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Abstract

Peer-to-peer systems, exchanging dynamic documents throgh Web
services, are a simple and e ective platform for data integr ation on the
internet. Dynamic documents can contain both data and refer ences to
external sources in the form of links, calls to web services, or coordination
scripts. XML standards, and industrial platforms for web se rvices, provide
the technological basis for building such systems, and process algebras are
a promising tool for studying and understanding their forma | properties.

Core Xd is the explicitly located version of X d , a process calcu-
lus designed for reasoning about dynamic Web data, based on eplicit
repositories of higher-order semistructured data and -calculus-like pro-
cesses which can communicate with each other, query and upd#e the
local repository, or migrate to other peers to continue execution.

We study behavioural equivalences for Core Xd processes. To help
with the proofs, which require a costly property of closure u nder contexts,
we de ne a coinductive relation (called domain bisimilarity ) which does
not quantify over contexts and which entails process equivalence. Its
de nition is non-standard, because scripts are part of the v alues, and
process equivalences are sensitive to the set of locations anstituting the
network. We apply our process equivalence to study some comnunication
patterns used by servers in distributed query systems, and we propose a
new pattern involving mobile code.

1 Introduction

The World Wide Web is a global network, used in daily activiti es to nd infor-
mation, communicate ideas, conduct business and carry outidtributed compu-
tations. In order to fully exploit the potential of this mass ive network, there
is a need for scalable mechanisms to organize and manipulatee available in-
formation. Peer-to-peer architectures help to deal with the issue of scalability,
and technologies such as XML and Web services facilitate thelevelopment of
distributed applications. XML [ 38] is a standardized data model, used to rep-
resent uniformly documents containing tagged information not adhering to a
xed structure. Web services [40] are Web sites which are designed to be used
by applications rather than humans. Web service inter-opeability is facilitated
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by the use of XML for data representation and of related standards for service
invocation, description and discovery (SOAP, WSDL, UDDI [41, 39, 36)).

Data integration on the Web constitutes a challenging application for these
technologies, because of the extreme heterogeneity of dasaurces involved, and
the complexity of communication patterns which can arise. For example, trans-
lating a declarative request for networked data into a low-kevel execution plan
may involve recursively invoking other declarative requess on di erent Web
sites. Inspired by this problem, the Xd calculus [L1] studies peer-to-peer
architectures for exchanging Web data, schematically repesented in Figurel.
Each network is composed by a variable number of interconnected peers, lal
sharing a similar internal structure, and each one identi ed by a unique name
(Figure 1a)). Peers share a common messaging protocol where the name of a
peer is assumed to coincide with its network address: at thisevel of abstraction
there are no restrictions to connectivity due to network domains or rewalls.
Networks are open in the sense that it is always possible to add new peers or
learn dynamically about their existence, and external hoss may participate in
the data exchange too, typically playing a limited role. Eac peer (schematized
in Figure 1)) acts both as a provider and consumer of information. It contins
a data repository, an internal working space where processecarry out local
computations, and a network interface providing remote conmunication and
services to other peers. Processes can communicate localljth each other,
guery and update the local repository and, when the architeture supports mo-
bility, can migrate to other peers to continue execution. Reositories present
to the processes a semi-structured view of their data. Data e@ntains enough
meta-information about its own structure to make it possible writing expressive
queries.

Typically, data is not completely static. It may contain ref erences to other
data and services, in the form of URLs and queries, oscripts. A script is some
code describing a process which can be interpreted by the wking space to
add dynamic content to documents. We refer to such data asdynamic Web



data. The World Wide Web itself is a very general example of archiecture for
dynamic Web data. Servers use the HTTP protocol to interact with each other,
either requesting or providing information. HTML pages cancontain hyperlinks,
forms and client-side scripts, which provide dynamic behaiour. Web clients
running a browser can be considered as the \external hosts" hich participate
to a smaller degree in the exchange of information, by mostlyconsuming rather
than providing data.

A more specic example comes from the database world. The Adtve
XML [ 33, 3] system for data integration (AXML for short) is based on net-
works of peers each containing a repository of documents and set of service
de nitions. AXML service de nitions typically consist of q ueries and updates
on the local repository, but in general can consist of arbitary Web services,
providing an interface to hosts external to the AXML system. AXML doc-
uments are XML documents which can include special tags re@senting calls
to services on other peers. The parameters to these servicalls can be local
queries (path expressions) or AXML data, hence service call can be nested.
Documents containing service calls are calleithtensional documents and mate-
rialization is the process of invoking a service call and pasting its redts in the
original document. One interesting source of exibility in AXML is the choice
of when to materialize service calls. It can be done periodally, or when the
data containing the call is fetched from the repository, or when it is returned to
the client. Similarly, if a service call appears as a paramedr to another service
call, it can be materialized before calling the service or itcan be passed on to
it as an intensional parameter.

Besides Web browsers and AXML, a large class of other Web apigltions
(such as le-sharing programs, personal Web portals, onlie bibliographic data-
bases, etc.) can be seen as instances of the reference arebitire given above,
each with its own particular features and restrictions.  The problems that
these architectures have to address, in order to be practidy useful, are var-
ied. Firstly, it is well-known that interaction between con current processes is
di cult to regulate. In the case of Web services, this problem is complicated
by the di culty in maintaining state across di erent Web ser vice invocations,
and requires the study of orchestration techniques. Secondly, a major con-
cern for systems dealing with dynamic Web data is security. @pending on the
application domain, it may be crucial to have control for example over data in-
tegrity, con dentiality, or access control. The formal stu dy of security properties
needs to be grounded on a rigourous model of these architeates, and process
algebraic techniques are particularly suited for the task,as they have already
been successfully used to study concurrent, distributed ath mobile systems, and
analyze their formal properties.

1By Web service orchestration, we mean a coordination infras tructure which allows modular
applications to invoke di erent Web services and combine th  eir results.



1.1 The X d calculus

The Xd -calculus was de ned with the aim of reasoning about dynamicWeb
data. Xd terms represent networks of peers where each peer consists an
XML data repository and a working space where -like processes are allowed
to run. We regard processes as agents with a simple set of futhenalities:
they communicate with each other, query and update the localrepository, and
migrate to other peers to continue execution. Process desigtions, in the form of
scripts, can be included in documents and can be executed bytleer processes.
The de nition of X d is parametric with respect to the choice of a specic
language of query and update expressions.

Consider again the diagram of our reference architecture fodynamic Web
data given in Figure 1. Xd models each peer as docation with a unique
name corresponding to the peer identity (for example its IP aldress). A whole
peer-to-peer system is modelled by the parallel compositio of the locations
corresponding to its peers, which we call anetwork. For example,the network
in (@ could be represented by the term

peer, [tree; K processes |j ::: j peer, [tree, K processes |

The XML data stored at each peer is represented by an orderededge-labelled
tree2  The choice of using edge-labelled rather than node-labelietrees is
merely a matter of style. Following a common practice, we do ot represent
attributes explicitly, but we model them as edges labelled vith the attribute
name followed by a leaf containing the attribute value. We ako embed pointers
and scripts as leaves. In a concrete document, we would alsoxgect them to
be represented as attributes. Our results do not depend on tbse particular
representation choices. To keep the model simple, we do noepresent data
values and XML-speci ¢ details such as name-spaces, ids andrefs. The tree
structure, along with scripts and pointers, provides a su c iently accurate model
for our purposes. Figure2) shows a fragment of an XML document containing
both a hyperlink and a service call, and Figure2p) shows its representation in
Xd (the translation of the hyperlink and the service call are exlained below).

Hyperlinks have been one of the main features responsible rfahe success
of the Web. We abstract the concept of hyperlink into that of pointer, a pair
consisting of a location name and a query to identify some dat in the tree
of the named location. For example, in Figure2 we have translated the
destination of the hyperlink \http: =xdpi:net=papers=xdpi:pdf" into a pointer of
the form query@ocation using the host name \xdpi.net" as the location name,
and the path relative to the host \papers/xdpi.pdf* as the qu ery. Pointers are
declarative references which can be interpreted uniformlyacross locations. A
pointer does not specify what to do with the data denoted by the query, but
typically a process will read the location name and the queryfrom a pointer
in order to retrieve some data necessary to continue its exetion. Clicking on

2Semi-structured data models are often unordered [ 1], in contrast with the ordered trees
of XML documents. In previous work [ 11], we considered unordered trees, but here we prefer
the ordered model, which has a straightforward corresponde nce to the textual syntax.



Figure 2: Representing XML in Core Xd

hdatai

ha href =\http: =xdpi:net=papers=xdpi:pdf"i Download h=ai
hcall i xdpi:net=getRefs(bibtex;l) h=call i

h=datai

(@ A hyperlink and a service call in XHTML.

data
a[ href [ papers=xdpi:pdf @xdpinet |ownload]]
call [hgoxdpi:net: getRefsbibtex [];lii ]

() The translation to X d .

an HTML hyperlink is a simple example, where the browser proess reads the
contents of the href attribute, retrieves the referenced data, and displays it n
the browser window. We assume that the same query makes senea di erent
locations because we are assuming that all the peers exporheir data in the
same semi-structured format.

