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Abstract

We study behavioural equivalences for dynamic web data in Xdm, a model
for reasoning about behaviour found in (for example) dynamic web page pro-
gramming, applet interaction, and web-service orchestration. Xdm is based on
an idealised model of semistructured data, and an extension of the m-calculus
with locations and operations for interacting with data. The equivalences are
non-standard due to the integration of data and processes, and the presence of

locations.
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1 Introduction

Web data, such as XML, plays a fundamental role in the exchange of information be-
tween globally distributed applications. Applications naturally fall into some sort of
mediator approach: systems are divided into peers, with mechanisms based on XML
for interaction between peers. The development of analysis techniques, languages
and tools for web data is by no means straightforward. In particular, although web
services allow for interaction between processes and data, direct interaction between
processes is not well-supported.ciao!

Peer-to-peer data management systems are decentralised distributed systems where
each component offers the same set of basic functionalities and acts both as a pro-
ducer and as a consumer of information. We model systems where each peer consists
of an XML data repository and a working space where processes are allowed to run.
Our processes can be regarded as agents with a simple set of functionalities; they
communicate with each other, query and update the local repository, and migrate
to other peers to continue execution. Process definitions can be included in docu-
ments!, and can be selected for execution by other processes. These functionalities
are enough to express most of the dynamic behaviour found in web data, such as web
services, distributed (and replicated) documents [1], distributed query patterns [21],
hyperlinks, forms, and scripting.

The Xdn-calculus [7] provides a formal description of such systems. It is based
on a network of locations (peers) containing a (semi-structured) data model, and
m-like processes [18, 22, 11] for modelling process interaction, process migration,
and interaction with data. The data model consists of unordered labelled trees,
with embedded processes for querying and updating data, and explicit pointers for
referring to other parts of the network: for example, a document with a hyperlink
referring to another site, and a light-weight trusted process for retrieving information
associated with the link. A behavioural understanding of dynamic web data can serve
as a starting point for the use of formal techniques. Moreover, the combination of
web services and scripted processes provides the data engineer with many alternative
patterns for exchanging information on the web [2, 19], and equational reasoning
becomes useful to show, for example, that some complex data-exchange protocol
conforms to its specification.

We study behavioural equivalences in Core Xdm, which is a slight simplification
of Xdr, where both the data and the process component of a network are explicitly
located, and therefore easier to analyse independently. We identify two notions of
contextual equivalence for open networks, based on the observation of the data struc-
ture at each location, or of the capabilities of process to access data. We derive the
corresponding process equivalences so that when two equivalent pieces of code are
put in the same position in a network, the resulting networks cannot be distinguished
by an observer. Process equivalences appear to be sensitive to the set of locations
composing the network. This feature, together with having scripted processes as val-
ues, requires non trivial techniques for defining a labelled-bisimulation-based proof
method.

1We regard process definitions in documents as an atomic piece of data, and we do not consider
queries which modify such definitions.



1.1 Related Work

Our model is related to the Active XML approach to data integration developed
independently by Abiteboul et al. [2]. Several distributed query languages, such
as [19, 15, 4], extend traditional query languages with facilities for distribution aware-
ness. Our approach is closest to the ubQL query language of [21], partly motivated
by ideas from the m-calculus [20]. Process calculi have also been used for example to
study security properties of web services [9], and to program XML-based Home Area
Networks devices [3].

In [7] we have defined a first notion of barbed equivalence, and we have sketched
a proof method based on higher-order bisimulation. In this paper we study in detail
behavioural equivalences, improving and extending significantly the previous results.
Core Xdm uses ideas from [5], and the contextual equivalences are based on the
reduction-closed framework of [13]. Our labelled transition system and bisimula-
tion exploit a translation technique from higher-order to first-order actions proposed
in [14], and based on [23]. Ours is the first attempt to study behavioural equiva-
lences of web-based (higher-order) data-sharing applications, and is characterised by
its emphasis on dynamic data.

2 Core Xdr

In Xdm, a peer-to-peer network is represented as a set of locations each containing a
data-tree and some processes. In order to reason modularly on data and processes,
we model a network in Core Xdr as a pair (D, P), where D is a set of located trees,
each one representing the data component of a location?, and P is a multiset of
located-process, representing both the services provided by each peer and the agents
in execution on behalf of other peers.

2.1 Trees

Our data model extends the unordered labelled rooted trees of [6], with leaves which
can either be scripted processes or pointers to data. We use the following constructs:
edge labels denoted by a,b,c € A, path expressions denoted by p,q € & used to
identify specific subtrees, and location names of the form O,1, m € L, where the ‘self’
location O refers to the enclosing location. The set of data trees, denoted 7, is given
by

T:=0|T|T|a[T]]|alOP]|al@l:p]

Tree 0 denotes a rooted tree with no content. Tree T | To denotes the composition
of Ty and Ty, which simply joins the roots. A tree of the form a[...] denotes a tree
with a single branch labelled a which can have three types of content: a subtree T'; a
scripted process OP, which is a static process awaiting a command to run; a pointer
@I:p, which denotes a pointer to a set of subtrees identified by path expression p
in the tree at location [. The structural congruence for trees states that trees are
unordered, and scripted processes are identified up to the structural congruence for
processes (see Table 1).

2From now on we consider location and peer as synonyms.



Structural congruence is the least congruence satisfying alpha-conversion,
the commutative monoidal laws for (0,|) on trees and processes, and the
axioms reported below:

(TrEES) U=U = alU] =a[U’]
(VALUES) vV=uwAv=w= v, 0=w,0w P=Q = 0P=0Q
(PROCESSES) (ve)(vd )P = (vd')(ve) P (ve)0=0

¢ fn(P) = P|(re)Q = (ve)(P|Q)
V =V'AP=Q=l-update,(x,V).P = l-update,(x, V').Q
(STORES) vi. D(l) = B(l) — D=8
(NETWORKS) D=BAP=Q = (D,P)=(B,Q)

Table 1: Structural congruence.

We regard a path p as a function from trees to sets of nodes (up to structural
congruence): p(T') denotes the tree T" where the nodes identified by p are selected.
For simplicity we do not show node identifiers explicitly, but we underline the selected
nodes. We describe paths using a subset of XPath [16], where “a” denotes a step
along an edge labelled a, “/” denotes path composition, “.” a step back, “//” any
node, and “.”, which can appear only inside trees, denotes the path from the root of
the tree to the current node. For example, in a[a[S]|b[S"]| c[T"]] we have underlined

the nodes selected by path //a. T

2.2 Located Processes

Our processes are based on asynchronous me-processes [5] extended with an opera-
tion for manipulating the tree structure (update) and one for selecting a script for
execution (run). Generic variables are z,y, z, channel names or channel variables are
a, b, ¢, (where necessary, the meaning will be clear from the context) and values are

uyv,wz=T|c|l|p]|OP

We use the notation Z for vectors of variables, and v for vectors of values and variables.
Identifiers U, V range over scripted processes, pointers and trees. The set of processes,
denoted by P, is given by

P,Q,R:= 0| P|P|1b{@®)|b3Z).P|Nb3Z).P| (vc)P
| l-update,(x, V).P | l-run,

The processes in the first line of the grammar are constructs arising from the mo-
calculus: the output process [-b(¢) which denotes a vector of values © waiting to be
sent via channel b at location [, the input process I-b(Z).P which is waiting to receive
values from an output process via channel b at [, and the standard nil, composition,
restriction and replicated input. We assume a simple sorting discipline, to ensure
that the number (and sort) of values sent along a channel matches the number (and
sort) of variables expected to receive those values. Channel names C are partitioned
into public and session channels, denoted C, and C, respectively. Public channels



denote those channels that are intended to have the same meaning at each location,
such as “finger”, and cannot be restricted. Session channels are used for process
interaction, and can be restricted We assume on session channels the usual notions
of free and bound names (fn, bn). Scripted processes, being just code, cannot have
free session names.

Command [-run, activates the scripted processes denoted by p from the tree of I.
Command [-update, (x, U).P is used to interact with the data tree at [. Patterns x, &
have the form

x =X | Qr:y | OX,

where X denotes a tree or process variable. In an update, U can contain variables
and must have the same sort as x. The variables free in x are bound in U and P.
The update command finds all the values U; given by the path p, pattern-matches
these values with x to obtain the substitution o; when it exists. For each successful
pattern-matching, it replaces the U; with Uo; and evolves to Po;. Below we give
some commands derived from update:

l-copy,(X).P £ l-update, (X, X).P copy the tree at p and use it in P
l-cuty(X).P

(1>

l-update, (X,0).P cut the tree at p and use it in P

where X is not free in T or P,
paste tree T at p and evolve to P

1>

I-paste,(T').P l-update (X, X |T).P {

2.3 Networks and Stores

A network is represented by a pair (D, P) where the first component (the store) is a
finite partial function from location names to trees, and the second component is a
process. Interaction between processes and data is always local, as will be shown by
rules (Urpate) and (Ruw) in Table 2, and consequently the store can be considered as a
distributed function. We write dom(D) to denote the domain of store D. We write
D1 W D5 for the union of stores Dy and Ds with disjoint domains. The network (D, P)
is well-formed if D and P contain no free variables, and all the scripted processes
have no free session names.

Our reduction semantics on networks will be closed with respect to network con-
texts (Cs, Cp), where store contexts Cs are defined by Cs ::= — | Cs W D and process
contexts Cp are defined by Cp ::= — | Cp|P | (ve) Cp. We will omit the subscripts
from contexts when no ambiguity can arise. Given a network (D, P) and a context
C = (C1,Cy), we write C{(D, P)} for their composition: for example, if C; = —W B,
Cy = (ve)— then C{(D,P)} = (DWB, (vc)P). Composition of stores and networks
is defined only for stores with disjoint domains.

2.4 Reduction Semantics

The reduction relation —, relying on an updating function ~- , describes processes in-
teraction, the interaction between processes and data, and (implicitly) the movement
of processes across locations (Table 2).

