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Abstract. Traditional static typing systems for the pi-calculus are built around
capability types that control the readite access right on channels and describe
the type of their payload. While static typing has proved adequate for reason-
ing on process behavior in typed contexts, dynamic techniques have often been
advocated as mordfective for access control in distributeidtyped contexts.

We study the relationships between the two approaches — static versus dinyamic
— by contrasting two versions of the asynchronous pi-calculus. The foxfer,
comes with an entirely standard static typing system. The lafe@, combines

static and dynamic typing: a static type system associates channels with flat types
that only express capabilities, disregarding the payload type; a dynamically typed
synchronization complements the static type system to guarantee type soundness.
We show thatPi@ can be encoded intd” in a fully abstract manner, preserving

the respective behavioural equivalences of the two calculi. Besides yielding an
interesting expressivity result, the encoding also sheds light onflibetigeness

of dynamic typing as a mechanism for access control in untyped contexts.

1 Introduction

Static typing systems have long been established asfactiee device to control the
interaction among processes in the pi-calculus and related calculi [7, 8,11, 12]. In these
systems the communication channels are viewed as resources, and their types define
the capabilities needed to use them. Thus, for instan¢®; T) is the type of a channel
where one can output at tyfeand input at typeéS (provided thafl is a subtype of).
The nested structure of the types makes it possible to control the way that capabilities
are delivered and made available. To illustrate, a process knowing the name (or channel)
a at the typerw(r(S); w(S; S)) may output ora a full-fledged channel (with payload
type S) and be guaranteed that any (well-typed) process inputing will only be
reading on the channel received. This form of type-based control yields powerful tech-
nigques to reason on the behavior of processes in typed contexts: in fact, by putting
enough structure on the types of the shared channels, one may gain strong control on
the interaction of a process with any typed context. Unfortunately, these techniques do
not scale well, if they scale at all, to more general, potentially untyped, contexts.

To address this shortcoming, [2] introduces a variant of the asynchronous pi-calculus,
namedaPi@, in which the ability to control the use of channels relies on a combination
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of static and dynamic typing. The types of channels are still formed around capabili-
ties, but inaPi@ they only exhibit the “top-level” regdrite capabilities, disregarding

the types of the values transmitted. Given this simple type structure, the type system
is much less fective in providing control on the use of channels. To compensate that,
API@ includes a new form of output construct, no&d@By), that relies on a type co-
ercion to enforce the delivery afat typeB. A static typing system guarantees that

may indeed be assigned the coercion tip&hile a mechanism of dynamically typed
synchronization guarantees tlas received only at supertypes Bf so as to guarantee

the type soundness of each exchange.

As argued in [2], the new typing system succeeds in its goal to provide reasoning
methods for typed processes in arbitrary contexts. Indeed, [3] shows that the processes
of API@ may be implemented as low-level principals of a cryptographic process cal-
culus based on the applied pi-calculus [1], while preserving their behavioral invariants.
The present paper complements the work in [2, 3] by investigating how the combination
of static and dynamic typing inPi@ impacts on the ability to control the behavior of
processes with respect to traditional systems relying solely on static typingaBs in

We develop our approach by studying the (non)existenceasonableross-encodings
between the two calculi. By adapting existing notions of reasonableness from the liter-
ature [4-6, 9, 10, 13] to the type framework, we establish the following results.

For the forward direction, we complement a result from [2] and show (i) that there
exists a type preserving amdasonableencoding ofaPr into APi@ and (ii) that no
encoding with such properties can be fully abstract. For the reverse direction, we show
that there exists no (sub)type preserving, reasonable encodiy@finto aPi. On the
other hand, we show that there exists a divergent encoding which is fully abstract. In
detail, we provide a sound and complete encoding of (monadi@® into APr with
recursive types. The latter result is interesting (and perhaps surprising) as it establishes
a connection betweexPr and the fully abstract implementation developed in [3]. In
particular, it allows us to isolate the fragmentadh for which the implementation of
[3] is fully abstract.

Plan of the paper.§2 and§3 review the calculi and the definition of reasonable encod-
ings. §4 provides a fully abstract encoding of (monadi®@ into aP1, §5 concludes
with final remarks. Technicalities are in the Appendix.

2 Static and Dynamic Typing in the Pi-Calculus

We presuppose two countable sets of names and variables, ranged ayly.by, n,m
andxy, ..., respectively;u, v range collectively over names and variables whenever
the distinction does not mattar, T, A denote (possibly empty) tuples of values, and
static and dynamic types, respectively; the notati@?A"is a shorthand for the tuple
Vi@A., . .., Va@A,; a corresponding convention appliestoA. SyntacticallyaPr and
APi@ differ only in the form of the communication primitives, and in the structure of
the types. The productions are as follows:



AP — Static Typing
Processses P,Q 1= 0| P|Q | (vn:NS)P I'P |~[u=v] P; Q| TV | u(x).P
Types S, T = T|KT) | W(T) | (S;T) | X|uXT

API@ — Dynamic Typing ) )
Processses P,Q = 0| P|Q| (vn: AP |!P|[u=V]P; Q | V@A) | u(x@B).P
Types A,B = T|riw]|rw

APris a standard version of the asynchronous pi-calculus with matching, denoted by the
construct {1=V]P; Q, and recursive capability typésla [7, 8]. We use the shorthand

rw(T) to meanrw(T; T). API@ replaces the input and output forms fraf with new
constructs that make explicit the types at which values should be exchanged. As antici-
pated, the types are reduced to the simplest structure that only represents the capabilities
associated with names.

Typing and Subtyping. In both calculi, the subtype relatiors are partially complete
pre-orders with a meet operatarand top typer. In aPr it is defined as in [7, 8], with
the standard extensions needed to handle the presence of recursive tyBe@ Bub-
typing is generated by the axioms <: {r,w} <: T. Type environmentsanged over by
I, I ..., are finite mappings from names and variables to types. We ivFit® to mean
thatPis well typed inl". The type environment,(u: TyisI,u: T if u ¢ dom(I); other-
wise itis the type environmeiit such that™(v) = I'(v) forv uandl”(u)y=runT
if I'(u) 1 T is defined. Subtyping is extended to type environments as expécted:”
wheneveldom(I") = dom(I™) and for allv e dom(I') it holdsI"(v) <: I’ (V).

Operational Semantics.The dynamics ofPi is expressed by the usual labelled transi-
tion system of the asynchronous pi-calculus. On the other hand, in order to express the
dynamics foraPi@, the inpyboutput labels of pi-calculus are extended with a type ca-
pability in order to force the synchronisation at the desired type. Below, we discuss the
different ways of synchronisation, and refer the reader to the appendix for full details.
av@h) Y% o ax@B).P Y pix) A< B

Dynamic Typing:
PIQ — P{¥/%}|0

2w %0 aw.pr pws)

Static Typing: _
P|Q — P{¥/X}|0

In APi@ the labels carry extra information about the types at which names are ex-
changed. More interestingly, however, these rules show the fundamentghedt na-

ture of the interaction with the context: kPt the context acquires the names emitted
at the read type of the transmission channel, whileRr@ the typeB is decided by

the process. In addition, processes of both calculi may synchronize wittaasition
when exhibiting complementary labels that, in the caseRo®, are required to agree

on the type of the values exchanged, aa(W@A) anda(v@A).

LIn fact, in [7, 8] the types are not recursive; however, as far as we see, the generalization is
harmless for the results relevant to our present endeavor.



The notion of observational equivalence is based on the usual notion of barbed
equivalence and is mediated by the type capabilities that the contexts possess on the
names shared with the processes. It relies on the definiticordigurationsof the form

I>P-5 17> P, which identify the actions of the proceBghat may be observed
by the type environmenf. Thus’ represents what contexts know of the names shared
with P: remarkably,P may know those names at more precise types fhaas? > P

is a well-defined configuration only if there exigis<: 7 such that” + P.

