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Abstract

This paper presents a new distributed process calculus, called the M-calculus, that can
be understood as a higher-order version of the Distributed Join calculus with programmable
localities. The calculus retains the implementable character of the Distributed Join calculus
while overcoming several important limitations: insufficient control over communication and
mobility, absence of dynamic binding, and limited locality semantics. The calculus is equipped
with a polymorphic type system that guarantees the unicity of locality names, even in presence
of higher-order communications — a crucial property for the determinacy of message routing
in the calculus.

Introduction

Among the process calculi which have been introduced over the past decade to serve as a basis for
a distributed and mobile programming model, the Join calculus [7, 6, 11] constitutes an interesting
milestone. It provides a distributed programming model with hierarchical fail-stop localities, trans-
parent mobility and communications, and it can be efficiently implemented. The Join calculus,
however, has several limitations:

e It offers insufficient control over communication and process mobility, which is an issue in

distributed environments where security is a primary concern. For instance, it is not possible
to prevent a locality from migrating to another locality, except by forcing its failure. Also,
once a resource (a Join calculus definition) has been defined and communicated, it is very
difficult to prevent access to that resource or to define the equivalent of a firewall [4].

It does not support dynamic binding. In a distributed programming model, it is important to
provide both local and remote equivalent of libraries or services, because of the cost, safety,
and security considerations that may apply. Thus, it should be possible to access identically
named libraries or services (like a print service) at different sites. In the Join calculus such
a choice is not directly available since each definition is uniquely defined: every resource is
permanently bound to a single locality.

It does not support the definition of localities with different semantics. For instance, local-
ities in the Join calculus are defined to be fail-stop. While it would be possible to change
the semantics of the calculus to accommodate different failure modes (such as omission or
byzantine failures), the question remains as to how one can combine different failure modes
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within the same calculus. Likewise, one could require a locality to be endowed with a partic-
ular form of access control (e.g. restricting access to resources within a locality to principals
appearing in an access control list).

The M-calculus presented in this paper is designed to overcome the limitations of the Join cal-
culus while preserving some of its key features, notably, its concept of hierarchical localities (which
is crucial to deal with security, migration, and failures), its notion of multiway synchronization,
and its implementable character.

Specifically, the main contributions of this paper are:

e the notion of programmable locality, that generalizes the different concepts of locality found
in the Join calculus and other distributed process calculi;

e the conjunction of higher-order processes and hierarchical programmable localities to unify
communication and process migration, combining the possibility of transparent routing as in
the Join calculus with fine-grained ambient-like control over information exchange;

e the introduction of a passivation operator as a key primitive for programming different forms
of control that can be exercised by localities;

e the definition of a type system that guarantees the determinacy of the routing mechanism
by ensuring that every locality bears a unique name, even in presence of higher-order com-
munication.

A programmable locality in the M-calculus (or locality, in brief) has a name and contains two
processes: a controller, which filters incoming and outgoing messages, and a content. In order to
apply the same control mechanisms to remote communication and process migration, the latter
is just communication of a thunk, i.e. a frozen process. A running locality may be frozen by its
controller using the passivation operator. This operator takes a function that defines the operations
to apply on the controller and content processes of a locality, such as sending them in a remote
message, discarding them, or modifying them.

The paper is organized as follows. Section 2 defines the syntax and operational semantics of the
M-calculus. Section 3 introduces a type system that ensures the unicity of locality names. Section
4 gives an encoding of the Join calculus that illustrate the versatility of the calculus. Section 5
discusses related work. Section 6 concludes the main body of paper. Appendix A presents the
proof of the safety properties of the type system of section 3.

2 The M-calculus

We present in this section the M-calculus, introducing the syntax and the semantics as we describe
local communication, remote communication, control, and migration. The syntax is summarized
in figures 1 and 2. In the following, we use bold fonts for identifiers that may stand for names or
variables, as described in figure 2.

Communication takes the form of an asynchronous, channel-based, point-to-point exchange of
messages, reflecting the dominant mode of communication in current large scale networks. Chan-
nels are called resources and we assume there is an infinite countable set of resource names. We
let 7 range over this set. A local message is an application of a resource name to a tuple of val-
ues V. Receivers in the M-calculus are reaction rules composed of a multiway synchronization
pattern (similar to the one proposed informally by Milner for his “Polynomial 7-calculus” and to
Join patterns), and of a guarded process. Every reaction rule (rizy | ... | .2, > P) defines the
resource names ri, ..., r,. The formal parameters z7, ..., x, are tuples of variables, and we
assume there is an infinite countable set of variables. The local communication rule is very similar
to the JOIN rule of the Join calculus, substituting message arguments for formal arguments in the
guarded process (rule R.RESs of figure 5). We remark that the reaction rule is replicated: it does



process

0 null process
| Vv value
| a(P)[P] locality
| P|P parallel composition
| PP application
| (P,...,P) tuple
|  vn.P restriction
|  ([u=V]P,P) conditional
|  (JpP) reaction rule
| passV passivation
= value
O null value
| u name
| (V,...,V) tuple
|  Az.P abstraction
= Join pattern
rz message
| J|J synchronization

Figure 1: Syntax of the M-calculus

not disappear after reduction. We also remark that a reaction rule does not bind its defined names.
New resource names are introduced and bound using a restriction operator vr.P.

In the reduction rules introduced in figure 5, rule R.CONTEXT uses evaluation contexts de-
fined in figure 4, and rule R.EQUIV uses structural equivalence. Structural equivalence, =, is the
smallest equivalence relation that satisfies the rules given in Figure 6, where the parallel compo-
sition operator | for processes is taken to be commutative and associative, with 0 as its neutral
element. The structural rules comprise scope extrusion rules for the restriction operator, standard
rules for equivalence under a-conversion, and congruence for evaluation contexts. Equivalence of
two processes P and ) up to a-conversion is noted P =, . We recall that in vn.P, Az.P, and
(r1z1 | ... | rpz, > P), the names and variables n, z, and &; are bound in P. Free names of a
process P are defined as usual and written fn(P). This set is formally defined in figure 3. We
recall that the defined names of a reaction rule (J > P) are free.

As a communication example, we may write a reference cell process as in the Join calculus:

) | s(st))
t

get(k) | s(st)>k(st) | s
| D) | get(print) | set(3)

et(st') | s(st)>s(s

which may reduce to print(0) or print(3).

We now describe remote communication of asynchronous messages. In many calculi, remote
communication involves two steps: resolving where to send the message, and sending it. For
instance, in the distributed Join calculus, every channel is defined in at most one location and defi-
nitions cannot move from one location to another. Thus a defined channel name is unambiguously
associated to the location containing its definition. In the dynamic Join calculus [20], the destina-
tion for a dynamic message is resolved according to the channel name and the current position of
the message. In the Ambient calculus, an ambient migrates according to the explicit capabilities
that it expresses and its local environment. The destination of a message in the Box-m calculus
[21] also depends on the immediate environment of the message. In order to avoid restricting the
calculus to one particular semantics, we let the resolving step be a part of the calculus: a remote
message has the form a.rV, where a is the explicit destination of the message, which can be thus



n o= resolved name
r resource name
locality name

r = variable resource name
r resource name
variable
a = variable locality name
a locality name
x variable
u = name
a variable locality name
| r variable resource name
| ar located resource
poon= name pattern
n resolved name
| =z variable
| - wildcard

Figure 2: Names

fr(a) = {a} fn(r) = {r}

fr(ar) = {a,r} fn() =10

fn(()) = fn(0) =0 fa(Az.P) = fa(P)\ {z}

fr(vn.P) = fn(P) \ {n} (PQ) = fn(P) U fn(Q)
fr(Py,...,Pp) = fn(P1)U...U fn(Pp) fa({J>P)) = (fn(P) \ fn(J)) U dn(J)
(1T | ... | rgTq) = fr(r1Z1) U ... U fr(rqTq) fr(zy,...,2p)) ={r,z1,...,2p}
fr(a(P)[Q]) = {a} U fn(P) U fr(Q) fa(P | Q) = fn(P)U fn(Q)

fr(([p = VIP,Q)) = frn(p) U fr(V) U fn(P) U f(Q)  fr(pass V) = fn(V)

Figure 3: Free names

chosen by the programmer. We see that an addressed resource a.r is composed of an address (a
locality name), which may correspond to an IP address, and a resource name, which may corre-
spond to a port number. This construction is similar to the high-level ¢@Qa construct of Nomadic
Pict [24]. The second step of remote communication is the actual sending of the message to the
remote locality. This communication step might be direct independently of the relative positions
of the message and the destination, as in the Join calculus, or it might involve several local steps,
following the structure of localities to reach the destination, as in the Ambient calculus. We remark
that these two models may coincide when considering a flat model of localities.

Just as in the Join calculus and in Ambient calculi, we retain the idea of hierarchically organized
localities, a crucial feature for capturing the spatial and logical partitioning of control in distributed
systems. We assume there is an infinite countable set of locality names, and we let a, b range over

E:=() | EV | PE | vnE | (E|P) | (P|E) | a(P)E] | a®)P] | (P,...,E,...,P,)

Figure 4: Evaluation Contexts



match(p, V') —match(p, V)
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Figure 5: Reduction: Computing Rules
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Figure 6: Structural Equivalence

this set. New locality names are introduced and bound by the restriction operator va.P. To
define the routing rules, we write locs(P) for the multiset of unrestricted active localities of P.
This multiset is formally defined in figure 8. In the rest of this paper, we say that a process P
is active in Q if @ is structurally equivalent to a process of the form E(P) for some evaluation
context E. Localities in the M-calculus provide the means to enforce some control on incoming and
outgoing messages. This control may be arbitrarily complex, may require maintaining some state,
and should be kept separate from the program running in the locality. For this reason, localities
take the form a(P)[@] where a is the name of the locality, P is a process controlling the locality
and its interactions with the environment, and @ is the content of the locality. The first role of
the controller is to filter incoming and outgoing messages. To this end, we introduce two special
resource names i and o on which incoming and outgoing messages are intercepted (rules R.A.IN
and R.A.OuT in figure 7). On interception, an incoming or outgoing message is split into three
parts: the destination address, the targeted resource, and the message arguments. The controller
should provide a reaction rule for these filtering channels, implementing the desired behavior. For
instance, a locality that does not want to block any message could contain the process Fwd in its
controller, where:

Fud 2 (i(x,y,2)>2y2) | (o(z,y,2) 2y 2)

We remark that this definition is stateless and relies on the other routing rules to send the message
to its final destination automatically: even though the routing is step by step, it is not necessary to
specify how to take each step. This is much different from the Ambient calculus where an explicit
path to the target ambient needs to be given.

As localities form a tree, there is no notion of site as in Nomadic Pict (a site can be modeled
by a locality at a given level in the tree) and the routing algorithm is part of our semantics. It
is however possible to express different routing algorithms by forwarding messages from locality
to locality using some specified resource. One example of this is the simulation of the dynamic
Join calculus in the M-calculus described in section 4.3. It is also possible to intercept and reroute
messages using the control mechanism, as shown below.

A message present in the controller is considered as having been controlled and may freely leave
the controller (rules R.A.CTRL.T0.CONT and R.A.CTRL.T0.ENV). When a message has reached
its final destination, it becomes a local message (rules R.A.CTRL.FINAL and R.A.CONT.FINAL).



a(P | a.rV)[Q] = a(P | rV)[

a(P)[Q | arV] = a(P)[Q | rV]

[R.A.CONT.FINAL]

[R.A.CTRL.FINAL]

Ql

b € locs(P) U locs(Q) U {a}

brV | a(P)[Q] = a(P | i(b,r,V))[Q]

b € locs(Q) \ locs(P) b#a
AP TbrV)Q] > a(P)@ [brv] T o-CoNT]
b & locs(P) U locs(Q) b#a

a(P | b.rV)[Q] = a(P)[Q] | b.rV

b ¢ locs(Q)

b#a

[R.A.CTRL.T0.ENV]

a(P)[Q | b.rV] = a(P | o(b,r,V))[Q]

[R.A.OuT]

Figure 7: Reduction: Routing Rules (Addressed Messages)

locs(vn.P) = locs(P) \ {n}
locs(a(P)[Q ]) = a, locs(P), locs(Q)
locs(P | ) = lo cs( ), locs(Q)
locs(pas ) =0

locs(0 )

locs(PQ) =

locs({J > Q))
e (s = V1P )=
locs(V) =

locs(Pr, .. ., Pq) =0

Figure 8: Multiset of Active Localities

[R.A.IN]

Local messages may move freely from controller to content and vice versa (figure 9), depending on
where the resource is defined. To this end, we call defined local names the set of resources that are
defined in a given process without inspecting sublocalities. This set is formally defined in figure
10. We give an example of transparent incoming message routing in figure 11.

One interesting feature when writing a reaction rule for the filtering channels i and o is to be
able to test the target locality or resource. To this end, we introduce a simple name matching
operator ([u = V]P,Q), whose semantics (rules R.IF.THEN and R.IF.ELSE in figure 5) rely on a
match() predicate, which is true only in the following cases:

match(_, V')

match(n,n)

match(zx, )

For instance, a filter for incoming messages could be:

(i(d, r,v) >la = d]

(b.r v,0))

This filter throws away any message that is not for locality a, and reroutes messages for a to b.
As in the Ambient calculus and the Join calculus, we provide a way to modify the tree structure
However, we want to be able to control incoming and outgoing localities at every

of localities.

r¢ dlil(P) r € din(Q)
a(P [ rV)[Q] = a(P)[Q ]| rV]

re€ dln(li) r¢ dlnSQ)
a(P)[Q | rV] = a(P|rV)[Q]

[R.L.CTRL.T0.CONT]

[R.L.CoNnT.T0.CTRL]

Figure 9: Reduction: Routing Rules (Local Messages)



din(PQ) =10 din(vn.P) = din(P) \ {n}
din((Pr,...,Py)) =10 din((r1z1 | ... | rqzg> P)) = {r1,...,rq}
din(a(P)[Q)]) = din(P | Q) = din(P) U din(Q)
din(([p=V]|P,Q)) =0 din(pass V) =0

din(0) =0 din(V) =10

Figure 10: Defined local names

arV | b((i(d,r,v)>d.rv)) [ a((i(d,r,v)>d.rv))[(r="...)] ]
b((i(d,r,v)>d.rv) |i(a,r, ‘7)) [a((i(d,r,v)>drv))[(r="...)]]
b((i(d,r,v)>d.rv) | a 1"17) [a((i(d,r,v)>d.rv))[(r="...)]]
b((i(d,r,v a.rV | a((i(d,r,v)>d.ro))[(r=...)] ]

i(a,r, V)[(r =..)]]
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Figure 11: Remote communication example

locality boundary, as is possible with remote communication. We thus unify migration and remote
communication by considering migration as the communication of a frozen process. A frozen
process is of the form A.P, and may be unfrozen by applying it to the null value (). We actually
consider a generalization by embedding a call by value A-calculus within our calculus (with the usual
B reduction rule R.BETA of figure 5). We use standard notational conventions: in a term Az.P or
vn.P, the scope extends as far to the right as possible; PQ; ... Q,, stands for (... (PQ1)...Qn);
ATy ... x4.P stands for Azy.... Az, .P; vny ...n,. P stands for vn,....vn,.P. We also make use of
the notation A.P to stand for a thunk Ax.P, with x not free in P.