First we describe the reduction relation. Rules (Com) and (1Com) are basically the
standard communication rules for the m-calculus, except that processes only commu-
nicate if they are at the same location [, and [ is in the store. Rule (Urpare) provides



(Rebuction Axioms) The reduction relation on processes is the smallest relation closed
with respect to reduction contexts, structural congruence and the axioms:

(Com) ({l = T}, 1-c(@) | -e(2).P) — ({l = T}, P{0/2})
(com)  ({l T}, Te(@) | -c(@).P) — ({l— T}, -c(&).P|P{5/7})

p(T) M"PJA,X,VTI7 {Ula e 70'71}
(Uroare) T}, l-update, (x, V).P) — ({L — T'}, Poy| --- | Poy)
(RUN) p(T) “"’Ip,l,DX,DXT, {{Dpl/DX}7 e 7{DP7L/DX}}
({i— T}, loruny) — {I—=T}Pi| | Pn)

(Uppating Funcrion) Below X is a multiset of substitutions, and @ is multiset union,
and © = p,l, x,V are the parameters of an update or run command.

(Zero)  0~~0,0 (Link)  a[@m:qg]|~10a[@m:q],0

T~oT,S

(S(‘RIPT) a[ DQ ] ~ (—)a[ DQ ], @ (NODE) m

T ~~ @T’,El S*"’I@S/,E2
T|S"")|(—)T/|S/,El@22

match(U, x) = o VooV, 2 O=nplx,V
a[U]~rea[ V'], {c{l/ O,p/}}®E

(PAR)

(Up)

Table 2: Reduction axioms and updating function.

interaction between processes and data. Given the command l-updatep()(7 V).P and
the tree T at [ in the store, the updating function ~ takes p(T') as an argument,
matches each identifier U; in p(T') with the pattern x to obtain the substitution o,
replaces each U; with Vo; in T, and returns the continuation process P;o;. Rule (Rux)
is a special case of update, where the tree is not modified, and the scripted processes
OP; identified by p(T) are activated in parallel to yield the continuation P;.

We now describe the updating function ~+, which is parameterised by p,l, x, V,
the arguments of an update or run command. The first five rules define simply
a traversal of the tree collecting the set of substitutions ¥, whereas Rule (up) is
responsible for the actual update. It applies to the identified nodes (underlined),
matching U with x, to obtain substitution . When o exists, the process continues
recursively updating Ve, until some subtree V’ with a set of substitutions denoted
by X is returned. At this point U is replaced with V’, and ¥ is returned, together
with o{l/ O,p/.} (where any reference to the current location O and path “.” is
substituted by the actual values [ and p).

As an example for the cut operation, consider T = c[a[T}]]|a[T2]|b[S]] and
T =c[a[0]|a[0]|b[S]]. We have that

({l— T}, l-cutea(X).P) — ({l = T}, P{T1 /X } | P{T2/X})

where the subtrees T7 and T5, identified by c/a, are removed from the store, and
each is passed to a copy of P. We give now an example of run and of the substitution



of local references. If S = a[b[O5 -a(v)]|b[Om-run . _,.|], then
({l = S} rung ) — ({L— S} l-av) | m-runa ;. sc)

The store S is unaffected by the run operation, which spawns the two processes
identified by a/b, where the local path ./../c is replaced by a/b/../c, and O is replaced
by [. Note that m-run, ;. /¢ is located at m, which is not in the domain of the store.
There is no reduction rule for such a process, which represents mobile code “lost”
due to network partitioning, or to an invalid network address®.

We conclude the section with an example. Consider, at location m, a web ser-
vice get for downloading data which, given a path expression p, returns a stream
of messages containing the subtrees denoted by p at m. The service is described
by process m-get =!m-get(z,y, z).m-copy, (Y ).7-z(Y), where channel get inputs a path
z, a location y, and a channel z, and returns its results at y on z. The corre-
sponding service invocation from [ is I-call(m, get,p) = (vc)(m-get(p,l,c)|-c(Y).R),
where R is some code handling each result. We will see in Section 4 that invok-
ing m-get with l-call(m, get,p) is equivalent to running (from [) the specification
l-spec = m-copy, (Y).R.

See [7] for other motivating examples (web services, XLink, e-forms).

3 Contextual Equivalences

In this section we study equivalences for networks and processes. In particular, we
define when two processes are equivalent in such a way that when the processes are
put in the same position in the network, the resulting networks are equivalent. In
Section 4, we introduce a proof method for showing process equivalence.

3.1 Network Equivalences

We base our network equivalences on the reduction-closed framework of Honda and
Yoshida [13]. The equivalences depend on the choice of observables, and we study two
cases: data trees, and potential interactions between processes and trees. We begin
with standard generic definitions, based on some observation relation IV |z which
states that network IV exhibits the observable 3. We then study specific observation
relations.

Definition 3.1 The weak observation relation induced by |g, denoted by |z, is de-
fined by N g £ 3IN'.N — N'AN’ |5. The reduction congruence induced by |g,
denoted by ~, is the largest symmetric relation =~ on networks such that N~M im-
plies

e N and M have the same observables: N |g= M | 3;

3In our model it is not possible for a process to create a new location. In fact, processes represent
either scripts or web services, none of which could realistically create new peers. Hence the domain
of a network is invariant under reduction. Nonetheless we consider open systems, since we admit
network composition.

Our approach differs from the one of e.g. [10], where process migration can have the effect of
creating a new location. We will see in Section 3 how our choice requires new techniques for studying
behavioural equivalences.



o ~ s reduction-closed: N — N' = (IM'.M —* M' N N'= M');
e =~ s closed under network contexts: YC.C[N|=C[M].

In the setting of dynamic web data, a natural criterion to decide when two systems
are equivalent is to compare the structure of the data tree at each location. In fact
processes can be seen as working in the background, and hence should not be directly
observable. Comparing trees up to structural congruence would be overly restrictive
because of scripted processes, which can be semantically equivalent without being
structurally congruent. Instead we consider a weaker notion of equivalence on trees
which does not look at scripts (and pointers). These can be analysed indirectly by
suitable contexts.

Definition 3.2 We define observation congruence, denoted by =, as the structural

congruence of Table 1 with the additional azioms OP =t 0OQ and Ql:p =t Qm:q.

For example, if T = a[b{OP]|b[T']| c[@l:p]] and S = a[c[@m:q] [b[S']|b[0Q]] with
T =t §’, then we have T =t S.

Definition 3.3 A tree observable has the form [I-T', where l is a location name and T
is a tree. We define the observation relation N |;.7 on networks and tree observables
by N |;.723C,S. N =C{({l— S},0)} AS =T, that is, N contains a location | with
an S tree-congruent to T. Tree congruence (=) is the reduction congruence induced
by tree observables.

For example, let us consider swap =!l-¢(X).l-update, (Y, X).l-update,(Z,Y).I-c(Z), and
alt(T,S) = ({l— S}, (ve)(I-¢(T) | swap)). We have that alt(T,S)~"'alt(S,T) for any
T and S, since each process can mimic the other and swap the trees. As a negative
example, consider net(P) = ({{ = a[OP]},0), P1 =0 -cutq(X), and P, =0 -paste, (b[0]).
We have that net(P:) #'net(P:), since test = (—,—|l-run,) is a context separating
net(P1) from net(P): test{net(P1)} {}i.0 but test{net()} i-o.

We now consider two alternative definitions of observables and compare the in-
duced reduction congruences with tree congruence.

Definition 3.4 (i) We define the minimal tree observation relation by

N [;23C. N = ¢{({l = 0},0)}, that is, N contains a location | where the tree is
empty. O-congruence (~°) is the reduction congruence induced by minimal tree ob-
servables. (ii) We define the output observation relation by

N 1142 3D, T,5,b,P. N = (D W {l— T}, (vb)(I-a(®) | P)) where a € b, that is, N con-
tains a location | with an output process ready to communicate on a. Output congru-
ence (~0) is the reduction congruence induced by output observables.

Theorem 3.1 The relations ~', ~° and ~ coincide.

Another natural choice for observables, motivated by security concerns, is to con-
sider the capabilities of a processes to access data. We define barbs revealing where
in a located tree a process can potentially read or write some data.

Definition 3.5 A barb has the form l-p, where [ is a location name and p is a
path expression. We define the observation relation N |;., on networks and barbs by
N |1,23C,T,x,U,P. N=C{({l — T}, 1-update,(x,U).P)}, that is, N contains a loca-
tion | with an update, command. Barbed congruence (=) is the reduction congruence
induced by barbs.



For example, if xch(Ty, T2) = (ve)(I-c() | !I-c().l-update, (X, T1).I-update, (X, T3).I-c()) then
we have ({l — S},xch(T1,Ts)) ~° ({l — S},xch(Ts,T1)), for all Ty, Ty and S. In fact,
the processes have the same barbs, and if .S contains a subtree at p, they can simulate
each other.

Notice that a barb [-p merely records the location and the path at which some
update command could take place, giving no information on how the data could
be modified, and ignoring run commands. Again, this information can be observed
indirectly using some context.

Theorem 3.2 Barbed congruence strictly implies tree congruence: ~*C ~t.

The inclusion is strict: for all D, (D, 0)~"(D, I-copy,(x)), since the stores are equal and
l-copy, (x) has no effect, but (D,0) 2* (D, 1-copy, (z)) because l-copy,(z) li-p. Structural
congruence for networks is included in ~°, and therefore in ~*.

3.2 Process Equivalences

We now analyse process behaviour, which is influenced by the locations present in
the network (network connectivity). Consider replacing the definition of a service
at location [, which uses only local data, with an equivalent one depending on data
from another location m. If we can assume that m is always connected, then the
behaviour of the services is the same. On the other hand, if location m should fail,
the behaviour of the new one is affected. With network equivalences, the “reliable”
locations are those in the domain of the store. With process equivalences, it is
necessary to state explicitly the minimum set of reliable locations. For example,
consider oldS = l-cut,(X) and newS = (vc¢)(m-c(/) | m-c(x).l-cut,(X)). The two processes
are equivalent if m is reliable, otherwise they are not: in the context ({I{ — T}, —) the
first process can delete T', but the second one cannot move.