Definition 1 (Type-indexed Relation).A type-indexed relatiof is a family of binary
relations between processes indexed by type environments. WE iR Q to mean
(i) that P and Q are related bR and (ii) thatZ > P andZ > Q are configurations.

Definition 2 (Contextuality). A type-indexed relatioR is contextual when:

1. 7TEPRQimpliesZ,a: AE PR Qwith a¢ dom(7)
2. TEPRQandf ERimplys £ PIRR QIR
3. 7,a: AEPRQimplies] E (va:A)P R (va: A)Q

The definition of barbs is based on the actual capability of the codtext see
barbs. The notatiofi’(a) | indicates thaf” (hence the context) has a read capability on
the names, i.e., 7(a) <: r, only in that case the output action performed by the process
is observable by the context. Moreover we denote=by the reflexive and transitive

closure of—s.

Definition 3 (Barbs). Given a configuratiod > P, we say that
1. 7> Plaifand only if7"(a) | and PE 25,
2. I>Plaifandonlyif P= P’ andZ > P’ |a.

Definition 4 (Typed Behavioural Equivalence).The typed behavioural equivalence
is the largest symmetric, contextual and type-indexed rel&isnch that £ P R Q
implies

1. if 7k PlathenT E Qla
2. if Q — Q then there exists ‘Guch that Q= Q andZ P’ R Q'.

The typed behavioural equivalence is denotedag aPr and asy, in AP@.

3 Properties of Encodings

Formally, anencodings a map from terms (processes) afaircelanguage to terms of
atargetlanguage. However, when dealing with typed languages, where the behavior of
systems strongly depends on the capabilities of the observing context, it is reasonable to
encode not just processes but rather configurations of the fosnP. More precisely,
we build the encodind 7 > P ] upon two independent encodingsf ] for the context
and[ P for the proces® with respect to a type environmefitsuch that"” + P.

We assume that the encoding of typing environments satisfies the following two
natural requirements:



Typing Preservation - if I" + P, then there exists” <: [ '] such that™” + [ P];
Subtyping Preservation - if I' <: ", then[ '] <: [ ].

As stated below, these two requirements are enough to guarantee that the encoding of
configurations isvell defined

Proposition 1. Let[ ] be an encoding satisfying both typing and subtyping preserva-
tion. LetZ > P be a configuration in the source calculus afidbe a type environment
such thatl” <: 7 andI' + P. Then[Z] > [P]r is a configuration in the target
calculus.

Proof. Let 7 > P be a configuration anfl <: 7 such thaf” + P. By typing preservation
there existd™ <: [I"'] such thatt™” + [ P]. By subtyping preservatiofp/" ]| <: [ 1],
hencel” <: [ I']. Thus[Z ] > [P] is a configuration.

As for the encoding of processes, there is no agreement on what shoulgbbe a
notion of encoding. However, it seems reasonable to require that some intended seman-
tic properties are preserved godreflected by the encoding. A criterion for being a
good encoding is the popular notionfofl abstractionwhich requires that the equiva-
lence of source terms is both preserved and reflected. Preservation provides behavioral
completeness while reflection provides behavioural soundness.

Let ~5 and~; denote equivalences of the source and target language, respectively.
Then, fhe full abstraction property is formulated as follows. Let’ be two type en-
vironments such that <: 7, I" <: I, + PandI” + P’. An encoding[ ] is fully
abstractif it is both sound and complete:

Soundness (reflection of equivalence) -

[ZT1EIPIr =[P 1 impliesf P =g P.
Completeness (preservation of equivalence) -

TEP=sP implies[ZT1ELPIr~ [P 1.

4 EncodingaP1@ into aPr

In this section we presenta a fully abstract encodingRo@ into aPr. We first give the
details of how this can be done for the monadic fragmentFo@®. In § 5, we briefly
discuss how the approach can be generalized to the polyadic calculus.

4.1 First attempt

We start with a relatively simple approach, which almost work, but not quite. The idea
is to represent each namén API@ as a 4-tuple of names= (N, Ny, Ny, Nr), Where

each component of the tuple corresponds to one of the four types at which a synchro-
nization may take place am Thus, anaPi@ synchronization on at, say, the typev,

will correspond inaPr to a synchronization on,,. Clearly, this idea must be applied
consistently, hence exchanging a nameRn@ will correspond to exchanging a tuple



Table 1 Encoding functions (withfQ = u(x).P)

REap; (Q) £ u(X).TesTi (Q)
TesT (Q) £'1(2).[z=t]CommrT; (Q) ® Unpo| (Q) ; ABorT| (Q)  zfresh
Unpo, (Q) déf[<t>|U<>~<>
Commr; (Q) E' ()| P
ABorT| (Q) L' T(£)|TUK)
R @ R & (vi:rwO) () | i().P | i().Q) i fresh

in AP Hence, the outpuiv@A) can be represented as the corresponding ouliu}.
The input prefix requires a little more care, aslh@ the procesa(x@A).P may syn-
chronize with any output oo at a typeB <: A. In fact, given the present choice for
the representation of the output construct, it is easily seen that the behavior of the input
form u(x@A).P corresponds precisely to the input guarded chaiggaus(X).P?.

We may then formalize our first attempt by combining the intuitions just outlined
with the encoding of guarded choice from [9]. This results into the following definition.

(VAA) £ Tx(y)
(u(x@A).P) £ (v :w(T)) (I{)] [Ta<a !ReADI (UB(¥)-4 PD) )
(0P Py
([u=VIP;Q) Eur=v-1(P}:(Q)

Just as in [9], the encoding of input runs a mutual exclusion protocol, installing a local
lock on a parallel composition of its branches. The protocol is implemented by the
processes in Table 1, which we inherit, essentially unchanged, from [9]. The branches
Reap; (—) concurrently try to test the lock after reading messages from the environment.
Every branch can ‘black out’ and return to its initial state after it has taken the lock,
just by resending the message. Just one branch will proceed with its continuation and
thereby commit the input. Every other branch will then be forced to resend its message
and abort its continuation.

This re-sending of messages by ‘non-chosen’ and ‘blacked out’ inputs is what
makes the encoding diverge, thus making the encoding not reasonable. Given the re-
sult of Theorem (che non c’e’ piu’...) this is not surprising. Unfortunately, however, the
re-sending of messages is problematic also for type preservation. To see the problem
notice that asPi@ process may have just the read capability on a channel in order to
perform an input, while its encoding must also be granted a write capability in order to
run the mutual exclusion protocol.

The typing failure would not arise if we dropped the typand worked with just
three types: indeed, for this fragment«4%@ the encoding we just illustrated may be
shown to be type-preserving and fully abstract. For a more general, and robust solution,
one would need to move the responsability of running the mutual exclusion protocol
from the (encoding of the) input process to some other process possessing the required
capabilities.

2 For uniformity with the notation adopted for names, we wxite note a quadruple of variables
used to store name representations.



