, < login - ¢ (u) . 71, [w]
passwd : ¢, < passwd - 1..(v) c,,[v’]})

(ued | p, > )
— ¢ (v v | X(pes ¢, a)
Re = pX(jres 051 €a) - €5 > quit : 7z, < quit - ¢, < quit - cs(w) . T [w']
_ , quit : ¢, < quit - p.(2) . G[2]
(w > w' | 1. > (z+ 2| 0) )

login : @ @3 &*{passwd : @ 3° X'} o
) 2 L
e X @ {quit e @2 &*quit : e B° @} = (Gaun |7 ),
cs i pX . &{login : ® %% X, quit : e %2 o} = (Gauth | (078)D2>sa
login : ®°{passwd : e ®° X} 0
: 2 L
Cat pX {quit : @°{quit : @ @6 @} = (Gaun [ (c:0)) )

login : 5 < login - 5, <login - . (u) . 52[u']
. o auth : 7 <auth - s,(v) . 77, [v']
(u<—>u |bal> ~(’U<—)UI‘X</1,S,SC,SG>) )7

Rs = :U'X(Msa Sey sa) s P
S. dquit - S <quit - pg(v) . Se[V]

(v 0)
F ey pX . &{login : @ B ©1%{auth : e @' X}, quit : @ 3" o} = (Gautn |° 5),
se i pX . dHlogin : e ®2 X, quit : @ @% o} = (Gauth | (8,0)D2>C7
uX . @ {login : &°{auth : ¢ ' X} quit : ¢} = (Gautn | (s,a)D2>a

quit :

login : 77, < login
login :
passwd : 71, < passwd - a.(u) . 71, [u]
u<>u
cae > A auth : , P
Ra = pX (ty, ac, as) - as > | 11> Q @5 <auth -, (v) . @5[v']
(00 | Xy, 0 04))
quit : alarm (i, ac, as

quit : 71, < quit

. login : alarm(p,, ac, as),
7 quit : a. > {quit : T, <quit - a.(w) . T, [w'] - (wew' | 0)},

o2 {Iogln @%{passwd : e ®7 &3{auth : ¢ 3% X}}, } (G 100,

}_ g+ 1 qUIt @6{qU|t ° ®7 .}
login : &°{passwd : @ 3¢ X}
2 LI
nX {quit : &P {quit : e 36 o} = (Gaun | (a7c)D
X . &Hlogin : @%{auth : @ @19 X} quit: e} = (Gaun | (a, s)[)

Figure 14: Routers synthesized from G,yuth.

Centralized By first composing the routers, and then composing the connected routers with each
implementation, we obtain a centralized topology:

(vieey) ((vesse) [ Re\ | P
Ns:?trahzed = (vpgs,) | (veae) | [Rs | [Q
(V:“’a,a’lt) (vsqas) \ | Ra) | R

Note that the composition of routers is a hub of routers (Def. 37). Consider the composition of P
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O{c,s,a}[Gauth]
= X (s 5 1)
login : 7i_ < login - 7z, < login - pu () . 7. [u']
auth : 7, < passwd - 1. (v) . 71, [v']
auth : 77, <auth - p, (w) . I, [w'] ) ),
S(w o w" | X, g 1a))

. li
g D (wer v | v (v |,

quit : 7z, <quit - 7z, < quit - g (2) . 11 [2']
(22 oo {quit s g aquit- g (y)  TL[Y] - (y <y 10)})

F 1. s Gauth LO ¢, thg * Gauth LO S, tha * Gauth LO a

Figure 15: Orchestrator synthesized from Gauh (cf. Def. 36).

@ and R with the orchestrator of G, (given in Figure 15):

h (V:U’(:Cu) | P
Na(\)l::hesnator = (V/I,HS“) O{c,s,a} [Gauth] | Q
(vgau) | R

By Theorem 27, the hub of routers and the orchestrator of G, are weakly bisimilar (Def. 39).
Hence, Ncentralized apg [vorchestrator hohave the same.

Since each of Natth with top € {decentralized, centralized, orchestrator} is typable in empty contexts, by
Theorem 18, each of these compositions is deadlock-free. Moreover, Ndecentralized 5y centralized 5.0
structurally congruent, so, by Theorems 19 and 23, they behave as prescribed by G, Finally, by
Theorem 27, Neentralized apd Vorchestrator 16 hisimilar, and so N2/hestrater also behaves as prescribed by

auth aut!
Gauth .