Process equivalence requires considering two processes equivalent if they are equiv-
alent in all possible network contexts, starting from a given domain.

Definition 3.6 Given a network equivalence ~ and a set of location names A, do-
main process equivalence is ~a= {(P,Q)|VD.A C dom(D) = (D, P) ~ (D,Q)}. Do-
main tree equivalence, (~Y ), is the domain process equivalence induced by ~*, and
domain barbed equivalence (~4 ), is the one induced by ~".

For example, for any A, xch(T1,Tz) ~% xch(T%,T1). As in the case for network equiv-
alences (Theorem 3.2), we have ~4 C~f, with the same counterexample.

In order to be able to replace a process sub-term by an equivalent one, we extend
process equivalences to open terms (terms with free variables).

Definition 3.7 Full process contexts are defined by
Cu=—|C|P|(vc)C | l-a(Z).C | N-a(F).C | l-update,(x,V).C

Definition 3.8 A substitution o is a closing substitution for P iff Po is closed.
Given an equivalence ~ for closed processes, and two open processes P and Q, we
say that P ~ Q iff Po ~ Qo for all closing substitutions o.

Theorem 3.3 For all A, (i) if A C A then ~4 C~4, and ~§ C~4,; (ii) ~ and ~4
(both on open and closed processes) are congruences over full contexts.

10



As an example for the strict inclusion of (i), considering the processes 01dS and newS
given above, we have 01dS ~7,,, newS but 01dS £} news.

Remark 3.1 Core Xdmw is an extension of the asynchronous w-calculus, and ac-
cordingly the asynchrony law, stating that the presence of a communication buffer
cannot be observed, holds also in our setting: !l-a(x).l-a(x) ~4 0. On the other hand,
the law for equators does not hold: let I-E(a,b) =!l-a(z).l-b(x) |l-b(z).l-a(x), then
I-E(a,b) | l-c{a) #4 I-E(a,b)|l-c(b), since a context can read b from c at I, and use it
at some fresh location m where no equator is defined.

We can see a network equivalence as a relation on the cartesian product of stores
and processes. Consequently, a process equivalence, in order to agree with network
equivalence, must be contained in the projection on the process component of network
equivalence. We show that process tree and barbed equivalences are in fact the largest
congruences contained in such projections. For simplicity, we restrict our attention in
this paragraph to the relations th) and Né’), since the results can be easily generalised
to an arbitrary A. We omit the subscript () from the relations for readability.

Definition 3.9 (i) Given an arbitrary network equivalence ~, we define its process-

projection I (=) as {(P,Q)|3D, B.dom(D) = dom(B) A (D, P) ~ (B,Q)}, and if (P,Q) €
IIo(~) we write P ~33 Q. (it) We define the corresponding congruence relation I15(~)

by {(P,Q) | VC.C{P} ~32 C{Q}}, and if (P, Q) € II(~) we write P ~S, Q.

By definition II§(~) is the largest congruence contained in II5(~), and therefore the
largest congruence on processes which is compatible with the network equivalence
~. Note that this definition is very weak, since it requires, for two processes to be
equivalent, that there exists two stores such that the corresponding networks are
equivalent.

Theorem 3.4 (i) II§(=?) coincides with ~*. (ii) TI5(~) coincides with ~°.

4 A Proof Method for Process Equivalence

Process equivalence, as defined in Section 3, is hard to use in practice, because it
requires closure under all store and process contexts. In this section we provide a
coinductive equivalence which does not quantify over contexts.

The main difficulties involved in defining a bisimulation for Core Xdr are caused
by having scripted processes among values, and by barbed equivalence being sensi-
tive to the presence of locations. We solve the first problem by translating messages
containing scripts into ones where each script is replaced by a first-order value (a
trigger), and placing in parallel to the process being analysed some definitions as-
sociating to each trigger the code of the scripted process. In this way it is possible
to take into consideration the interaction between scripts and their contexts. For a
discussion of this technique see [14], where it is used on the higher-order m-calculus.
We solve the second problem using a generalisation of the concept of bisimulation
to families of relations indexed by sets of locations, which we call domain-dependent
bisimilarity. Communication is asynchronous, hence we borrow techniques from the
asynchronous m-calculus.
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4.1 Labelled Transition System

Let IC, ranged over by i, j, k, be the set of trigger names, disjoint from C. We introduce
a construct (k < OP), called a definition, which associates a scripted process to the
trigger name k. There is no reduction rule for definitions, which are analysed only
in the 1ts. Parallel compositions of processes and definitions are called configurations
K, L, and together with contexts C' are given by

ux=... |k K, L:= K|K|Ww)K|P|(k«<0DOP) C:= —|K|C| (ve)C

The new set of values is given by the values considered so far together with all the
values where one ore more scripted processes have been replaced by triggers. We let
underlined letters u,v range over first-order values (values not containing scripted
processes), and we will omit the underlining when there is no ambiguity.

Structural congruence is extended to configurations in the obvious way. A con-
figuration K is well-formed if its processes are well-formed, there is at most one
(k < OP) for each k, and processes in definitions do not contain triggers. When an
output or an update action takes place, we use a relation F' to replace scripted pro-
cesses in values with fresh triggers, and to place in parallel the definitions recording
the scripted code associated to each trigger. In general F' translates a potentially
higher-order term v into a first-order term 4, and it collects a parallel composition
© of definitions corresponding to the scripts extracted from the values, for some vec-
tor of fresh, distinct triggers k (as in F(0) = (4,0, k)). Relation F is defined as a
homomorphism (preserving the freshness of triggers) on all terms, and is defined as
F(OP) = (k;(k <= OP); k) for scripts (see Table 3 in the Appendix).

Transition labels a; are indexed with the location at which actions take place,
and are defined below, where d € C, U K:

ap = (d)-c(@) | 1-e(B) | 17 | (k)l-update, (T, (x)V) | L-runy | I-k(p)

Label -7 denotes communication at [. The label for update contains a vector of
results U (corresponding to the range of ¥ in the updating function) and treats (x)V
as an abstraction on the pattern variables (which therefore are subject to alpha-
conversion). The vector (k) is used by the side conditions of the lts to enforce
freshness of triggers, and binds the triggers k. Finally, label {-k(p) signals that the
script defined by k is selected for execution, with implicit parameters [ and p. We
explain now the rules for the Its, leaving the formal definition to Table 4 in the
Appendix. Labelled transitions are defined for well-formed configurations. We have
standard contextual rules, with the side conditions adapted to avoid clashes of trigger
names. The rule for communication is

(Com) lc(d) | I-e(z).P X5 P{5/z}

and correspond closely to the reduction rule. The rule with replicated input is anal-
ogous. The rule for input and output, in the style of [12], are

(R)Te(@)

L@ 7wy (our) Tesy P g

(w) 0

where F(9) = (4;0; k). Any scripted process in v is replaced by a trigger in @, and ©
is the parallel composition of all the definitions associated to k. In an input transition
values must be necessarily first-order. The rule for updates is

12



(ﬁ)l'updatep(gy<x)v,)

(Uppare) l-update,(x, V).P R|©
for any first-order U= {U, Uy}, FVh,..., V) = (V’;@;E) where all V; =V,
k is fresh, and R = P{U1/x}| --- | P{U./x}. The conditions are determined by the
idea that U can be considered as (first-order) parameters received in input, and V'
as parameters of as many output actions as there are input matches. We conclude
with the rules for running a script and analysing its definition:

(Rux)  l-run, L (Triceer) (k< OP) L), (k<= 0P) | P{l/ O}p/.}
The first rule simply records the location and path from which we run a script; the
second one effectively executes a copy of a script, initialised at [ and p.

4.2 Domain Bisimilarity

We introduce now our bisimulation equivalence. The intuition is that when two
processes are running in a domain A, we need to check that, if a process makes
an action «; with [ € A, then the other one can mimic it, possibly relying on the
existence of other locations in A. If [ ¢ A we need not worry about matching actions.
But since the domain can be extended by composing networks, we need to make sure
that actions not in A are also matched, this time in a different relation parameterised
by AU {l}.

We use the notation K —>, K’ if K L7, K7 for some | € A, and glAé—T>A*
o206 —T>A* ifl € Aoy # I-7, and —;Aé—T>A*. The function bn(—) extends to
triggers in the obvious way. We say that an action «a; is relevant to a configuration
K, abbreviated by rel(aq, K), if bn(ay) N fn(K) = 0.

Definition 4.1 A family of symmetric relations on configurations (indexed with sets
of locations) = = {&~\|A C L} is a domain bisimulation if K~\L and K 2% K’
implies:

1. if l € A with rel(ay, L) then L —a»j\ L’ where o) = oy and K'&=p\L';

Domain bisimilarity (=) is the (pointwise) largest domain bisimulation. Two open
processes P,Q are A-bisimilar iff for all closing substitutions o, Po ~j Qo.

In Appendix E we show that domain bisimilarity can be defined as the largest fix-
point of a monotonic operator on families of relations.

The proof technique needed to show that K ~, L, consists of exhibiting a domain
bisimulation & = {&A|A C A C L} such that K&;L. It is less burdensome than
it may seem: the family is monotonic, and therefore starting from the pairs in &y,
we can build each ~ayqy from & adding only the pairs where the first component
makes a move at [.

Theorem 4.1 For all A, (i) if A C A’ then m=yCreps; (i) =p is a congruence on
configurations, and the restriction of ~a to processes is a congruence on processes.
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This theorem corresponds to Theorem 3.3, but point (ii) here is much harder to
prove since =2, is not contextual a priori. The congruence property of ~, plays a
fundamental role in the theorem below, justifying the use of domain bisimilarity as
a proof method for our process equivalences.