The passivation primitive pass V, where V is a function expecting a locality name and two
frozen processes, is introduced to freeze running processes. Passivation is the second role of a
controller: when evaluated in the controller of a locality a(pass V' | P)[Q)], the locality is split into
three parts: its name a, its frozen controller A.P, and its frozen content A.Q). These parts are given
as arguments to the function V:

a(pass V | P)[Q] = V a (\.P) (\.Q)

For instance, a function V' = Azpg.z(p())[q()] simply recreates the passivated locality.

Locality mobility can be implemented using higher-order messages and passivation (cf the
go construct in the Join calculus and ambients in and out capabilities). Locality @™ (a) below
can be moved to a different locality:

Q

3

=
|

a(Fwd | (gou>Go(u)))[Q]
pass Az pq.(u.enter \.z(p())[q()])

Q
2
S
|

A request go b, results in the passivation of the locality a and its sending as a thunk to the resource
enter of the locality named b. If the request comes from the outside of the locality, the result is
an objective form of move. If the request comes from the content of the locality, the result is a
subjective form of move. The controller of locality b can contain the process Enter below to allow
the insertion of a new locality in its content:

Enter = (enter f>pass Azpq.z(p()[q() | FOI)



Passivation may also be used to implement various forms of control on a locality. Locality Q°(a)
below can be suspended, resumed, dissolved (cf the open capability of ambients), and updated with
a new controller (we note simply r a message of the form r()):

Q°(a) = wvson.L(a,s,on)
Fwd | (suspend | on> S(s))

L(a,s,on) = a ( | (resume | s f> R(f,on)) ) Q]
| (open>O) | (update f>U(f)) | on

S(s) = pass Axpg.z(p() | (sq))[0]
R(f,on) = pass Azpq.z(p() | on)[f()]
O = pass Azpq.q()
U(f) = pass depg.z(f()[g()]

As usual, we take the reduction relation for the M-calculus, —, as the smallest relation that
satisfies the rules given in Figures 5, 7, and 9.

We present as an example an M-calculus variant of the taxi example presented by L. Cardelli in
[3]. The basic idea is as follows: a passenger enters a taxi by specifying a route (list of localities to
enter), a sitting behavior (to be executed while sitting in the taxi), and a continuation behavior (to
be executed on arrival) — L. Cardelli’s version only comprises a route and a continuation behavior.

A route consists of a list of locality names aq, ..., a,, which we represent by the frozen process
A.route(ay,
A.route(az,
M =

A.route(ay,, A.route(nil, \.0))

)

where nil is a special locality name reserved to signal the end of the list.
A passenger requests entrance in the taxi named tx by emitting a message

tx.enter(M, .S, \.C)

where S is the sitting behavior, and C' is the continuation behavior.
A taxi named tx is defined as follows:

Taxi = vf.tx((Enter) | (Exit) | (Route) | £)[0]
enter(r, s,c) | £>

pass Az pq.z(p()|onexit(c)|r())[s()]

exit | onexit(c)>

Enter

BEE T pass aepga(@OI0)[0] | () | )
route(x,y) >
[nil = z]
Route = exit,
pass Azpgq.

zvisit(Az(y() [ p0)[g0])

Intuitively, each taxi contains a private lock (here the name f) indicating the taxi is free to hire.
When a passenger enters the taxi, the lock is consumed, the frozen continuation is stored in the
reference cell onexit, the route is unfrozen, and the sitting behaviour is spawned in the content of
the taxi, using passivation. Since the route consists of a message containing a locality name and
the rest of the route, the (Route) definition matches the locality name. If if it is nil, then the



T = type

A process type
| o value type
o = value type
unit unit type
|  « plain type variable
|  dom(w) name type
| o1,...,04 tuple type
| o—r71 function type
| (o)a plain resource
| ()% sendable resource
W ou= locality name variable
a locality name
| ¢ name type variable
| 0 no such locality
A = locality name multiset
0 empty multiset
| »p multiset variable
| ¢ name type variable
| a locality name
|  AA multiset union
5 = V&Sﬁ.a type scheme

Figure 12: Types: Syntax

taxi has arrived, and the exit message is spawned. This message triggers the (Exit) definition,
that consumes the exit message as well as the reference cell onexit, recreates the taxi as free to
hire (spawning the lock f), and spawns the continuation as well as the content of the taxi outside.
If the next destination is not nil, then the taxi migrates to this destination. We suppose every
locality has a channel visit that simply spawns its argument. The frozen taxi is thus sent to the
next stop, with the remaining of the route spawned in its controller.

3 The Type System

The routing rules for addressed messages in Figure 7 rely heavily on locality names and active
localities. Locality names thus play the role of addresses in the M-calculus. However, to faithfully
mirror the situation in current wide area networks, and to allow for an effective implementation
of the calculus, one must ensure the determinacy of the final destination of a remote message by
ensuring that no two active localities may bear the same name. Unfortunately, it is not possible to
obtain this property by syntactic means only. In fact, even a simple type system will not do because
of the higher-order features of the calculus. In presence of the passivation operator, one must indeed
be careful of the effects of functions on locality names. For instance, if a resource twice is defined
as (twice f> f() | f()), then a passivation instruction of the form pass Az pq.(twice A.z(p())[g()])
may lead to the illicit duplication of the passivated locality.

To enforce the unicity of active locality names, we introduce the following type system. The
grammar for types is given in Figure 12. We remark that terms in the M-calculus are partitioned
in two kinds: processes and ezxpressions. This distinction is difficult to manifest by relying only on
the syntax, mainly because of functional application (the result of an application may either be an
expression or a process), but the intuition behind this partition is that processes may be put in



A<A <« ACA
<o <« (0i<ol)Eln
unit < unit c—-717<0d =57 « o <ocand7T <7
dom(w) < dom(w) (oYa <{o')ar <« o' <ocand A <A’
a<a (0)A<a A" & o' <ocand A <A
(0)x < (o)A (MA<(0)ar = o' <oand A<A
(0)+<a A" & o' <ocand A <A

Figure 13: Subtyping relation

parallel, and include messages, localities, controller and content of localities, whereas expressions
may reduce to values and include functions, tuples, and names. We formalize this partition by
making a distinction among types 7 between process types A and value types o. Process types are
multisets of locality names, representing an upper bound of the localities that may be or become
active in the process. Value types represent the value the expression may eventually reduce to.
They include function types o — 7, tuple types &, the unit type, and types for names. Resource
names have type (o)a or (o)} if they expect an argument of type o (which may be a tuple) and
if a message on this resource name leads to the creation of localities A. A resource name with
the type (o)X A may be received and used for further input, as in the creation of a reaction rule
(create z>(z()>a(0)[0])), where create may have the type ((unit)})g. Locality names have type
dom(w), where w may either be a locality name a, a name type variable d, or the empty set 0.
Intuitively, a locality name ¢ has singleton type dom(a), a variable  may have type dom(d), and no
name may have type dom(()) (this last type is needed for technical reasons). Name type variables
0 reflect term variables z that may be instantiated to locality names, as in (create(z) >z (0)[0])
where create may be given the type Vd.(dom(d))s.

Multisets A include locality names a, name type variables d, multiset variables p, the empty
multiset (), and unions of multisets A, A’. The basic intuition to guarantee the unicity of names of
active localities in a process P is to type a process P with a multiset A. If this multiset happens
to be a set, then we prove that every active locality bears a unique name.

We use Va(ip o to denote a type scheme where plain type variables &, name type variable 5
and multiset variables p are generalized. We use § to range indifferently over these different type
variables.

In what follows, we consider an extended syntax for the M-calculus, where new resource names
are required to be annotated by their type scheme, in order to specify whether the resource has
a plain resource type (which may be polymorphic) or if it has a sendable resource type (which
cannot be polymorphic for safety reasons).

The intersection operation between multisets, N, is the standard intersection on multisets (tak-
ing the smallest number of occurrences in both multisets). The inclusion relation C between
multisets is also the standard one. By A — A’, we denote the multiset which is composed of the el-
ements of A (locality names or multiset variables) after removing each element of A’. For instance
p;p;aabab_p7a7a7b:p7b' -

We define in figure 13 a subtyping relation < (where ¢ and ¢’ are tuples of the same size n).

The intuition behind the subtyping relation is that it is safe (with regard to the unicity of locality
names) to replace a process that includes more active localities with a process that includes fewer
active localities. It is also safe to replace a function by a resource name if the types agree (a
resource name may be used to send a message, by functional application, but it can also be used
to create an addressed resource name). It is finally also safe to replace a plain resource name by a
sendable resource name (sendable resource names may be used for message sending, but they can
also be used to instantiate variables that are defined names of a Join pattern).

We remark that sendable resource types have no subtype, except themselves. This is necessary
for type safety since, unlike [25], we do not distinguish between input and output types.

10



a,Ala, A" =a,(AUA"
Py AlUp, A" =p, (AUA")
§AUSA =5, (AUA"
AUA =AAfANA =0
unit Uunit = unit
dom(w) U dom(w) = dom(w)
alba=«a
(01,...,Jn)u(a'1,..’.,0;22(01 Uol,...,on Uay)
o—TUO =717 =
()2 U (o) o =
(oyalo' - A" =

(

é
(@)AU ()X = §0>Z

(

(

Figure 14: Definition of L

a,ANa, A" =a,(ANA")
p, ANp, A" =p (ANA"
0,ANSA =4, (ANAY
ANA' =pif ANA =0
unit Munit = unit
dom(w) M dom(w) = dom(w)

alla=«
(01, o) N (00,...;00) = (o1 MNay,...,00 o)
o—=1No -7 =(Ud )= (rN7")
(0)aN(o")ar = (o Ud")anar
(oyaMo' - A" = (o U )anar
()Ano = () lif ()f <o

Figure 15: Definition of 1
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fsu(0) =0 fu(0) =0
fsu(p) = {p} fuv(p) =0
fsu(6) =0 fuwv(0) = {5}
fsv(a) =10 fuwv(a) =0
fsu(A, A" = fsu(A) U fsu(A')  fuwv(A, A") = fuv(A) U fuu(A")

Figure 16: Definition of fsv() and fwuv()

x= 7 | vr:s.C | vaC | Xx.C | a(C)[Q]
| aPICl | (C1P) | (PIC) | passC | (CQ)
| (PO) | (k=CIP,Q) | (u=VIC,P)

| (u=VIPC) | (J>C) | (P,...,C,...,P)

Figure 17: Typed Contexts

We define the symmetric L and M operators on types in figures 14 and 15 (other possible cases
not listed are undefined). A; LA, is defined as the multiset where the multiplicity of each name a
is taken to be the maz of the multiplicities in A; and Ao, and Ay M A, is defined as the multiset
where the multiplicity of each name a is taken to be the min of the multiplicities in A; and A (it
is the usual intersection on multisets).

We use T' and its decorated variants to denote type environments, i.e. finite mappings between
names and type schemes. We define the set of free plain type variables fétv() as usual. We define
the set of free multiset variables fsv() and the set of free name type variables fwv() in figure 16.

We let the set of free variables fu() be the union of ftv(), fsv(), and fwv(). Type judgments take
the following form, where C is an M-context extended with a typed hole, as defined in Figure 17:
r-C:r7randT’'HP:7.

We write fun(o;7) for the types of all values that may be used as functions, that is for either
o = 7, (o), or (o)} (in the latter two cases, 7 is necessarily a process type A). We write
chan(o; A) for channel types (either (o)A or (o)%).

In order to correctly type the i and o resources, we consider only type environments with the
following associations:

i Vadp.(dom(d), (a),, ),
o : Vadp.(dom(6),(a),,a),

Both the i and o resources expect a locality name (the destination of the message), the targeted
resource expecting an argument of type a and creating localities p, and an argument of type a. A
message on such a channel potentially creates localities p.

The type system is defined by the rules in Figure 18. They make use of the Inst operator,
that takes a type scheme and returns a type where the generalized plain type variables, multiset
variables, and name type variables have been instantiated to types, multisets, and locality names
or name type variables respectively.

Typing rule JOIN may seem complex but is the usual typing rule for Join patterns: the guarded
process is typed in an environment extended with the formal parameters, and the result is checked
to create fewer localities than advertised by the resource types. Every defined resource name
that is a variable is checked to have a sendable resource type in the environment. The additional
hypotheses check that the type schemes associated with the resources are consistent with the typing
environment, following the usual rules of the Join calculus: no generalized variable may occur free
in the environment nor be shared by two resources in a Join pattern.

12



w:VBo el of = Inst(VB.0) fn(ran(8)) C dom(T)

TFu:of [Nase] rro.g v
't a: dom(w) Dk r: chan(o; A)
'k ():unit [Vor] CH(:7):7 [Proc.Hoe] F'rar:oc— A [AbDR]
F'+z:0F-P:71 x & dom(T) fn(o) C dom(T") (TF P : gy)iclt-d]
TF AP o—1 [Fun] TT PP (o o) LLUPLEl
't a:dom(w) 'FP: A FFQ: A 'FP: A Q@ : A

[DoMm] [PAR]

I'Fa(P)[Q]: w, Ay, As PEP|Q:ALA,

T+7r:VB.(o)aFP: A1 rgdom(T)  fuVB.(o)a)=0  fn(VB.(c)a) C dom(T)

- [Nu.REs.1]
Druvr:VB.(o)a.P: Ay
oyt . +y +y
Pars@@h e PiaL rgdonl) o)D) =0 o)D) € dom®) b
Chwvr:(o)x.P: AL
I'+a:dom(a) - P: A a & fn(T) aé (A—a)
'FvaP:A—a [Nu.Dowm]
F'FV:dom(d) = (unit = A1) = fun(unit — Az; A)
prFEp p €A pp€Ar  b,p1,p2 € fu(T) U (A = (4, p1,p2)) [Pass]
It pass V: A —(d,p1,p2)
L'k P: fun(o;T) o <o 'FQ:o
F'-PQ:71 [Arr] '+ _: dom(() [WiLp]
FFp:o o = dom(w) or o = chan(ou; A) r=v:er '-P:mn Fr-Q:mn [Test]

IE(p=VIPQ):num

(r; is not a variable and r; : s; = V@.(&])Ai el,orr; ;s = (&)L S F)ie[l”"]
A'<AL LA, (@) 'Ndom(T)=0 TH+Zi:01+...+Tn 0 P:A
Vie[l.n]Binful)=0 Vijeln>i#j = Binp =0
CF(r1Z1|...|rnZn>P):

[JoIN]

Figure 18: Typing rules
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In rule PAss, the passivation function is checked to have a type that is a subtype of a function
expecting a locality name and two thunks. The name type variable d in the locality name type
represents the name of the passivated locality. Each thunk type includes a multiset variable p;
and py, respectively, representing the active localities of each thunk. These three variables are
intuitively generalized by checking that they do no occur in the typing environment (they will
respectively be substituted by the name of the passivated locality and by the active localities of
the controller and content, that are unknown when typing the primitive). The type of the whole
passivation construct is simply the type of the result of the passivation function, removing the
name of the passivated locality and the multiset variables since the locality is passivated.