6 Related Work

Types for Deadlock-freedom Our decentralized analysis of global types is related to type systems
that ensure deadlock-freedom for multiparty sessions with delegation and interleaving [7, 46, 22]. Unlike
these works, we rely on a type system for binary sessions which is simple and enables an expressive analysis
of global types. Coppo et al. [7, 21, 22] give type systems for multiparty protocols, with asynchrony and
support for interleaved sessions by tracking of mutual dependencies between them; as per Toninho and
Yoshida [53], our example in Section 5.1 is typable in APCP but untypable in their system. Padovani
et al. [46] develop a type system that enforces liveness properties for multiparty sessions, defined on
top of a w-calculus with labeled communication. Rather than global types, their type structure follows
approaches based on conversation types [16]. Toninho and Yoshida [53] analyze binary sessions, leveraging
on deadlock-freedom results for multiparty sessions to extend Wadler’s CLL [57] with cyclic networks.
Their process language is synchronous and uses replication rather than recursion. We note that their
Examples 6.8 and 6.9 can be typed in APCP (cf. §5.1); a detailed comparison between their extended
CLL and APCP is interesting future work.

MPST and Binary Analyses of Global Types There are many works on MPST and their integra-
tion into programming languages; see [40, 3] for surveys. Triggered by flawed proofs of type safety and
limitations of usual theories, Scalas and Yoshida [51] define a meta-framework of multiparty protocols
based on local types, without global types and projection. Their work has been a source of inspiration
for our developments; we address similar issues by adopting relative types, instead of cutting ties with
global types.

As already mentioned, Caires and Pérez [12] and Carbone et al. [17] reduce the analysis of global types
to binary session type systems based on intuitionistic and classical linear logic, respectively. Our routers
strictly generalize the centralized mediums of Caires and Pérez (cf. §4.4). We substantially improve
over the expressivity of the decentralized approach of Carbone et al. based on coherence, but reliant
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on encodings into centralized arbiters; for instance, their approach does not support the example from
Toninho and Yoshida [53] we discuss in §5.1. Also, Caires and Pérez support neither recursive global
types nor asynchronous communication, and neither do Carbone et al..

Scalas et al. [50] leverage on an encoding of binary session types into linear types [24, 43| to reduce
multiparty sessions to processes typable with linear types, with applications in Scala programming. Their
analysis is decentralized but covers processes with synchronous communication only; also, their deadlock-
freedom result is limited with respect to ours: it does not support interleaving, such as in the example
in §5.1.

Monitoring through MPST Our work and the works discussed so far all consider the verification
of implementations of multiparty protocols through static type checking. Bocchi et al. [8] use a dynamic
approach: communication between implementations is enacted by monitors, which are derived from
the global type to prevent protocol violations. In their approach, Bocchi et al. rely on the traditional
workflow for MPST: projection onto binary session types based on the merge operation. Interestingly,
Bocchi et al.’s semantics relies on routing, which is similar in spirit, but not in details, to our routers:
their routing approach abstracts away from the actual network structure, while our routers enable the
concrete realization of a decentralized network structure. We also note that Bocchi et al.’s monitors,
based on finite state machines, live on the level of semantics, while our routers, m-calculus processes,
live on the same level as implementations. The theory by Bocchi et al. has resulted in the development
of tools for a practical application of monitoring in Python [27], including an extension to real-time
systems [45].

Other Approaches to Multiparty Protocols In a broader context, Message Sequence Charts
(MSCs) provide graphical specifications of multiparty protocols. Alur et al. [2] and Abdallah et al. [1]
study the decidability of model-checking properties such as implementability of MSC Graphs and High-
level MSCs (HMSCs) as Communicating FSMs (CFSMs). Genest et al. [34] study the synthesis of
implementations of HMSCs as CFSMs; as we do, they use extra synchronization messages in some cases.
We follow an entirely different research strand: our analysis is type-based and targets well-formed global
types that are implementable by design. We note that the decidability of key notions for MPST (such
as well-formedness and typability) has been addressed in [38§].