Theorem 4.2 Process bisimilarity is a sound approximation of process barbed con-

gruence. For all A, if P =5 Q then P ~4 Q.

The converse implication does not hold, as can be seen from xch(7T, S) ~4 xch(S,T)
and point (1) below.

4.3 Examples

We start with an example of the proof method. We call distributed equator the
process dE(l-a,m-b) =l-a(&).m-b{z) |'m-b(%).l-a(z). It has the effect of making the
use of channel a at [ undistinguishable from the use of channel m at b, a key
property to define optimisations for web services. Let E; = dE(l-a,m-b)|l-a(?) and
Ey = dE(l-a,m-b) |m-b(3). We show that Ei ~y ,; E2. We need to give a domain
bisimulation R = {Ra }{;,m}ca such that Ry; .} contains the two processes. In this
case, it suffices to take the family where Ra = {(E1, E2), (E2, E1)} U for all A, where
I is the identity relation. In fact, if By =5 Ej then B, =525 EY, and similarly for
m, orn & {l,m}.

Using domain bisimilarity we can show the (non-) equivalences given below (dis-
cussed in Section 2 and Section 3):

1. for any A, if S £° T then xch(T, S) %4 xch(S,T);
01dS ~4 news if and only if m € A;

for any A, 1-a(%).l-a{z) ~a 0 and I-E(a,b) | I-c{a) %4 I-E(a,b) |I-c(b);

Ll S

(v get)(m-get | l-call(m, get,p)) ~a (v get)(m-get |l-spec) if and only if m € A.

We conclude with an example on replication of web services. Consider the two ser-
vices, meant to be interchangeable, defined as s; =!m-b(z,y, 2).(7a(Z,y, z) ®mn S) and
s2 =n-a(Z,y, 2).(m-b(Z,y, 2) On S), where P @, Q = (ve)(l-¢() | 1-c().P|1-¢().Q). Both of-
fer the same functionality S, but an internal choice determines whether the service
will be provided locally, or delegated to the other location. We can now embed in
the data indifferently a service call to s; or one to sj, as justified by the equation
given below

s1|s2|1-paste,(sc[Ol-call(m,b,?)]) R{mn} s1|s2|l-paste,(sc[Di-call(n,a,v)])

5 Conclusions

Our work shows how a behavioural understanding of systems for the exchange of
dynamic data on the web can be grounded on the existing research on process calculi,
but requires also the development of new techniques.

We leave to future work the study of complete characterisations of the contextual
equivalences, which we believe could be based on weak bisimulations able to abstract
away (partly) from update actions.
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A Tables

F(v) = (v';0;k) F(U) = (U';0;k)
F(0) = (v/;0'; k') F(U) = (U;05K)
k0 (kU fa(v) U fo(d) =0 k(KU faU)U fa(U)) =0
E'n(kU fa(v)U fn(d) =0 (kU fmU)u fU)) =0
F(v,0) = (v/,0;0 |0k, k') F(U,U)= (U, U;0|6;kk)
F(c) = (¢0;()) F(k) = (k;0;())
F(l) = (5505 () F(p) = (p;0; ()
F(Ql:p) = (Ql:p; 05 ()) F(0) = (0:0; ()

F(T) = (T1/§®1;k3~1)
(T2) (T3; ©2; k)
N (k2 U fn(T1) U fn(Ty)) =0
k2 N (kU fo(T) U fo(Ty)) = 0
F(Ty|Ty) = (T{| T3; ©1 | Oa; k1, ko)

Table 3: Relation F'

A ! ay y
(REs) K=K cgn(an)  (pyp) K=K bn(ay)Nfn(L)=0
(ve)K 25 (ve)K? K|L2 K| L
K=IL2%71 =K' K (d,F)l-c(®) K’ o
(STRUCT) — — (OPEN) ’ b#e,be fn (D)

(vb) K K’

Comy  le®) | le(@).P £5 P{i/i)
Comty  Te(®) | We().P L5M¢(z).P| P{o/3}

k)l upd U,(x)V’
(Urare)  Lupdate, (x, V).P P O by oy | P{UL/X) | ©

for any U = {Uy,...,U,} with k fresh, and ) )
F(Vy,...,Vy,) = (V";0;k), where V; =V
1-¢(D) O where F(9) = (v/;0;k)  (Rux)  l-run,, T
(o) (k< 0P) PP e < 0Py | PO/ OMp/Y an 0 20 e

(o) (k)T-c(v’)

Table 4: Labelled Transition System
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B Proofs of Section 3

B.1 Robustness of ~!

Lemma B.1 For all networks N, there exists a context C = check(l-T, n, ok, ko),
where n, ok, ko are location names not appearing in N, such that

1. N |;.1 implies exists N' such that C{N} —* N’ and N’ |ox and N’ Yio;
2. C{N} —* N’ and N’ |, and N’ Yy, implies N ;..
Proof. (Sketch). Consider the process
P = l-copy(X).n-update (Y, X).n-chk(T, ko).ok-cut, (X)

where n-chk(7T, ko).— is a prefix which analyses at location n the structure of T. If
the tree has the expected structure, the prefix will allow the continuation to exe-
cute, otherwise it will not produce an error signal (an observation at ko). Context
check(l-T,n,m) is given by

({n— 0} w{ok — a[0]} & {ko —a[0]} W —, P|-)

Since n is fresh, there can be no interference from processes in N on the working of
n-chk(T, ko), and since ok is fresh, we can observe ok only if the checking has been
successful. For each T, a process n-chk(T, ko) can be programmed by recursively
analysing the top level of the tree, using restricted channels in a way to get stuck if
some expected node is not found, and to produce an observation at ko if there are
more nodes than expected, for each sort of nodes. The construction depends heavily
on the paths and update semantics, but is possible (following ad-hoc strategies) for
a large set of querying and update languages. O

t

Statement of Theorem 3.1. The relations ~', ~° and ~ coincide.

Proof.

o (=~ C ~Y): follows directly from the definitions, noticing that N |;.o coincides
with NV |;.

o (= C ~b): given N~°M we want to show that N~'M. Since both rela-
tions are reduction closed and contextual, all we need to show is that N~0M
implies N |;.7— M {;.7. Suppose N |;.r, and consider the context C' =
check(l-T,n, ok, ko) of Lemma B.1, for some fresh locations n,ok,ko. By
point (1) of the lemma, there exists N’ such that C{N} —* N’', N |, and
N’ Y1o-Since ~0 is contextual, C{N}~°C{M?}, and since it is reduction closed,
there exists M’ such that C{M} —* M’ and N'~°M’. But then it must be
the case that M’ | and M’ {fx,, and by point (2) of the lemma we conclude
with M U’Z'T'

o (~ C~0): similar to the previous case. Suppose N |;., and consider the
context C' = ({m — 0} & —,l-a(Z).m-paste,(ok[0]) | —), where m is a fresh
location name and Z has the same arity as the object of the output causing
li-a. We have that N |;., implies C{N} | [o] which by contextuality of ~*

implies C{M} |,

m*ok

-ok[0]’ which can happen only if M l};.,, since m is fresh.
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e (~0C ~*): analogous to (= C ~*), adapting the context check of Lemma B.1
in order to use {;.ox for success and |};.x, for failure, for some fresh channel
names ok and ko.

B.2 Soundness of ~°

Statement of Theorem 3.2. Barbed congruence strictly implies tree congruence:
~bC ot

Proof. (Sketch). (~"C =~*): by reasoning as in the proof of Theorem 3.1, adapting
Lemma B.1 to show success with a barb at some fresh location called ok and failure
with a barb at ko. (x~# ~'): the networks N = ({l — T},0) and M = ({l —
T}, 1-copy,(X).0) constitute a counterexample. In fact N~"M because the stores are
the same and l~copyp(X ).0 is not able to affect either the store or other computations,
but N #® M, since the barbs are different. |

B.3 Monotonicity and congruence of ~ and ~4

Statement of Theorem 3.3. For all A, (i) if A C A’ then ~4 C~Y, and ~4C~Y,;
(ii) ~Y and ~Y (both on open and closed processes) are congruences over full contexts.

Proof. (i) In both cases the inclusion follows by Definition 3.6, and the strictness by
deriving a suitable counterexample from processes 01dS and newS (see Lemma C.3).
(ii) We start with the case for open processes. By Definition 3.6 we have that ~% and
~8 are closed under reduction contexts for processes. We need to show that they are
also closed under all prefixes.

We show the case for ~% , the case for ~4 follows a similar structure. Let K ::=
l-a(z).— | U-a(¥). — | l-update,(x, V).—, and let C,C’ be generic reduction contexts.
We show that for an arbitrary D with A C dom(D), the relation

S ={((D, C{E{P}}), (D, C{E{QIN)|P ~; Q} U ~'

is included in ~*. By construction S is closed under reduction contexts and respects
observables. We show that it is reduction closed by induction on the structure of
C, and we limit our analysis to the most representative cases. The base case is
when we have the pair (D, K{P}),((D,K{Q}), where reduction is possible only
for K = l-update,(x,V).—. If the update reduction can take place then we get
(D', Poy| ... | Poy,) for the first component, and we can do the same move with the
second obtaining (D', Qo | ... |Qoy,), which by P ~% @Q, transitivity of ~%, and
Definition 3.8, belongs to ~! (notice that by definition ~! C S, and S is transitive).

Another interesting case is when C' = [-a(?)|— and K =!-a(%).—. Then we have
(D, K{P}) — (D, K{P}| P{v/Z}) and also (D, K{Q}) — (D, K{Q}|Q{v/z}). By
P ~*% @ and Definition 3.8, we have (D, P{v/z})~'(D,Q{v/z}) and by contextuality
of ~* we get (D, K{P} | P{v/z})~"(D, K{P}|Q{v/Z}), and by inductive hypothesis
(D, K{P})=!(D, K{Q}), which implies (D, K{P} | Q{t/&})=~! (D, K{Q} | Q{i/}),
and by transitivity (D, K{P}|P{9/z})~*(D, K{Q}|Q{v/Z}). The case for closed
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processes is easier, because it does not need Definition 3.8. O

B.4 Maximality of ~' and ~°

Statement of Theorem 3.4. (i) I15(~!) coincides with ~'. (ii) TI5(~") coincides
with ~°.