Table 2 Encoding ofaPi@ intoaPr — Types.
Client types
Tw & ®RW) T, E®RT) Ty £(T.W) T & (T,7T)
R & (Tr@w: Trars Traw, Trar) W £ (Twew: Twer: Twaw: Twar)

Tr@mw ! W(W(R, W)) Twaw o W(R, W)
Tar EwWWR, T)) Twer EW(R,T)
Trow = w(w(T, W)) Twaw EwW(T, W)
Tier EwWW(T, T)) Twar EW(T,T)
Server types

S ¥ (Rg, Ws)

Ry & (Sew San Sew Ser) W £ (Svew Swar Swews Swer)
Saw E w(w(R, W)) Svaw £ TW(R, W)
Sar Erww(R, T)) Svar Erw(R,T)
Sew Z'rww(T, W)) Svew = w(T, W)
Ser Erww(T,T)) Swver E (T, T)

Type Environments
0P & t:T.£: 7T IV AYET] (V) : Ta

4.2 A sound encoding

The solution is inspired by [3] and based on the representation of a channel as a process
that serves input and output requests, so that each exchange is the result of two separate
protocols. Given a name, we write Char(n) for the server associated with In the
input protocol, a client willing to input om and typeA sends a read request (in the
form of a private name) on the chanmgga. In the write protocol, a process willing
to output onn and typeB <: A sends its output on the channglgs. Char(n) is the
only process with read and write accesifs andnga, while clients will, at their
best, have write capabilities on these names. The s&@han(n) may therefore run
the synchronization protocol and send back the selected message on the private name
received by the reader client.

Collectively, each nama from APi@ is translated into the 8-tupla), where the
componentsiz = Nr@rw, Nr@r, Nr@w,> Nr@r are the names employed in the input protocol
to communicate the input requests at the corresponding types, while the components
Nw = Nwarw, Nwar Nwaw, 'waer Serve the same purpose for the output protocol. Thus,
for instance, the outpuv@rw) corresponds to the outpOfemw(Vv) and synchronizes
only with ny@nw(X). The the inpub(x@rw).P, in turn, first performs the outp@ifgmw(!),
wherel is a private channel that will be used Bhar(n) to reply back with a suitable
(tuple of) value(s).

Typewise, a read capability anin APi@ corresponds iaPx to a write capability on
all the names img, while a write capability om corresponds to a write capability on
the namesyy. The encoding of types is given in full detail in Table 2. With each type
Ain APi@ we associate a corresponding tuple of typgsas inT,, = (R, W) or Ty, =
(T, W) whereR andW are the client types associated to the names employed in the
readwrite protocols (according to the convention tingga @ Tr@a andnyaa : Twea)



Table 3 Encoding ofaPi@ intoaPr — Processes.
Clients

{0} £'0
{TV@A) | £ Tuaa(V)
{U(X@A).P} £ (vh:rw(Ta)) (Tr@alhy|h(X).{P}) where the nama is fresh
{PIQFE{PHIQ)
{(va: AP} £ (v(a):S) (| P} | Cran(a))
{[u=VvIP; Q) ey [Uar=Viel{1 P} {1 Q}
1P} E 1P}
Channel Servers
Cuan(u) &' 175 ' u@a(h).Croosk(u, A, h)
Croosg(U, A, h) " (vl :rw(T)) (I_(t) [TTg<a ' READ <UW@B(Z).E( Z)))
Complete Systems
{Phr (P} | [Tacdom(r)CHaN(E)

andT is the representation of the top typesli@. Notice that clients are only granted
write capabilities on the channels involved in the protocols, while the channel servers
know the same names at the lower tyfesandWs which grant them full access to
those names.

The processes aPi@ are then encoded as the clients of Table 3, which also defines
the channel servers, and the encoding of a complete system which includes channel
servers for all the free names of the system. The new encoding is well-defined as stated
below.

Theorem 1 (Type preservation).If I" + P in API@, then there existd” <: { '} such
thatl” + { P}r in aP1.

Also, we can show that the encoding is sound. The soundness proof follows a standard
pattern, but relies on a non-standard, and lengthy proof of operational correspondence.
The reason is that the encoding is not “prompt” [9], in that it takes several steps for the
encoding of a process to be ready for the commit action that correspondsse@e
synchronization on the channel. For this reason, the proof of soundness is not standard,
but it relies on the technique introduced in [3]. Essentially, we classify the transitions
of the encodings into two main groups: administrative affieiotive. The administrative
actions, noted byi, represent the transitions introduced by the encoding in order to
synchronize with the original process and enable the performance offdutivee ac-

tions. The &ective actions, noted by, actually correspond to actions in the encoded
calculus. In this case, the administrative actions are the input actions and the internal
synchronizations performed by the channel server, along with all the synchronizations
between the client processes and the channel server itself. This classification of actions
introduces a weaker form of behavioral equivalence,atiministrative bisimulation

~p, defined as in Definition 4, where> is replaced byA—A>, which represents a (possi-

. . . . Ay Ay
bly empty) sequence of administrative actions, ahdis replaced by—>i>—> .The

definition implies that the administrative equivalence is closed under administrative re-



duction, namely ifP LN P’ thenP ~, P’. The main property of the equivalence is the
following correspondence.

Proposition 2. Let P andl" such thatr” + P in sPi@. Then

1. fP -5 Pin API@ then there exist anffective actiond and a process Q inPr
such that| P} 25— Q and Qxa { P’ |-

2. IfQ=a{P}rand Qi> Q' in APy, then there exist a process &nd an actioru in
API@ such that P== P’ and @ ~a { P’}

Based on this form of operational correspondence, soundness is proved in a standard
way: first by observing that, is finer thanw, then by defining a type indexed relation
RasI £ PRPiff {1} E{P}r =~ { P |~ for somerl, " compatible withf and such

thatl" + Pandl” + P/, and finally by showing thaR is an asynchronous bisimulation
onaPi@.

Theorem 2 (Soundness)LetI” andI” be type environments compatible wifrsuch
thatl'+ Pandl” + Q inAP@. Then{Z } E{Plr ~, {Qlr implies? E P ~, Q.

The converse direction of Theorem 2 does not hold. The problem is that the properties
of the communication protocols are based on certain invariants for the channel servers.
Now, these invariants are verified by the servers that are statically allocated by the en-
coding, but this may fail to be true of the names, and the associated servers generated
dynamically by the context. Given that, it is easy to find a counter-example to full ab-
straction.

Example 1.Take for instancd® &' a(x@rw).x(y@rw).Xy@rw) andP’ £ a(x@rw).0. It
is easily verified that in thePi@ one has : w = P ~p P’. Now takel’ £'a : rw, and
consider the encoding of the two proces§gPgr = { P} | Cuan(a) and{ P’ | = {P'}|
Cuan(a), where:

{P} = (vh:rw(Tw))(@@mw () | h(X).(vK: r'w(T)) (X@w(K) IK(Y) - Xn@w(¥)))
N S TS ° ¢

. s (b:S)awa@m(b) .
Now we have the following transitiod:I'} > {P}, = {I'l,b:S > Qwhere

S is the server type defined in Table 2, g}, b : S £ Q ~, (vk: 'W(Tn))(bran(k) |
k(y).bwaw(y)). Sinceb : S implies bygny : ™w(w(Ty,)), the configuration| "}, (b) :

S > Q offers a barb oty.gny, Which is not dtered by any of the configurations reached
by{Ir'} > {P . Thus{I'} E {Plr %s { P }r, which shows that the encoding is not
complete.

4.3 Afull abstract encoding

In order to recover full abstraction, we adopt the idea of [3], which introdugeexy
serverthat manages the communications between the channel server, the context and
the processes. The new encoding introduces a separation betiieegmamesiised by

the context and the translated processes to communicate, and the correspooxiing



names,generated within the system and associated with system generated channels
which are employed in the actual protocols for communication.

The proxy server, ®xy, maintains an association table between client and server
names in order to preserve the expected interactions among clients. Thveriteguto-
tocol follows the same rationale as in the previous encoding, with ffiereince that
in this case the client must first obtain the access to the system channel with a request
to Proxy. The interaction between clients angbRy is as follows: the client presents a
name to the proxy, and the proxy replies with the corresponding server name, which is
cast at the (true) type of the name sent by the client. When the proxy server receives a
name for the first time, it allocates a fresh server channel that will be always associated
to that name, and in addition it defines a channel server for the new channel.