Rule TEST checks that the if the pattern uses variables, these have either resource or locality
type, insuring they shall only be instantiated with resource or locality names. This rule rely on
rule WiLD that only says that a wildcard is well-typed, using the ad-hoc type dom((}).

The soundness of the our type system is characterized by the following definitions and theorems.

Definition 3.1 (Well-formed typing environment) A typing environment I is well-formed if
and only if:

1. T only contains associations of the form r : VE.<U>A, r: (o)X, and a : dom(a);
2. we have fn(T') = dom(T").

Lemma 3.2 (Subject reduction for =) Let I' P : 7 be a typing derivation with T' well-
formed. If P = P', then there exists a typing derivation I' - P’ : 1.

Theorem 1 (Subject reduction) Let I' - P : 7 be a typing derivation with I' well-formed. If
P — P', then there exists a type 7' such that 7 <71 and T+ P' : 7.

Definition 3.3 (Failure) A locality a(P')[Q’] is said to be free and active in P if it is active in
P and if it is not under a scope restriction for a.

A process P has failed if and only if there is some process P' active in P containing at least
two free and active localities bearing the same name.

Theorem 2 (Progress) Let ' P : A be a typing derivation with T' well-formed. If A is a set,
then the process P has not failed.

Most of the complexity of the subject reduction proof is alleviated by distinguishing name
variables x from name type variables §, greatly simplifying the substitution lemma. Complete
proofs are developed in appendix A.

Our notion of progress deals only with the unicity of active locality names. Since our type
system is very close to type systems for the A-calculus and the Join calculus, this progress property
can be easily extended to more usual guarantees.

We now discuss the power and limits of our type system.

Linearity Since our type system aims at enforcing the linearity of names of active localities, we
describe how this feature interacts with functions (or resources) that are not linear. First of all, our
system guarantees the linearity of names of localities that are active (as described in theorem 2).
Relaxing the linearity constraint for localities that are not active yields a much simpler type system
(e.g. our system allows the typing of A\.a(0)[0] | a(0)[0] as long as this function is not applied). We
also require linearity of a newly introduced locality name in the process under the scope restriction
(rule Nu.Dow, since the introduced name should not occur in the type). We recall that the type of
a process is a conservative approximation of the active localities it may contain. In the following,
we only consider processes that are active.

Consider for instance the function Az.z() | z(). This function takes a frozen process and runs it
twice. It is perfectly reasonable to apply it to a frozen process that does not release localities with
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free names, as in: (Az.z() | z())A.0 or (Az.z() | ())A.va.a(0)[0]. In these cases, the function has
type (unit — @) — (. The type system would reject applying this function to the thunk A.a(0)[0].

A function Az.z(), that only runs a process, can be given the type (unit — A) — A.
Since functions never have polymorphic types, one can instead consider a resource run defined
as (run(z)>z()). Such a resource can be given the type Vp.(unit — p),: it simply recreates the
active localities frozen in its argument. The check that these localities do not interfere with cur-
rently active localities is done when typing a message on run. We remark that our use of multiset
variables is very similar to row variables described in [16].

Subtyping Subtyping is explicitly used in typing rule APP. Returning to the example of the
run resource above, this resource can receive a frozen process as argument, as in (run A.a.(0)[0]).
It can also receive a resource name, as in (run create,) with (create,() >a(0)[0]), since (unit), is a
subtype of unit — a.

The subtyping used in typing rule JOIN gives some flexibility when defining a resource, since
the type of the resource gives an upper bound on the localities that may be created. For instance,
the special channel i has type Vadp.(dom(d), (a),,a),. Typical definitions for this channel are
(i(d,r, args)>d.r args), which simply sends the message, and (i(d, r, args)>0), which discards it.
The typing of the second definition relies on the fact that this definition of i does not create all the
localities it is allowed to.

Dependent Types and Polymorphism Our type system does not allow dependent types,
but simulates them using polymorphism and name type variables (type variables that represent
locality names), since locality names may occur in types. For instance the resource new in the def-
inition (new(z) > (0)[0]) may be given the polymorphic type Vd.(dom(d))s: it expects any locality
name and creates a locality with this name. We remark that our solution is less powerful than
dependent types, since it does not allow the typing of (Af.f a | f b)(Az.z(0)[0]). However, poly-
morphism is powerful enough to let us type definitions of the form: (create(z,p, q)>z(p())[g()]),
with create :Vdp;p2.(dom(d), unit — p1,unit —= pa)s,py p0-

Passivation One limitation of our type system comes from the passivation operator. Consider
for instance the process: a (pass Azpq.z(0)[b(0)[0]]) [b(0)[0]]. The pass operator freezes locality
a and respawns it, discarding its controller and content, but adds a locality b in its content. Since
the locality b that is added is first discarded, one would expect this process to be well typed. This
is not the case because locality b is active, and may be sent somewhere else (see for instance the
migration example in section 2). This is why the process pass Azpg.z(0)[b(0)[0]] has type b: this
process creates an active locality b, independently of the controller and content that are passivated.
On the other hand, the process pass Azpg.z(p())[g()] has type @ (it only recreates a locality that
has been passivated) and the following process is well typed: a (pass Azpg.z(p())[g()]) [b(0)[0]].

Example As a small example, we remark that the taxi example we describe at the end of section
2 is well typed with the following bindings:

enter : Vpg,pc.(unit — 0,unit — pg,unit — pe)pg.pe
exit : (unit)y
onexit : Vpc.(unit = pc)pe
route : Vd.(dom(d),unit — 0)¢
visit : Vp.(unit — p),
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4 Simulating the Join calculus

In this section, we show that we can simulate the Distributed Join Calculus in a straightforward
manner, thus retaining all its expressivity. However, we first check that the M-Calculus addresses
the limitation of the Join calculus described in the introduction.

The lack of control over communication and mobility is directly addressed by the possibility to
program controllers for each locality to filter incoming and outgoing messages. These controllers
are normal M-Calculus processes, they can be arbitrarily complex.

Dynamic binding, or more precisely locality based binding, is provided by addressed messages,
which explicitly include the name of the locality hosting the targeted resource, and by the possibility
to define resources at several localities. A simulation of the Dynamic Join calculus [20] in the M-
Calculus presented in section 4.3 illustrates how to use addressed messages to get transparent
locality based binding.

Finally, programmable controllers and the passivation operator let the programmer define lo-
calities with different semantics within the same program.

4.1 Simulating the distributed Join calculus

Since the M-calculus is a direct offspring of the Join calculus, a translation of a Join calculus process
into an M-calculus process is relatively straightforward. Such a translation is interesting to present,
however, because it illustrates the versatility of programmable localities. In the following, we only
consider Join processes with no free names. We proceed in three steps, in order to account for
the fact that resource names are introduced with their types in the M-calculus, and that message
routing requires the messages to be annotated with address information.

The first step consists in typing the Join calculus process, and annotating every local Join
calculus definition with the channel names (as well as their type schemes) and location names
it defines. We write def (D;nq : s1,14 @ Sq,G1,-.-,a,) in ... the result of the first translation
step of def D in P if dn(D) = {ny,...,ng} U {as,...,a,} and if the channel names n; have type
schemes s; after generalization. By definition of the types of the Join calculus, the s; are of the
form Va.(7). We suppose that these type schemes have no free type variables, and we transform
them immediately in M-calculus type schemes, writing ()¢ instead of ().

The second translation step consists in annotating every channel name that is not a variable
with the locality where its definitions reside. To do this, we rely on the fact that in the Join
calculus, the only locality in which a definition may eventually be dissolved is the syntactically
enclosing locality. This property is a direct consequence of the definition of migration: the only way
to have processes migrate in the Join calculus is by locality migration. Thus definitions cannot
be separated from the locality where they syntactically occur. We do not formally present the
algorithm used in this second step, which is roughly of the following form: for every channel name
that is not in a Join pattern, find the enclosing def binder for this name, then find the name of
the syntactically enclosing locality, and prepend the locality name to the channel name.

The third step is the translation to the M-calculus itself. We represent a location of the Join
calculus a[ -] by a locality a(PJ)[-] with:

PJ = Fuwd]| (add f> Add(f)) | (go (b,k)> Send (b, x))
Add(f) = pass Azpg.z(p()[g() | £0]
Send(b,k) = pass Aapq.(badd Az(p0)[a() | KOD

We may type the resource add with the type Vp.(unit — p), that expects a thunk and frees
it, and the resource go with the type Vép.(dom(d), unit — p),, that expects a locality name and a
frozen continuation that it will eventually spawn.

Writing [ - ] for the translation operator, we have:
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[bn] = b ] = o
[z] = = [0] = 0
P1Ql = [Pl11Q] [T] = o0
[go s P] = go(b,A\.[P]) [D,D] = [D]|[D]
[b[D:P]] = b(PI)]D]]|[P]]
[mns,....n)] = [l (), [nal)
[ni{zr) | .. | ng{zq)> P] = (miz1 | ... | ngzq>[P])
[def (D;ni : $1,...,nq : 8¢,Q1,...,a,) in P] =
UNL : 81,...,Ng : $q.Va1,...,ar.[D] | [P]

Note that our translation is not entirely faithful with respect to migration, since in the dis-
tributed Join calculus migration does not occur if the target locality is a sublocality of the moving
one. In order to detect these cases, we would need a more complex translation.

4.2 Simulating the distributed Join calculus with failures

We now extend the previous translation to the Join calculus with failures. To do this, we only
need to change the translation of a locality, replacing the PJ controller by the following PJF(a)
controller:

PJF = Fuwd
| (add £> Add(f))
| (go (b,k)> Send(b,k))
| (halt> Halt)

| (ping (y,n)>y ()
Add(f) = pass Azpg.z(p ))[Q() | FOI
Send(b,k) = pass Azpg.(b.add X.z(p())[g() | £()])
iy
a >
Halt pass Azpq. | (i (d,m, v)> P(m, v)) [q0)]
| (o (d,m,v) =0)
P(m,v) = ([ping=m]m v, ([add = m]m v,0))

Thus, when a locality has failed, it prevents all outgoing messages from leaving the failed
locality: no sublocality may send a message outside. Similarly, with respect to incoming messages,
a failed locality only accepts messages sent on ping or on add for itself or its sublocalities. Messages
on ping are emitted locally, and will be subsequently reduced by the new definition for ping, that
will answer saying the sublocality has failed. Messages on add will add the migrating location to
the current locality, thereby cutting it from the rest of the world.

We remark that the sublocalities of the failing one are still active, but they cannot communicate
with the outside world. This translation strongly relies on the interception of routed messages by
controller processes.

4.3 Simulating the dynamic Join calculus

We now extend the translation of section 4.1 with a form of locality based dynamic binding inspired
by [20]. However, instead of sending a dynamic message directly to the closest enclosing definition,
we choose to propagate it in a more local, step by step manner. More precisely, a message on a
dynamic channel that is not defined locally is simply sent to the enclosing locality. As in section
4.1, we translate a static channel name into an addressed resource name. A dynamic channel name
is translated to a local resource name. Every imported dynamic name is associated to a definition
sending a message on this name to the enclosing locality. We suppose that static and dynamic
names are disjoint, and we suppose as well that imported and locally defined dynamic names are
disjoint.
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As in the previous translations, we proceed in three steps: annotating the term using typing
information, resolution of static channel names to addressed names, and translation. The typing
annotation phase is identical to the previous translation, it annotates every definition def D in P
with the set of static channel names it defines and their type schemes, and the set of location
names it defines. The second step is also identical, addressing every static name with the location
where it is defined.

As concerns the third step, the translation step, we first remark that the translation is param-
eterized by a location name: the name of the current enclosing location. We detail only the rules
that are modified or added:

[d]* = d
[b[D: P> b(PJD(b,a,1)[[D]" | [P]']
[vd : (F)L.P]* vd : (?);'.[P]]a

In order to forward dynamic messages on imported names to the enclosing locality, we define
the process:

Dyn({di,...,dq}) = (diz>up(di,z)),... (dgz>up(dg, x))

We translate a location a[-]*7 by the locality a(PJD(a,b,I))[-] if b is the initial enclosing
locality, with PJD(a,b,I) being:

PJjD(a,b,I) = Fuwd | (add f>Add(a, f)) | (father (¢) | go (b, k) > Send(a,b, x))
| (dyn(m, args)>m args)
| (father(c) | up(m, args)>father(c) | c.dyn(m, args))
| Dyn(I) | father (b)

Add(a, f) = pass Azpg.z(p()lq() | FO]
Send(a,b,x) = pass Azpg.(b.add A.z(p() | father(D))[g() | £()])

Let us now study how a message d(V) on dynamic channel d is handled. If this dynamic
channel is defined locally (the name is not in I), then there is a local definition for this channel,
and the message may trigger it (if all other messages required by the pattern are there, of course).
Otherwise, if the message is imported, then there is a definition in Dyn for this channel name
that sends a message on up containing the dynamic channel name d and the arguments V' of the
message. This message on up synchronizes with the message on father that contains the name of the
current father, for instance b, and a message on b.dyn(d, V') is spawned. When this message reaches
b, the initial message d(V') is spawned, and a new cycle may start. Thus a dynamic channel name
is simply a local name whose destination is resolved step by step, using explicit user-controlled
routing.

We may type the channels up and dyn with the type scheme Vap.((a),, a),.

We remark that this translation is not faithful for two reasons. First of all, as in the other
translations of the distributed Join calculus, we do not detect circular migrations. Second of all, we
propagate dynamic messages in a step by step manner, and not directly to their closest enclosing
definition. This is because the dynamic Join calculus relies on the notion of frozen location and
their unfolding to correctly compute the lookup function (we remark that the circular migration
detection also relies on the notion of frozen location). We could simulate such a behavior if the
spawning of frozen localities in the M-calculus could be done in a step by step manner (in the
current calculus, the spawning of a frozen process is atomic).
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5 Related work

Several distributed process calculi have been proposed in the recent years, but they all have short-
comings as distributed programming models:

e Ambient calculi, such as the original Mobile Ambients [4] and the subsequent variants (Safe
Ambients [10], Safe Ambients with Passwords [13], Boxed Ambients [2], Controlled Ambients
[22]), provide a simple model of hierarchical localities with fine-grained control over locality
moves and communications, but their basic mobility primitives (the in and out capabilities)
require a 3-party atomic handshake which makes them costly to implement in a distributed
setting as illustrated by the implementation of Mobile Ambients in the Join calculus [8].!

e Higher-order process calculi such as as Facile/CHOCS and Dz A [25] model process mobility
via higher-order communication and remote process execution, but lack an explicit notion of
locality to account for potential failures or to provide a basis for access control. Furthermore,
they do not allow for a running process to be migrated to a different locality, unless the process
has been explicitly defined to allow for such a migration.

e Variants of the first-order asynchronous w-calculus with explicit localities such as the Join
calculus [6, 11], Nomadic Pict [24], DiTyCo [12], or the my;-calculus [1], feature process
migration primitives (go in the Join calculus, spawn in the 7j;-calculus, migrate in Nomadic
Pict) but lack sufficient control over resource access and process migration.