Proof. Both ~!C II§(~!) and ~*C TI§(~) follow from point (ii) of Theorem 3.3,
and by definition of the relations (Definition 3.6 and Definition 3.9).

We show the converse inclusion for ~° first. We give the case for stores com-
posed by a single location, which can be easily generalised. Assume that for some
1,S,T, we have ({l — S},P) ~* ({l — T},Q). Let K = l-update,(X,R).l-a().—,
for arbitrary R,a. Since II5(~') is a congruence, we must have that N = ({l —
S}, K{P}) ~* ({l = T},K{Q}) = M. Since N — ({l — R},l-a(z).P) = N’,
and N’ {,,., for any m,p, then by reduction closure it must be the case that
M — ({l = R},l-a(x).Q) = M’ ~* N’  otherwise a barb would distinguish the
two processes. We can now apply closure under reduction contexts obtaining, for
C = (0,(va)(l-a()| -)), C{N'}=~tC{M'}. But since C{N'}~!({l — R}, P) and
C{M'}~*({l — R},Q), by transitivity of ~* we have ({{ — R}, P)~'({l — R}, Q).
Since R is arbitrary, we have VR.({l — R}, P)~!({l — R}, Q), and generalising this
construction for any location in a store, we get I1§(~") C~P.

The proof for ~! is similar but relies on Theorem 3.1: it is in fact convenient to
use ~0 as a starting relation, in order to force the step from M to M’ reasoning on
channel observables. a

C Monotonicity and congruence of ~,

The proof that ~, is a congruence adapts the techniques for the asynchronous 7-
calculus of Honda and Yoshida [13] to the framework of Sangiorgi [23] and Jeffrey and
Rathke [14]. The techniques can be adapted to domain bisimilarity fairly easily, but
our congruence proof is complicated by the incompleteness of ~,. In fact, closure
under parallel composition of =, turns out to be difficult to prove directly. For
example, Jeffrey and Rathke are able to prove soundness of their bisimilarity by
showing that an auxiliary relation, only reduction closed, is closed under parallel
composition, and then, by showing completeness, they derive that bisimilarity is
closed under parallel composition.

It is important to keep in mind, during the proofs, the distinction between session
names and public names, and that a scripted processes is well-formed only if it has
no free session names. Moreover, as previously stated, configurations are well-formed
if for any trigger name there is at most one definition, and the scripted processes in
the definitions do not contain trigger names.

In all the proofs we reason modulo structural congruence of the lts actions.
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C.1 Basic lemmas

Many proofs rely on the technical lemma given below, relating the transitions in the
Its with the syntactic structure of configurations, up to structural congruence. The
lemma which will be used in the proofs below without stating it explicitly.

Lemma C.1
1. & R g if and only if K = (vb)(L|T-¢(t)) where ¢ & {b} (and {b} C
{0}), and K’ = L |© where F(v) = .
9. K L9, g if and only if K' = K |1-¢(0).
3. K15 K if and only if
o K = Wh)(L|l-¢(2).Q|1l-¢(v)) and K' = (vb)(L|Q{0/Z}), or
o K = (vb)(L|N-c(&).Q|l-¢(®)) and K' = (vb)(L | 1-¢(#).Q| Q{v/%}).
4. K Bt updte, (0,COV') K' if and only if K = (Vl;)(L\l-updatep(X, V).Q) and

K = (wh)(L|Q{U/x}| - | Q{Un/x}|©), for some U = {Uy,--- ,Un} with
FVi,..., V) = (V';0;k), k fresh, and each V; = V.

5. K LM g if and only if K = K'|l-runy.

6. K T K1 if and only if K = L| (k < OP) and K' = K | P{i/ O}{p/.}.
Proof. The if part follows immediately by definition of Its.

The only if part follows by induction on the number of derivation steps needed
to obtain the labelled transition. We give the case for bound output (1) as an ex-
ample. Suppose K LLIDLTOR K’ is derived in a single step (i.e. using the axiom
(our)). The only possibility is for K = [-¢(0) and for F () = (4;©;k) we conclude
with {b} = 0 and K’ = ©. For the inductive case, assume that K MGEQLTEN K1,
with Ky = (vb1)(Ly [1-¢(0)) where ¢ & {b1} (and {b1} C {0}), and Kj = L,|©
with F(0) = (@;0;k), is derived in n steps. Then a derivation of n + 1 steps can
only be obtained by applying (Res), (Struct), (Par) or (Oeen). The case for (Struct)
is trivial. If rule (res) is applied then we must have (vd)K; Lokt c@), (vd)K}

with d & n((by, k)l-c(@)). Since F does not affect session channels, we conclude us-

ing structural congruence to bring the outermost restriction around L;: (vd)K; =
(vb1)((vd)(L1) |1-¢(D)), and (vd)K] = (vb1)((vd)(L1)|©). The cases for (Par) and

(Open) are similar. O

Bisimulation up-to structural congruence is used extensively, and is easy to justify
in our setting due to the Its (Strucr) rule.

Lemma C.2 (Bisimulation up-to structural congruence) If K = M ~, N =
L then K =5 L.

Proof.  The relation R = {(K, L) | K=M=aAN = L}AcA is a domain bisimu-
lation. Follows easily using rule (struct) of the lts. - O
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C.2 Monotonicity of ~,

Lemma C.3 Consider the two processes 0ldS(l) = I-cut/(X) and newS(l,m) =
(ve)(me{/) | m-c(x).l-cut, (X)), where l #m. Then

1. if m € A then 01dS(l) =~ newS(l,m);
2. if m & A then 01dS(l) & newS(l,m).

Proof.

1. We show that the family R where
Ra = {(01ds(l),newsS(l,m)), (newS(l,m),01dsS(l))} U I

for any A D A is a domain bisimulation. Suppose 01dS(!) 2L, K. If | € A then

we have that newS(l,m) ~— 01dS(l), and therefore newS(l,m)—~ts, K since
m € A, and we conclude because (K, K) € I implies (K, K) € Rp. If | & A the
same argument applies to Rau(y-

2. We have two cases. If I € A then 01dS(!) can make an update transition at [,
but newS(l,m) cannot, since the only move it can make is a 7 at m, which is
not allowed because m ¢ A. If [ € A the same argument can be applied to the
relation ~pyqy-

Statement of point (i) of Theorem 4.1. For all A, if A C A’ then =pCrep/.

Proof. The inclusion follows by Definition 4.1, noticing that with rule (~) in
the Its it is always possible to make an input action at location I, for any [ also
not in A. The inclusion is strict: if A C A’ then there exists an m such that
m € A\ A, and by Lemma C.3 we have, for any | # m, 01dS(l) ~x, newS(l,m)
but 01dS(l) 3¢5 newS(l,m). O

C.3 Variant Lemma

The first step towards the proof is to generalise the variant lemma of [13] to channel
and trigger names. Moreover, we extend it to bijective substitutions (here called
switchings), obtaining a simpler, purely co-inductive proof. Below we let a, b, ¢ range
over channel or trigger names, and we consider only well-sorted substitutions (i.e.
replacing channels for channels and triggers for triggers).

Definition C.1 (Switching) We use the notation K* ™Y (switching) for the bijec-
tive substitution K{c/a}{a/b}{b/c}, with ¢ & fn(K).

Observation C.4 From the definition of switching and substitution we have that
switching is self-dual (K¢™?)2™ = K and symmetric K¢t = Kb,

a—~b
y

Lemma C.5 If K 25 K’ then Kot 2L gro™?,
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Proof. We show the case where K = P and K’ = P’ are processes. The exten-
sion to configurations is trivial. The proof goes by cases on «;, using Lemma C.1.
We show the case for the bound output which is the most interesting, the other
cases for a; are simpler. Let p =?"? and suppose, without loss of generality,
that P 25 P’ with oy = (b,b)l-a(0). We have that P = (vb,b)(P'|l-a(d)) =
(ve, &) (P'{c,&/b,b} | l-alt{c,&/b,b}))pp, where ¢, are fresh, and applying the inner
switching we obtain

(ve,&)(P'{e,e/b,B} | Ta(ofe.¢/b,5))pp = (ve,&)(P'{e, /b, byp | T5(0{e. ¢/b.Byo) o
— (ve,&)(P'{e. /b, b}{b/a} | TB(i{c.&/b. B} {b/a}))p

where in the second equation we have used the fact that b has been replaced by c.

Since a does not appear free anymore, we can alpha-convert ¢ with a and ¢ with b in
the last term, which becomes

(va,c)(P'{c,é/b, 5}{b/a}{a, l;/c, ¢} [ 1-b(t{a, /b, lN)}{b/a}{a7 lNJ/c7 cH)p

and which by definition of switching is (va,b)(P'p|1-b(ip))p. We have shown that
P = (va,b)(P'p|1-b(ip))p, from which Pp = (va,b)(P'p|l-b(3)p) —£> P'p. O

Lemma C.6 (Variant lemma) If K =, L then K ~, L0, In particular, if
b¢ fn(K,L) then K =5 L implies K{b/a} ~, L{b/a}.
Proof. Let p ="". We show that the family R = {(Kp, Lp) | K =~p L}ACA is

a domain bisimulation. Suppose that K ~a L for some A. If Kp <% K’ and
I ¢ A then by K ~a L we get K ~aygy L and therefore (Kp, Lp) € Rauqy- If

I € A and rel(ay, Lp) then by Lemma C.5, K 2P, K'p with rel(ayp, L), by bisim-

ilarity L~ A L' with K'p ~a L', and again by Lemma C.5 Lp=>AL/p, therefore
(K'p,L'p) € Ra. O

C.4 Congruence of ~,

Following Jeffrey and Rathke [14], we use a merge operator to reconstruct processes
from configurations*. The merge operator will play a substantial role in showing that
= is closed under parallel composition.