The definition of the proxy server, in Table 4, is essentially a typed variant of the
corresponding process introduced in [3fr&r is a process always ready to receive
inputs along the four channefs, one for eachA € {rw,r,w, T}, which are devoted
to the requests from the clients. These channels are known to the clients and to the
context at the typea : w(w(Ta), Ta), SO to guarantee the reading capability only to
Server. After receiving an input orpa, the Sirver starts a search on the association
table and replies with the requested system name. We omit the largely obvious details
of the implementation of the association table. We limit the formalization of the the
table to a proces7], where7 represents the structure of the table and the name
t : tbl allows access to its entries. Essentiallyjs a mapping between channel names
and server names. We writ@,(K) to say that the tuple of namesis associated to
the tuplek, meaning that the namgg, iS associated t&gn, the nameng, to kigr
and so on...The proxy server The proxy refers to the tHI¢ by means of the the
processmnn(n, t,r), wheren : T represents the entry (the client name) to findbl
is the table name and: w(T, S) is the reply channel where to send the proxy name
associated along with a boolean flag which says whether a new entry was created in the
table as a consequence of the request. The presegs, t, r) scrolls the entries df77]
and replies o the tuplek associated tm andt, in case the entry fon was already
defined, orf, in case the entry fon has been defined just to satisfy the current request.
Operationally we assume that

Fno(N, t, 1) [[77] 5, Ky[t[7]

in case (0, k) € 7, and that
Fnp(Nn, £, 1) [H[T] — (vk:S) (F(E K t[(n, k) 2 7])  with k fresh inT™

in case there is no entry forin 7, so that a new entry is created and it is associated to
a fresh tuplek. The proxy server then send back the proxy name to the client and sets a
channel manager for the proxy channel in case the first component of the replg on
f.

On the client side, the encoding is similar to the one given in Table 3. We only list
the most significant clauses in Table 4, and comment on fhereinces with respect to
the previous encoding below. First, the read and write protocol now must first link the
client name to the corresponding server name, and then it proceeds as desdfbad in

10



Table 4 Fully Abstract Encoding oAPi@ into aPr.
Proxy

Proxy &' (vt:tbl) (Server | t[])
SerVER &' [T ! pa(h, 2).(vr :rw(T, S))Senn(z h, r)
Senn(z h.r) &' (rvn(z. . 1) 7 (x. Y)[x=t]Ay); (ACy) | Cax(y))
Clients
(0D %0
(TWV@A) ) L' LNk (U, X) IN Xu@a(V)
(u(Y@A).P)r £ Lixky (U, X) v (vh:w(Ta)) (K@a(h) [N(Y).{ PDry.a)  with hfresh
(PIQ), € (P)/I(QDr
((va:AP)r £ (v(@): Ta) P)ran
([u=\IP; Q)r E'[uar=Vial( PDr; (QDr
('P)r E1(P),
Complete Systems
(PD;: £ (PDr | Proxy

The link between client and server names is accomplished as follows:
LNKr (8, X) IN P & (vh:irw(Ta))(Pach, @) |h(x).P) with A=TI(a)

whereP is (intended to be) the encoding for client processes defined as in Table 3.
Secondly, the encoding of a restriction may now be defined homomorphically, as the
allocation of the channel servers is entirely delegated to the proxy. Finally, note that
the encoding is parametric on the typing contExgince the reply of the proxy has to
exactly match the (true) type of the channel name.

The complete system is the composition between the encoding sPti@ process
and the proxy server. Note that we do not need to introduce channel manager, as done
in §4.2. In fact a channel manager will be dynamically allocated by the proxy server as
soon as a new proxy channel is created.

As for types, the encoding is unchanged from Table 2, while the encoding of con-
texts is defined as follows: I{) £ { '} U {pa : WW(Ta), TaM}acirwrw.y With { T} as in
Table 2. This encoding can be shown type preserving and fully abstract.

Theorem 3 (Typing preservation).If I" + P in APi@, then there existd” <: (I')
suchthatt” + () > Proxy|( P) in aPr

Theorem 4 (Full Abstraction). LetI” andI”” be compatible with? such thatl" + P
andI”+ Q. ThenZ EP~, Qifandonlyif( ) E Proxy|( P)r ~s Proxy|( Q).

It is now easy to see how this new encoding solves the inconvenience explained in
Example 1 against completene§svosTRA MEGLIO CON LE BARBE E I CONTESTI

5 Conclusions

We have studied how to expresBi@ in aPx via a fully abstract encoding. Then we
may seek an encoding froaPr into API@. It is a very simple observation thaP
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can be encoded intoPi@ as shown in [2]. The relevant clauses for the processes are
[T £ wvalr)y and[u®).Plr £ uE@I" (W).I P Irxirw. where|l(a)l
denotes the outermost capability/i@). This encoding, which is (sub)type preserving,

has been shown to be sound but not complete. As a matter of fact it can be shown the
non-existence of a sound and complete encoding that satisfies an additional condition
forcing the encoding of context environments to strongly respect the knowledge of the
source.

We may develop a éierent approach in studying the (non)existencesatonable
cross-encodings between the two calculi by adapting existing notions of reasonableness
from the literature [4-6, 9, 10, 13] to the type framework. In particular, the notion given
in [5, 6], which does not coincide with full abstraction, says that a reasonable encoding
(i) should preserve and reflect a basic observable behaviour, namely it should preserve
and reflect barbs without introducing new ones, (ii) it should respect the computation of
the original process (operational correspondence), (iii) it should not equate terms with
an infinite computation and terms with only finite computations, (iv) it should not de-
pend depend on the particular names involved in the original process (name invariance),
and finally (v) it should be compositional with respect the parallel operator. Indeed the
encoding provided above, froaPr to API@, is reasonable according to the previous
requirements. On the other hand, the fully abstract encodirig sftisfies just name
invariance. By following the same line as in [5] it can be proved that there is no reason-
able encoding fromPi@ into aPr.

We have studied the relationships between two typed versions of the asynchronous
pi-calculus, establishing the following results.

On the negative side, we have shown that no reasonable encodiRginfo APi@
can be fully abstract, and that there exists no reasonable encodiRy@finto aPr.
Based on the analogy we have identified between typed synchronization and guarded
input choice, the proof of the latter result can be re-used to substantiate a conjecture
from [9] and establish the impossibility of encoding the asynchronous pi-calculus with
input-guarded choice into its choice-free fragment, by a non-divergent translation pre-
serving weak bisimulation.

On the positive side, we have given a fully abstract, albeit divergent, encoding of
API@ into aPr. In its present form, the encoding only applies to the monadic fragment
of sAPI@, and requires the presence of recursive type®inn fact, the same technique
would work for the polyadic calculus, as long as we can count on a finite bound on the
maximal arity. In that case, everfPi@ channel may be associated t@felient tuples
of names, one for each possible arity. Simlarly, we could do without recursive types in
APy, as in the original formulation of [7, 8] by assuming a finite bound on the number
of cascading re-transmission via other names. In fact, the dynamic typBs@fallow
any channel to communicate its own name: in the general case, this requires (or at least
it appears to require) types with arbitrarily deep nesting, viz, recursive types.

In spite of these limitations, the fully abstract encoding is interesting as it allows us
to identify precisely the subclass of the static typesfthat correspond to the dynamic
types ofaAPi@ and it sheds light on how the dynamically typed synchronizatioPa®
may be simulated by a combination of untyped synchronizations on suitably designed
channels.
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A Typing and transition Rules

In this section we report the subtyping, typing and transition rules for the caleuli
andaPi@.