Current Web technology is familiar with the use of scripts to provide Web
pages with dynamic behaviour. Similarly, we propose to useipts as a gen-
eralization of embedded service calls in the context of Web ata integration.
Since our scripts are used also for coordination, they are \itten in the same
process language used to describe processes in the workimpse. A script
is a static piece of code with some parameters. Scripts do nateference the
global state except for names of locations and services, wth are constants
with a uniform meaning across the network.  For example, the srvice call
\xdpi :net=getRefs(bibtex; 1) embedded in (a) in Figure 2 could be (naively)
translated to the script shown in (), which speci es that a process should go
from the local host to the host \xdpi.net" and there invoke th e service \getRefs"
with a data parameter \bibtex" and a return parameter |. We shall see a more
realistic representation of service calls in Sectior2.6. Scripts are atomic and
cannot be combined together to form other scripts (for exampe, the parallel
composition of two scripts is not de ned). 2

The working space of each peer is modelled by a parallel compition of
processes inside the corresponding location. The interfacbetween the work-
ing space and the data store is modelled by a single operatiofor updating or

3Some languages such as MetaOCaml [35] and TemplateHaskell [ 34] provide constructs
for multi-stage programming, where pieces of code (possibl y containing free variables) can be
combined together to form bigger programs, which can then ex ecuted. If desired, it is possible
to support multi-stage programming in X d , de ning an XML-like meta-syntax for scripts
and interpreting it explicitly using parsing processes int he working space.



querying the local tree. Communication between locationss modelled through
process migration, providing a exible abstraction to model complex coordina-
tion protocols, and communication between processes is metled by -calculus
communication. For example,

I [ D) k goxdpi : getRefgbibtex [];1i ]jxdpi [ D K !getRefgx;y):[:::]]

represents a network where a script similar to the one desdnied above is run on
location |. In parallel, on location xdpi, there is a service (represented by the
replicated input !getRefs(x; y):[: : :]) ready to accept the request with parameters
x andy. After migration, the output getRefgbibtex [];1i will be at location xdpi,
ready to be received by the service input

I[ Dy k0]jxdpi [ Dx K getRefdbibtex [1; i j 'getRefgx;y):[:::]]

The service may perform some computation and return some dat, in the form
of another output process which migrates to the location deérmined by the
second parameter of getRefs (in this case the original locain ).

The de nition of X d is minimal, including only the basic operations for
asynchronous local communication based on pattern matchig, execution of a
query-update expression on the local repository, migratia, spawning of scripted
code and creation of fresh channels. From these, one can degi conditional
statements, nondeterministic choices, constructs for pasing and iterating on
list-like structures and remote communication in the style of Web services. Us-
ing these derived constructs in 18], we used Xd to give a precise semantics to
AXML-like behaviour, and propose possible extensions.

1.2 Equivalences

The combination of Web services and scripted processes prinles the data en-
gineer with many alternative patterns for exchanging information. A theory

of semantic equivalence for processes is therefore usefa show, for example,
that some complex data-exchange protocol corresponds to s intuitive be-

haviour. Motivated by this consideration, we have de ned network equivalences
for Xd [11], which dictate when two networks can be considered indistiguish-

able with respect to the properties represented by a speci et of observations,
in our case the attempts to interact with the local store.* Network equivalences
are parametric with respect to the language used for queryig and updating doc-
uments (so the generic results are not tied to a particular cleice), and can be
instantiated to speci c cases. Our objective is to de ne equvalence relations on
processes such that, when we place equivalent processesliretsame context, we
obtain equivalent networks. Since we want to use the equivances for example

4In [18] we considered as observations the shape of the data tree of a location, the presence
of output actions in a process, and the attempts to interact w ith the local store, and we
studied the formal relationship between the corresponding equivalences. In this paper, we
focus on the latter kind of observation because the resultin g equivalence coincides or implies
the ones resulting from the other observations.



to optimize the interaction between di erent locations, we must compare several
located processes at the same time, which possibly share serprivate channel
names. Moreover, we want to make sure that the behaviour of te processes
is robust with respect to changes in the data stored in each lcation and to the
behaviour of other processes running in parallel. It is not gaightforward to
carry on the kind of reasoning mentioned above directly on XI terms, because
locations, processes and data are closely inter-twined. biead, based on the
ideas presented in 19], we propose a calculus called Core & which serves as
an alternative representation of Xd , where we locate processes explicitly and
separate data from processes.

From X d to Core X d . Core Xd is tailored to be exactly as expressive
as Xd (a proof can be found in [L§]), and is suitable for expressing a partial
speci cation of a network by means of located processes rurning in parallel,
possibly sharing private names. A Xd network consists of locations contain-
ing trees and processes. In contrast, a Core K network consists of a store,
containing all the trees indexed by their location information, plus all the pro-
cesses, augmented with explicit location information assciated to every action
they perform. For example, the Xd network described earlier is described in
Core Xd as

(f1 7! Dyg;fxdpi 7! DxQ);
| goxdpi : xdpi getRefgbibtex [];1i j !Ixdpi getRefgx;y):[:::]

The store (fI 7! D,g;fxdpi 7! Dxg) maps each location to its data. Each
process action is pre xed by the location where the action t&es place: for ex-
ample, | goxdpi :[: ::] shows that the migration step towards location xdpi orig-
inates from location |; after migration the process is located atxdpi. Although
Core Xd is explicitly located, and does not necessarily require a ngiration op-
eration, we left that as part of the syntax to have a closer corespondence with
Xd , and to serve as a hook for future security-sensitive checks

In Section 3.1, we de ne the correspondent of Xd network equivalence for
Core Xd , and we de ne process equivalence as the closure of network)@v-
alence under composition with dierent stores. This relation is hard to use
directly because it requires a costly property of closure uder all contexts. In-
stead, we de ne a coinductive equivalence relation (calledlomain bisimilarity )
which does not quantify over contexts and which entails proess equivalence.

The de nition of domain bisimilarity is non-standard, due t o the fact that
scripts (which can appear in data) are part of the values, andprocess equiv-
alences are sensitive to the set of locations constitutinghe network. We ad-
dress these two problems by adapting existing techniques fdaranslating mes-
sages containing scripts into ones where each script is regded by a rst-order
value [30, 17], and by generalizing the notion of bisimulation to families of rela-
tions indexed by sets of locations.

As an application of our techniques, we use bisimilarity to sudy some com-
munication patterns used by servers in distributed query sytems to answer
queries from clients. In Core Xd , distributed queries take the form of pro-
cesses which retrieve and combine data from di erent locatins by using remote



communication and local requests. We show that some existim patterns [29]
can be combined together obtaining a exible infrastructure which is provably
equivalent to an intuitive speci cation of the intended behaviour. By exploiting
process migration, we also propose a new communication patn, and we show
that it is behaviourally equivalent to a naive, less e cient one.

Our work is one of the rst attempts to integrate the study of m obile pro-
cesses and semi-structured data, and is characterized bysiemphasis on dynamic
data. It is the rst investigation of equivalence properties for (higher-order)
data-centric applications based on the Web.

1.3 Related work

Xd was developed independently from the AXML system of Abitebal et
al. [33], which we have described above. ThaibQL distributed query language
of Sahuguet and Tannen 27] instead, constituted a source of inspiration for the
design of Xd . ubQLis built by adding process manipulation primitives to any
\host" query language. These primitives, inspired by the -calculus’, are used
in a deployment phaseto set up a network of processes which, in a successive
execution phase will query local repositories and forward their results to other
sites, thus implementing a global query execution plan. ubQL processes can
deal with streaming data, but there is no support for concurrent execution of
query-processes on the same site (so in principle the systemay not be able to
execute more than one global query at a time). The main in uerces ofubQL on
the design of Xd were on the choices of separating the queries from the proces
primitives, and maintaining independence from a speci ¢ gqiery language. Also
our examples on distributed query patterns of Section4 are inspired by ubQL
Overall, Xd and ubQL have a signi cantly di erent focus and are studied using
di erent methodologies. For example, an important part of t he work onubQL is
the study of algorithms for query installation based on costestimates, which we
do not address, whereas behavioural equivalences are nouslied in ubQL Both
AXML and ubQL are studied from a data-management viewpoint, which our
process algebraic techniques could complement nicely. The are many speci c
issues which are important in databases, such as the use of taedata to guide
the optimization of queries, which we do not study. Instead we give a formal
semantics to the distributed interaction between query-processes, arguing about
their equivalence and providing a framework on which to basdormal studies of
security properties.

We now consider work related to the process algebraic apprah. To the
best of our knowledge, the only work relating the -calculus with XML which
pre-dates ours is the lota concurrent XML scripting language of Bierman and
Sewell B], used to program Home Area Networks. lota is a strongly typel
functional language with concurrency primitives inspired by the -calculus. Al-
though the language has a formal semantics, its behaviouraheory has not been

5The in uence born by the  -calculus on ubQL can be better appreciated considering the
preliminary joint work with Pierce [  28].



studied. The programs for Home Area devices written in lota ae designed
to run on the same Home Area server, and the communication wh physical
devices is modelled through input and output on special chanels: distribution
is not represented explicitly. Moreover, as opposed to ¥ , the application
domain of Home Area Network programming is more control-orented than data-
oriented: there is no explicit representation of stores, with are central to our
approach. Brown, Laneve and Meredith p] have recently de ned an (untyped)
extension of the -calculus with native XML datatypes called Duce They
compare its expressivity to that of the functional language XDuce [16], and also
consider a higher-order extension which enables dynamic atent in documents.
An interesting idea underlying the design of Duceis that processes and data
share a similar tree-like structure, and can inhabit the sane semantic universe.
The authors show a very simple encoding of an evaluator for th subset of the
language without new name generation, into the language itslf: the execution
of processes represented as nested document elements cansbaulated in the
language. A similar approach could be taken in XI to represent scripts as
semi-structured data. In the case of dynamic Web data thoughiit is better to
hide the internal structure of processes from the queries,sthat one can replace
a process by an equivalent one whilst preserving the obserte behaviour of
the system as a whole. Castagna, De Nicola and Varacca][proposeC , a

-calculus extended with pattern matching and tuples of valles (XML values
can be represented through an encoding). The language comeasth a very
expressive type system featuring intersection and input-atput types. The lan-
guage itself is not distributed and does not include a concepof store. Acciai
and Boreale P] have recently proposed XPi, an extension of the asynchrongs

-calculus with code mobility and ML-like pattern matching o f structured val-
ues. A combination of static and dynamic typing ensures thateach channel
always exchanges values of the same types, which describeetpartial structure
of documents. Pattern matching plays a lesser role in X , although it could be
easily extended to the more expressive form adopted in XPi. Qery expressions
instead, which are separate entities from processes, are ¢hprimary means to
extract information from XML trees.