Compared to these works, the M-calculus has several distinguishing features.

Its notion of programmable locality allows the definition of different forms of locality within
the same calculus. In contrast, the calculi above, or even calculi such as Klaim [14, 15] (that
uses generative communication as its basic form of communication), or ATF [5] (that considers
distributed 2-phase transactions as processes), consider only a single form of locality.

In distributed calculi, many alternatives exist when it comes to combine communication and
localities. At one extreme lies the fully transparent communication of the Join calculus, where
messages are routed directly to the target locality. At the other extreme lies Mobile Ambients,
where communication is purely local to an ambient and remote communication must use migration
primitives and explicitly encoded routes to deliver an ambient message. The Seal calculus [23] and
Boxed Ambients lie between these two extremes by providing the ability to communicate across
one locality boundary. In the M-calculus, we still provide transparent routing but allow messages
to be intercepted each time they cross a locality boundary.

Finally, one may remark that there are striking similarities between controlling migration on
one hand, and controlling communication on the other hand. For this reason, we take the further
step to merge the two aspects, by considering a higher-order calculus. In our setting, migration
becomes communication of a thunk or passivated process.

With respect to the type system, Yoshida and Hennessy’s work on Dz, a higher-order dis-
tributed process calculus [26], is closest to our own. DA allows the communication of processes
as thunks. In this regard, it is similar to the M-calculus. There are however several important
differences that we now detail. The two calculi take a different approach to the determinacy of
communication. As in the Join calculus, the DwA calculus adopts a “channel locality” invariant,
which ensures a channel or resource is only present in one locality. In the M-calculus, resources of
the same name can be present in different localities in order to allow for dynamic binding. The M-
calculus therefore relies on addressed resources, where a resource name is annotated with a locality

IRecent work on a distributed abstract machine for Safe Ambients [17], just reinforces this point. The distributed
implementation of ambients proposed there does away with the problem by implementing the in and out capabili-
ties locally (by using cocapabilities and single-threadedness), and interpreting the open capability as a move to the
implicit location of the parent ambient. In this interpretation, ambients no longer characterize the physical distri-
bution of a computation, which defeats the original intent of the calculus. Furthermore, work on Boxed Ambients
successfully argues against the open capability.
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name, to ensure the determinacy of message routing. The “unicity of locality names” invariant in
the M-calculus is more complex to ensure than the “channel locality” invariant in the D7\ calculus.
This is due to the passivation operator in the M-calculus. This operator has no counterpart in the
D7 A calculus, where the only way to obtain a thunk (frozen process) is by either specifying it, or
by receiving it. The ability to passivate an active process, as in the M-calculus, is powerful but
it makes the type system more complex, as the type of the passivation operator depends on some
type information of the passivated process. As in the DwA calculus, a process in the M-calculus
has a type that gives information on its behavior (its interface for the Dz ], its active localities for
the M-calculus). More precisely, the type of a term is a conservative approximation of the value
or process it may become. Thus locality errors in D7\ and multiple locality definitions in the M-
calculus only lead to type errors if the faulty process may eventually become active. Both systems
also have a form of dependent types, but they are dealt with differently. In the Dz A-calculus,
name variables can occur in types and can be bound in types, yielding dependent types. In the
M-calculus, the dependency between input and output of a resource (channel) is represented as a
type variable (which may stand for a locality name) that is generalized. According to the type of
the argument, the type variables of the type scheme of a resource are instantiated to the correct
values, and the type of a message is thus dependent on the type of the argument. In order to
simplify the type system of the M-calculus, we allow locality names in the types but not name
variables. We use instead name type variables, which provide us with a cleaner distinction between
types and names. The advantage of dependent types appears when considering partial application:
if the result of an application is a function that has a dependent type, this function may still be
applied to several frozen processes having different types, which is impossible when relying on first
order polymorphism. However, previous work on the typing of the Join calculus and our experience
with programming in JoCaml showed us that first order polymorphism is useful, well-understood,
and powerful enough when using Join patterns. Finally, both the D7 calculus and the M-calculus
allow input on channels that were received previously, but the Dz A uses finer input-output types
for channels that could be adapted to our setting.

6 Conclusion and future work

We have presented in this paper the M-calculus, a higher-order distributed process calculus, and
an associated type system that statically enforces the unicity of locality names, a crucial invariant
for the determinacy of final destination for remote messages. The M-calculus constitutes a non-
trivial and powerful extension of the Join calculus [6, 11] with call-by-value higher-order functions,
programmable localities, and dynamic binding.

The possibility to define, within the same calculus, different kinds of localities, with non-trivial
behavior, is an important requirement for a realistic foundation of distributed mobile program-
ming. While the M-calculus still falls short of meeting key requirements for advanced distributed
programming (e.g. support for transactional behavior), we believe it constitutes an important step.

To validate the implementable character of the M-calculus, we have defined and implemented
a distributed abstract machine for it [9], and, in order to prove the correctness of our abstract ma-
chine, we are working on an annotated lower-level calculus that makes the routing and passivation
reduction rules more local. In parallel, we are defining notions of observables in order to compare,
using operational equivalences, the annotated calculus to the original calculus, and to study the
correctness of the translations from distributed calculi to the M-calculus.
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A Proofs

We prove in this section that every locality that is active in a process that has a type that is a set
bears a unique name, and that our type system has the subject reduction property.

A.1 Preliminary lemmas

Proposition A.1 (Subtyping properties) 1. The subtyping relation < is a partial order on
types.

2. Let 0 be a substitution from plain type variables to types, from multiset variables to multisets,
and from name type variables to name type variables or locality names. For every type 11
and T2, if we have Ty < T, then we have 70 < 126.

3. Let 71, 75, 71, and 1 be types such that 71 < 11, 79 < 72. If 71 Uty is defined, then 7{ U
is defined and we have 7{ U7y < 1 Ute. If 7{ 74 is defined, then 1 M1y is defined and we
have 7{ M 74 < 11 M T2.

4. Let 7 and 15 be types. If 7 U1 is defined, then we have 7y < 7 U7y, If 7 M 75 is defined,
then we have 7 M < 7.

5. Let 11 and 1o be types. If 7 U s is defined, then we have fn(my Urs) C fn(m) U fn(re). If
71 M 72 is defined, then we have fn(m M 72) C fa(r1) U fu(r).

Proof: We first prove property (1). To this end, we show that the < relation is reflexive, anti-
symmetric and transitive. We start with reflexivity, by induction on the structure of the type. We
immediately have A < A, @ < @, unit < unit, dom(w) < dom(w), and (o) < (o). We conclude
by induction for function types, tuple types, and plain resource types.

We now prove that < is antisymmetric. Let 74 and 75 be types such that 74 < m and » < 7y.
We prove by induction on the structure of 7y that 74 = 79. The result immediately holds if 7 is
a plain type variable «, the unit type, or a dom(w) type, since in all this cases 7o is necessarily
the same type by definition of <. If 7, is a multiset A;, then 7, is necessarily a multiset Ay by
definition of <, thus we have A; C Ay and Ay C A;. By definition of the multiset inclusion
relation, we thus have A; = A,. If 71 is a tuple type, we immediately conclude by induction. If
71 is a function type, we also immediately conclude by induction. We now consider the case when
71 is a plain resource type (o)a. We first prove that 7 is also a plain resource type. By definition
of <, 7y is either a function type of a plain resource type. If 75 is a function type, we deduce from
7> < 71 and the definition of < that 7 is a function type, which is impossible. Thus 73 is a plain
resource type, and we conclude by induction. We now consider the case when 7, is a sendable
resource type (U)X. As in the previous case, we first prove that 75 is also a sendable resource
type. By definition of <, 7, may either be a function type, a plain resource type, or a sendable
resource type. If it is a function type, then by 7 < 71 the type 7y is also a function type, which
is impossible. If 75 is a plain resource type, then by 7 < 71 the type 7y is either a plain resource
type or a function type, which is impossible. Thus 75 is necessarily a sendable resource type and
we conclude by the only case that deals with two sendable resource types in the definition of <.

We now show the transitivity of <. Let 71, 72, and 73 be types such that 7, < 75 and ™ < 73.
We prove by induction on the structure of 7, that 74 < 75. If 7y is either unit, dom(w), or a plain
type variable «, then the result immediately holds since we necessarily have 74 = 7 = 73. If 7 is
a multiset Ay, then 7 is also a multiset A, (since 71 < 72), thus 73 is also a multiset Az (since
T2 < 73). We thus have A; C Ay C Ag, thus Ay C Az. If 7y is a tuple type, then 75 and 73 are
necessarily tuple types and we conclude by induction. If 7; is a function type, then necessarily 7
and 73 are also function types and we conclude by induction. If 71 is a resource type (either plain
or sendable), we proceed by case on the shape of 7 and 73. The cases to study are:
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n < m <713
plain < plain < plain
plain < plain < function
plain < function < function

sendable < sendable < sendable

sendable < sendable < plain
sendable < sendable < function
sendable < plain < plain
sendable < plain < function

sendable < function < function

We do not detail these cases, they all hold by induction.

We now prove property (2). Let 71 and 75 be types such that 71 < 79, and let 8 be a substitution
as described in the property. We proceed by induction on the structure of 7;. The property
immediately holds if 7 is either unit, or dom(w) (by definition of # the resulting type is syntactically
correct). The property holds for plain type variables since < is reflexive. If 7y is a multiset Aq,
then 7 is also a multiset Ao. Since we have A; C Ay, we necessarily have Ay = Ay, Al. Thus we
have A8 C A0, ALH = Ayf (the resulting type is a multiset by definition of #). If 7; is a tuple,
function or resource type, we conclude by induction.

We now prove property (3) by induction on the structure of 7;. If 7; is either unit, dom(w), or
a type variable a, we necessarily have ry = =7 =1, =nUn =7 Un =nNn=17MNT7
(we have 71 = 73 since 71 U 72 or 7{ M 74 is defined). If 71 is a multiset Ay, then 7» is necessarily
a multiset Ay (since 71 U 75 is defined). Thus by definition of <, 7{ and 74 are also multisets A}
and A, and 7 U7 is necessarily defined. We now prove that we have 7{ L7 < 7 U 7. We recall
that for any name, name variable, or multiset variable, the number of occurrences of a name in
Aq U Ay is the max of the number of occurrences of the name in A; and As. Let a be a name.
Since we have A] € A;, the number of occurrences of ¢ in A} is smaller that in A;. Similarly, the
number of occurrences of a in A} is smaller than in A,. Thus the number of occurrences of a in
A} U A} is smaller than in Ay LI Ay. Thus we have A] UAL C Ay UA;. We now consider 74 M 75.
Since all types are multisets, 7, M 7 is defined. Moreover, the number of occurrences of a name a
in A} M A} is the min of its occurrences in A and Aj. Thus the number of occurrences of a in
A} M AL is smaller than in Ay M Ay, thus 7 N7 < 7 M 7.

If 7y is a tuple, then 7o, 71, and 74 are all tuples of the same size (by definition of <, U, and
M). We immediately conclude by induction.

We now consider the case where the type is a function type. There are many cases depending
on the shape of the other types. We detail some of them.

We now prove the case where 0] — 7/ <01 = 1 and o) = 7, < 02 5 2. lf 01 5> 11 Uos = 7
is defined, then necessarily o1 Moy and 7 U 7o are defined. Since we have o; < of, 00 < 0},
71 <11, and 74 < 7o, we apply the induction hypothesis to prove that of Mo} is defined and that
o1 Moy < of Mah. We also use the induction hypothesis to prove that 7| U 73 is defined, and that
U7ty <7 Um. Thus of — 7f Uoh — 75 is defined and 0] — 7f Uoh — 75, = (o1 Noh) —
(rur}) < (01Mo2) = (mUm) =01 — 11 Uos — 2. The symmetric case where 0] — 7/ Moh — 75
is defined is proved similarly.

We now prove the case (07)ar < o1 = Ay and (o3)a, < (02)a,. If o] — Al 11 (03)a, is
defined, then o] U o} is defined, as well as A M A). By definition of <, we have 01 < o}, 02 < 0},
Al < Ay, and A}, < Ay, By induction, o1 U 02 is defined and o1 U oy < o] U oh, and Ay M Ay is
defined, and A} MAL <Ay M A,. Thus o7 = Ay M (02)a, is defined, and:

oy — Al n <0’é>A12 = (o} U Ué)A’lnA’z < (o1 Uo2)a,na, =01 = A1 M {02)A,

We do not detail the many other cases. We remark that the cases that involve sendable
resource types are easier since the shape of the other types are more constrained (for instance if
71 is a sendable resource types, then necessarily 7{ = 71 by definition of <).
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We now prove property (4). We proceed by induction on the structure of 7;. The property
is immediate if 71 is a type variable a, or one of the types unit, or dom(w), since necessarily
=T =7 U7 =7 MNm. If 7 is a multiset, then 75 is also a multiset and the property is
immediately true by the definition of M and L.

If both 7 and 7» are function types or plain resource types, then the property holds by induction.
If 7y and 7 are both sendable resource types, then if 71 U 7» is defined (or if 7 M7y is defined),
then we necessarily have 7y = =7 U =7 M 7o,

We now consider the case where the types are (o1)a, and oo — Aa. If (01)a, Uoo — Ay is
defined, then o4 Moy and A;UAs are defined. By induction, we have o1 Moo < o7 and Ay < AjUA,.
Thus we have {(o1)a, < (01 Mo2) = (A; UAy) = (01)a, Uoa — Ay. The symmetrical case is
identical. If (o1)a, Mo2 — Ay is defined, then oy Loy and Ay M Ay are defined. By induction, we
have o1 < o1 Uos and A;MAy < Aj. Thus we have (o1)a, Moz = As = (o1 Uo2) A na, < (01)A,-
The symmetrical case is identical.

We do not detail the cases with sendable resource types, they are similar, but simpler since
more constrained.

We finally prove property (5). We once again proceed by induction on the structure of 71. The
property is immediate if 71 is a plain type variable «, or one of the types unit, or dom(w), since
necessarily , = 7 =1 U7 = 71 M 7. If 7y is a multiset Ay, then by definition of M and U, 7 is
a multiset Ao, and we have fn(A; U Az) = fn(A1) U f(Az) and fn(A; M A2) C fa(Ar) U fa(Az).
All the other cases hold using the induction hypothesis. O

Lemma A.2 IfTF P: A, then we have fsv(P) = fto(P) = fuwv(P) = 0.