Table 5 Subtyping Rules fokPr.
ZrTo<t Ty - Tr <t T

2rT<T 2 (T, To) < (Tq,...,T)) SrT<T

>+ 0, < Tw S0y <Tw Tu<T T.< 0 >+ 1< G,

> w(Tw) <o w(Uy) > w(Tr; Ty < (U, Uy (T < ;)

ey < T SrTe< T
2 F (T Twy <o w(Tw) 2 F (T Twy < (T
ZuX Ty < Ty b Ty {uXTy/X) <: Ty 2Ty < uX Ty k Ty < To {uXTo/X)
SETi< T, 2rTi<i Ty

Judgments are enriched by a subtyping environment of the foemS <: §’,.. .}
WesaythaB<: TifOrS<: T

Table 6 Typing rules foraPr.
Environments

(ST-EMPTY) (sT-ExT)
I'ro I'lu:T
Eo Lu:Tero
Capabilities
(sT-su) (sT-MEET) (st-TuUP)

Lu:T,"ro T<T Tru:T Tru:T Truy:T (i=1...,n)

Lu:T,"ru:T Fru:(TnNT) T'F(U,...,Uy): (Te,...,Ty)
Procesees
(st-sTop) (ST-PAR) (s™IN)
I'ko I'eP I'tQ reu:nTy rx:THrP
rvo0 't PIQ I'ru(X).P
(sT-REPL) (ST-NEW) (st-ouT)
I'tP La:TrP rru:wT rev:T
rHP ' (va:T)P '+ WW)
(ST-MATCH)

Fru Ty, Ty THQ LU : T Ua:Toyko up: T, (Up: TP

I'+[u=u]P;Q
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Table 7 Operational Semantics faPi.

(s™1n)

a®).P % p /%)

(sT-OPEN)
PERY b e\ (agy
(vb:B)P (GBERD
(sT-comm)
P 0™y &nin(Q) =0

(st-ouT)
aw 2% o
(sTctxT)
PSP bnuw)nn(Q) =0
PIQ 5 PIQ
(sT-comm)
PP o R"q znmpP)=0

PIQ — (E:C)(P'|Q)
(sT-RES)

PL P

b ¢ n(u)
(vb:T)P - (vb: T)P’
(sT-EQ)

PSP

[u=uP,Q 5 P

PIQ = (&:0)(P'|1Q)
(sT-REPL)
PP
PL PP
(ST-NEQ)

Q> Q uzv

u=vP;Q 5 @

Table 8 Typing rules foraPi@.

Environments

(DYN-EMPTY) (DYN-EXT)
I'ro I'lu:A
ko rbu:Aro
Capabilities
(pYN-sUB) (DYN-MEET) (pYN-TUP)
FTu:Al'ro A<A T'tru:A Tru:A Frru:A (=1,...,n
Lu:AT'ru: A r'ru:(AnA) Tk (U,...,un): (A,..., Ay
Procesees
(pYN-sTop) (DYN-PAR) (DYN-IN)
ko r'eP I'rQ Fru:r IL{X:ArP
r'+0 I'+P|Q I+ u(X@A).P
(DYN-REPL) (DYN-NEW) (pYn-ouT)
r-p ra:ArP T'ru:w T+V:B
THP I+ (va:A)P I + LV@B)

(DYN-MATCH)
IF'ru: A, W A

I'rQ I,Up:AD),(U:A)kro

I'+[u=u]P;Q
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Table 9 Subtyping Rules fokPi@.

A <AL A<A
A< A w<:r w <:w A< T (A, .., Ay < (AL ... A)
Table 10Operational Semantics faPi@.
(pYN-IN) (byn-our)
ax@h) P % p/x) aved % o
(PYN-OPEN) (st-cTxT)
pE P o he@\(ag P-5 P bn(@)nin(Q) =0

o g PR PIQ-5PIQ
(s™-comm)
pEPRIM . oy AB &n fn(Q) =10
PIQ = (v&:C)(P'1Q)
(st-comm)
P p QR B A enfn(P) =0
PIQ — 0iE:6)(P|Q)
(sres) (ST-REPL)
PSP b¢n() PP
(b:T)P 5 (vb: TP P PP
o) (ST-NEQ)
PL P Q—>Q uzv
[u=ulP;Q — P’ e @

B Encoding AP1@ into aAP1

The aim of this section is to prove Theorem 1. First we prove some auxiliary results.

Lemma 1 (Subtyping Preservation).The subtyping lattice ofPi@ is preserved by
the recursive types of Table 2, that &, <: {T\, Ty} <: T-.

Corollary 1. If I' <: I'" in API@, then{ '} <: {I"’ } in aPx.

We define an auxiliary encoding for type environments, based on the new class of recur-
sive types depicted Table 11. The tugkandW are the same as §4, and are defined
by using the types of Table 2.
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Table 11 Auxiliary recursive types.

Saw E m(w(R, W)) Swaw £ W(R, W)
Sar & rww(R, T)) Sver Erw(R,T)
Saw & Ww(T, W)) Svaw = MW(T, W)
Saer E'w(w(T, T)) Svar Ew(T,T)

The definition implies thaSga <! Tr@a andSyga <: Tuwga for every typeA in
API@. The auxiliary encoding s is based on the typg £ (Rg, Ws), whereRg &'

(Sew> S@r» Sew. Ser) andWs £ (Su@w, Swar. Svaw, Swar)- ClearlyRs <: R and
Ws <: W. ThenS <: Ty, and thus Lemma 1 says that

S <: T for everyT € {Tyy, Ty, Tw, Tt} ()
The encoding |5 is defined as

10)s Et:T,£:T
{rv: Al E4rp:S

The observation (1) implies the following fact.
Fact 5 If I' is a typing environment iRPi@, then{ I' }s <: { '}

Moreover{ I }s is a good typing environment to type-check the channel manager asso-
ciated to a type environmedt, as will be clear from the following lemma.

Lemma 2. Given the typing environmeifitin APi@, then{I'},{(a) : S) + Cuan(a) in
AP for every ae dom(I).

Proof. Leta € dom(I") and consider @an(a) &' I7a ! u@a(h).Croose(u, A, h). In order
toprovethafI'},{(a) : S) - Cuan(a), we showtha{ I'}, {(a) : S) + uga(h).Croose(u, A, h)
for every typeAin aAPi@. The proof follows a common pattern for evekye {rw, r,w, T}.

For instance, leA = w and check thafI'},((a) : S) + U@w(h).Croose(u, w, h).
Essentially this amounts to derive

LA R W(T, W), 1 wdT), ((8) < S) + Reap (Uuaw(2).1(2)),
24T L0 w(T, W), 12 w(T), () © S) - Reap; (Uwam(2).(2)).

Consider (i). Letd; = { '}, h : w(T, W), | : i(T), (Zr, 2w) : (T, W),{(a) : S). Since
A1 F Uygw @ W(T, W) <@ w(T, W) and4; + h : w(T, W), the rules of Table 6 de-
rive 4, + TEsTy <uw@w(z).ﬁ<z>>. Moreoverd; + Uyaw : (T, W) <: KT, W), hence
(i) follows by (s-mvp). The point(ii) is analogous. Letl, = {I'}s,h : w(T, W),| :
W(T), (Zr,Zw) : (R, W),((@) : S). Sinced, + Uygw : ™W(R, W) <: w(R, W) and
A F h:w(T,W) <: w(R, W), the rules of Table 6 derivé, + TesT <uW@rW(z).ﬁ(z)>.
Moreoverd; + Uyanw : TW(R, W) <: (R, W), hence (ii) follows by ¢r-inp). Now, points
() and (i) imply { '}, h : wW(R, W), {(a) : S) + Croose(u, w, h) by (st-repL), (sT-PAR) and
(stNEw). Then, sincd '}, h : w(R, W), {(a) : S) F Urgw : 'W{W(R, W)) <: {(Ww(R, W)),
an application of the rulet-ine) concludes that "}, ((a) : S) r U;@w(h).Croosg(u, w, h).
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As already said, the typing judgemdt |}, ((a) : S) + u@a(h).CHoosEe(u, A, h) can
be derived in a similar way also wheis rw, r, or T. Thus{I'}},{(a) : S) + Cuan(a)
follows by (s-repL) and €1-par).