2 Core Xd

In this Section we introduce the formal de nition of the synt ax and semantics of
Core Xd . We begin with trees, data and queries, and then we pass to neforks
and processes.



Figure 3: Syntax: trees and data

T;S = tree terms
Epr branch E composed with treeT
? empty tree
X tree variable
E;F = a[V]jx branch with edge labela and data V , or variable
u;Vv = data terms
T tree T
pa pointer to location | with query p
hA i script A
I = 1jx location name or variable
pi= pjX query (see De nition 2.1) or variable
A= Ajx script (see Figureb5) or variable
a,b;c2 E (Edge Labels)
I;m 2 L (countably in nite) (Locations Names)
p:q 2 Q (Queries)
X;y;z22V (Variables)
E;F 2B S E : fV(E) = (Branches)
U;v2D £ v fy(Vv)=; (Data)
T;S2T € T @ fW(T)=; (Trees)

Function fv is de ned in Figure 23.
def

Notation: a[] £ a[?] Eip::fEn £ Eip:i[Enp?

2.1 Trees, data and queries

We represent semi-structured data using ordered labelledrees® The formal
de nition is given in Figure 3 (we use italic bold letters for arbitrary terms,
which can contain variables (such asl ), and plain italic letters for closed terms
(such asT)).

Trees and data. We represent a tree as a? -terminated list of branches
Eip ::fE,p? (abbreviated with Eip: :: fE,) which start from the root. Each
branch E; has the form a[V ] and denotes an edge labelled leading to a node
containing the data V. A data item can be a subtreeT, a pointer p@ refer-
encing the data selected at locationl by query p (described below), or a script

6 A hypothetical encoding of trees into processes, which coul d be interesting in itself, would
introduce unnecessary complexity, making it hard to reason directly on trees like we can do,
thanks to our direct representation, in the equivalences of Chapter 3.

10



Figure 4. Syntax: Core Xd networks and contexts

D:B 2S = L* T (Stores)
N:M 2N € f(D;P): D2S;P 2P;donfP) donfD)g (Networks)

Function domis de ned in Figure 22, processes are de ned in Figures.

hAi (described in Section2.3) which can be executed to collect data or perform
coordination tasks. We show an example of a tree containing &cript and a
pointer:

a[b[c[PAi Jpi[ p@ ]]1re(]]

We use the same identi ersx;y;z;::: to range over all variables. When neces-
sary, the kind of each variable can be understood by the placehere the variable
occurs.

Queries. First of all, it is important to clarify that, in this paper, w e use
the word \queries" to mean expressions used to querypr update a tree. Xd

is parametric on the choice of a particular query-update lamuage chosen, as
long as it is a language of expressions which can be evaluategjainst a tree to
obtain a new tree (the result of updating the tree) and some dé&a (the list of
trees resulting from querying the tree). The only conditions that we need to
impose on such a language are that the application of a subdtition to a query
must be well-de ned and yield a query. The reasons why we needo de ne
substitutions on queries will be clear after describing thesemantics of processes
in Section 2.3. In Section 3, we will impose additional conditions required to
ensure that a query language is also compatible with our de fitions of semantic
equivalences.

De nition 2.1 (Query Language) A query languageconsists of a triple
(Q;fv;E) where Q is a set of queries ranged over by;q;::; together with a
function fv : Q! } (V) giving the free variables of each query, and an evaluation
functon E: (Q T )* T lists(D), which, given a query and a tree, returns
an updated tree and a nite list of results. Additionally, Q must be closed under
substitution.

Note that in the de nition above the evaluation of queries is a partial func-
tion. This generality accounts for both the cases of ill-fomed queries, which
may not have a precise semantics, and Turing-equivalent qug languages, which
may not terminate. In Section 2.5, we give a concrete query language which
will be used in the examples.

2.2 Networks

A Core Xd network represents a peer-to-peer system, where each loda cor-
responds to a peer. Each peer can communicate with any otherger, and has

11



a unique name. A network is represented by a pair D;P) where the rst

component (the store) is a nite partial function from location names to trees,

and the second component is a process. The formal de nitions given in Fig-
ure 4.7 For example, in the network (fl 7! Tg;P), the term fl 7! Tg says
that the store of the peer at location | is the tree T, and the term P represents
the processes running on the peer, which contain explicit loation information.

Interaction between processes and data is always local, asevghall see later from
rule (Cred Requesty in Figure 7. In Figure 22, we de ne the function domgiving

the domain of both networks, stores and processes. By de nion, the domain of
a network is the domain of the store, and a network is well-fomed if the domain
of the process is contained in the domain of the store.

2.3 Processes

The formal de nition for Core X d processes is given in Figurés. We now
describe the technical features of each construct.

Communication. The output processl chwi denotes a vector of valuesv~
waiting to be sent via channelc at location |, the input processl c(e):P waits

to receive values matching the patternse from an output process via channel
c at |, and the replicated input is standard® The well-formedness condition
wf (P) requires that the continuation on an input (or replicated i nput) process

must be located at the same location where the input is dened Channel

names are partitioned into private and service channel names. The private
channels denote \usual" -calculus channels, which are typically used for co-
ordination, and which can be kept secret in order to protect aprotocol from

external interferences. The service channels denote thosghannels which are
used to implement the services which a peer o ers to other pes, and which

therefore are not meant to be restricted and can be referenckinside scripts.

Pattern matching. Both trees and pointers are data terms which processes
need to parse. For this reason, we have added to-calculus communication a
very simple form of pattern matching. Patterns 1;:::; , are terms containing
distinct variables which are instantiated, if pattern matc hing succeeds, with the
values found in the corresponding position in the term to be natched. Our
patterns do not include regular or recursive expressions,rad we will avoid algo-
rithmic issues by simply requiring the guessing of an appropate substitution in
order for pattern matching to take place. Pattern matching for XML-like data
is an active research topic, which is orthogonal to our conams. We believe
that the specialized techniques studied elsewhere can be agted to our setting.
Our processes use patterns to parse data, and queries to quetrees. This con-
ceptual separation does not exclude the possibility for thequery language to be

"The creation of new peers is not an operation which can be perf ormed from within a
system, and therefore we do not provide an operation to creat e new locations. Nevertheless,
we will be able to carry on compositional reasoning, hence an alyze networks with respect to
arbitrary additions of peers.

8The communication constructs, which use polyadic synchron ization, were inspired by the
€ -calculus [7].
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Figure 5. Syntax: Core Xd processes

P;Q;R := process terms
0 nil process
PP composition of processes
(c)P private channel ¢ with scope P
| chei at |, output values e on c
| c(e):P at |, input on c of e, continue with P
(distincte); fv(e)\ fv(l) = ;)
Il c(e):P lazy replication of an input process
(distincte); fv(e)\ fv(l)=;)
| gom:P at |, go to m, continue with P
A H;ei at |, run script A with parameters e
| req, hci at |, request queryp with return channel c
a;b;c:= cjcjx private/service channel, or variable
vi=cjljpjAjJE]JT value terms
a; b; c2 C, (countably in nite) (Private Channels)
a;b;c2 Cs (Service Channels)
viu2U & v o fu(v) = ; (Values)
2K € V[fV : cvalV)=: and distinctV )g (Patterns)
P;,Q;R2P S P fV(P) = ; and wf (P) (Processes)

fn(P)=;;fv(P) fv(x;e);

def .
A2A = (GeP = istincx: e): dongP) = fxg

(Scripts)

We de ne wf; distinctdomcval in Figure 22 and fv; fn in Figure 23.

Well formedness ensures that the continuation of a processiproperly located
(for example wf (I c(e):P) and wf (m gol:P) require that P is located atl).

Notation: | P £ P if donfP) = flg; | mchei £ | gom:m chei.

based on pattern matching itself.

Scripts. A script (x; e)P represents the code ofP parameterized onx, a
placeholder for the location where the script is going to be un, and e, other
optional parameters of P. By the side condition on the free variables of scripts,
we impose that scripts remain statically de ned until they are deployed dynam-
ically by instantiation of their parameters. The applicati on construct A H; @i

passes the parameter® to the script A and runs it in the working space ofl.

Note that application is de ned only when the rst parameter passed to the
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script is a location. Communication in Core Xd is higher-order, in the sense
that processes may send scripts over channels, possibly asales inside trees.

Migration. Process migration, which we represent explicitly, models eam-
munication across locations: the processn gol:P represents a (higher-order)
message fromm addressed tol containing a request to run the (closed) codeP.

When P is an output process, we use the abbreviatioth mchei for | gom:m chei.

The well-formedness conditionwf (P) requires that the continuation process
must be correctly located at the destination location. Due to the peer-to-peer
nature of our domain, each location is ready to receive and m any incoming
code, so we do not need to provide an explicit operation to rura received pro-
cess. In some cases, it may also be desirable to give contra each location
regarding which code to accept and which to refuse. We leavehat task to an

eventual superimposed security infrastructure. Using an aynchronous form of
communication o ers a simple way to model failures within the system. The
success of a migration step just depends on the existence afdation |. In con-
trast, the migration rules for other mobile calculi (for example d [14]) assume
that migration is always possible. Our choice has an importat e ect on the

behavioural equivalences studied in Sectior3.1.

Interaction with the store. Core Xd processes access the local tree by
using a request operationl reg,hci parametric in a query-update expressionp
and a channelc. The e ect of evaluating expressionp is to modify the local tree
and to return a list of query results on the speci ed channel. Research on query
and update languages for XML is still very active R5], and an in-depth study
goes beyond the scope of this paper. Therefore, rather thanocmitting to any
particular choice, we parameterize our de nitions with respect to an arbitrary
query language. Our request operation is de ned for any quey which given a
tree returns an updated tree and a list of results.