Definition C.2 (Merge) The merge operator {(—)) on well-formed configurations
is defined as:

(P)=P ((OK) = (e)(K) (K|{k<«OP))=(K{OP/k})

Notation 1

o We denote with OF a_configuration (ky <= OPy)| ... |(k, < OPF,) for some
(possibly null) vector k = ka,...,k, of distinct triggers, and some set of pro-
cesses Py, ... P,.

4Since scripted processes in definitions cannot contain triggers, our merge operator is total.
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e Given a configuration oF = (kv < OPy)| ... | (k, < OP,), we denote by the
superscript —©" the substitution —{0OP,...,0P,/ki,..., kn}.

e Given a configuration OF and a vector of distinct triggers 7, such that qu =
kl’ cee kn G,’I’Ldj = jla R 7jn7 we denote G)k{jh LR 7jn/k17 (R ,kn} by @k(\]

Note that two groups of definitions ©F and ©7 identified by the same name but by
different vectors of triggers can in principle be arbitrarily different. We will also let
Q% and ®* range on groups of definitions.

Observation C.7 From the syntax of configurations and the well-formedness con-
dition on scripts, for any well-formed configuration K there exist a process P and a

conﬁgumtwn @k such that K = P | OF and (KY = P®". Moreover for any vector j,
P® = P{]/k}9 * (if the latter term is defined).

From now on we assume always to have well-formed configurations, and where not
otherwise stated, we assume that the triggers in vectors k, i, j, ... are all distinct.

Lemma C.8 Given OF, if P 24 P and Enn(ay) =0 then (P 6’“» — (P'] 6’“»

Proof. Follows by syntactical reasoning using Lemma C.1. O

Lemma C.9 Let all the configurations below be well-formed.
1. If K ~p L then K = P|©F and L = Q| QF.
2. If K |OF ~p L|QF then K ~ L.
3. If K|©F mp L|QF then K|OF|©F Y ~y L|QF | QR
4. If K|©F mp L|QF then K|©F Y ~y L| QR

Proof.

1. Follows easily from Observation C.7 noticing that if one configuration contains a
definition involving a trigger not present in the other configuration they cannot
be bisimilar.

2. It is easy to verify that the family of relations

_ k k
Rf{(K,L) | K|©F ~a L|Q }AQA

is a domain bisimulation.

3. It is easy to verify that the family of relations
R = {(K|@k|@’5“5,L|Q’5|Qk“5) | K|0F s L|Q’“} .

is a domain bisimulation.
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4.

Follows directly by point (3) and point (2).

Lemma C.10 Suppose F () = (v'; oF; k). Then

1.
2.

3.

if k € fn(d) then k € fn(v);
if ke (fn(v') \ k) then k € fn(v);

- oF
v=0" .

Proof. By induction on the structure of 0. |

Lemma C.11 If P|OF |07 ~p P|QF |QF then (P|OF) |07 ~p (Q|QF) | Q.

Proof. The family of relations

R={((P16%)|&7.(Q10%)|97) | P|OF|&) ~a PIOF O}

is a domain bisimulation. Follows by analysing the transitions of (P | oF ha ©J, using
Observation C.7, Lemma C.8 and Lemma C.6. O

Statement of point (ii) of Theorem 4.1. For all A, =, is a congruence on
configurations, and the restriction of /<5 to processes is a cONgruence on Processes.

Proof. We start showing the congruence of ~, on configurations. In particular, for
an arbitrary A, we have to show the following points:

1.
2.
3.

2.

=, is an equivalence relation;
K ~p L = K{0/2} ~p L{v/%}, for all ¥ and Z;
K~y L= (V&)K =~ (vé)L.
K~y L= K|M =) L|M;

. Reflexivity and symmetry are immediate. We show transitivity: the family

R={(K,L) | K~aMAM r~x L}ACA is a domain bisimulation. let A be

arbitrary and suppose K <% K’ with [ ¢ A. Then (K,L) € Rauqy because,
by Definition 4.1, K =aygy M and M ~ayqy L. If [ € A and rel(ay, L) there
are two cases, based on the relevance of a; to M. If rel(ay, M) the proof is
straightforward. If o; is not relevant to M then the action must necessarily have
some bound names ¢ such that {&} C fn(M). Now choose a ¢ with the same
length as ¢, in such a way that {¢/} N fn(K, L, M) = (. By the side conditions
on the lts rule (Par) used to derive the bound transition, {¢} N fn(K) = () and
by Lemma C.6, K = K{c¢'/¢} ma M{c'/¢} = M’. Similarly we get M’ ~x L.
But now rel(ay, M), and reasoning as in the previous case, we can conclude.

Follows immediately from Definition 4.1.
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3. We show that R = {((v&)K, (vé)L) | K =~a L}, 5 is a domain bisimulation.
The input transition requires some attention, as the other ones are easy. We

consider only the case where [ € A, the other is standard. We have that
(vé)K bea® T l-a(d) | (wé&)K. If & = b,¢’ and b C & then using alpha-conversion

and structural congruence we get (vb/, &) K {/ /b} —-, L9, Y Talo) | KB /b))
where V' are fresh session names. Using the variant lemma (Lemma C.6) on the
hypothesis we get K {V'/b} ~a L{V//b} and since K {b’/b} La®, l-a(v) | K{b'/b},
it must be the case that L{l;’/l;}M»AL’ ~a l-a(d) | K{b'/b}, and we con-

clude because since 5N/, ¢/ = ), we can derive also (v¥/, ¢/ )(L{V /b}) —— Lal®) NV 72

4. We show that the family of relations R composed by the pairs

(&) (OF [ (P M) | (&7 | RY | &), () (QF | (Q] @MY | (2 | R) | @)
such that o o
OF |07 | P ra OF |V |Q

for A C A is a domain Joisimulation; (Note that when (?ﬁ — @ =0and ¢
is empty, taking K = ©7 | P, L = /| Q, and M = R|®!, each Ra becomes
exactly {(K|M,L|M) | K ~a L}.)

In the proof below we will only consider the transitions for actions a; with [ € A
as the other ones can be dealt with by definition of domain bisimulation, and
we will omit the subscript A on weak actions for readability. Moreover we will
use the abbreviation reported below:

K = (vd)(0F | (P|2") [ (&7 | R) | @)
L= (e)(QF[(Q|2") [ (07 | R) |2

K, =0"e/|p

L= 0" 97 |Q

We use implicitly Lemma C.1 and pattern matching between the syntax of the
terms above and the one of the terms in the lemma to analyse each possible
transition.

o (K —= Lk(P) — K') R ~

We have two possible cases, depending in whether k € k or k € 1.

— @k 1, Lk(p) oF | Py: then by well-formedness of ©F we know that Py
contains no trigger names, and therefore we take

K' = (vé)(©F | (P, | P|®™) | | (67 | R) | &)
By K, NALlandKlZ’MKl\Pk:K{wegetLlT k()
o QF |01 |Q = L with L) ~a K. Since the action —- i
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necessarily originated by Qf“, we can reorder the reduction obtaining

Ik
Ly L), Ly Qi o L}, and consequently we have

l"k(p)
_

W) (QF [ (Qr | Q@M | (7 | RY) | 9') = L”

Using Lemma C.8, we derive

L

LT (@) (QF | (@' | @) | (9 | RY | @F) = L'

and we conclude because (K’,L') € Ra.

7 Uk K . . . .
— ¢ LLION @' | Ry: this case is similar to the previous one but simpler,

because instead of using the hypothesis Ky ~a L1, it suffices to use
syntactical reasoning.

o (K I*runy, K/)
Similar to the previous case but reasoning on P or R, and exploiting
the fact that the process term run, does not contain trigger names, and
therefore can be moved out of the merged term.

o (K149, gy

We need to avoid the capture of free session names in v by ¢, and the cap-
ture of trigger names in order to bring the output process generated by the
transition inside the rightmost merge operator in K. By Observation C.7
we have that for a fresh 5/, (67| R)) = (077 | R{;’/j})), and therefore,
for o = {¢//¢}, we have

K' = (ve)(OF | (Po | @) | (€777 | Ro{j/j} |T-a(D))) | @)

where we have alpha-converted ¢ to ¢ to avoid clashes with free session
names in the input action. We can derive in the same way a transition for
L:

l-a(D) ~ 7. 4 N .~ — ;
—— () Q" [ (Qa | ") | (77| Ra{j"/j} | l-a(0))) | @) = L'

By K1 ~a L, using the variant lemma (Lemma C.6) we obtain oF | e’ | Po ~a
OF | | Qo, and using point (4) of Lemma C.9 we get

L

@fc ‘ @5/\]7/ ‘PO' ~A Q]; ‘ Qjﬂjﬁ |Q0‘

and we conclude with (K’, L") € Ra.
° (K (b,b’,k’,i’)l'u(ﬁ) K/)
We need to distinguish two cases, depending on whether the output tran-
sition is originated by R or P.