Proof: We proceed by induction on the typing derivation. The result is immediate since the only
syntactic construction that may include type variables are scope restriction for resource names,
and the typing rules NU.RES.1 and NU.RES.2 explicitly check that no type variable is free. a

Lemma A.3 Let ' P : 7 be the conclusion of a typing derivation. We have fn(t) C fn(T).
Proof: We proceed by induction on the typing derivation.

NiL, Voip, WILD Immediate.

NAME The free name that may occur in g6 are either in the range of 8, thus they are free in T’
by the typing rule hypothesis, of they already occur in ¢ and are necessarily free in T, since
these names occur in the type scheme and locality names cannot be generalized.

ADDR By induction, we have fn(chan(o; A)) C fn(T). Thus we have fn(c — A) = fn(chan(o; A)) C
fn(T).

Fun By induction, we have fn(r) C fa(T' + x : ¢). Since a variable x cannot occur in types, and by
hypothesis of the typing rule fn(o) C dom(T"), we thus have fn(c — 7) = fn(c)Ufn(r) C frn(T).

Dowm, PaR, TUPLE Immediate by induction.

NU.REs.1 We have by induction fn(A;) C fn(I + r : VB.(o)a). Since r may not occur in types,
and since fn(VB.(oc)a) C dom(T'), we thus have fn(A;) C fn(T).

NU.RES.1 We have by induction fn(A;) C fn(T +r : {(o)X). Since r may not occur in types, and
since fn((o)£) C dom(T), we thus have fn(A;) C fn(T).

Nu.DoM By induction hypothesis, we have fn(A) C fn(I') U {a}. Since we have a ¢ A — a by
hypothesis of the typing rule, we thus have fn(A — a) C fn(T).

Pass Immediate by induction since frn(A) U {6} U fn(A1) U fn(As) C fn(T).
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App Immediate by induction since fn(7) C fn(fun(o;7)) C fn(T).
TEST By property A.1(5), we have fn(m; U7) C fn(r1) U fa(r2). We conclude by induction.

JOIN Immediate. a

Lemma A.4 Let '+ P : 71 be the concluding judgment of a typing derivation. Let n be a name of
a variable. Let n' be a name of the same kind as n (a locality name, a resource name or a variable)
such that n' does not occur in the typing derivation. We have:

T{" fy b P{ fn} o 7{" Jn}
Proof: We proceed by induction on the typing derivation.
NiL, Voib, WILD Immediate.

NAME Since neither names nor variables may be generalized, we immediately have u{"/,} :
VB.0{"/,} € T{"/,}. We consider the instantiation 6{"/,} restricted to the domain of
0 and we prove that o{" /,}0{"/,} = ¢0{™'/,}. This is immediate since the domain of  only
include type variables, and since n' is fresh, thus {* /., }{"/u} = {"/.}.

We still need to prove that fn(ran(0{"/,})) C dom(I'{"/,}). If n is not free in ran(f), then
we have fa(ran(6{"/,})) = fa(ran()) C dom(I), and we conclude by remarking that if n is
not free in fn(ran(6)), we also have fn(ran()) C dom(I'{"/,}). If n occurs in fn(ran(d)) then
the result is immediate, since by hypothesis of the initial typing rule, we have n € dom(T).

In all cases, we conclude by rule NAME.
ADDR Immediate by induction, since names are replaced by names of the same kind.

FuN If n is x, then the substitution has no effect, since variables do not occur in types, and since
x is not in the domain of I' (thus it is not free in I'). Otherwise the result is immediate
by induction, since n' does not occur in the initial typing derivation, thus the hypothesis
x & dom(D{"/,}) is satisfied. The hypothesis on the free names of o is also preserved by the
renaming.

DoM Immediate by induction since the renaming preserves the name kind.
PAR, TUuPLE Immediate by induction.

Nu.REs.1 If n is r, then the substitution has no effect since resource names do not occur in
types, and since r ¢ dom(T). Otherwise the result is immediate by induction, since n' does
not occur in the initial typing derivation, thus r ¢ dom(I'{"'/,}). Moreover, since we have
f(VB.(e)a) C dom(T), we then have fn(VE.(a{n’/n})A{nr/n}) C dom(T{"},}) as neither n
nor n' may be generalized.

Nu.RES.2 If n is r, then the substitution has no effect since resource names do not occur in
types, and since r ¢ dom(T). Otherwise the result is immediate by induction, since n' does
not occur in the initial typing derivation, thus r & dom(I'{" /,}). Moreover, since we have

fa((@)X) € dom(T), we then have fa((o{™ /u})X (v, ) C dom(T{™/a}).

Nu.DoM If n is a, then the substitution has no effect since a does not occur free in I" nor in the
type A — a by the typing rule hypotheses. Otherwise, the result is immediate by induction
since n' is fresh thus cannot be a.

Pass We remark that neither n’ nor n may be ¢ (which is a name type variable) nor p; nor ps
(which are multiset variables). We have (A — 6, p1,p2){" /n} = A{" /n} — (0, p1, p2), and we
conclude by induction.
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APpP Immediate by induction, since the type structure and subtyping relation are preserved by the
renaming of locality names.

TEST Immediate by induction, since the U and M operators commute with the renaming of a
locality name to a fresh one, and since the type structure of the type of the pattern is
unchanged by the renaming.

JOIN If n is one of the z;, then the substitution has no effect, since no z; is in the domain of T’
(thus every z; is different from every r;) and no variable may occur in types. Otherwise the
result is immediate by induction since the renaming is to a fresh name (thus the condition
on the z; still holds) and does not involve type variables. We also remark that the renaming
preserves the name kind, which is required for the typing of the resource names. O

In the following lemma, we write vn.P for either vr : s.P or va.P. As before, we say that two
names have the same kind if both are either resource names, locality names, or variables.

Lemma A.5 (a-conversion) LetT'F vn.P : 1 be the concluding judgment of a typing derivation,
and n' be a fresh name of same kind than n. We then have T+ vn'.(P{" },}) : T.

Let ' F Ax.P : 7 be the concluding judgment of a typing derivation, and y be a fresh variable.
We then have I' = Ay.P{Y/,} : 7.

Let T' & (rimy | ... | tpzn> P) @ 0 be the concluding judgment of a typing derivation, and
(7:) €17 be tuples of fresh and pairwise distinct variables (of same size as the T;). We then have
TH@yi |- | tnn> P{¥/z 1) : 0.

Proof: In each case, the last typing rule applied is necessarily either NU.RES.1 or NU.RES.2 for
a scope restriction of a resource name, NU.DOM for a scope restriction of a locality name, FUN for
a A-abstraction, and JOIN for a reaction rule. In each case we use lemma A.4 with the typing of
the guarded process (several times for the reaction rule case). As concerns the resource restriction
or the A\-abstraction cases, the resulting type is the same (since variables and resource names do
not occur in types), and the typing environment I" is not modified (since the renamed name does
not occur in the typing environment by the hypothesis of the typing rule). We conclude by rules
Nu.REs.1, NU.RES.2, or FUN since the condition on types is not modified by the renaming (only
locality names may both occur in types and in the domain of T') and since the new name is fresh.
As concern the reaction rule case, the type and the typing environment I' are not modified by
the renaming. We may conclude by typing rule JOIN since the new names are fresh, the resource
names are not modified, and the other conditions on the types are not modified. As concern the
case of the restriction of a locality names, we know that a is not free in I' by hypothesis of rule
Nu.Dow, thus T is not modified by the substitution. Moreover, a occurs at most once in A, thus
A{¥/,} —a' = A —a and the final type is identical. We may conclude by rule Nu.Dow since a' is
fresh (thus may not be free in I'). a

Proposition A.6 (Subtyping and passivation) Let o be a type of the following shape:
dom(d) = (unit — A;) — fun(unit — As; A)
For any type o' such that o' < o, the shape of o' is necessarily:
dom(d) = (unit — A}) — fun(unit — Aj; A')
with A" C A, Ay C A}, and Ay C AL

Proof: There are three cases depending on the shape of fun(unit — As; A). We only detail the
case where ¢ is dom(§) — (unit — A;) — (unit — Az) — A (the other cases are simpler).

Since we have ¢/ < o, we necessarily have ¢’ = dom(d) — 7 with 71 < (unit — A;) —
(unit — Az) — A. This is the case because the result type of the first arrow in o is not a process
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type, thus the only possible subtyping rule that may apply is between functional types. Moreover,
the first argument of ¢’ has type dom(d) since it is the only supertype of dom(d).

We now detail 7, which necessarily has the shape 7, = 07 — 7» with unit — A; < 0y and
7o < (unit — As) — A. As before, the only subtyping rule that applies is the one between
functional types (the result type is not a process type). As the only supertype of a functional type
is a functional type, we have o1 = o] — 7{ with ¢f < unit (thus o] = unit) and A; < 7{ (thus
71 is a multiset A} with A; C Af).

We now detail 5. Since we have 72 < (unit — As) — A, 7» has one of the following shapes:

1. g9 — A’ or
2. <O'2>A/ or

3. <0—2>z/.

with unit — Ay C o9 and A’ C A. We remark that we may more concisely describe 75 as
fun(o2; A"). With an identical argument than for o1, we deduce that o2 has the shape unit — A,

We thus have ¢’ = dom(d) = (unit — A}]) — fun(unit — AL; A') with A; C A}, Ay C Al
and A’ C A. ]

Lemma A.7 (Typing and contexts) Let C(- : 7T) a typing context and P a process such that
PHC(-:7):m and "+ P : 7" with 7' < 7, where I'" is the typing environment used to type the
contezt hole. We require C(P) to be a syntactically correct process.

We then have T+ C(P) : 7{ with 7{ <T71.

Moreover, if 7' = T, we then have 1| = 1.

Proof: We proceed by induction on the context structure. The additional property that the
resulting type is unchanged if the type of the process filling the hole is the same is immediate.

(- : 7) We necessarily have IV =T, and by hypothesis '+ P : 7/ < 7.

vr : s.C The last typing rule used is necessarily NU.RES.1 or NU.RES.2, depending on the shape
of s. The result is thus immediate by induction.

va.C' The last typing rule used is necessarily Nu.DoM. By induction, we have a typing derivation
for I' + a : dom(a) - C(P) : A" with A’ C A. Since we have a ¢ A — a, we also necessarily
have a ¢ A" —a and A’ — a C A — a. We conclude using rule Nu.Dowm.

Az.C' The last typing rule used is necessarily FUN. By induction, we have a typing derivation for
P+xz:0kF C(P): 7 with 7' < 7. We may apply rule FUN and conclude by remarking that
o7 <o

a(()[Q] and a(P)[C] Immediate by induction, since the last typing rule used is necessarily DoM.
C | @ and P | C' Immediate by induction, since the last typing rule used is necessarily PAR.

pass C' The last typing rule used is necessarily PAss. Thus by induction we have a typing deriva-
tion for ' - C(P) : o, with o{, < oy. By proposition A.6, of, has the expected shape.
Moreover, p; still occurs in A} since p; € Ay C Af, and similarly we also have py € Al.
Finally, we have §, p1,p2 &€ A" — §, p1, p2 since A’ C A. We may conclude by rule Pass, and
we have A’ — (67 PI;PZ) - A-— (67 p17p2)'

CQ and PC In both cases, the last typing rule used is necessarily ApPpP. In the first case, by
induction we have a typing I' F C(P) : o} with 0% < op. By definition of the subtyping
relation, we have o = fun(c";7') with ¢ < ¢" and 7' < 7 (we do not prove this property,
the proof is identical to the one of proposition A.6). Since the subtyping relation is transitive
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(property A.1(1)), we have ¢/ < ¢”, and we may conclude by rule App with 7/ < 7 as
concluding type.

The second case is immediate by induction, relying once more on the transitivity of <.

([0 =C|P,Q), ([0 =V]C,Q) and ([u = V]P,C) In all cases, the last typing rule used is neces-
sarily TEST. The result is immediate by induction using property A.1(3), that indicate that
71 U 75 exists and is a subtype of 73 U 72, and the property that any subtype of dom(w) is

dom(w) and any subtype of chan(oy,; A) is of the form chan(a),; A').

(J>C) The last typing rule used is necessarily JOIN. The result is immediate by induction using
the transitivity of < to compare the type of the guarded process C(P) to the types of the
resources.

(P1,...,P;) The last typing rule used is necessarily TUPLE. We conclude by induction. O

From now on, we rely on lemmas A.5 and A.7 to work up-to a-renaming of names or variables
to fresh names or variables.

Definition A.8 (Well formed type variable substitution) A substitution 8 is said to be well
formed if and only if it is from plain type variables to types, from name type variables to locality
names or name type variables, and from multiset variables to multisets, and such that 66 = 6.

Lemma A.9 (Type variables instantiation) Let I' - P : 7 be the concluding judgment of a
type derivation, and 6 be a well formed substitution such that fn(ran(f)) C dom(I'8) = dom(T).
We then have T - P : 7' < 716.

Moreover, if 0 renames injectively name type variables to name type variables and multiset
variables to multiset variables that do not occur in the initial typing derivation (there is no condition
on plain type variables), we then have 7/ = 76.

Proof: We first remark that no type variable may be free in P, by lemma A.2. We proceed by
induction on the typing derivation, for any well formed substitution #. In most cases, the additional
property leading to 7' = 76 is immediate, we only detail the cases when it is not (rules Pass and
TEST).

NiL,Voip, WILD Immediate.

NaME We assume that the generalized variables of s = VE.U are disjoint from the domain and
variables in the range of . We then have u : V5.00 € I'. We let ¢ be the instantiation from
s to 0. We remark that the substitution ¢f restricted to the domain of ¢ is an instantiation
of s to opfh. We show that we have cd8pf = opf. We first consider a generalized variable of
s, for instance 8. By hypothesis, § is not in the domain of # thus we have 88 = 3, and we
conclude. Otherwise, we consider a type variable 8 that is not generalized (thus B¢ = 3).
The generalized variables being disjoint from the variables occurring in the range of 6, we
thus have B0y = (6, thus 50pf = 500 = 0 = fph. Thus ¢f is an instantiation from V3.06
to o).

We now show that fn(ran(ef)) C dom(I'd). This is immediately the case since we have
fn(ran(pd)) C fa(ran(p)) U fa(ran(d)) C dom(I') U dom(I'0) = dom(I'9).