2.4 Reduction semantics

Network contexts are pairs of process and store contexts (seFigure 6). For
example, ifCy =( ] B;(c) )thenCy[(D;P)] = (D] B;( ¢c)P). We omit
the subscripts from contexts when no ambiguity can arise. Tle reduction
relation !  for Core Xd describes process interaction, the interaction between
processes and data, and the movement of processes acrossataans. The for-
mal de nition is given in Table 7. It relies on a standard notion of structural
congruence for processes and networks de ned in the Appendiin Figure 21
Rules(cred contexty and (Cred stuct) — are standard contextual rules which al-
low reduction under parallel composition, restriction and structural congruence.
There are two rules for process movement between locationstule (CRed stay)
describes the case where the process is already at the targletcation, and rule
(CRed Go) allows a processl gom:P to move from | to m.  Rule (CRed com)
states that if an output | ahei and an input | a(e):P on the same channeh are
in the same location| (part of the store), and the values @ match the input
patterns e (there is a substitution a  such that e = e ), then communication

14



Figure 6: Syntax: contexts

Ke € Co[ 1= jPjCp[ 1iCp[ 1jPj(C)CP[ ]  (Process Contexts)
Kg & Cs[ ]:= jCs[ 11 D (Store Contexts)

Kn £ Cn[ 5 1:= (Cs[ 1;Cp[ 1); donfCp) donfCs)  (Networks Contexts)
(Cs[ I:Cel DI(D;P)] ¥ (Cs[DL;Cr[P]) (Context Application)

D(l) if 12 donfD)

B(l) if 12 donfB) "
Convention: D ] B is de ned if and only if donD)\ doniB) = ;.

Function domis de ned in Figure 22

Notation: fI 7! Tg(l) € T; (D] B)(I) €

Figure 7: Semantics: reduction relation for Core Xd

(f1 7! Tg;l gol:P jQ) ! (fl1 7' Tg;PjQ) (CRed Stay)
(f1 7' Tg]lf m7! Sg;l gom:P Q) ! (f1 70 Tg]lf m 7! Sg; P jQ)(CRed Go)

(f1 7' Tg;lche ijlce)PjQ) ! (fI7'TgP jQ) (CRed Com)
(f1 7! Tg;lche ijllce):PjQ) ! (f1 70 Tg;!lc(e):PjP jQ)  (CRed comy
fI7NTg,(x;e)P H;e ijQ) ! (fI 71 Tg,Pfl=g jQ) (CRed Run)

E(p;T) = (TS U1p::pnp?)
(FI 70 TglreqhcijQ) ! (FI 70 T%; T chr[Us]p:::p[Un 17 Q)

(CRed Request)

(CRed Context) (CRed Struct)
N! NO° N M! M? NO°
CnIN]!  CnINC N! N°

Convention: in this table c ranges overG, [ Cs.

takes place and execution proceeds witl? . Rule (CRed comy is similar, but

leaves the replicated input processl!a(e):P in place for further use. We show
an example of the communication of a private channel over a sgice channel
below. The reduction step involves the use of structural cogruence to extend
the scope of the restricted name before communication sgope extrusion):

(F1 70 Tg; ( c)(Tahc;bl1i)jl a(x; bly):(I xtyi jP))
o (fI 70 Tg;( c)(TcijPfo;?=0))

Rule (cred Run) runs a script, passing as the rst parameter the name of the
location where it is going to run.  Rule (cRed Request) applies the query denoted
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Figure 8: Syntax: Samqueries

path expressions
" empty path
A=p follow an edge with label in setA then p
2p follow occurrences ofp anywhere

b.q

p;q:= p( )V queries: followp, match and insert V

AB21}(E) (Label Sets)
p;q2Q (Queries)
Notation: copy,( ) £ B( ) ; cutp( ) £ p( )?; pastgrEi £ pX)EX;

:p def E:p, a:p def fag :p_
Convention: we omit a trailing " from a path, for example we write A= for A=".

by p on the local tree T, obtaining an updated tree T° which replacesT, and
a list of results Uy p::pJ, p? which is turned into a tree of results labelled with
r (a reserved label used to denote results) sent on channelat |. We show a
simple example of update, supposing thatp is a query which extracts from a
tree the data found by following the path a=h:

(f1 70 a[b[ V1 V2 IR U 11g; | regyhei j P)
e (FI7Y alblI®l IR U 11g; T e [Va Ip[V21i j P)

Note that the subtrees V; removed from the store are returned as results by the
output on c.

2.5 A sample query and update language

In this section, we de ne a particular query and update language inspired by
XPath [ 37] which will be used in the examples later on. The result of evuating
a query against a piece of data (when de ned) is a pair consigtg of a new piece
of data, intended to replace the original one, and a list of rsults, intended to
be used by the continuation of the process that executed the wgry.

The syntax for queries is given in Figure8. A query p( )V is formed by a
path expressionp followed by an update expression )V . A path expression
A=p applied to a tree a[V ]I evaluatesp on V if ais in the set A and evaluates
itself on the rest of the tree T. A recursive expression2p applied to a tree
a[V ]pr evaluates p on any node in the tree in a bottom up fashion? First
it evaluates 2p on V and T, obtaining the updated items V° and T°, then it

9Suppose we chose a top-down strategy instead. A simple query like \add a subtree a[]
inside any branch labelled a" on the tree a[] should be ruled out, because its evaluation
diverges: each time a new subtree is added there is a new branch to update. Inconsistencies
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Figure 9: Semantics: guery evaluation forSam

E(()V; )=(V,; p? (Eval Match)
E(()V;U)=(U;?) if U6 (Eval Mismatch)
a2 A E(p;V)=(VOL) E(Ap;T)=(T%L9
E(A=pia[V 1) = (a[ Voo Ld9
a62a E(A=p;T)=(T%LY
E(A=p;a[V]P) = (a[V]FSLY
E(Aep;U)=(U;?) if U6 aV I (Eval Not Edge)

(Eval Edge Follow)

(Eval Edge Discard)

E(2p;V)=(VOL)

E@2p;T)=(TSLY

E(p;al VO 9 = (TOLY)
E(2p;a[V1P) = (T%Ld %%

E(2p;U) = E(p;U) whereU 6 a[V |l (Eval Anywhere Else)

(Eval Anywhere Tree)

The in x operator on lists gappends its second argument to its rst argument.
Query evaluation E is a partial function from Q D to D lists(D).

evaluatesp on a[ V%1 ©, combining the results together. The update expression
( )V is a binding pattern followed by a data term V. When ( )V is applied
to each data item U selected byp, such that U = for a closing substitution

, the expression returns the new data itemV and the result U. If there is
no such substitution, the expression returns the original dita U and the empty
result ?. The formal de nition of query evaluation is given in Figure 9.

De nition 2.2 (Sample Query Language) The sample query languag&am
is the triple (Q;fv;E) where Q is de ned in Figure 8, E is de ned in Figure 9
and fv is de ned as fv(p( )V )= fv(V)nfv( ).

We show now howSamis capable of expressing some intuitive tree manipu-
lations, using the macros de ned in Figure8. The query q= copy,-(y@x) reads
the query and the location of any pointer contained in branctes labelledb at
the top level. For example,

E(q;b[ T 1l p@ 1w p°@°1) = (b[ T @[ p@ 1i[ p°@°l; p@ p°a@”)

The query g = cuta-2 p-(X) removes the contents of any branch labelled found
after an initial branch a, and returns the removed data as the results. For

of this kind are well-known in languages for updating trees, and there is no general agreement
on which strategy should be preferred. Our results do not dep end on the strategy chosen for
our query language.
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example,
E(g;b[V @ c[b[U]]]) = (b[V I@[c[b[]]]; U)

The query g = paste,- _he[]i adds a branche[] to any child of a, by reading the
the contents of each child and pasting them back with pre xedthe new branch
e[]. For example,

E(g;alb{1m[d[1]]) = (alble[]1]m[e[1@[11]; ?p(d[]))

where the results are the list?p(d[]) where the rst element is the empty tree
(the contents of b) and the second element is treel[] (the contents of ¢). Note
that the query for pasting data is de ned only if each selectel node (each child
of a) contains a tree?, since otherwise the resulting tree would be ill-formed.
The query 2( )V where = b[hxi ]y andV = c[hxi ]fy relabels each branchb
containing a script to c:

E(2( )V ;alb[hAi Im[ T Ip[MA% 1]) = (alc[PAi I®[ T Je[PA% 1];L)

where the resultsL = (b[hAi |®[ T Jr[PA% J){b[hAY% ]) correspond to the two
trees to which the pattern was applied successfully. Note tht in the rst result,
which is the last computed, the last branch has already beenelabelled.

On the other hand, our sample query language is not sophistated enough to
express (atomically) a query like \delete each branch labééd a which contains
a branch labelled b", because if we do not know in advance where a branch
labelled b occurs in the contents ofa, we cannot write a pattern to select only
the nodes containingb. This limitation can be easily overcome by adopting a
richer pattern language or by enriching the path expressios with conditions on
the contents of nodes.

2.6 Example: Web services

We now describe a simple implementation of macros for de nig and calling
services in Core X1 .

Service de nition and service call. A service de nition is characterized
by the invoking location |, the name of the servicea, its input pattern e, its

body (x)P and its output pattern k. The service at location| receives on
channela the input parameters e, a location namey and a channel namez (the

latter parameters are used to return the result). The body (x)P takes a fresh
channel namec (bound to x) in input, performs some arbitrary computation,

and outputs the result on channelc. Note that the variables in e may bind

in P. A forwarding process inputs the result from channelc according to the
output pattern ke, and forwards it to location y on channelz.

(Sevice Definition) | De ne a(e) as(x)P output hei

def

= a(ey;z)( c)((xX)P hcijl c(k):l yzhei)

10A type system regulating the contents of trees could prevent  processes from getting stuck
because of unde ned queries.
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The service call is dual. It species the location| from which the service is
invoked (and to which it is returned), the location m and the namea of the
service, its parameterse, and a continuation processQ with patterns e for
parsing the results.

(Sewice Call) | Callm ahei return (e)Q

€ (c)(l mare;l;cijl c(e):Q)

The parameters| and c sent ona are used by the forwarding process in the
service de nition to return the result to the continuation p rocessQ. For

example, a service providing querying capabilities on its dcal store, and the
corresponding service call, could be de ned respectivelys

m De ne query(x1) as(x)req, i output hxyi

| Callm queryhpi return (x)Q

The service takes as input a queryx; and executes the corresponding request
on the local store. The forwarding part of the service de nition will intercept
the request result and send it onc at I, where it is passed on toQ on variable
X.