Collaboration diagrams are another visual model for communicating processes (see, e.g. [10]). Salaiin
et al. [49] encode collaboration diagrams into the LOTOS process algebra [30] to enable model-checking [32],
realizability checks for synchronous and asynchronous communication, and synthesis of participant im-
plementations. Their implementation synthesis is reminiscent of our router synthesis, and also adds extra
synchronization messages to realize otherwise unrealizable protocols with non-local choices.

7 Conclusion

We have developed a new analysis of multiparty protocols specified as global types. As a distinguishing
feature, our analysis accounts for multiparty protocols implemented by arbitrary process networks, which
can be centralized (as in orchestration-based approaches) but also decentralized (as in choreography-
based approaches). Another salient feature is that we can ensure both protocol conformance (protocol
fidelity, communication safety) and deadlock-freedom, which is notoriously hard to establish for pro-
tocols/implementations involving delegation and interleaving. To this end, we have considered asyn-
chronous process implementations in APCP, the typed process language that we introduced in [54]. Our
analysis enables the transference of correctness properties from APCP to multiparty protocols. We have
illustrated these features using the authorization protocol G, adapted from Scalas and Yoshida [51] as
a running example; additional examples further justify how our approach improves over previous analyses
(cf. Section 5).

Our analysis of multiparty protocols rests upon three key innovations: routers, which enable global
type analysis as decentralized networks; relative types that capture protocols between pairs of partici-
pants; relative projection, which admits global types with non-local choices. In our opinion, these notions
are interesting on their own. In particular, relative types shed new light on more expressive protocol
specifications than usual MPST, which are tied to notions of local types and merge/subtyping.
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There are several interesting avenues for future work. Comparing relative and merge-based well-
formedness would continue the tread of new projections of global types (cf. App. A for initial findings).
We would also like to develop a type system based on relative types, integrating the logic of routers
into a static type checking that ensures deadlock-freedom for processes. Finally, we are interested in
developing practical tool support based on our findings. For this latter point, following [42], we would
like to first formalize a theory of runtime monitoring based on routers, which can already be seen as an
elementary form of choreographed monitoring (cf. [31]).
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A Comparing Merge-based Well-formedness and Relative Well-
formedness

It is instructive to examine how the notion of well-formed global types induced by our relative projection
compares to merge-based well-formedness, the notion induced by (usual) local projection [39, 18].

Before we recall the definition of merge-based well-formedness, we define the projection of global
types to local types. Local types express one particular participant’s perspective of a global protocol.
Although skip is not part of standard definitions of local types, we include it to enable a fair comparison
with relative types.

Definition 42 (Local types). Local types L are defined as follows, where the S; are the message types
from Def. 12:
L= p{i(S) . Lyier | '{i(S) . L}ier | uX . L| X | o | skip. L

The local types ?p{i(S;). L; }icr and 'p{i(S;) . L; }ics represent receiving a choice from p and sending
a choice to p, respectively. All of e, uX . L, X, and skip are just as before.

Instead of external dependencies, the projection onto local types relies on an operation on local types
called merge. Intuitively, merge allows combining overlapping but not necessarily identical receiving
constructs. This is one main difference with respect to our relative projection.

Definition 43 (Merge of Local Types). For local types Ly and Ly, we define Ly U Ly as the merge of
L1 and LQ.‘
skip. L1 Uskip. Lo := Ly U Lo elle:=0o
,uX L1|_|ILLX LQZILLX (LluLg) XUuX =X
'p{i(Si) . Litier U'p{i(Si) - Litier :='p{i(S) - Litier

{i(s > L; }zGI\J
?p{i(Si) . Litier U?p{j(S}) . Li}jes =0 [ U{5(S)) . Li}jens
U {k<Sk‘ U Sk> (Lk U Lﬁg)}kemJ

The merge between message types S1 U Sy corresponds to the identity function. If the local types do not
match the above definition, their merge is undefined.