ADDR By induction we have ' - r : 7/ with 7' < chan(o6; Af). Thus necessarily 7' is of the form
chan(o'; A") with 06 < ¢' and A’ < Af. By induction we also have I'0 I a : dom(wf) (since
the only subtype of dom(wf) is dom(wé), and since wé is either a name type variable or a
locality name), thus by rule ADDR we have T'f F a.r: o’ — A’ with ¢’ - A’ <o — A#.
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FuN By induction, we have a typing I'0 +z : 06 F P : 7/ with 7/ < 6. Since the domain of 6 only
include type variables, we have dom(I'd) = dom(I'). We now consider a name of of. Either
the name is not in the range of 6, then it is necessarily present in o, thus it is in dom(T") by
the hypothesis of the initial FUN typing rule. Otherwise, by hypothesis of the lemma it is
also in dom(T"). Thus we have fn(c6) C dom(I'd). We may apply rule FUN, and we conclude
by remarking that 6 — 7' < o6 — 76.

Dowm, PAR, TUPLE Immediate by induction.

Nu.REs.1, NU.RES.2 Immediate by induction, the type associated to r having no free type vari-
able (thus staying unchanged by the substitution), and since dom(T'f) = dom(T").

Nu.Dowm If a occurs in the range of 4, it is first a-renamed to a fresh name. The result is then
immediate by induction, since aff = a and a is not in the range of 8, thus (A —a)f = A —a.

Pass If the type variables §, p1, or ps occur in the domain or in the range of 6, we first rename
them injectively to fresh variables §', p!, and p} using the induction hypothesis. We remark
that fn(ran({%*+*2/s ,, ,,})) = 0. The type variables 8, p;, and py are not free in [’ by
hypothesis of the initial PAss typing rule. We thus have (since the renaming in injective to
fresh variables, thus we are in the case where the result type is equal to the substituted type):

rEv: UV{6’7p;7pl2/5701702}

As 4, p1, and py occur each at most once in A, and as §’', p}, and p,, are fresh, those variables
. (5’, /7 ’ _ (5’, 77 ’
occur at most once in A{?P1f2/5 , 1 and we have A — (6, p1,p2) = A{? P2/, .} —

(0", p1, P)-
We now apply the induction hypothesis on the new derivation for V', and we obtain:

ro+Vv:oly,

with o, < cTV{‘S’’f’ll"’IZ/(;,php2 }6. By proposition A.6, o, is of the form dom(d’) — (unit —
AY) > fun(unit — AL A) with Ay (TR 00 C AL Aa{T #8410 C A, and
AT C AL AR5, 3.

Since we initially have p; € Ay, vyelhatve ph € A {9Przfs 3. As p! does not occur in the
domain of §, we have p} € Aj{®*1r2f5 , . }0. Thus we have p} € A}. Similarly, we have
py € A,

We also have &', pi, ph & fo(T8) U (A" = &', pi, pb), since neither &', p}, nor p), occur in the
range of #, and since they all occur at most once in A{?P1P2f5 1.

We may apply the Pass typing rule. We now study the resulting type. We have (since the
variables &', p!, and p), occur neither in the domain nor the range of 6):
Al — (6I7pllap12) g A{6 7pl,pz/ﬁ,pl,l&}e - (6I7p117p12)
= (AL 0P2s g} = (8,01, 95))0 = (A = (8,1, p2))0
In the equality case, we have A’ = A{%»1r2/s 10 and we deduce that A’ — (&, !, ph) =
(A = (8, p1,p2))0.

APp By induction, we have I'§ - P : o) with o < fun(o8;78). Thus o} is fun(c”;7") with
of < o' and 7" < 76.

We also have, by induction, I'0 - @ : o, < o'6. Since we have o' < o, by property A.1(2)
we have 0’0 < o8, thus by transitivity o < o”. We may apply typing rule APP to yield:

ro-prPQ: <10
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TesST We first show that if 71 U 7» is defined (respectively if 71 M 7 is defined), then 710 U 756 is
defined (respectively 716 M 726 is defined) and we have 716 L 758 < (11 U 72)8 (respectively
(11 M 72)0 < 710 M 726). This property is immediate by induction on the type structure, and
is based on the facts that (A, A")8 = Ag,A’8, that (ANA"E C AGN A’ (this last inclusion
is an equality if name type variables and multiset variables are renamed injectively to fresh
variables), and that rUT =7MN7 =17.

By induction, we have T'd + p : o' with ¢’ < 0. If o is dom(w), then o' is necessarily
dom(w#). If o is chan(o,; A), then o' is necessarily of the form chan(o),; A').

By induction we then have ' + P : 7{ < 16 and '8 F Q : 75 < 7260 (we do not detail the

typing of the tested value). We have by A.1(3) that 7/ U7} is defined and m{ U7, < 10Um0 <
(Tl ] T2)0.

We conclude by rule TEST.

JOIN We first rename the generalized variables so that they occur neither in the domain nor the
range of . Thus the generalization conditions are unchanged, as well as the condition on the
formal parameters of the Join pattern. We also remark that the status of the resource names
is not modified by the substitution, and that the shape of their types is also not modified.
We may conclude by induction on the typing of the guarded process yielding type A"” C A'6,
and by rule JOIN since A” C A’ C A46,...,A,8. a

Lemma A.10 (Weakening) Let I' - P : 7 be the concluding judgment of a typing derivation,
and u be a name such that u & dom(T). We then have, for any type scheme s, T+ u:st P: 1.

Proof: We proceed by induction on the typing derivation. Most cases are immediate, we omit
them.

Fun If the variable z is u, we first a-rename it to a fresh variable (we remark that  cannot occur
in s). Otherwise this case is immediate.

Nu.REs.1, NU.RES.2 If the resource name r is u, we first a-rename it to a fresh resource name
(we remark that r cannot occur in s). Otherwise this case is immediate.

Nu.Dowm If the locality name a is u, or if a is free in s, we first a-rename it to a fresh locality
name. Then this case is immediate.

Pass If §, p1, or p2 occur free in s, we first rename them injectively in fresh type variables using
lemma A.9. We remark, as in the PASS case of the proof of this lemma, that the final typing
judgment is unchanged. We then conclude by induction.

JOIN We first remark that « cannot be one of the r; since we have u € dom(I'). If u occurs in
one z;, we first a-rename this variable in the Join pattern. Moreover, if a generalized typed
variable of a resource type scheme occurs free in s, we also rename it. We immediately
conclude by induction on the typing of the guarded process. a

Lemma A.11 (Strengthening) Let I' + a : dom(a) - P : 7 be the concluding judgment of a
typing derivation, such that the locality name a does not occur in fn(P) U dom(T). We then have

{Y% - P:r{%}.
Let T +r: st P: 1 be the concluding judgment of a typing derivation, such that the resource
name r does not occur in fn(P). We then have I' - P : 7.

Proof: We first remark that T'{?,} is a typing environment since a does not occur in the domain
of . We thus have dom(T) = dom(T'{,}).
We proceed by induction on the typing derivation for both properties.
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NiL,Voip, WILD Immediate.

NaME In the case of removing a resource name r from the typing environment, we first remark
that the name being typed wu is different from 7 since r does not occur free in P. Moreover,
the only names that may occur free in the range of # are domain names, thus the condition
fn(ran(f)) C dom(T") is satisfied. We conclude by rule NAME.

We now consider the case of removing a locality name a. As in the previous case, the name
u being typed is necessarily different from a. By hypothesis of the typing rule, we have
u:Vp.0 €T, thus we have u : V5.0{%,} € T{%,}. We assume that the initial substitution
instantiating the type of u is . We now consider the substitution 8{%,} restricted to the
domain of #. This substitution is an instantiation, and we have o{%/,}(8{".}) = (06){",}
(we remark that in the left-hand side of this equality, the substitution 6{%,} has dom(#)
as domain, whereas in the right-hand side of the equality, the substitution {%/,}, which is
not an instantiation since its domain include locality names, is applied to the type o#6).
Moreover, since we have fn(ran(f)) C dom(T') U {a}, we necessarily have fn(ran(6{%,})) C
dom(I'{%/,}) = dom(T).

We conclude by rule NAME.
ADDR Immediate by induction.

FUN In the case of a resource name, we remark that it cannot be a variable, thus we may apply
the induction hypothesis, since r € fn(P) <= r € fn(Az.P). As resource names do not
occur in types, the condition on the free names of ¢ stay unchanged, and we conclude by
rule FUN.

In the case of a locality name, we remark that it cannot be a variable, thus we may apply
the induction hypothesis, since a ¢ dom(I' + z : o) implies a € fn(P) < a € fn(Az.P).

We then have:
T{%} + o o{%} b P:r{%}

We now check that fn(c{%,}) C dom(I'{%,}) = dom(T'). This is the case since we have
fn(o) € dom(T") U {a}. We conclude by rule FuN.

Dowm, PaR, TUPLE Immediate by induction.

Nu.REs.1, NU.RES.2 In the case of a resource name r, we first remark that r is necessarily differ-
ent from the restricted name since r occurs in the domain of the initial typing environment.
We thus have r ¢ fn(P). The result is then immediate by induction, since resource names
do not occur in types.

In the case of a locality name, if the restricted name is r, we remark that we have, by
hypothesis of the lemma, a ¢ fn(vr:s.P). Thus we have a ¢ fn(P) (locality names are
distinct from resource names), and a ¢ fn(s). We apply the induction hypothesis to yield:

T{% ) +r:skP:A (%)
and we conclude by rule NU.RES.1 or NU.RES.2, since a is not free in s.

Nu.DoM The resource name case is immediate by induction.

We now consider the case of a locality name. Let b the locality name of the restriction. We
necessarily have b # a since a occurs in the domain of the initial typing environment. Thus
we have a € fn(P) and a ¢ dom(T + b : dom(b)). We may apply the induction hypothesis, to
yield:

{%.} +b:dom(d) - P : A{Y,}

The locality name b being different from a, we have (A — b){%,} = A{%,} —b. We then
conclude by rule Nu.Dowm.
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PAss The resource name case is immediate by induction.

We now consider the case of a locality name. By induction, we have:
L%} EViov{}
with o, = dom(8) — (unit — A;{%,}) = fun(unit — Ax{%.}; A{%.)}).

Since a and () are neither name type variables nor multiset variables, the other conditions
holds and we may apply rule PASS to yield:

T{%.} Fpass V : A{%.} = (6, p1, p2)

We conclude by remarking that (A — (8, p1, p2)){%} = A{%} — (6, p1, p2)-

APP The resource name case is immediate by induction.

We now consider the case of a locality name. By induction, we have:

D%} P fun(o{’fa}; 7{%))

and:

D% Q=o' {%}

Since we have ¢’ < o, we have o'{%,} < 0{%.}. We conclude by rule App.

TeST The resource name case is immediate by induction.

JOIN

We now consider the case of a locality name. The result is also immediate by induction since
the type of the pattern has correct shape after substitution, and since 7 {%,} U m{%,} =

(1 Un2){%}-

The resource name case is immediate by induction, since the resource being removed cannot
be one the resource names of the Join pattern. The generalization conditions immediately
hold as there are fewer free variables in the typing environment.

We now consider the case of a locality name. We may apply the induction hypothesis (vari-
ables cannot be locality names). We have:

D%} + 7100 {%} + ...+ T 0l %) F P2 A%}
We also have, since locality names cannot be generalized:
T :v@.(@{%})&{@/a} e T{%}
or

r;: <Ui{0/a}>zi{w/u} € F{m/a}

We remark that we still have A'{%,} € A1{%.},...,A,{%} and that the generalized type
variables of the resource type schemes of the Join pattern are not modified (neither a nor
() are type variables), as well as the free type variables of the typing environment. The
generalization conditions thus hold, and we may conclude by rule JOIN. a
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A.2 Subject reduction and progress

Lemma A.12 (Well-formedness of typing environments) Let I' - E(- : 7') : 7 be the con-
cluding judgment of the typing derivation for an evaluation context, with T' well-formed. Let I the
type environment used in the judgment of the typing derivation for typing the hole of E(- : 7).
Then T is well-formed.

Proof: We proceed by induction on the context structure, and rely on the context shape to
deduce the last typing rule used. We remark that the induction proceed in an unusual direction:
we suppose that the typing environment in the last typing rule used is well formed, we show that
the environment used in the hypotheses of this last rule are also well formed, and since the contexts
types in these hypotheses are smaller, we deduce using the induction hypothesis that the hole is
typed with a well-formed environment.

As concerns the well-formedness requirement on the free names of I, we only show that we
have fn(T") C dom(T") since we always have dom(T) C fn(T).

(-) Immediate, since I' = I".

EV, PE The last typing rule used is necessarily App. The result is immediate by induction since
the typing environment is not modified in the hypotheses of the typing rule.

vn.E We first consider the restriction of a locality name. In this case, the last typing rule used
is necessarily Nu.DoM. We show that I' + a : dom(a) is well-formed. This is the case
since the binding added has the correct form, and since fn(I' + a : dom(a)) = fn(I") U {a} C
dom(I") U {a} = dom(T" + a : dom(a)). We conclude by induction.
We now consider the restriction of a resource name. According to the type explicitly given
to the resource, the last typing rule used is either NU.RES.1 or NU.RES.2. In both cases,
the binding added to the type environment has the correct form. Moreover, we have by
rule hypothesis fn(s) C dom(T"), thus f(I' + 7 :s) = f(I') U {r} U fa(s) C dom(I') U {r} =
dom(T + 1 : s). We conclude by induction.

E| P, P|E, a(P)[E], a(E)[P], (P1,...,E,..., P;) Immediate by induction, the typing environ-
ment being the same in the hypotheses of the last typing rule (PAR, DOM, and TUPLE) in
all these cases. m|

Proof of lemma 3.2: We proceed by induction on the derivation of P = P’', and by case on the
rule used. Reflexivity and transitivity are immediate. Symmetry is proved for each case as we
consider the two directions of the structural equivalence.

S.Nu.PAR We consider the structural equivalence step: (vn.P) | Q =vn.P | Q

There are four different cases to consider: scope extrusion or scope intrusion, resource name
or locality name. In all cases, we have n & fn(Q).

We first consider scope extrusion.
If n is a resource name r, we have the following initial typing derivation:
P+r:skEP:A; r & dom(D)

T'kFwvr:s.P:A; Q@ : A
Tk (vr:s.P)|Q:A, A,

[NU.RES.X]

[PAR]

where NU.RES.X is either NU.RES.1 or NU.RES.2, depending on s, and with additional
conditions on s that are unchanged by the reduction.

Since we have r ¢ dom(I'), we may apply lemma A.10 to the subderivation for () and build
a type derivation whose conclusion is the judgment:

F+r:skQ: A,
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We conclude by typing rules PAR and NU.RES.X.
We now consider the case where n is a locality name a. We have the initial typing derivation:
I'+a:dom(a) F P: A a ¢ fn(T) a¢ (A —a)
'va.P:A;1—a 'FQ: A
Pk (va.P)|Q: (A —a),As

[Nu.DowM]

[PAR]

Since a is not free in I', by lemma A.3 and the derivation I' - Q) : Ay, we have a & As.