— (07| Ry LD, f where & = ¢, b, We have that (©7 | R)) =
R® = (uB)(Ta('™ ) | RY’), where b C difor F(v'° ) = (i 0F | &7 5k, i),
where for each (k' < OF) in OF there is (j < OF) in ©7, and
Ko = RY" |©" | ®". We define

®3>

K' = (ve)(0F |0F | (P|®") | (67| Ry) |9 |37)
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Reasoning symmetrically on L, we obtain

(b’ k" i a(D)

(0 | B) = B = () Tty | RY) RY |07 |9

for F(J’Q]) = ({J;Q’& |<I>f~';k~’,i~’), where for each (k' < 0Qy) in Q¥
there is (j < 0Q) in 7, and we define

L' = (wd)(Q8 QY [(Q| ") | (2 | Ru)) | @[ @)
From K; ~a Lq, using Lemma C.9, we get

OF |OF |07 | P~ QF |QF |07 |Q

and we conclude with (K’, L") € Ra.
(P oty LI, g where & = ¢,b. We have that (P | ") =
P = W) (la(u,®") | PE"), where ¥/ C 9. Moreover if F(v1) =
(v'; ©F'; k') then by Lemma C.10, F(v}q’h) = (17;6)]“'~| <I>’7';I%’7i~/), and
for each (i’ < ORg) in ® there is (h < ORy) in ®". We also have
Ko = P®" |0 | &7, We define

K' = (vd) (O |O" | (P @") | (&7 |R) | 2|2
By the hypothesis K7 ~aA L; and by

K, U, p ek |ef |6 = K;
where &/ C v/ and, as previously stated, F(4y) = (v'; @’5'; 15’), we get

(b k)l-a(v’)
-

I Q1| 0F|QF |0 = I,

and K| ~a Lj. Since none of the transitions in the trace above can
be generated by a definition, we can deduce

’ (b7, k)T a(v’) 0T o
QT (W) (Talz) | Q2) = Qs Qs ), 9y 10F Ty |0

where F (1) = (v/; Q' :k'). Note that by Lemma C.10, vz has exactly
the same occurrences of trigger names in h as v', and therefore . By
Lemma C.8, (Q | <I>h>> — Q3| <I)h>> and by syntactlcal reasoning

T U
(Qa|@") ————= (Qz] @") | Q" |®
for F(quﬁ) = (v; OF |<I>i~'; I%’,{’). Again by Lemma C.8, we have
(Qz12") Q¥ |27 T (@i | @) |2 |27
and defining
L' = (we)(QF | [ (@1 ") | (| R) | &' | @)
we conclude with (K’, L") € Ra.
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(k)1-update,, (T, (x)V)

o (K K")
Follows combining the argument for input and the one for output.
o (K LR K')

We have three possible cases, depending on wether the transition is deter-
mined by R, P, or both R and P.

- ((@3 |R) = Kpy: we necessarily have R = R’, and by Lemma C.8

we conclude, since Ky = ((©7 | ') and we can do the same transition
with L.

— {(P|®") T Ko: similar to the previous point, using the hypothesis
Ky ~a Ly to justify the (weak) transition for L.

— {(P|®") | (©7|R) = Ko We must distinguish four cases depending
on whether R or P receive the value, and if the value is received on a
replicated input.

* Replicated input by R: R®’ = (VB)(RleJ | !l-a(i).Rzej), where b is
h ~ — h ~ ~

fresh, and P = (z/c’)(lp(f/q’h) |P1‘I_’ ), where ¢ is fresh and ¢/ C

%", and Ko = (ve) (PP | (WB)(RY” |1l-a(#).RS” | R {5 /&})).

Suppose F(9) = (v/; O k') for some fresh k’. By Lemma C.10 we

. ~eF . ~
have v = v’ , and we also know that v and v’ have the same oc-

currences of triggers in h. We can therefore rewrite RS’ {ﬁ‘bh Jz} =

~ ph R
(RQ{'U/q) /21)®"©" | and define

NN P T - ~oh ;
K' = (ve,¢)(O" [ (P | ") [ (07| 0" | (vb)(Ry | 1-a(F).Ra | Rofv!™ /3}))) | @)
By the hypothesis K7 ~, L, and by
K, (c/,k")la{v’) P | @} ‘@fc | @E’ _ Ki
where, as stated above, F(0) = (1;’; @’5/; l;:"), we get

(& K Ta(o’)

L5 (@)(Qu [ Ta()) |90 |QF = Ly, L Q|0 |QF = Ly
where F (1) = (v'; Q' k'), and
LT Q' | |QF|QF =L, K|~y L,
By Lemma C.8,
- ~ — 7 ~ hoo— ok
(Q[ ") (@1 | T-aliz)) [@") = ()QT [T-aliz®))
and therefore, using syntactical reasoning L— — L” where
N ; o, - ~ ot ;
L" = (ve, ) Q" [ (Qu| @) | {7 Q¥ | (vb)(Ry |U-a(Z).Ro | Ra{v'™ /3}))) | 9°)
and, again by Lemma C.8, L” T L', for
N 7 S R - ~ ol ;
L' = (&, ) Q8 [(Q"[®") [ (2 | Q¥ | (vb)(Ry [W-a(Z).Rz | Ro{v' ™ /Z})))| @)
and we conclude with (K', L") € Ra.
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* Input by R: analogous to the previous case.

« Input by P: R@% = (Vé’)(R‘fj |E<f1®j>)., where ¢ is fresh and
dC 7393, and P*" E_(I/E)(P{bh |l~a(:i).P2‘I’h), where b is fresh, and
Ky = (V(;/)((Z/B)(beh \Pfh {1793/%}) |R1®5). For some vector of

~ @i’

fresh triggers 5/, let ' = #{j'/j}. We have that 79 = o

Suppose F(v') = (v1; ®"'; b') for some fresh W'. By Lemma C.10

and the freshness of ]j’, W' we have v/ = 171@'1/ and p2<1>’3{1~)@5 3} =
~ - T/q>h,”¢ﬂ,
(Po{v'/T}) |©77 , and we can define

K' = (v&,&)(0F | ( ((vb)(Py | Po{i1 2} | €777 )) | " | @) | (67 | Ry)) | )
By the hypothesis K1 =5 L1, and by

l-a(vy T ~ -~ =z 7.
Ky 2L b (Py | P /7)) | ©7 | ©F = K

we get, composing two weak actions of Ly,
1 a (v ~ 7
L Q9198 = L, K~ I

From the transitions above, by syntactical reasoning, we infer that

l~a(v1)

Q5 (vd)(Q1 | a(2).Q2) —— (vd)(Q1 | l-a(2).Q2 | T-a(v1)) = Q'

for some vector of fresh session names d. By Lemma C.8 and by
syntactical reasoning we get

L% (v) (| (vd) (Qu | La(2)-Q2) | 27 | (&7 | R) | @) = L”
Now we use structural congruence, and the equations TJQ’; = o

and v/ = ﬁlq)h , to bring the output of R near to the input.

L' = (v, &) QF [ { ((vd)(Q1 | La(x).Q2 | Ta(1)) | Q7 ) | @ | @7 ) | (27 | Ry) | @)
By another application of Lemma C.8 we deduce
Lo (w2, &) (QF | ( (Q' |7 ) | 9% | @) | (€ | Ry) | @7) = L

Applying point (4) of Lemma C.9 on K| ~x L we get K1 | QI3 oy
Ly | 9977 and by Lemma C.11 we get

((Wb)(Py| Po{i1 /7)) | €779 ) | ©7 | ©F mp (Q'| Q7T ) | QF |07

and we conclude because (K, L") € Ra.
* Replicated input by P: analogous to the previous case.

We now show that the restriction of &, to processes is a congruence with respect to
generic contexts. We need to show the remaining points below:
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1. Prp Q = 1-¢(Z).P =y l-¢(2).Q;
2. Pmp Q =l-c(Z).P =pll-c(2).Q;
3. P~) Q= l-update,(x,V).P =x l-update,(x, V).Q.

Point (1) follows by showing that R = {(I-c(2).P | M,1-¢(2).Q| M) | P=a Q}ACA,
where M is an arbitrary parallel composition of first-order outputs, is a domain
bisimulation. Points (2) and (3) are similar, using also transitivity and closure under
parallel composition of 4. O

D Soundness of ~,

The main task in proving the soundness of ~, consists in showing that an auxiliary
relation =< on networks whose processes, in parallel with the ones extracted from the
data, are A-bisimilar, is included in barbed equivalence.

We start with some auxiliary lemmas.

D.1 Auxiliary lemmas

Lemma D.1 (i) If K LT, K then, for all D such that | € dom(D), (D, {(K))) —
(D, (K"Y). (ii) If KT K' then, for all D such that A C dom(D), (D, {(K)) —*
(D, (K"))-

Proof.  Point (i) follows easily from Lemma C.8, point (ii) follows directly from (i). O

Lemma D.2 Suppose F(D) = (D', oF; k) and D = {l — T} W E.
If p(T) ~ piox.oxT, X, where range(X) = {0OP,...,0P,}, then:

2. if also F(B) = (B';Q% k) with B = D' then B = {l — S} E', and
p(S) i p1ox.o0xS, X where range(X') = {0Q4,...,0Q,}

Proof. By well-founded induction on the depth of nesting of selected nodes in p(7"),
following a structure similar to the proof of Lemma A.13 of [8], and by definition of
F. |

Lemma D.3 Suppose F(D) = (D’;@’;’;l;:) where D = {l —» T} W E, and F(B) =
(B';QF; k) with B' = D'. If p(T) ~ p1x.vTh, S, where range(X) = U, then:

1. OF = (9;’\@z where F(U) = (U/;@%;g) and F(V1,...V,) = (‘7’;@3;5) with each
Vi=V;

2. F(Dy) = (D};0"|©7;h,j) where Dy = {l—=T}WE;
3. B={l— S}WE
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4. for any W such that F(Wy,...W,) = (V';Q9:}) with each W; = W, there
are S1, X" such that p(S) ~~ p,1.x,w 51, 5" where range(¥') = {W1,..., Wy} and
F(W') = (U Q');

5. QF = Qh | QF;

6. F(By) = (B};Q" |Q;h,j) where By = {l— S} W E';

7. D} = Bl

Proof. By well-founded induction on the depth of nesting of selected nodes in p(7"),
following a structure similar to the proof of Lemma A.13 of [8], and by definition of
F. a

Lemma D.4 If (D,P) — (D1, P1) then one of the following holds:
1. PP, D={I—T}WE, and D = D;.

lruny,

s P Py, D={l—T}WE, and D = D1, where p(T) ~ p1.ox,0xT, % with
range(X) = {QP/,--- ,0P'}, and P, = P,|P}| --- | P!

n-

7)1-upd U’ (x)V' ~
5. p WS TH0OV) b1 @i D= {1 TYWE, and Dy = {I — T\ VW E, where

p(T) ~ pa,vT1, X for range(X) = U and F(U) (U’ ol i), F(Vi,...,V,) =
(V':©9;]) where each V; =V, and Py = (P, | ©%).