Subscriptions. We can easily generalize service de nitions to cover the cas
of push services which send a stream of results to a client in reply to a single
service call. The only di erence between the code below angsenice Definition)

is the presence of a replicated input in the forwarding proces

(Push Sewice) | Pusha(e) as(x)P output hei

def

= a(ey;z):( c)((xX)P hcijll c(k):l yzhei)
The corresponding service subscription waits for multipleresults on channelc:

(Subscription) | Subscribem ahei return (e)Q
def

= (c)(l mahe;l;cij!l c(e):Q)

If desired, the streamed results received by the client can & combined together
using a loop.

Result forwarding. In order to have complete control on the return pa-

rameters, in certain cases we will bypass the service call de, and use only a
migration step followed by a service invocation. For exampé, let

Service= m De ne query(x1) as(x)req,, hxi output hai
and consider the network

1
| mgqueryh(w)w; n; Ci
N =(D;( c) @j Service A)
J N c(X):requyy hei
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whereD = fl 7! To;m 7! S;n7! ?g. The service invocation migrates tom
and triggers the service, passing as return parametens and c. The local request
at m copies the whole treeS and forwards it to c on n:

N ! (D; ( c)(Servicejm MThSi j n c(X):req,ci)
! (f1 7! To;m 7! S;n 7! Sg; Servicej( ¢c)(mch?i)

At n the code listening onc receives the result and replaces the local tree. We
will follow this strategy in several examples, redirectingthe results of a service
to a location di erent from the one that issued the service cdl.

3 Behavioural Equivalences

We investigate behavioural equivalences for Core § .  First we de ne net-
work equivalence, which dictates when two networks can be awidered indis-
tinguishable with respect to an externally de ned comparison. Our network
equivalence is parametric with respect to the language usefbr querying and
updating documents.

We also de ne a process equivalence, which establishes whémo processes
can replace each other in a network without a ecting network equivalence. We
would like to reason about the equivalence of groups of prosses, possibly inter-
acting across several locations, and obtain results whichra robust with respect
to changes in the data stored in the local repositories and te behaviour of other
parallel processes. Even if we decided to restrict our optinzations to the pro-
cesses running in a single local peer, we must be ready to reasabout partial
network speci cations in the case where parts of the local pocess migrate to
other locations in order to interact with remote data or services, reinforcing the
case for global reasoning. The structure of Core ® networks, where pro-
cesses are located explicitly and are separated from the datstore, facilitates
this process. For example, we can express a partial speci ¢tian of a network by
means of located processes running in parallel, possibly ahing private names.
Located processes are equivalent if the networks obtainedybcomposing them
with arbitrary stores are equivalent. However, process eqwalence is hard
to use directly because it requires a costly property of clasre under contexts.
Instead, we use a labelled transition system to de ne a coindctive equivalence
relation (called domain bisimilarity ), which does not quantify over contexts and
which entails process equivalence.

The de nition of domain bisimilarity is non-standard, due t o the fact that
scripts (which can appear in data) are part of the values, andprocess equiv-
alences are sensitive to the set of locations constitutinghte network. We ad-
dress these two problems by adapting existing techniques faranslating mes-
sages containing scripts into ones where each script is reged by a rst-order
value [30, 17], and by generalizing the notion of bisimulation to families of rela-
tions indexed by sets of locations.
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3.1 Reduction and Domain Congruence

Reduction Congruence. Network equivalence for Core X1 is a stan-
dard reduction-closed, contextual equivalence which presrves some observation
predicates. In [L8] we consider di erent choices of observation predicates (i par-
ticular the shape of the data tree of a location and the preseoe of output actions
in a process), and we study the formal relationship betweenhe corresponding
reduction congruences. Here, we focus on request obsenatis because it seems
natural to observe the e ect processes have on data. In addibn, the resulting
reduction congruence coincides with the one resulting fronoutput observation
and implies the one resulting from tree-shape observations

De nition 3.1 (Request observation predicate) We de ne the request ob-
servation predicate # p as (D;P) #p () 9 C;c;Q: P CJl reg,hci j Q] and
the weak observation predicate+; , asN +,0 9 NO%N !  NC%and NO# .

De nition 3.2 (Reduction Congruence) Reduction congruence' on
Core Xd networks is the largest symmetric relation'_ which is

observation preserving:N'_M =)8 I;p:N + ;=) M +,
reduction closed:N'_M =)8 NN ! N%=)9 M%M ! M%and N_M?©
contextual: N'_M =)8 C:C[N]'_C[M].
For example, we have
(fI 70 Tg;l ahci) 6' (fI 7! Tg;1 ahdi)

because the contextKk = ( ; j lax):Ixjlcl reg,hai) can tell a dierence
between the two processes.

In order to use equational reasoning, it is important to remak that reduction
congruence is an equivalence relation (the proof is complety standard).

Observation 3.3 (Equivalence) Reduction congruence' is an equivalence
relation.

Since reduction congruence is based on contexts which do nathibit reduction,
a simple test for equivalence consists in checking if two tens can reduce to each
other.

Lemma 3.4 (Mutual Reduction) fN! MandM ! N thenN' M.

Proof. We show that the relation

n 0
' = (C[NJ;C[M]) : N! M;M ! N

is contained in ' . The proofis symmetric. Consider an arbitrary pair (N; M ) 2
'_. SupposeN + ,. It must be the case that N | NO9# ,. By hypothesis
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M ! N, henceM + . SupposeN ! N°O By hypothesisM ! N, hence
M !  NO Bydenitionof ! ,N?%_NO We need to show that for an arbitrary
C[ ], CIN]'_C[M]. SinceC[ ]is areduction context, N ! M =) C[N]!

C[M]JandM ! N =) C[M]! C|[N]. Bydenition, C[N]'_C[M]. 2

Domain Congruence. We now de ne process equivalence for Core & .
This equivalence depends on the locations present in the nebrk, but not on
the actual contents of the stores. Consider replacing the deition of a service
at location I, which uses only local data, with one located atm (where there
is a cached copy of the same data) and providing an equivalenfunctionality.

If location m is connected, then the behaviour of the services is the samén
the other hand, if location m is not connected, the behaviour of the services
is dierent. With network equivalence, the connected locations are those in
the domain of the store. With process equivalence, we must ste explicitly the
locations which we assume to be part of the network. As a consgience, process
equivalence is indexed by adomain (a set of locations) .

A Core Xd process can be seen as a partial speci cation of a network,
describing only some of the processes running in some of thedations. This
point of view is useful for reasoning about replacing compoants which are part
of some distributed data-exchange protocol.  Accordingly,we say that two
processe® and Q are equivalent with respect to a domain if all the networks
containing at least the locations in and either P or Q, are equivalent.

Besides comparing partial network speci cations, processquivalences can
be useful for example to replace optimized pieces of code idg a speci ¢ process.
For that purpose, we need a more general class of process certs which include
pre xes.

De nition 3.5 (Extended Contexts) Extended process contextK; are the
terms generated by

C:= jCiPjPjCj(c)Cjla(e);Cijlla(e):Cijlgom:C

Unless we specify otherwise, from now on we us€[ ] to denote extended
contexts.

De nition 3.6 (Domain Congruence) Given a set of location names , we
de ne the induced domain congruence on processes hy

=f(P;Q) : 8D:C[ [ donD) =) (D;C[P])" (D:;:C[Q]g
where eachC[ ] is closing for bothP and Q.

Domain congruence is monotonic: the larger the set of locabins which we as-
sume to be part of the network, the larger the number of proceses which we
can equate.

Observation 3.7 (Monotonicity) If 0 then
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Figure 10: Notation for asynchronous processes

(Fowarder) | FW(a;b;e) £ | a(e):l brei

(Equator) | EQa;b;e) € Il FW(a;b;e)j!l FW(b;a;e)

(Distributed Forwarder) | dFW(a;m;b;e) £ 1 a(e):! m brei

(Distributed Equator) dEQ(;a;m:b;e) £ Il dFW(a;m;b;e)j!m dFW(b;l;a;e)
Proof. Follows easily by De nition 3.6. 2

Due to the several explicit (and implicit) universal quanti cations involved
in De nition 3.6, it is very dicult to show directly that two processes are
domain congruent.  For this reason, in Section3.2 we will introduce a proof
method which does not require closure under contexts and wich entails domain
congruence.

Asynchronous Laws. Core Xd is an extension of the asynchronous -
calculus, so we consider some equational laws inspired by ¢hlatter. Consider
the process de nitions given in Figure 10. The asynchrony law stating
that the presence of a communication bu er cannot be observd, holds also in
Core Xd (see Section3.2.2for a proof):

Il FW(a;a;e) , O

The law stating that two channels a and b cannot be distinguished if they are
part of the same equator does not hold. For example,

| EQ(a;b;e)jTchai 6, | EQ(a;b; e)jl chbi

because a context could intercept the channel nama and use it in some fresh
location m where a and b are not equated. We have instead a new law about
equating located channels across di erent locations:

dEQ(; a:m;b;e)jTare i "MIdEQI; a;m; b;e)jm bhe i
This law could be useful to show that we can replicate Web seriees (improving
e ciency) without the clients needing to be aware of the change.
3.2 Bisimilarity

In this Section, we de ne a coinductive equivalence relatim (bisimilarity ), which
does not quantify over contexts and which entails domain cogruence.