The following corollary is a forthright consequence of this lemma and of the fact that
dom(I") € dom(J) whenever” <: 1.

Corollary 2. For everyl' in API@ it holds{ I" }s + MaANAGER; in AP
Another useful result for the type preservation of the encoding is the following lemma.
Lemma3. If I'+ PinaPi@, then{ '} + { P} in AP

Proof. First check that™ + o implies{I'} + o. Then, by means of Lemma 1, show
thatl" + v : Aimplies{I'} + (v) : Ta. Finally prove the lemma by induction on the
derivation of I + P in APi@. The interesting cases are the inductive stepstfor-(xe),
(pyn-out) and PyN-NEW).

When pyn-IN) is the last rule of the type derivation then

'ru:r I'{X:ArP
I F U(X@A).P

Assume for instance th#@t = w. The induction hypotheses say that{{)} + (u) : T;,
hencel '} + Urgw : WW(Tyw)); and (i) { T}, {x:wly - { P}, namely{ I"}, ((X) : Tw) +
{P}. Now the typing rules fonPr (in Tab. 6), éTiv) and ér-iN) in particular, allow
the derivation of the typing judgmeff” |} + (vh: rw(Ty)) (Ur@w(hy|h(X).{ P}), that is
{r'}+{P}. CasedA = rw,r, T are similar.

When pyn-our) is the last rule of the type derivation

'ru:w TrV:A
I F (V@A)

then (){ "} + (u) : Ta, hence{I'} + uyga : W(Ta); and (i) { '} + (Vg,Vw) : Ta.
Hence{ I' |} + Uy@alV), by (oYn-out), and sO| "} + { TK(V@A) |
When pyn-NEw) is the last rule of the type derivation then
I,a:A+rP
I'+ (va:AP
The induction hypothesis says that,a : A} + {P} in aPy, that is{I'},(a): Ta +

{P}, hence{I'},(a):S + {P}. Moreover{I'},(a) : S + Cuan(a) by Lemma 2, then
{r}(a): S+ {P} Cuan(a) by (st-par). Finally { '} + { (va: A)P |} by (sT-NEW).

Proof. *Proof of Theorem 1. Lef” + P in APi@. Lemma 3 says thatl'} + {P} in
AP, hence| I'}s + { P} by Fact 5. Moreovef I }s + ManaGer; by Corollary 2. Thus
{I'}s + { P}r by (st-par). The thesis of the theorem is obtained with= { I' |s.

Then we can prove that the encoding actually maps configurations into configura-
tions.
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Corollary 3. If 7 > P is a configuration imPi@, with I <: 7 such thatl" + P, then
{Z}>{P},isa configuration imnPr.

Proof. Let 7 > P be a configuration, witl" <: 7 such that" + P in APi@. Theorem 1
says that there exisfs <: {I'} such that” + { P}, in aAP.. Lemma 1 says thdt/" | <:
{Z}, hencel” <. {I}. Thus{Z}w{P},isa configuration inP.

Proof of Proposition 2 (sketch)Show (i) by induction on the derivatioR 2 Pin

API@. Point (i) is proved in two steps. IQ A, Q@ with an administrative transition,
thenQ' ~a Q, as~a is closed under administrative reductions. Conclude by choosing

u=71fQ 4, Q with a dfective transition, then by definition there &andR’ such

that{P}r i R Li R andQ’ ~a R. The proof shows that there is a ‘canonical’

sequence of administrative reductions, notedl/gs only including the administrative

A
steps from{| P} required to enable the action R) and such thaf P} QLWA R.

This last property implies that there are a prod@sand an actiom in API@ such that
P p and{ P}, ~a R. This is done by case analysis ef% and by observing that
the administrative actions arise either when there is an available outpubirwhen
there is an input ready to synchronise or both (the last case produyrastin inaPi@.
Finally, transitivity says thafP’ |} ~a R'.

C Proof of Soundness

Let the functiong, o range over renaming functions, wilp we mean the name sub-
stitution applied to the names of the proc€ss

Definition 5 (Derivative process).We say that anPr process H is & ) r-derivative
if there exist amPr process K, anPi@ process P such thdt + P and two renaming
functionsp ando such that H= Ko and( P);. = Kp.

In the encoding, we resort to a two sorted set of names: ‘standard’ noteghby.
and ‘signed’ noted by, m,... In the encoding, signed names are those sent on the
channelsiga, which are used for the private communication between a process willing
for an input on (the encoding of) channelnd the channel manager. In formally, the
encoding of an input becomes:

(UY@A).PDr £ vk (U, X) 8 (v W(TAY) (Ke@asH) [(Y).C PDrya )

We calladministrativeevery internal communication of the encodings that is not a
synchronisation along a signed channel.

Definition 6 (Administrative Reduction). We say that RS P’ is anZ-administrative
reduction, noted P25 P/, whenZ & P, iff T > P o and P= C[H], P’ = C[H"] with
H, H’ ( ) r-derivatives such that HS H is synchronisation on a standard channel.
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. A . . A
yVe define= to be the reflexive and transitive closure-6%. Moreover we mark
as— ar-transition which is nof -administrative.

Definition 7 (Administrative Equivalence). The administrative equivalenes is the
largest symmetric, contextual and term indexed relaosuch thatZ E PR Q implies

1. ifI>Plgthenl > P |,
2. if P25 P/, then Q=% Q for some Qsuch that? £ P'RQ
3. iP5 P, then Q=555 O for some Qsuch that? | P'RQY

It is easy to see that the above definition implies the following property, useful to
prove that the administrative equivalence is indeed an equivalence relation.

Lemma 4. GivenI £ P =~ Q then:

A, A
— if P = P’ then Q= Q' for some Qsuch that £ P’ ~5 Q'
Ar 7 A Ar 1t A
— if P =-5= P’ then Q=>—5>=> Q for some Qsuch thatl £ P’ ~ Q'

Lemma 5. The relation~, is an equivalence ovePr processes.

Proof. Reflexivity can be checked by showing that the identity relatibsatisfies the
properties required by Definition 7. Symmetry holds by definition. Finally, Lemma 5 is
useful to show thata~a satisfies Definition 7 and thus to prove the transitivityaf

An important observation is thaty is finer than;.
Lemma6. If 7 = P ~p Qthenf E P~ Q.

Proof. Show that the relatior satisfies the properties of Definition 4. The contextu-
ality of ~a is a consequence of Definition 7. To see thapreserves barbs, assume that
T EP=~pQandf > P, then > Q|4 by Definition 7, and thug > Q5. To see
. . T A
that~4 is reduction closed, assume tHat P ~, Q andP — P’. In caseP — P/,
A
then there exist®’ such thatl £ P’ ~5 Q andQ SAN Q', henceQ = Q'. In case

SRNEN P’, then there exist®’ such that? £ P’ ~p Q andQ %Lg Q’, hence
Q=Q.

The usual congruence of pi-calculus, denotedsbwill simplify the proofs in the
following of the paper. Basically, it identifies processes with the same internal structure,
and it is defined as the smallest congruence that is closed unct@mversion and that
satisfies the following axioms:

PIQ=QIP Pl(va:T)Q = (va: T)(P|Q) I(PIQ)=!PIQ
P|O =P (Va]_:Tl)(VaQZTg)P = (VaQZTg)(Va]_:Tl)P Ip=1 P| P
[a=a]P; Q=P [a=bP; Q=P (ifa+b) Np=I1PpP
(va:T)0=0 (va:T)ab).P=0 (va:T)a(X).P=0

It is easy to see that congruence is sound with respect the operational semantics given
in Table 7. In fact, ifP = Q andP — P’ then there exist§’ such thaQ) — Q and

P’ = Q. As expected, congruence is finer that, as stated by the following lemma,
whose proof is fairly standard.
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Lemma 7. If P = Qthens P =5 Q for every’.