We can now define local projection based on merge:

Definition 44 (Merge-based Local Projection). For global type G and participant p, we define G [ p as
the merge-based local projection of G under p:

(skip. G) [ p :=skip. (G [ p) X[p=X
if G p=skip*.e or G|p=skip". X

o [p:=

(nX.G)Tp:= {u otherwise
r{iUi) . (Gi I p)tier ifp=s
(r— s{i{Ui) . Gi}ier) p = ¢ 1s{i(U > ( [ p)yier Wfp=r

skip . (Wier(Gi | p)) otherwise
Gilp ifp€prt(Gi) and p ¢ prt(G2)

(
Galp ifp € prt(Ga) and p & prt(Gh)
o if p & prt(G1) U prt(Ga)

(G1|G2) Ip

Definition 45 (Merge Well-Formedness). A global type G is merge well-formed if, for every p € prt(G),
the merge-based local projection G | p is defined.

The classes of relative and merge-based well-formed global types overlap: there are protocols that can
be expressed using dependencies in relative types, as well as using merge in local types. Interestingly,
the classes are incomparable: some relative well-formed global types are not merge-based well-formed,
and vice versa. We now explore these differences.
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A.1 Relative Well-Formed, Not Merge Well-Formed

The merge of local types with outgoing messages of different labels is undefined. Therefore, if a global
type has communications, e.g., from s to a with different labels across branches of a prior communication
between b and a, the global type is not merge well-formed. In contrast, such global types can be relative
well-formed, because the prior communication may induce a dependency. Similarly, global types with
communications with different participants across branches of a prior communication are never merge
well-formed, but may be relative well-formed. The following example demonstrates a global type with
messages of different labels across branches of a prior communication:

Example. We give an adaptation of the two-buyer-seller protocol in which Seller (s) tells Alice (a) to
pay or not, depending on whether Bob (b) tells a to buy or not.

Gt i=b—>a ok.s—a: pay(int) . e,
cancel . s — a : cancel . o

This protocol is relative well-formed, as the relative projections under every combination of participants
are defined. Notice how there is a dependency in the relative projection under s and a:

erf r (S, a) =a’b {Ok -8 Pay<int> .o }

cancel . s : cancel . o
However, we do not have merge well-formedness: the merge-based local projection under s is not defined:

G | s =skip. (la : pay(int) . e LIla : cancel . o)

A.2 Merge Well-Formed, Not Relative Well-Formed

For a communication between, e.g., a and b to induce a dependency for subsequent communications
between other participants, at least one of ¢ and b must be involved. Therefore, global types where
communications with participants other than a and b have different labels across branches of a prior
communication between a and b are never relative well-formed. In contrast, merge can combine the
reception of different labels, so such global types may be merge well-formed—as long as the sender is
aware of which branch has been taken before. The following example demonstrates such a situation, and
explains how such global types can be modified to be relative well-formed:

Example. Consider a variant of the two-buyer-seller protocol in which Seller (s) invokes a new partic-
ipant, Mail-service (m), to deliver the requested product. In the following global type, Bob (b) tells Alice
(a) of its decision to buy or not, after which b sends the same choice to s, who then either invokes m to
deliver the product or not:

G- b_»a{ok.b—»s:ok.s—»m:deliver(str).o,}
mwf =

quit.b—»s:quit.s—»m:quit.e

Gmwf s merge well-formed: the merge-based local projections under all participants are defined. Notice
how the two different messages from s are merged in the merge-based local projection under m:

deliver(str) . o,}

= skip? . ?
Gmwf | m = skip "S{quit.o

Gmwf s not relative well-formed: the relative projection under s and m is not defined. The initial
exchange between b and a cannot induce a dependency, since neither of s and m is involved. Hence, the
relative projections of both branches must be identical, but they are not:

skip . s : deliver(str) . @ % skip . s : quit. e
We recover relative well-formedness by modifying Gmwe: we give s the same options to send to m in

both branches of the initial communication.:

mwf +—

, a{ok.b—»s : ok . s — m{deliver(str) . e

quit . e}, }

quit.b— s : quit. s — m{deliver(str) . o, quit. e}
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The new protocol is still merge well-formed, but it is now relative well-formed too; the relative projection
under s and m is defined:

deliver(address) . o,}

! _ - 2
Gt | (5,m) = skip? .5 {quit.,

This modification may not be ideal, though, because s can quit the protocol even if b has ok’ed the
transaction, and that s can still invoke a delivery even if b has quit the transaction.
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