3.2.1 Labelled transition system

A typical proof that processes are bisimilar involves a uniersal quanti cation
over labelled transitions. Since Core XI values include scripts, and labels
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Figure 11: Syntax: con gurations

K = con guration terms
P process terms (built as for Core X )
KjK parallel composition
(c)K restriction
(Al de nition for trigger name k with script A
A= Ajxijk script or variable or trigger name
h;i;j;k 2Y (Y\C, = ;Y countably in nite) (Trigger Names)
KiL 2W £ K @ fv(K)=:; uniqué ) (Configurations)
A2Aw £ A : A2A;triggefd) = ; (Scripts)
Cwl ]:= j Cwl 1iK j KjCwl 1] ( ¢)CwI[ Ilconfiguration Contexts)

The function triggerand the predicate uniqueare de ned in Figure 12
Apart from the rede nition of A, A and p (see below), the grammars for trees,
processes and values are the same as for Cora X

For trigger de nitions, we adopt the following notation:
RE gy ( Agij :::jbks (- Apni, where allk; are distinct, n = 0;
Rx £ & Rff-pg, when ff=gg is de ned;
£ R whenR is not important.
thk( Al & tf Az g for any term t, and similarly for t ©

typically include values, we risk falling back to quantifying over processes. Fol-
lowing the approach of B0, 17], we avoid this problem by translating messages
containing scripts into ones where each script is replacedyba trigger name
(a rst-order value), and by placing in parallel to the process being analyzed
somede nitions associating to each trigger name the code of the correspontj
script. By including these de nitions in the code, we are abk to analyze also
the interaction between scripts and their contexts.

Con gurations. We introduce con gurations, which are processes extended
with the trigger names and de nitions mentioned above. The formal syntax
is given in Figure 11.  Note that A denotes now a script, a variable or a
trigger name, hence processes can syntactically containitygers. Nonetheless,
scripts and queries are not allowed to contain triggers. In &ct, trigger names
and de nitions are merely intermediate terms arising during the analysis of the
transition of a process, and are not meant to be part of the usesyntax. For a
con guration K to be well-formed, no two de nitions in K can have the same
trigger name (predicate uniquék ), de ned in Figure 12). As a convention, we
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Figure 12: Function triggersand predicate unique
trigger@) = fn(t)\Y

uniquék )  uniquék )
dfgK )\ dfgK 9 = ; uniquéx )
uniquéek jK 9 uniqué c)K )

The function dfs returning the triggers de ned by a con guration, is given by

uniquék ( Ai)

dfigK jK 9= dfgK )[ dfSK 9 dfs( c)K )= dfgK ) dfgtk ( Ai)= fkg

let , and range on groups of de nitions. Note also that two  groups of
de nitions ® and f identi ed by the same name but by di erent vectors of
triggers can in principle be arbitrarily dierent: it is an i mportant syntactic
convention which helps to simplify the notation, and is often used in the rest of
the section. In the Appendix, in Figure 21 and Figure 23, we extend , fv
and fn to con gurations. In Figure 24 we extend the function domof Figure 22
to con gurations, and we de ne a function scriptgeturning the scripts present
in a piece of data.

Queries. Queries used for updating can mention constant data, which ray
contain scripts. We assume two functions,scriptsand triggerswhich given a
query return respectively the set of scripts and triggers it contains. The only
condition that we need to impose on query evaluation consis of it not being
dependent on the particular structure of scripts. In other words, if we replace
a script in a query with a trigger name, then the result of the query should be
equivalent up to substitution of the script for the trigger. Moreover, any script
returned by the query must occur in the input tree or in the query itself. The
condition is formalized below.

De nition 3.8 (Script Independence) Let L = (Q;fv;E) be an arbitrary
query language, letp; T be such thatE(p;T) = ( S;L), and let pg; To be their
rst-order versions, such that script§og) = scriptély) = ; andp = pOF;T =Ty )
for some f; K

The query languagel is script independent if for all  f; ® there exist
and *® such that

f

qguery evaluation does not depend on the structure of scriptsthere are
So; Lo with script6Sp) = scriptélg) = ; such thatE(pOF;T0 ﬁ) =(S, ) ; Loe)

no new scripts are introduced: for any de nition bk ( Ai occurring in  ®

or ® there must be a de nition tk®( Ai occurring in £ or .
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Figure 13: Extraction relation

1 X(p) =(p%)
XO=E0 e = (e )
X(p) = Xq(p) X(?)=(7?;0)
X(A) = (k;hk (- AQ) X(x) = (x;0)
X(c)=(c0) X(k) = (k;0)
X(E)=(E% B X(T)=(T% H
(RANMEFT)[ (R \ A)=; X(A)=(v;)
X(EP)=(ET% &) f) X(PAi) = (hvi;)
X(v)=(v% By X@)=(& f)
(RA \fn(vie) [ (R \ B)=; X(V)=(V%)
X(vie)=(ve e Rj f) X(@[V])=(aV®)

X(M)=(T% &)  Xx(D)=(D% #)
(RA\NMTDY[ (R \ B )=;

X(G)=(;;0
X(fI 70 Tg] D)=(fI 7' T%] D% Rj %) (y=(::0)
Notation: in this table cranges overG, [Cs.
The relation Xq is specied in De nition 3.9.
Extracting scripts from values. Our strategy consists of translating

values containing scripts into values containing trigger rames only, extracting
at the same time the corresponding de nitions. For that purpose, we de ne in
Figure 13 an extraction relation X which applies to Core Xd data and stores,
and returns the corresponding rst-order terms and the de nitions extracted.
The de nition of X is straightforward. The only points worth noting are
that the premises of the rules for tuples, tree and store compsition make sure
that the trigger names remain disjoint, and that the rule for scripts replaces a
script with a trigger and records the corresponding de nition.  The rule for
queries invokes a specialized extraction relatioiXq which depends on the query
language. Xq can behave similarly to X, relating each query with its rst-order
version and the corresponding de nitions, or can behave dierently (for example
being the identity function on queries and the constant O on ©n gurations), as
long as it satis es the basic properties requested by the denition given below.

De nition 3.9 (Query Extraction) The relation Xq can be any subset of
Qc Q ¢ W satisfying the condition that if Xq(p) = ( p%K) then

1. K are well-formed de nitions: K = ;
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Figure 14: Labels for the transition system

| L= transition labels

(a; Rl chei output of @ on c at |, extruding a;R

| c(e) input of @ onc at |

I internal reduction at |

(Rl reqpi(T) requestp at | extruding R, obtaining result T

| k() run the script de ned by k with parameters |; e

(e;R)I j hei assume running the script de ned by trigger |
with parameters |; @, extruding a;R

Convention: in the syntax above, c ranges overG, [Cs, andt over G [Cs[Y .

labels | namesn bound namesbn
(&;R)I thei a [ R [ftg] (e a| R
| t(e) ftg[ fn(e)
I ;
(R regpi(T) R [ trigger®) [ fn(T) R

fn( ()= n( )nbn( )

2. trigger names can be extended as long as there are no clashgigger@? =
trigger®) [ R and trigger)\ R = ;;

3. the new trigger names are de ned up-to renaming: for alf distinct from
trigger), Xo (p) = (p*F=g; ** F);
4. substitution is the inverse of extraction: if Xq(p) = (p% ) thenp=p°.

Under the assumption (that we adopt henceforth) that Xqo respects De ni-
tion 3.9, the e ects of relation X can be reversed by replacing, in the extracted
rst-order term, the new trigger names by the correspondingde nitions.

Observation 3.10 (Extraction) For any given term t, if X(t) = (t% ) then

Proof. By induction on the derivation of X(t) = (t% ). 2

Labelled transition system. Our labelled transition system incorporates
ideas on asynchronous transitions from 15], and on translating higher-order
actions into rst order actions from [ 30, 17].

27



Figure 15: Labelled transition system

(Lts Com) (Lts !Com)
Tce ijlce):P!' P Tche ijllce):P!' P jll c(e):P
(Lts Run) (Lts In)
scriptée) = ;
x:e)P Hieil' Pflzg o' @ o
(Lts Out) (Lts Trigger)
X(e)=(® F) X@=(% ®) j62R
Farei 1T e Hogi (TP e
(Lts Open) (Uts Req)
a2 fn(e)nfa; .
n e Xa(p) = (7% Y
K !(a, )T chei KO scriptéT) = ; T =r[Uilp::ir[Uy 1p?
( a)K!(a;a;ﬁ)ﬁmi K 0 | req, i ® P (T) TehTij R
(Lts Def) (Lts Go)
scripté ) = ;
k( cePi ') k( xePijPilag | gom:P I" P
(Lts Res) (Lts Par) (Lts Struct)
K!' K% aé6n( ) K!"'" KO rel( ;L) K L!'L® KO©
(a)k!' (a)k?® KjL!' K9L K!' KP°

Notation: rel( 1;K) £ bn( )\ fn(K)= ;.
Convention: in this table c ranges overG, [Cs, andt overG [Cs[Y .

The labels of the transition system record what kind of interaction with the
external environment is necessary for a con guration to evdve into another.
Labels, along with the notions of their names, free names andound names,
are de ned in Figure 14. Each label, including the one for internal reduction,
shows explicitly the location where interaction takes pla@. By using appro-
priate conditions on the function scriptsin the rules of the labelled transition
system (ts for short), we will guarantee that labels are rst-order, as planned.
The formal de nition of the Its is given in Figure 15. We discuss the more inter-
esting transition rules. Rules (s com) , (s !com) and (us Run) closely mimic the
corresponding reduction rules. These transitions do not rquire interaction with
the external environment, so the labell requires only the existence of loca-
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tion |. Rule s ) provides a rst-order output message from the environment
which can be used to analyze the continuation of an input proess by deriving
a further transition using the communication rules. Rule (s outy states that
a potentially higher-order output | chei evolves to the de nitions that are ex-
tracted from e to obtain ¥, and carries in the label the rst-order version of the
process. The intuition is that a bisimilar process will be required to perform the
same rst-order transition, and a potential incompatibili ty between the original
higher-order messages will be detected by analyzing the raliing con gurations
( ® for the rst process). Rule (us Trigger) ~ States that the application of a trig-
ger name to the potentially higher-order parameterse evolves to the de nitions
that are extracted from & to obtain ¥, and carries in the label the rst-order
version of the process, similarly to the case for output. Rut (s open) is stan-
dard. Not that it applies to transitions originated using (its outy O (Lts Trigger)
Rule s Req) can be interpreted as the combination of an output ofp and an
input of T on a special namaeqg Rule (s pef) analyzes the script of a de nition
for all its possible ( rst-order) input parameters. ! It is akin to performing an
asynchronous input transition to receive the parameters fo the script from the
context, and a communication step to instantiate the script.