Since a is not free in T, it is not in its domain and we may apply lemma A.10 to the
subderivation for @) to obtain a derivation ending with:

I'+a:dom(a) - Q: As

We thus immediately build, using rule PAR, a derivation:

F'+a:dom(a) P |Q:A, A,
We remark that since a ¢ Ay and a € Ay — a, we have a & (A1, As) —a. We may thus apply
rule Nu.DowMm to conclude.
We now consider scope intrusion.
In the case of a resource name r, we have the initial typing derivation:
F'+r:skP: A F+r:skQ:As
P+r:sEP|Q:A, A r & dom(D)
Phuvr:s.P|Q:A, A

[PAR]

[NU.RES.X]

where, as in the scope extrusion case, NU.RES.X is either NU.RES.1 or NU.RES.2 depending
on the shape of s, and with additional conditions on s that are unchanged in this case.

Since we have r € fn(Q), we may apply lemma A.11 to the typing derivation for @, to yield:
r-Q:A,
We conclude by typing rules NU.RES.X for P and PAR.
We now consider the case of a locality name a. We have the initial typing derivation:
P ]F+a:dom(a)|—P:A1 F'+a:dom(a) FQ: A,
F'+a:dom(a) FP|Q:A, A

agfal) ad(A1,8)—a
FFva.P|Q:(A1,A)—a

[Nu.Dow]

Since we have a € fn(Q) and a & fn(T) (thus a ¢ dom(I')), we may apply lemma A.11 to the
typing derivation for ) and obtain:

LkQ:A{"%)

since T{?,} =T, as a ¢ fn(T).

By hypothesis, we have a ¢ (A;,As) — a, thus a occurs at most once in Ay, Ay. If a
does not occur in Ay, we then have (A1, Ay) —a = (A} —a), Ay = (A; — a), Ax{?,} and
a € A1 — a. Otherwise a occurs at most once in As and does not occur in Ay, and we have
(A1, Az) —a = (A —a),(Az —a) = (A —a),A2{%,} (since the substitution removes the
single a of A,), and we still have a ¢ A; — a.

In all cases, we may apply rule Nu.DoMm to P (since a ¢ A; — a), then apply rule PAR to
get the type (A1 —a), Ao{?} = (A1, As) —a.
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S.Nu.CTRL We consider the structural equivalence step: a(vn.P)[Q] = vn.a(P)[Q], with n # a
and n ¢ fn(Q).
As in the previous case, we need to consider four cases.

We first consider scope extrusion of a resource name r. We have the initial typing derivation:
P+r:skEP:A; r & dom(T)

Chur:s.P:A 't a:dom(a) FEQ:A,
I'Fa(vr:s.P)Q]:a,A1, Ay

[NU.RES.X]

[DomMm]

where NU.RES.X is either NU.RES.1 or NU.RES.2, depending on the shape of s.
The type of a is dom(a) in T since T is well-formed.

Since r ¢ dom(T"), we may apply lemma A.10 to the typing derivations for a and @ to yield:
P+r:ska:dom(a)

and:
F+r:skQ: A,

We now apply rule DoM to obtain the derivation:
P+r:ska(P)Q]:a,A1, A

and we conclude by rule NU.RES.X.

We do not detail the proof for the scope intrusion of a resource name r, since this proof is
very similar to the previous case, except that it relies on the hypotheses r # a and r € fn(Q)
to use lemma A.11 to strengthen the type derivations for a and Q.

We now consider the scope extrusion of a locality name b. We have the initial typing deriva-
tion:
F'+b:dom(b) - P: Ay b¢ fn(T) bg Ay —b
T'FvbP:A;L -0

[Nu.DoMm]

't a:dom(a) F'FQ: A,
'k a@b.P)[Q]:a, (A —b),As

[DowM]

Since we have b & fn(T’), we may apply lemma A.3 to the subderivation I' - @ : A,y to deduce

that b & As. Moreover, since we have b € dom(T'), we may apply lemma A.10 to yield:
IF'+b:dom(b) Fa: dom(a)

and:
F+b:dom(b) FQ: A,

We may now use rule DOM to obtain:

I'+b:dom(b) F a(P)[Q]: a, A1, A,

Since we have b # a and b € A,, we have (a,A1,As) —b = a,(A; —b),As. Moreover, since
we have b ¢ Ay — b, we immediately have b & (a, A1, Ay) —b. We conclude by rule Nu.Dowm.

We now consider scope intrusion of a locality name b. Since we have b ¢ fn(Q) and b ¢
dom(T’), we apply lemma A.11 to the type derivation I' + b : dom(d) F @ : Ay to yield:

LFQ:A{"%)}
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Similarly, since b # a and b € dom(T"), we have by the same lemma:

'k a:dom(a)

In order to conclude, we need to show that b ¢ A; — b (to apply rule Nu.Dowm to P), and
that a, (A1 —b), A2{%} = (a, A1, As) — b (to make sure the final type is identical after rule
Dowm).

We recall that we initially have b & (a, A1, As) — b and b # a. Thus b occurs at most once in
A1, Ay, thus at most once in A;. We always have b ¢ A; — b.

If b does not occur in Ay, then we have (a, A1, Ay)—b = a, (A1 —b), Ay = a, (A1 —b), Ay {%}.

If b occurs in Ay, then it occurs only once and cannot occur in A;. We then have Ay — b =
Ay {?%) and A} —b = A;. Thus we have (a, A1, Ay)—b = a, A, (Ay—b) = a, (A1 —b), Ay {%}.

In all cases we may conclude by rule Nu.Dowm for P, then by rule Dowm.
S.Nu.ConT This case is identical to S.NU.CTRL.

S.a This case is immediate, since by lemma A.5 and A.7, typing is done up to a-renaming to fresh
names.

S.CoNTEXT This case is immediate by induction, since by lemma A.12 the typing environment
used to type the hole of the evaluation context is well-formed since I' is well-formed, by
induction hypothesis the structural equivalence step has the subject reduction property, and
by lemma A.7 (in the case where the type of the process filling the hole is identical to the
type of the hole), we build the final typing derivation yielding the same final type. a

Lemma A.13 (Substitution lemma) LetI'+z:0F P:7 andD -V : o' two typing derivations
such that o' < o, such that every resource name in I is bound to a type of the form VB.(O’HAT or
of the form (UT)ZT, such that every domain name is bound to a type of the form dom(w), and such
that every variable is bound to a monomorphic type.

We then have a typing derivation of the form T F P{V/,} : 7' with 7' < 7.

Proof: We proceed by induction on the typing derivation for P.

We first remark that if 0 = dom(w), then V is either a locality name or a variable, and if
o = chan(o,; A,), then V is either a resource name or a variable. To prove this, we first remark
that in the first case, o’ is necessarily dom(w) (which is the only subtype of dom(w)), and in the
second case, o' is some chan(o,; Al), by definition of <. Then we proceed by case on V. If V is
(), then the only typing rule that applies is VOID and V' has type unit. If V is a A-abstraction,
then by FUN its type is a functional type, if it is a tuple then by TUPLE its type is a tuple type. If
V' is an addressed resource name, then by rule ADDR its type is a functional type. The only cases
remaining are variables, that may have any value type, resource names (then by rule NAME its
type is some chan(ol.; Al), by hypothesis on I') and locality names (then by rule NAME, its type
is necessarily dom(w), by hypothesis on T').

We also remark that for any value V' such that T'+z : 0 - V' : 7, the process V'{V/.} is a
value. We proceed by case on V. If it is (), a resource name r, a domain name a, or a variable
name y different from z, then the result is immediate since the substitution does not change V.
If it is a function, it is of the form Ay.P’ with y different from x (since this function is necessarily
typed using rule FUN that checks that the bound name is not present in the typing environment
[+ : o), thus we have (\y.P"){"/.} = Ay.(P'{V/.}), which is a value. If V' is =, then V'{V/.} is
V', which is a value.

NiL, Voib, WILD Immediate.
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NaAME If z is u, then the result is immediately the hypothesis I' -V : ¢’ since ¢’ < . Otherwise
the result is immediate since removing the binding for z : ¢ leaves unchanged the binding
for u, and since we still have fn(ran(f)) C dom(I'), as names in the range of § may only be
domain names, and not variables.

ADDR We first remark that if r is z, then o = chan(o,; A,) (since z is bound to a monomorphic
o and we have I' - x : chan(o,; Ay)), thus V is either a resource name or a variable and the
process obtained after substitution is syntactically correct. Similarly, we remark that if a is
z, then 0 = dom(w) (since z is bound to a monomorphic o and we have I' F z : dom(w)), thus
V' is either a locality name or a variable name. We obtain a syntactically correct process
after substitution.

By induction, we have I' - a{"/,} : dom(w) (since dom(w) has only itself as subtype) as
well as [' F r{V/,} : chan(ol; A!), since a subtype of chan(o,;A,) is necessarily of the form
chan(o].; Al) with o, < o). and Al < A,. We conclude by rule ADDR and we remark that
ol > Al <o. = A,

FuN By hypothesis of the FUN typing rule, we know that the substituted variable z is different from
the A-abstracted variable y, since z is in the domain of the initial typing environment. In order
to apply the induction hypothesis, we first weaken the typing 'V : o' tol'+y :0, FV : 0',
using lemma A.10 (which we may use since y & dom(T")). Moreover, we remark that we add
a binding of a variable to a monomorphic type to I', thus the other condition to apply the
induction hypothesis is satisfied. We thus have by induction the typing:

T+y:o, PV} 7

with 7/ < 7. Since we had fn(oy) C dom(T + x : o), we necessarily have fn(o,) C dom(T') as
only locality names may occur in types. We apply rule FUN which yields a type o, — 7' which
is a subtype of o0, — 7, and we conclude by remarking that (Ay.P){V/.} = A\y.(P{V/.}).

DoMm As in the previous cases, we rely on the typing of a to prove that a{"/,} is syntactically
correct. The result is then immediate by induction, as the only subtype of dom(w) is dom(w).

Par, TUPLE Immediate by induction.

Nu.REs.1, NU.RES.2 In this case we write s for the type of the restricted resource name r. We
first remark that r cannot be z since r does not occur in the domain of the initial typing
environment I' + = : 0. We also remark that variables do not occur in types, so we have
s{V/:} = s. We first weaken the derivation ' -V : ¢’ to L +7 : s F V : ¢/ by lemma
A.10 (since r & dom(I")). We remark that in both cases (restriction of a plain or sendable
resource), we extend the environment in a way that is compatible with the hypothesis of the
lemma. We may apply the induction hypothesis to yield:

D+r:skP{V,}:A

with Al < A;. To conclude by rule NU.RES.X, we remark that the name removed from the
domain of I'+ z : ¢ is a variable, thus cannot occur in types and fn(s) C dom(T) is satisfied,
and that (vr: s.P){V/.} =vr:s.(P{V/.}).

Nu.Dowm As in the previous case, a cannot be x. We also weaken the derivation ' H V : ¢’ to
'+ a:dom(a) -V : o' by lemma A.10 (since a & fn(T), thus a ¢ dom(T)). Since we extend
I" with a binding satisfying the lemma condition, we apply the induction hypothesis to yield:

I +a:dom(a) - P{V/,}: A

with A’ < A. Since we have a € A — a, we necessarily have a ¢ A’ — a, and we may
apply rule Nu.Dom. We conclude by remarking that (va.P){"/,} = va.(P{"/;}), and that
A'—a<A-—a.
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Pass By induction, we have I' - V'{V/,} : o}, with o},, < oy. By a remark at the beginning of

APpP

the proof, we know that V'{"/,} is a value. By proposition A.6, we know that of, has the
expected form dom(d) — (unit — A}) — fun(unit — AL; A’). Since we have A; C Al we
necessarily have p; € A, and similarly p; € A),. Since the typing environment is smaller,
we immediately have §, p1, p2 & fu(I"). Since A’ < A, we also have 0, p1,p2 & A" — 6, p1, p2
and A" — 6, p1,p2 < A =96, p1,p2. We conclude by rule PAss.

By induction, we have ' = P{V/,} : o/p with o < fun(op;7p). By definition of <, o/ is
necessarily of the form fun(o?; 73) with op < o and 75 < 7p.

By induction, we also have I' b Q{V/,} : of) with o, < 0. We have by hypothesis of the
initial typing rule og < op, we thus have:

ol <oq <op <

We conclude by rule App.

TesT By induction, we have I' & u{"/,} : o], with o], < 0,,. We first check that u{"/,} is a

JOIN

%
pattern. If p is _, a resource name r, a domain name a, or a variable y different from z, then

the substitution has no effect. If y is x, then o'—the type of V—is necessarily a subtype
of 0, which has the form dom(w) or chan(oy;; Aj}) by typing rule hypothesis. If o, has the
form dom(w), then ¢’ is dom(w), and by the remark at the beginning of the proof, V is either
a domain name or a variable, which is a pattern. If o, is of the form chan(o};; A}), then o’
is of the form chan(o; AZ) by definition of subtyping, then by the same remark V is either
a resource name or a variable, which are both patterns.

We remark as well that o), has the correct form by definition of subtyping.

As concerns the typing of the matched value V', we have by induction I' - V/{V/,} : 7{,. By
the second initial remark, V'{"/,} is a value.

The result is then immediate by induction, relying on property A.1(3) to prove that the final
type 11 U 74 exists and is smaller than 7 U 7.

If = is one the r;, then necessarily we have o = (&})Zi, as x cannot be a resource name. Thus
we have o' = o, since a sendable resource type only has itself as subtype. Moreover, V' is
necessarily a resource name or a variable r’. Since we have I' - r' : (@)Zi, then necessarily we

haver’ : <ETVZ'>L € T, since either r’ is a variable, which is necessarily bound to a monomorphic
type, or r’ is a resource name with a sendable resource type, which is monomorphic by the
lemma hypotheses.

We also remark that none of the z; may be z, since the former variables do not occur in the
domain of the initial typing environment I' + z : 0.

We apply lemma A.10 to weaken the derivation ' =V : ¢’ to'+x7 : o(+...4+T, : 0, F V : 0.
We remark that we only add variables bound to monomorphic types to I', satisfying the
hypothesis of the lemma. We may apply the induction hypothesis to yield:

F+§:T:87+...+.%vn:5;|—P{V/w}:A”
with A" < A’.
We now check that all the conditions of rule JOIN are satisfied to obtain the judgment:

DE (e {Vedan | eV} an e P{VL)) -0

First of all, if r; is not a variable, then it is not modified by the substitution, and the condition
on its presence in I' is a direct consequence of its presence in I' + = : o. If r; is x, then we
have r; : ((?i)zi eEl+z:0,V=r,andr: (@)Xi € I'. Thus the presence hypothesis is still
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satisfied with an identical type. By transitivity, we have A" < Ay,...,A,. We immediately
have (z;)* N dom(T") = () since we had initially (Z;)* N dom(I’' + = : o) = 0. As the resource
types are identical, and as the typing environment is smaller, the generalization conditions
still hold.