Proof. By induction on the derivation of (D, P) — (D1, P;), and by definition of
Its. |

D.2 The candidate relation <

Definition D.1 The relation < is composed by the pairs (D, P), (B,Q)) such that
F(D) = (D';0F k) AF(B) = (B;QF k) AD' = B AP|OF ~y Q|QF

where A = dom(B) = dom(D).

Lemma D.5 The relation = is included in ~.

Proof.  We show that =< is (1) barb preserving, (2) contextual, and (3) reduction-
closed.
1. Follows from the definition of barbs, the hypothesis P | oF ~ ~y Q OF and

Lemma D.1, noticing that OF and QF cannot perform tau or update transi-
tions.

2. Consider a generic reduction context (EwW—, C{—}): we have, by definition of F,
that F(EwD) = (E'wD';® |©F;j k) and F(EwWB) = (E' & B; & | Q% k),
where E' W D' = E' W B’. We must show that P | OF ~y Q | QF implies
C{P}|®I | OF ~p c{Q} | ®I |Q]C which follows by Theorem 4.1, noticing that
c{p}|®i |oF = C{P\@k |7} and C{Q}|®I |Qk = C’{Q|Qk |7}, since
scripted processes have no free session names.
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3. Assuming that (D, P) < (B, Q) and (D, P) — (D1, P;), we need to show that
(B,Q) —* (B1,Q1) < (D1, P1). For clarity, we write down what (D, P) =<
(B, Q) means:

F(D) = (D';6%:k) (1)
F(B) = (B; 9% k) (2)
D=5 (3)
A = dom(D) = dom(B) (4)
P|6F ~y Q|0F (5)
By Lemma D.4, there are three cases:
(a) P L7 P, with
D={i—~T}WFE (6)
D=D (7)

By definition of lts and by (5), we have
plet T,  p|ek
ml [~
QIOF oy —ET T, Qr | OF

By syntactical reasoning we get Ql'—T»AQl7 by Lemma D.1 we get (B, Q) —*
(B,Q1), and by (2), (3) and (7) we conclude with

(D,P) —— (D, P)

=| I=
(B,Q) —— (B,Qu)

I run,

(b) P —= P, with (6), (7), and
p(T) ~proxoxT, (8)
range(X) = {OP;,--- 0P} (9)
and Py = Py | P/ | -+ | P. By definition of lts and by (5), we have
p|ek Lruny Py | oF
~ | [~

l-runy,

QIOFTsy M T Qo | OF

l.
and by syntactical reasoning we get Q-+ Qs3 | 1-run, RN Q31Q5.
By Lemma D.1, we get

(B,Q) =" (B,Qs3]l-runy) (10)
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By (1), (2), (3), (6),(8),(9), and point (2) of Lemma D.2, we have

B={l— S}WFE (11)
p(S) ~p1ox,o0x5, Y (12)
range(¥') = {0Q%,...,0Q.} (13)

and therefore by definition of reduction we can derive

(B, Qs |l-runy) — (B, Q3| Q) (14)
for @ =Q}| ... |Q), and again by Lemma D.1 and definition of reduction
we have

(B,@s31Q") =" (B,Q2]Q) (15)
Composing (10), (14), and (15) we get
(B,Q) =" (B,Q21Q") (16)

We need to show that for some @ such that (B,Q2| Q') —* (B,Q1), the
equation Py |©F a2, Q|2 holds.

By (1), (6), (8), and point (1) of Lemma D.2, we have ©F = 0" | (j; «
ORy)| ... |{jn <= ORy) and Ri{l/ OH{p/.} = P;. By (2), (11), (12), and
again point (1) of Lemma D.2, we get QF = Q" | (j; <« OR}) | ... | (jn <
OR),) and Ri{l/ O}p/.} = Q). We can now derive

peF B ppr ek

~ | [=a

Q- | QF Ty t51(p) ToaQ 1 Ok

Py|Pi| ... |Phy|OF TP py e
%Al Tz/\
Q' QF Ty L), TonQy | OF

where by syntactic reasoning
Q2] Q1]+ QL aQ " @y . [Qa - —aQ" QT4
and, by (16) and Lemma D.1, we conclude with

(D,P) —— (D, P)

=| [=

(B7Q) —— (B7Q1)
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(j)i-update, (", () V")

(c) P P,|©i, with (6) and

Di={il-T}wE (17)
p(T) ~ pirvTh, S, range(X) = U (18)
F(U) = (U";6%;7) (19)
F(Vl,...,Vn):(17/;@)3;3)7 V=V (20)
P = (P,]07) (21)

By definition of lts and by (5), we have

P @fc (3)i-update, (U’,(x)V") P oi | @fc

zAl %A (22)

_ j)lrupdate, (U,(x)V') <=
Q|Qk_")A (3)l-update, (U’,(x)V") —>—>AQ2|QJ|Qk

and by syntactical reasoning

Q1A (vb)(Qs | l-update, (x, W).Q1) = Qu (23)
Qur LTI (94| @5) | 9 (24)
(D) (Q3 | Qs) | ¥ T Qs | (25)

for some W is such that
F(Wh,...,W,) = (V;Q7:]), W, =W (26)

By (23) and Lemma D.1, we get (B, Q) —* (B, Q).
By (1), (2), (3), (6), (18), and Lemma D.3, we obtain

ok =o"| o (27)

F(Dy) = (D};0"|©7;h,j) where D; = {l — T\ } W E (28)
B={l— S}yFE (29)

p(S) ~ 1w S1, Y, range(X) = {W1,..., W, } (30)
FOW") = (U Q57) (31)

oF = oh |0 (32)

F(Bl)z(Bi;QiﬂQj;fL,j) where By = {l— S} W E’ (33)
D} =B (34)

Using (29) and (30) on (24), by definition of reduction we can derive

(B, Qar) = (Br, (vh)(Q3 | Qu{Wi/x} | ... [Qa{W,/x})  (35)
and by (26), (31), and point (3) of Lemma D.4 we have that

(Wh)(Qs | Qu{W{/X} - | Qu{W /x}) = ((vh)(Qs ] Qs) | 27)
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By syntactical reasoning on (25) we get (10)(Q3 | @5)—»2Q2, by Lemma C.8

we obtain ((10)(Q3 | Qs5) | Q) T4 (Q2 | Q%), and by Lemma D.1 we have
(Br, ((v0)(Qs] Qs) | 27) —* (By, (Q2]927)) (36)

By (22), (27), (32) we get P,[©"|07|07 ~p Q2] Q"[Q7 ], and by
Lemma C.11 we get (Po |©") | ©" |07 ~, (Q2| Q%) | Q" |Q7, and by (28),
(33) and (34) we conclude with

(D, P) —— (D1, (P|O%)

=| I=

(B,Q) —— (B1,(Q2|0))

D.3 Soundness of ~,

Statement of Theorem 4.2. Process bisimilarity is a sound approximation of
process barbed congruence. For all A, if P~y Q then P ~% Q.

Proof. We show that domain bisimilarity on processes is a sound approximation of
barbed congruence. Given P a2, ), we want to show that P ~8 Q. By definition,
P ~4 Q@ if, for all D such that A C dom(D), (D,P) ~* (D,Q). If P ~, Q then,
by closure under parallel composition P|K =, @ | K for all configurations K, and
therefore we have that ((D, P),(D,Q)) €x, according to Definition D.1. Since by
Lemma D.5 =<C~? we conclude.

The converse implication does not hold. Consider

P(a,b) = (ve)(I-¢() |1I-c().I-update (X, a[0]).l-update (X, b[0]).l-¢())
and the counterexample
P(a,b) ~4 P(b,a)  P(a,b) %, P(b,a)

where, for each tree at [, P(a,b) can reduce to P(b, a) (and therefore exhibit the same
barb) and vice-versa, whereas the labelled transitions cannot be matched. a

E Domain bisimilarity as a fixed-point

This paragraph follows the structure of Section 4.6 of [17].

Definition E.1 The operator F : (25 — 2K%K) — (26 — 2KXKY) oper relations on
configurations indexed by set of locations, is defined as

(K,L) e F(R)(A) if and only if

o K 2L K’ implies:
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1. if l € A with rel(ay, L) then L Sh Q' where ay=a; and (K', L") € R(A);
2. if L € A then (K,L) € R(AU{l}).

o L 2L I implies:

1. ifl € A withrel(oy, K) then K Sh K’ where o) =op and (K',L") € R(A);
2. ifl ¢ A then (K,L) € R(AU{1}).

Definition E.2 Given the set 2 — 2K5%K and two elements R, R’ we will denote
with C the point-wise induced ordering, and we will write R T R’ iff VA € 25 R(A) C
R'(A).

Proposition E.1
1. F is monotonic;
2. R is a domain bisimulation iff R C F(R).

Proof. (1) We must show that given R C R’ we have F(R) C F(R’). By Defi-
nition E.2 this is equivalent to show that given a generic A, F(R)(A) C F(R')(A)
knowing that for all A, R(A) C R/(A), which follows easily by Definition E.1.

(2) Again by Definition E.2 we have to show that for a generic A, R(A) C F(R)(A),
which follows by Definition 4.1. |

Proposition E.2 Domain bisimilarity is the largest fized-point of F.

Proof. By point (2) of Proposition E.1, each domain bisimulation is a pre-fixed-
point, and vice versa. By Definition 4.1, &~ is a domain bisimulation, and being the
largest, it is also the largest pre-fixed-point of F. By monotonicity (point (1) of
Proposition E.1) we have that F(~) C F(F(~)), and therefore also F (=) is a pre-
fixed-point, and since ~ is the largest, we have F(~) C, which gives us F(=) ==.
Since each fixed-point is also a pre-fixed-point, ~ is the largest fixed-point. O

Corollary E.3 Domain bisimulation is well defined.
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