The sample query and update language. We conclude this section by
extending Sam(De nition 2.2) to deal with trigger names, and showing that it
respects our assumptions (Observatior8.12).

De nition 3.11 ( Sanf) The query languageSant is de ned as Sam with
the exception that trees can contain also trigger names in # same position as
scripts (i.e. within hi ). The extraction relation Xq, and the functions scripts
and triggersare de ned on Sanf by

X(V)=(U;)
Xo(b( )V)=(p()U;)

script§ )V ) = scriptéVv) trigger@( )V ) = trigger®/ )

Observation 3.12 (Properties of Sant ) (i) Sanf is script independent, and
(i) Xq for Sanf respects De nition 3.9.

Proof. Point (i) follows by induction on the derivation of E. The idea is
that query evaluation does not depend on the structure of sdpts, and by rule
(Eval Match)  only scripts coming from the query and the input tree can occu in
the result and the output tree. Point (ii) follows by inducti on on the derivation
of XQ . 2

11Both in (s Defy and (s In) we do not need to consider higher-order values. This is
due to the fact that the bisimilarity relation that we will co nsider turns out to be closed with
respect to parallel composition with de nitions (Theorem B.15), and hence already takes into
account the e ects of scripts received from the environment
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3.2.2 Domain bisimilarity

We introduce our bisimulation equivalence. The intuition is that, when two
bisimilar processes are running in a location domain , if a process makes an
action | with | 2 then the other one must be able to mimic it, possibly
relying on the existence of other locations in . Since the location domain can
be extended to [ °by composing networks, we need to make sure that also
the actions mentioning locations in © are matched, this time within a larger
relation parameterized by [ °

The de nition of bisimilarity relies on the following deriv ed transition rela-
tions.

De nition 3.13 (Derived Transition Relations) Consider the Its de ned
in Figure 15. Given | 2 , we use the notation

I T N T ' 1 when 6|
De nition 3.14 (Domain Bisimilarity) A family of symmetric relations on
con gurations (indexed with sets of locations) _ = f _ Lg is a domain
bisimulation if K _ L andK ! ' K %implies:

1. if 12  with rel( ;L) thenL ' L%andK©°_ L%

2. if 162 thenK _ [f IgL'
Domain bisimilarity = f : Lg is the (point-wise) largest domain bisim-
ulation: if _ is a domain bisimulation, then _ for all . Two open

processesP ;Q are -bisimilar if and only if for all closing substitutions

P Q .

Remark 3.15 (Initial Elements) To show K L for a specic , we can
exhibit a domain bisimulation _=f _ Lg suchthatKk _ L and _
is the empty set for all smaller than

A proof that the largest domain bisimulation indeed exists in our non-
standard setting can be found in [L§]. Domain bisimilarity is a coinduc-
tive relation, preserved by structural congruence and montonic in the domain

Under the mild assumption that the query language does not depend on
scripts (De nition 3.8), domain bisimilarity enjoys two important properties
which make it a useful proof method for domain congruence:

domain bisimilarity is a congruence that is embedding open processes in
extended contexts preserves bisimilarity;

domain bisimilarity is a sound approximation of the domain congruence
induced by request observables, that is if two processes al@similar then
they are request-congruent.

These important properties are summarized by the theorem blow.
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Theorem 3.16 (Properties of Domain Bisimilarity) Assuming a script-
independent query language:

1. If K L,K K%andL LOthenkK® LO
2. For all sets of locations ; ©if ( C°then ( o

3. For all full process contextsC 2 K¢ (De nition 3.5), if P Q then
ClP]  CIQl.

4. Forall ;P;Q (whereP and Q have no free trigger names), ifP Q
then P Q.

Proof. The proofs for (1) and (2) are in Appendix B.1. The proofs for (3) and
(4) are respectively in Appendix B.2 and Appendix B.3. 2

We now give a rst example of the proof method. Larger exampls are given
in Chapter 4.

Example 3.17 (Proof Method) Recall the asynchrony law of Section3.1.
It states that a communication bu er cannot be distinguishel from the empty
process. By de nition, !l FW(a;a;e) 0 if for any closing substitution
(I FW(a;a;e)) 0 . Given an arbitrary  we have that(!l FW(a;a;e)) =
I FW(a; a;e) for some a;l. To show that !l FW(a; a;e) 0, we need to give
a domain bisimulation _ = f _ g such that _ contains the two processes.
Since structural congruence preserves bisimilarity (Poin 1 of Theorem 3.16),
we reason up-to

For each , we begin with a relation R® = f(!l FW(a;a;e);0)g contain-
ing the pair that we want to prove bisimilar. By de nition of bisimilarity,
we must close the relation under transitions. Due towsin) we must close
the relation under parallel compositior@ with arbitrary output processes:R! =

f(Mjll FW(a;a;e);M)gwhereM = li chei, donfM) and scriptég) =
0 i n

. (note that R! = RP if n = 0). The possible tau transitions arising from

the interaction of !l FW(a;a;e) and an output | ahei wheree = e are al-

ready covered because byusicom) and (us stucy laheij!l FW(a;a;e) ! !
| ahei j!l FW(a;a;e). Again by de nition of bisimilarity, we must make the

relation symmetric, hence we conclude with_ = R [ (RY) *.

Incompleteness. In general, domain bisimilarity is a more restrictive equiv-
alence than domain congruence. The property is intrinsic toour choice of giving
a proof method parametric in the chosen query and update langage. In fact,
without specializing the labelled transition system to a particular language, we
are forced to distinguish request transitions as soon as quies are syntactically
di erent. On the other hand, equivalences dependent on spac knowledge of
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the semantics of queries would lead to optimizations which g no longer correct
when the query language change¥

Example 3.18 (Incompleteness) Consider the query languag&ant and the

process de nition
|

| reo(x)a[]heij o . )
I e(x):( e9(l reo(x)b[]herI ex):1 c)

def

X(ab) € (c)(cjllc(e)

The process loops, replacing at each iteration whatever teeis at| rst with a[]
and then with b[]. We have X (a;b) !9 X (b;a), because once the two processes
are inserted in the same store, they can always reduce to eadther. On the
other hand, we have thatX (a;b) 6,4 X (b;a) because the request transitions
cannot be matched.

4 Distributed Query Patterns

In this Section, we use bisimilarity to study some communicdion patterns used
by servers in distributed query systems to answer queries &m clients. In
Core Xd , distributed queries take the form of processes which reteve and
combine data from di erent locations by using remote commurication and local
requests. We show that some existing patternsq9 can be combined together
obtaining a exible infrastructure which is provably equiv alent to an intuitive
speci cation of the intended behaviour. By exploiting process migration, we
also propose a new communication pattern, and we show that its behaviourally
equivalent to a naive, less e cient one.

4.1 Chaining, recruiting and referral

We now considerchaining, recruiting and referral, three distributed query pat-
terns studied by Sahuguetet al. in [29, 27] and described below. These patterns
are interesting because, as will soon be apparent, they arémsple yet can express
ways of answering requests which are non-trivial, and disgly di erent levels of
cooperation between the parties involved.

The usage of these patterns presupposes an architecture aérsers sharing a
common communication protocol for answering cooperativel the queries issued
by clients. The protocol consists of alternative actions which depend on the
contents of a query and on the local data, and is implemented ¥ dedicated
services running on each peer. The distributed querying imstructure obtained

12Even if, for the sake of argument, we xed a concrete query-up date language and knew
everything about its semantic equivalences, it would still  be unclear how to deal with the
case of Example 3.18. There, the initial updates that two processes can perform a re by
no means equivalent, yet by an \idempotence" argument the ov erall behaviours turn out to
be equivalent. A complete bisimilarity would need to be able to consider is some way the
cumulative e ect of request transitions, also when interle aved with communication steps, in
order to equate sequences of updates with the same global e e ct on the data-store.
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Figure 16: Chaining, recruiting and referral
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by combining the three query patterns is very exible and can provide location
independence to the clients. In fact, a client simply needsd invoke a service
on a peer acting as the \entry point" to the network in order to get access to
data which may reside on some other server unknown to the clig itself.

We now describe the three patterns. In each case, a server r@ging a query
will try to execute it locally, and if that is not possible, wi Il take alternative
action.

Chaining (Figure  16.(a) ): if a server cannot deal directly with the call, it
re-issues it to an alternative server, waits for the answerand then returns
the answer to the client.

Recruiting (Figure  16.@) ): if a server cannot deal directly with the call, it
forwards it to another server (without noticing the client) , so that the
result will eventually return to the client without further intervention of
the rst server. To implement this pattern the address for returning the
result must be a parameter of the call, and the client must be \illing to
accept asynchronous connections.

Referral (Figure 16.(c) ): if a server cannot deal directly with the call, it
suggests to the client an alternative server which might be ale to. This
strategy requires active collaboration from the client, which must be ready
to contact the alternative server.

When each server involved in answering a request is able to asany of the
patterns above, the ow of the data from the initial service call to the nal
answer can become complex and involve arbitrary combinatins of the patterns,
as in the example shown in Figurel?.
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Figure 17: Combining the query patterns

..» request

-» chaining = i
AL~ 3 1, -7HR

-y \~ ” \

- recruiting A XA -7 A5 7 %
' ‘ Ly
' g : ’G, a
: e
1

--»> referral 21 |22 T « .,
\ 5.7
—» response 10
LT X

4.1.1 Implementing the patterns

We now describe, step by step, some Core K code which implements a system
where a client request can be answered by servers using an @rlary combination
of chaining, recruiting and referral. The code is based on seices which retrieve
and combine data from di erent locations by exploiting remote communication
and local requests. In Section2.6, we have seen how to represent service calls
in Core Xd :

(c)(l mahe;l;cijl c(e):P)

where a is the name of the service to be invoked at locatiorm with parameters
e yielding a result to be passed on the channet local to |, and P is the code for
handling the results, which are expected to match patterne. In this section, a
service call will carry four parameters: a treeT used to represent a condition,
checked using pattern matching, that a server must satisfy m order to provide
the right service (for example specifying the kind of resultexpected), a query
p which is meant to be run on the store of the service matching tg T, and
the return parameters m and c stating the location and the channel where the
result should be returned. This approach can be easily appdid also to service
call having more parameters.