We thus may apply rule JOIN and conclude.
We remark that it is necessary for a sendable resource type to have no subtype, otherwise

this proof would not hold in this case (a generalization condition might break). a

Proof of theorem 1: We proceed by induction on the reduction step (the induction is only
needed for reduction under context and reduction between structural equivalence steps).

R.BETA We consider the reduction step (Az.P)V — P{"/.}
The initial typing derivation is:

F+z:0F-P:7 x & dom(T) frn(o) C dom(T)
'CXe.P:o—r r-v:o J'SU[APP]
' Az.P)V:r

[FuN]

As the typing environment I is well-formed (we recall that a well-formed environment does
not bind variables), we may use the substitution lemma A.13 with the typing derivation for
P, to yield:

r'+prP{V,}:7

with 7/ < 7.

R.IF.THEN We consider the reduction step ([u = V]P, Q) — P with match(u, V)
The initial typing derivation is (we omit the typing of g and V' which are not necessary for
this proof):
'-P:mn rcQ:mn
r+ ([/1, = V]P,Q) 1T U

[TEST]

Since we have 7 < 71 U 72 by A.1(4), we conclude by the subderivation T'F P : 7.
R.IF.ELSE We consider the reduction step ([u = V]P, Q) — Q with ~match(p, V).
The initial typing derivation is (omitting the typing of p and V):

'EP:m r-Q:n
IE(p=VIPQ): nUm

[TEST]

Since we have 75 < 71 U 72 by A.1(4), we conclude by the subderivation ' F @ : 7».
R.PAssiv We consider the reduction:

a(pass V' | P)[Q] = Va(A.P)(\.Q)

The initial typing derivation is:
'-Vv:oy

Pk passV : A3 'FP:Ap
'k (pass V| P): A3, Ap

[PAsS]
[PAR]

: 'k a:dom(a) F'-Q:Aq
I'Fa(pass V | P)[Q] : a,A3,Ap,Ag

[Dowm]
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with

oy = dom(d) — (unit — A;) = fun(unit — As; A)
A3 = A- 57 P11, P2

and p1 # p2, p1 € A1, p2 € Az, §,p1,p2 & fo(I') U As.
The type for a is deduced from the fact that ' is well-formed.

We first apply lemma A.9 to the subderivation for V' to rename injectively 4§, p1, and ps to
variables that do not appear in Ap nor Ag using substitution 6y. As neither §, p;, nor ps
are free in I', and as we are in the case where the resulting type is the same than the initial
substituted type, we have:

T'EV: U'Vev

We remark that oy 6y has still the same correct form, and all conditions for applying rule PAss
are satisfied. As §, p1, and ps respectively occur at most once in A, we have A — §, p1, p2 =
Ay — (6, p1, p2)Bv, thus the result after applying rule Pass is the same.

We suppose, to simplify the notation, that the renaming has been taken care of, and that
the final type variable names are still §, p;, and ps.

Thus we have {#Aride/s . Waleilofe 4 = {@8rlef 1 and the substitution 6 =
{wariBefs .} is well-formed.

By lemma A.3 and since I' is well-formed, we have fn(Ap) C fn(I') = dom(T"). Similarly, we
have fn(Ag) C fn(I"). We also have a € dom(T'). Thus we have fn(ran(f)) C dom(I"). We
may apply lemma A.9 with the substitution # and the derivation I' F V' : oy. We obtain
I'FV :ol, with of, < oy#, since §, p1, and p2 are not free in T'.

As p1 € Ay and p2 € Ay, we have Ay = p1, A} and Ay = po, A}. Thus we have oy =
dom(a) = (unit — Ap, (A}0)) — fun(unit — Ag, (AL0)); AB).

By proposition A.6, we have o{, = dom(a) — (unit — A}) — fun(unit — AJ; A”) with
Ap, (A16) C Al, Ag, (Ab8) C AY, and A” C AY.

We immediately have I' F A.P : unit = Ap and I' - A.Q) : unit — Ag by rule FuN.

Moreover, since Ap C Af and Ag C AJ, we have unit - Ap < unit — AY, as well as

unit - Ag < unit — Aj. We apply rule App three times (for a, A.P, and A.Q)) to obtain:

I'FVa(AP)(AQ) : A"

We now remark that A3 = A — 4, p1,p2. Thus we have A C Aj,d, p1,p2. Thus we have
A C Ag,a,Ap,Ag (since §,p1,p2 ¢ Asz). Since we have A” C A#f, the final type is a
subtype of the initial type Az, a, Ap, Ag.

R.REs We have the following reduction step:
(JoPY |1 Vi | oo | 7aVi = (J> P) | P{V;/&}
with (J> Py = (riz1 | ... | rhx, > P).
The typing of the initial process is:

(+)

[JOIN]

CH(JoP):0 Firl"}ﬂ..f.lrnv;:A[PAR]
CHE(JoPY | rmVi|. ... |mVa: A
To conclude, we need to replace the derivation I' - mVi [ ... ] Vo + A with the derivation

[+ P{V;/&;} : Ao with Ag C A.
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To this end, we now detail the typing of the reaction rule:

(ri:s; = V@.(@)Ai elorr;:s; = (UNi)Zi e I)iElt-nl
A< Ay, A, (@) Nndom(") =0 F—{—E:T:&T—{—...—NI-.%;N:&;I—P:A'
Vie[l.n]l.Binfl)=0 Vije[ln]fi#j = BinBi=0
() T (rzi|...|razn>P): 0

[JOIN]

as well as the typing derivation for each message, first for resources that have a plain resource
type:
Nae] " VBi.(Gi)a; €T (Gi) ai0; = Inst(VB:.(Gi)a,) i
Lkri:(Gibi)ase; FFVi:o]
'k ri"/ﬁi : Aiﬁi

[APP]

with fn(ran(8;)) C dom(T") and UNQ < 0;0;; then for resources with a sendable resource type:

ri: <0f'vl>zl el

I‘I—ri:(&}ﬁxi r+=Vv:o}
rr Tl"’/v;' : Ai

[NAME]

[APP]

with o/ < &;.

To simplify the presentation, we consider for sendable resources an empty instantiation sub-
stitution 6; (the identity) that has empty domain and empty range. We thus immediately
have fn(ran(6;)) C dom(T).

We have A = A16q,...,A,0, by several applications of the PAR typing rule for the messages.

We assume in the following that the generalized variables of the resource type schemes s; are
all distinct from the type variables occurring in the range of the #; (renaming these generalized
variables to fresh variables if necessary, in I' as well as in the typing of the guarded process
P, by lemma A.9, in the case where the final type is identical to the initial type).

The second generalization condition of the JOIN typing rule guarantees that no generalized
variable is shared by two type schemes, thus the domains of the #; are pairwise disjoint.
Moreover, the range of any 6; is disjoint from the domain of any 6; since generalized variables
are disjoint from type variables occurring in the range of the ;. Let 6 be the union of all the
substitutions 6;, we then have 860 = 6. Thus @ is a well-formed substitution.

Since we have fn(ran(8)) C dom(T) (as it is the case for every 6;), we may apply lemma A.9
to obtain:
F+zi:010+...+z,:0,0FP: A"

with A" C A'6 (we recall that the first generalization condition guarantees that generalized
variables, the domain of 6, do not occur free in I').

We have:
A"CAGCAG,...,A0=A

We now apply several times the substitution lemma A.13 (which is possible since the envi-
ronment is extended with variables bound to monomorphic types) and obtain:

T+ P{V;/&;} : Ao
with AO g A",

We remark that the order used to apply the substitutions does not matter, since no z; occur
in ', thus they cannot occur in V;.

We conclude by rule PAR.
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R.CONTEXT We consider the reduction step: E(P) — E(Q) with P — Q.
Since we have an initial typing derivation I’ - E(P) : 79, we split this derivation intoI” - P : 7
and I F E(- : 7) : 79, where IV is the environment used to type the hole. By lemma A.12,

I'" is well-formed. Thus by induction we have a type derivation I F @Q : 7 with 7 < 7. We
conclude by lemma A.7 to obtain I' - E(Q) : 7y with 75 < 79.

R.EqQuiv We consider the reduction step: P, — P with P, = P| — Pj = P,. We have the initial
typing derivation I' F P; : 1. By lemma 3.2, we have a typing derivation I' - P/ : 7. By
induction, we have a typing derivation I - Pj : 72 with 75 < 71. Finally, by lemma 3.2, we
have a typing derivation I' F P» : 7.

ROUTING Every routing step immediately satisfy the subject reduction property if we prove the
following cases: I' F a.rV : A implies ' -7V : A, '+ a.rV : A implies T' F i(a,r, V) : A and
I'ko(a,r,V):A.

For the first property, we have the initial typing derivation:

't a:dom(a) L'k r: chan(o; A)
F'ar:o0—= A

[ADDR] THV:o J'SJ[

— App]
'karV:A

We then build the derivation:

: ; Vo' "<
'k r:chan(o; A) ~I‘I—V o o' <o [APP]
FkFrv A

We now prove the second property. We only deal we the i resource, the o case being identical.
The initial typing derivation is the same as the initial one for the first property. We now
build the derivation:

i : Vadp.(dom(d), (a),,a), €T {a} U fn(o) U fa(A) C dom(T)
1? i: (dom(a), (0)a,0)aA

[NAME]

'+ a:dom(a) Tk r:chan(o; A) CHV:o
T+ (a,r,V) : (dom(a), chan(c; A),d")

[TUPLE]

(don(a), chan(o; A),0") < (dom(a), (0)a,0)
C'Fi(a,r,V): A

[APP]

since chan(o; A) is either (0)a or (o)X, and both are subtypes of (o)a.

We remark that the condition {a}Ufn(o)Ufn(A) C dom(T) is satisfied for the following reason.
Since we initially have I' F a.r : 0 = A, by lemma A.3 we have fn(o) U fn(A) C fn(T'). Since
I is well-formed, we thus have fn(o) U fn(A) C dom(T"). Moreover, as we have I' - a : dom(a),
we necessarily have a € dom(T"). O

Proof of theorem 2: This proof proceeds in three steps. We first show that for any well-typed
process P, the multiset locs(P) is the multiset of free and active localities of P. Then we show that
if we have a typing derivation I' = P : A with I" well-formed, then we have locs(P) C A. Finally
we show that if we have I' - E(- : A’") : A with A a set, then we A’ is a set.

The first step is immediate for most cases, by the definition of free and active, thus by definition
of evaluation contexts. However, the application and tuple cases are not immediate: we need to
justify that locs(PQ) = 0 and locs(Pi,...,P;) = 0, since those two constructions are allowed
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in evaluation contexts. To this end, we show that if we have a typing derivation I' F P : 7
where 7 is not a multiset, then P contains no process in evaluation context having a multiset
type. This implies there is no active domain in evaluation context in P. We proceed by induction
on the typing derivation, and only consider cases where the type of the conclusion of the rule
may not be a multiset. The cases NAME, VOID, WILD, and ADDR are immediate because of the
shape of the process typed which cannot be an evaluation context. The case FUN is immediate
since the process contains no subprocess in evaluation context (there is no evaluation under a
A-abstraction). The cases TUPLE and APP are immediate by induction (that we may apply since
no type in the hypotheses of the rules may be a multiset). All other cases either give a multiset
type to the process typed (NIL, DoMm, PAR, NU.RES.1, NU.RES.2, Nu.DowMm, PAss, JOIN), or are
not evaluation contexts (TEST).

Let ' F P : A a typing derivation. We may now show that a locality is free and active in P
if and only if it is in locs(P). We suppose that a is free and active in P. There is an evaluation
context E(-) such that no restriction for a restricts the hole and such that P = E(a(P")[Q']) for
some P’ and @'. We proceed by induction on the structure of E(-). Most cases are immediate,
except for the restriction, where we use the fact that a is not restricted, and the application and
tuple cases. For the application case, we remark that typing such an application P,(), necessarily
uses rule App. Moreover, we remark that the types of P, and (), cannot be multisets. Thus
neither P, nor (), contain processes in evaluation context that have a multiset type, thus no active
domain. The tuple case is identical. We now suppose that a is in locs(P). The result is immediate
by induction on the structure of P. For instance, we have a € locs(vn.P). Thus necessarily we
have a € locs(P) and a # n. Thus, by induction, a is free and active in P. Since vn.(-) is an
evaluation context, and since n is not a, a is free and active in vn.P.

We now show that if we have I' - P : A with I" well-formed, then we have locs(P) C A. We
proceed by induction on the typing derivation (we only consider the cases where the concluding
type may be a multiset).

NiL Immediate.
Dowm Since T is well-formed, we necessarily have w = a = a. We conclude by induction.
PAr Immediate by induction.

Nu.REs.1, NU.REs.2 Immediate by induction (we may use the induction hypothesis since the
extended environment is well-formed, as fn(s) C dom(I')). We conlude using the fact that
locs(P) \ {r} = locs(P).

Nu.DoMm We first remark that the extended environment is well formed. We apply the induction
hypothesis, thus we have locs(P) C A. We immediately have locs(P) \ {a} C A —a.

App Immediate since locs(PQ) = 0.

Pass Immediate since locs(pass V) = ().

TesT Immediate since locs(([u = V]P,Q)) = 0.
JoIN Immediate since locs({.J > P)) = §).

We now show that if ' - E(- : A’) : A where A is a set, then A’ is a set. We proceed as
in lemma A.12 by induction on the evaluation context structure. We recall that this induction
proceeds in the reverse direction compared to usual inductions on type derivations: we show that
the hypothesis of the last typing rule has a multiset type that is a set, then by induction we deduce
that the type of the hole is a set.

(-) Immediate since A" = A.

44



EV, PE, (Pi,...,E,...,P;) These cases cannot occur. For tuples, because the concluding type
is not a multiset type. For applications, we recall that well-typed processes that have a type
that is not a multiset cannot contain a subprocess in evaluation context that has a multiset
type. Thus for the application case, the function and argument do not have a multiset type,
thus the hole cannot have a multiset type.

E | P, P |E, a(P)[E], a(E)[P], vr : s.E In all these cases, the multiset type of the hypothesis is
included in the multiset type in the conclusion of the typing rule. Thus if the latter is a set
(by hypothesis), then the former is also a set and we conclude by induction.

va.E The typing rule used is necessarily Nu.Dom. Since A —a is a set and a occurs at most once
in A (as a ¢ A — a), then A is a set. We conclude by induction.

We now use these three results to conclude. Let I' F P : A a typing derivation with T' well-
formed and A a set. Let E(-) be an evaluation context and P’ a process such that P = E(P’). By
the first property, we know that the set of free and active localities of P’ is locs(P'). Let I - P’ : 7'/
be the subderivation typing P'. We know that P’ does not contain any active locality if 7 is not
a multiset. Otherwise, let 7" be A’. By lemma A.12, we know that I is well-formed. Thus by the
second property, we have locs(P') C A’. Finally, since A is a set, by the third property A’ is also
a set, thus locs(P') is a set: every free and active locality of P’ bears a unique name. O

45