It is straightforward to see how the congruence relation provides a characterisation
of administrative reductions. The details are outlined in Table 12 at the end of the Ap-
pendix.

Lemma 8 (Administrative Reduction — Characterisation). The reduction P P
is 7-administrative whed > P |, iff 7 > P’ |, and P= C[H], P" = C[H’] with H, H’
satisfying one of the eight cases depicted in Table 12.

C.1 Closure Properties of Administrative Equivalence

The key property of administrative reductions is that they are closed under adminis-
trative equivalence, as stated by Lemma 10. The notion of non-overlapping transitions
and the property stated in Lemma 9 will be useful to prove Lemma 10. We say that the

reductions® — Q andP — R arenon-overlappingf there areC[], P’ andP” such
thatP = C[P’|P”], Q = C[Q |P"] with P’ - @', andR = C[P’|R’] with P - R".

Lemmao. If P — Q and P-5 R are two non-overlapping transitions, then there
exists a process H such that-©» H and R— H.

Proof. The definition says that there a@®], P’ and P” such thatP = C[P’ | P”],
Q = C[Q'|P”] with P -5 @', andR = C[P’ |R’] with P” - R”. Then defineH to
beC[Q'|R’] and check thaQ — H andR — H.

Lemma10. If P i P thenf E P=p P.

Proof. We consider the type indexed relati@ri' (R,UR,U =), wherel E C[P]R;C[Q]
and’ E C[Q]R:iC[P] wheneverP 2, Q. Then we show thaR is symmetric, barb pre-
serving, reduction closed and contextual.

Symmetry. It holds by definition

Barb Preservation. Assume thatl | C[P] Ry C[Q]. If 7 > CJ[] |5 thenl >
C[P] la if and only if 7 > C[Q] |a4. Otherwisel > P |, if and only if 7 > Q |5, and
againf > C[P] |5 ifand only if I > C[Q] |a. The case foRR; is analogous and the case
for = follows from Lemma 7.

Reduction Closure.The relationR; is the only significative one. Then we assume

that? E C[P] Ry C[Q], meaning thaP A, Q. We need to prove théa) if C[P] X, H

thenC[Q] = K with H R K, and thai(b) if C[P] - H thenC[Q] =55 K with
H R K. In the following we discuss the two cases.

A . .. . . .
Case(a) C[P] — H. This administrative reduction has been generated according
to Table 12. Then we analyse each of the six items of Table 12 and in every case we

. A A
show that there exists such thatC[Q] = K andH —= K or H = K. In both the
cases we can conclude thatR K.
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1. C[P] X, H according to item 1 in Table 12. If the administrative reduclR)Flri
Q has been inferred from the items 2—6 of Table 12, then the reducﬁ:i[d?]si
C[Q] and C[P] A, H are non overlapping, hence we conclude that there exists
K such thaitC[Q] A - K andH 2= K by Lemma 9. On the other hand, if the
administrative reductio 2, Q has been inferred from the item 1 of Table 12,

. - A .

then it must be a synchronisation on a channgh. Also C[P] -5 His asyn-

chronisation on a channgjg,,. Now, if u # U andA # A’ the two transitions are
non-overlapping, then we conclude as abovel ¥ v andA = A’ then we have

Ar
two possibilities. On the one handHf = C[Q] then we conclude th&[Q] = H.
On the other hand, if there are two synchronisation on t#fedint outputs oo,ga
it must be the case that

CIP] = C'[ (vh: (T ) Trgach) h(x). Q1)
(vk: W(T ) Tr@ack) [K(X). Qo) 1! tr@a(h). Crtoosi(u, A, h) 1.

In this case it is easy to see tIE{tP] A, H A, K1 andC[Q] A Ky with

CIQ] = C'[ (vh:rw(Ta))(h(x). Q1| Croosk(u, A, h)) |
(vK: (T a)) (Ur@a(k) | K(X).Q2) ' ur@a(h).CHoose(u, A, h) ]
H = C'[ (vk: w(Ta))(k(X).Q2| Croose(u, A, K)) |
(vh: (T a)) (Tr@ahy |h(X).Q1) |!' ur@a(h).Croose(u, A, h) |
K1 = Kz = C'[ (vh:rw(Ta))(h(x).Q1 | Croose(u, A, h)) |
(vK: rw(Ta))(k(x).Q2 | Croose(u, A, K)) |! u;@a(h).Croose(u, A, h) ].

2. C[P] 2, H according to item 2 in Table 12. If the administrative reducﬁbﬁi
Q has been inferred from the items 1 and 3—6 of Table 12 then we conclude as done

above thanks to Lemma 9. On the other hand if the administrative redRﬁgm
Q has been inferred from the item 2 of Table 12, then it must be a synchronisation

A . . .
on a channelyga. Also C[P] -5 H is a synchronisation on a channg|g,.

Again, if H = C[Q] then we conclude thaZ[Q] g H. Moreover if they are non-
overlapping synchronisation then we conclude as above. The only overlapping case
is whenu = u” and

C[P] = C'[ (vAi: T)(Uwar, (V1) Q) |
(v T)(Gwa@e, (V2> 1 Q) | )
(hirw(Ta)(h(X). QI (W : (T (IKE) IRa¢h, 1)) ]
C[Q] = C'[ (vi1: T)(Uwar, (V1) I Q) |
(i T)(Uw@r,(V2) | Q5) | )
(vh:rw(Ta))(N(X).Q (v :rw(T))(I{t)IRa(h, 1)))]

... itis easy to conclude as before as thanks to the replicated input chagng!!
Uwac(2). Test{(Uwac(2).n(2))

Contextuality. To be done...
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The result of Lemma 10 can be extended to an arbitrary number of administrative
reductions.

Corollary 4. If P g Qthenf E P =a Q.

A
Proof. Extend Lemma 10 by induction on the number of reductienss Q.

C.2 Operational Correspondence

The soundness result relies on the operational correspondence between the source pro-
cessp and its encoding PJ}. The ‘preservation’ direction (Lemma 11) is fairly stan-

dard, whereas the ‘reflection’ (Lemma 14) direction needs more care as the encoding is
not ‘prompt’ [9]: in fact, the encodinfP |} - takes several steps to commit a synchroni-
sation of the source process. In this section we show that those steps have the following
properties: each reduction leading to a comijiitioes not preclude any other reduction
and(ii) it is administrative, thus not visible to the context.

Lemma 11 (Operational Preservation).Let 7 > P a configuration imPi@ and " <:
T Ag T .
I suchthat" v P. If P— P’ then( P)}- =LK, with s = (Z) and K= (P’ );.

Proof. By induction on the derivation d? 5 P in API@, we prove that there exists
a reduction P);- g H which follows the steps in (the same order of) Table 12 with
H-SK=(P):

The reverse direction of the operational correspondence is based on the adminis-
trative equivalencera. First we introduce an auxiliary notion. Consider the reductions
P % =REN Q, we say that the sequeneAeI:» is canonical and we denote it as

TA] i : i . . )
P = P ifitincludes just the administrative steps required to enable the non admin-
istrative synchronisation iR’. More formally, we can say that the canonical sequence

A
has the minimum length among all the administrative sequeRces P’. Thanks to
this definition we ca prove a preparatory lemma.
Lemma 12. Let 7 > P a configuration immPi@ andI" <: 7 such thatl" + P. Define

Ag Ty . [Aly Ty
J =(1).1f(P); = H — K, then there exists Hsuch thatf{ P);. = H" — K’
with K =5 K’.

A T

Proof. Let (P)} =% H -5 K then the fist synchronisation has to be on a chapgel
Note that every synchronisation on a chanpgkan lead at most to one non adminis-
trative synchronisation. If it is the first one, the canonical reduction.

Lemma 13. Let 7 > P a configuration innPi@ andI" <: 7 such thatl" + P. Define

TATs T .
J=01). (P} = H -5 K then there exists ‘Psuch that P— P’ andJ E
Kxa (P )5
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Lemma 14 (Operational Reflection).Let 7 > P a configuration imPi@ andI” <: I
such that" - P. DefingJ = (7). Assume thaf = H ~a (P); and H - K. Then
eitherJ E H ~a K or there exists Psuch that PSP andJ E K =a (P )7

Lemma 15 (Operational Correspondence)Letf > P a configuration immPi@ and
I' <: I such that" + P. Defineg = (7). The following hold:

Ar 1
1. If P P then(P): =—5 Hwith T H ~a (P
2. IfJ E H ~a (P); and H -5 K then there exists Psuch that P- P’ and
JEK=a(P);.
The last result we need for soundness it the barb preservation of the encoding.

Lemma 16 (Barb Correspondence)Let > P a configuration imPi@ and " <: I
such that’” + P. Then the followings hold.

1 If7>Plathen(Z),h:m(T+) > Linky (U, X) IN X@alh) | (PD- Un.
2. If( 1), h: w(Tr) > Linkr (U, X) IN X@alh) | (P)}- Un thenZ > P ..

Theorem 6 (Soundness)y.etl” <: 7 andl” <: 7 be suchthal” + P andl” + Q. Then
(7) E(P); ~ (Q); impliesI EPx, Q.

Proof. The candidate is what we expect.

D Proof of Completeness

Theorem 7 (Completeness)Letl” <: 7 andl” <: I be such thaf” + P andl” + Q.
Then? EP~=, Qimplies(7) E (P); = (Q)}..

Proof. We recall that (P);- £ ( P)r | (vt:tbl)(Server |t[]) and this represents the ini-
tial configuration without pre-synchronisation between the cligd) f and the proxy
server. Due to the communication protocol, the proxy server will fulfill the requesters

from the client by generating new entries in the taded the relatives channel man-
agers. The system will then evolve to a configuration of the form

(vk1:S)...(vkp:S) | Q| ]—[ Cuan(ki) | (vt:tbl)( Server | t[(Nn1, Kq) 2 ... 2 (Np, Kp)])
i=1.p
whereQ is such that
ArQwithd = (I'), Ky : Trw, ... Kp : Trw. (2

In order to build the candidate relation for the behavioural equivalence we need to
account the observation above and so, given the typing environfhenbPi@, we
define the following computing environment
CEr[-] £ (vky:S)...(vkp:S)
(=1 QI TTizy..p Cuan(ki) | (vt:tbl)(Server | t{(ng, ka) ... 12 (Np, kp)]) )
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with the proces®) that satisfies the property (2). Intuitivel§ is meant to represents
the process generated by the interaction between the proxy server and the context.

Observe that whe@® = 0 andp = 0 we haveCE/[( P)] = ( P)}, thus the candi-
date relatiomR can be defined as:

(7).a1:Ta,...an: Ta EC[CE[( P]D]] R C[CER[( QDI]
whenever

TEP~Q
I'<:7Tandl'+P
I’ <:Tandl"+Q
. g ¢ dom(( 1))

. C[]is a context as previously defined

apwNE

Now it is straightforward to prove th@& U ~, satisfies the requirements of Definition 7,
thusRc~a and hence P %, Qimplies (Z) k (P); =, (Q);}. as required by
completeness.
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Table 12 Administrative Reductions.

Case 1:
H = unkr (8, X) IN P | SERVER

H’ = (vh:rw(Ta))(h(x).P | (vr:

Case 24):
= (vh:rw(Ta))(h(x).P | (vr:
(vh:rw(Ta))(h(x).P | (vr:
Case 20):

= (vh:nw(Ta))(h(X).P | (vr:
(vh:rw(Ta))(vk: S)(h(x).

rw(T,S))Senn(a, h,r)) | Server

wW(T,$)Senn(a,h, 1)) [H[7]
w(T, S)(T(L, K) [ r(x y)[x=t]Ky); ((Cy) [ Cuan(y)))) | 7]

'w(T, S))Senn(a, h,r)) [ t[7]
Pl

| (vr srw(T, SY)(TCE, K) | r(x, y)[x=t]h(y); (N(y) | Cran(y)))) [ t[(a K) 2 7]

Case 34):
= (vh:rw(Ta))(h(x).P | (vr:
= (vh:rw(Ta))(h(x).P | [t=
Case 30):
= (vh:rw(Ta))(h(x).P | (vr:
= (vh:rw(Ta))(h(x).P | [£=
Case 48):
(vh W(Ta)(h(X).P | [t=
P{k/x}
Case )

= (vh:rw(Ta))(h(x).P | [£=

H’" = P{k/x} | Cuan(k)
Case 5:

(T, S)(T(t, k) | r(x y)[x=t]y); (Ky)|Cran(y))))
t]h(ky; (h(ky| Cuan(k))))

(T, $)(F(E, k) | r(x Y)[x=t]h(y); ((y) | Cuan(y)) ) )
t]h(k); (k) | Cuan(k)) )

t]h(k); (k) | Cuan(k)) )

t]h(k); (h(k)| Cran(k))))

= (vh:rw(Ta))(Tr@alh) [N(X).Q) |! r@a(h).Croose(u, A, h)
H’ = (vh: (T a))(h(x).Q| Croose(u, A, h)) |! u;@a(h).Croose(u, A, h)

Case 6:

Case 7:
H = (vh:rw(Ta))(h(x).Q| (vl :

= (vh: rW<TA>)(h(X) QI(vI:

vh: rW<TA>)(h(X) Ql(v:
vh: rW<TA>)(h(X) Ql(v:

—~ ~

vh: rW<TA>)(h(X) Ql(:
vh: rW<TA>)(h(X) Ql(:

III 1}
—~

= (vh: rW<TA>)(h(X) Ql(vI:
"= (vhiw(Ta))(h(x).QI (v1:

= (VA T)(@aeeV) | Q) | (vh:(Ta)(h(X).Q | (1 : (T (IKt) IRa¢h 1))
(s To)( Oz T2)Q 1 (vh: KT (W) QI (0 : ¢ TH) () [ Rah. 1) |

11@).[z=t])(I(F) W) @ (1(t) | Tu@a(W)); (1(t) [ Ta@s(V)))))

w(T)(IMIQ Rath ) | )
11@).[z=t](H IRV) & 1(6) | Tagr(V); (1) | Tuga(V) )
w(T))(Q |Ra¢h, 1) [n=t](E) [A(W) @ I(t) | Tga(V); (1(6) [ Tugs(W)) )

W(T)(Q [Ra¢h. D1 [£=t]I6) V) @ (1) [ Taga(v); (1K) Tugaiv))))
W(T)(Q [Ra¢h. DI V)

(T))(Q' [Ra¢h, Y[t =] IKV) & (1) | Taga(V); ({t) | Tags(V))))
(T))(Q [Rach, DI1(t) | Tage(v)))

W(T)(Q [Ra¢h. DI LE= 116 V) @ 1) [ Taga(vy; (1) Tugaiv))
W(T)(Q [Radh, 10) [ Tga(vy))

With Ra¢h. 1) = TTcoa ! Unac(2). TEsSTI(Unac(2)-(2))
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