A client must be able to deal with the referral query pattern, therefore its
code consists essentially of a loop. The loop consists of tia a rst server
(which could in principle provide the nal result, terminat ing the loop), and
then repeating the same call at the alternative addresses mived in unsuccessful
replies, until a reply containing the nal result is received. The context de ned
below implements the loop at locationm:

et m c(OK];2): ]
m Refny; simipz)[ 1= (€) m chREF]; li j 'm ¢(REF]; X):m X ShT; p; n; c

It is parametric in the location n where the result must be returned, the location
| of the rst server to be interrogated, and the parameters of the call: the service
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Figure 18: Syntax: abbreviations

Y
(Internal Choice) 'p, ¥ (c)(lcj I cPy) c62n(P;)
i21:n i21:n
Y M

def

Notation: Pi = P1j::1jPq; P, '::: 'p, ¥ P,
i21:n i21:n

name s and condition T, the actual query p and the variable z for binding the
result in the continuation. The context uses a private chanrel ¢ to implement
the referral loop and uses the tagsOK] and REF] as guards to exit or continue
the loop. Any process built using this context always startsthe referral loop
by invoking s at | and then waiting for two possible answers: either a referral
message with the tagREF] and the name of an alternative location (bound to
X), which starts another iteration of the loop against the corresponding server,
or a result message with the tagOK] and the result of the service call (bound
to z), which terminates the loop and passes the result on to the pscess which
replaces the context hole \ ".

The server lters calls based on the parameterT in order to decide whether
they can be served locally or not. Its code, which uses the cemntions of
Figure 18, consists of the following two processes, run in parallel:

| Locatsty E! s(T;xy;2):( ) req<h%jl c(w):l YZhoK]; wi)

1
| M ShSy; X;Y; zi
| Remotgs,) Il S(Sm;x;y;2): @ | yZhREF]; mi A
(m;Sm)2 " Ref(I;m; S;Sm ;><;W)[I Y ZhOKJ; wi:

If the rst parameter matches T, the server runs the query (bound tox) on
the local data and sends the result back to the client on chanal z at y. If
the rst parameter does not match T, the server selects another server more
appropriate for that request out of the set relating server s to tags specifying
their services (the outermost parallel composition of the emote process). It
then invokes s on the chosen server using either chaining (third branch of he
choice), or recruiting ( rst branch), or referral (second branch). In the case of
chaining, the server runs the same code as the client with dierent parameters.
Notice that the code handling the result forwards the resultto the client instead
of using it locally.

Installation. In order to use these patterns, the code implementing the
services must be installed somehow on each participating seer. We can assume
that it is pre-installed on each peer, or we can install it \on demand" using either
process migration or a specialized service which runs sctgp  For example,
consider the code of a servic® parametric in the location x where the service
is run and some other initialization pattern . If we assume that an arbitrary

location | exists then, given an arbitrary initialization parameter v= | itis

easy to see that running the code atm is equivalent to installing the service
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code froml
Pfm=g fl9] gom:(x; )P hm;vi:

Alternatively, one could use a dedicated installation senice Inst at location m
which receives an abstraction and some parameters, and rurnthe abstraction
locally

Pfm=g f19( Inst)(I mInsth(x; )P;vij!m Inst(y;z):y hm;zi):

4.1.2 Relating the patterns to a speci cation

We use a simple system with a client and two servers as an exartgof how to
reason using our equivalences. The reasoning is analogougihe case of multiple
servers. The client is on peem, and runs the code

m Client, ¢ oy, = m Ref ,[m P]

ml; s;a[]ip;z
where the service is requested to match the tag[], and the continuation process

P is an arbitrary process located atm which does not contain free occurrences
of channelc mentioned in the de nition of Ref ). A server is composed by the
parallel composition of the branches dealing with local andremote processing,

as described in Sectio4.1.1:

l1 Servefsti,:s) = |1 Remotgs:(i,:s)g) j 11 LOCats:T):

We consider two processe®; and P,, where a client requests from the server
at |; the data speci ed by a[] (served locally) or b[] (served remotely atl5).

Servers= Iy Servefg gy ,.p()) 2 Servefspyyi.;af)

PL ¥ m Client,, <. [  Servers

P, £ m Client, i Servers
We compareP; and P, with Q1 and Q, de ned below, which provide a speci-
cation of the expected behaviour respectively ofP; and P,. Each process goes
directly from m to the relevant location, fetches the data returned by queryp,
and goes back to paste it as the new data tree afn:

def

m Speg;, = m gol:( c)(I reg,hci jI c(z): gom:m P)

Q1 £ m Speg,,, j Servers

Q2 £ m Speg,, j Servers
An important di erence between the client and the speci cation is that the
client sends an output message to a service which can in priffde be intercepted
by some process external to the protocol which performs an jput on the same
service channel. To rule out this undesired interference, & restrict the name
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of the services both in each P; and Q;, with the side e ect of preventing also
the unharmful case in which several clients use the servicest the same time 13
We can show, in a domain containing bothl; and |, the following equiva-
lences:
( 9P1 "9 9Q1 (9P 29 ( 9)Qy

Hence, by de nition, we can replace( s)P; by ( s)Q; in any network, and
preserve network equivalence.

Proof of equivalence. By virtue of Theorem B.21, a formal proof of
each equivalence above would involve showing the existenad# an appropriate
domain bisimulation containing the relevant pair, along the lines of the examples
of Section3.2.2

We show here a sketch for the case foP, and Q,. In order to make the
proof more manageable, we adopt the simplifying assumptiorthat the query p
does not contain scripts. The proof of the general case folles a similar struc-
ture. Moreover, we use implicitly the closure of bisimilarity under structural
congruence.

We start by analyzing the non-input transitions of the two pr ocesses, and
then we indicate how to build a domain bisimulation by pairing compatible
states and dealing with input transitions. Consider Sp = ( s)Q2. By struc-
tural congruence,So  m Speg;,, j ( s)Serverswhich makes it easy to see that
Serversdoes not have transitions, because of the restriction ors. Hence, we
concentrate onm Speg,,. All it can do is a tau transition at |, corresponding
to a migration step to reach a state S;, followed by a request transition at |, to
become

S, = ( s)(( ¢)(I2 chVijly c(z):l, gom:m P)jServery

where V stands for a generic result obtained by the request. In turn, this
process can only do a local communication followed by a migtan (both tau
transitions, respectively at I, and m) to become

SY = ( s)(( c)(m PfV=,q)jServery:
Using the hypothesisc 62n(P ), we obtain
(s)(( c)(mPfV=,g)jServery ( s)(mPfV=,gjServers:
Hence, we have shown that the transition forSy that we need to match is

sS4 !Iz reqhpi (V) . !Iz reqhpi (V)

SYy=5 S S sY:

All we need to show now is that also starting from( s)P,, for each possible
execution path, we can only do an analogous weak request traitions, and
reach a state equivalent either toS; above. We now analyze the transitions of

S§ = ( s)P.. Firstthe client m Client, ...y performs a tau transition at m

13|n future, we plan to consider less restrictive ways to rule o ut this kind of interference
using the type based techniques for linearity of Yoshida et al. [42].
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corresponding to the initialization of the loop and then oneat I; corresponding
to the migration of the service call. The whole process becoss

Si = ( sic)(Cojly sho[]; p;m;cij Servery

where
Co = m s(OK];z):m P j!m s(REF]; X):m X Shb[]; p; n; Ci:

Because ofb[], I1 Servey,.q13,,.p[}) receives the call in the remote branch (the
one forl, with tag b[]). Nondeterministically, the process atl; evolves to either

(recruiting)  S§ = 11 Serveg aryy,.bp) i 11 1, shb[]; p; m; ci
(referral)  S3 = Iy Servefy.q(1,,.py]) i 11 T CHREF]; L2
(chaining) S¢ =1y Servefs;a[];lz;b[]) il Ref(ll;lg;s;b[];p;w)[ll M chOK]; wil.

Both the communication for receiving the call and the choiceof the branch to
execute are two tau transitions atly, so$f  S°fori 2 2::4. We now consider
the transitions of each choice branch.

Recruiting.  If recruiting is chosen, the server atl; performs a tau transition
at |, corresponding to the forwarding of the client request, becming

S2.1= ( S:€)(CojRujly Servefs.ayy, byy i T2 SMILpimicijl2 Servep iy, app)

whereR; is a deadlocked process containing the code for the two disoded
choice branches. Due to the parameteb[], serverl, receives the call in
the local branch, performing another tau transition at |,:

S3,( s;e)(itjla Servefg.p1,.aq) i ( €912 reghct j cdw):l, TThOK]; wi)):

This process can only do a request transition (say obtainingdata V) to
Sg’;s, followed by a tau transition (corresponding to local communication)
at |, becoming

S3.4 = ( s;¢)(CojR1jServergl, MThOK]; Vi);

where V stands for a generic result obtained by the request. After tvo
tau transitions at m, corresponding to migration and local communication
betweenCy and mtchOK]; Vi, we obtain

S¥;5 = (s)(mPfV=gj( c)(!m S(REF]; x):m X SHb[]; p; n; ci) j R1 j Servers;
where we stop, with

i(V
IIZ reapi (V) S;{.’é Sg;5V:

S5,
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Referral. In the case of referral, the server performs two tau transitons at m
which correspond to the forwarding of the message referringpcation |,
and to a second iteration of the referral loop of the client. The client then
sends a new call tol, (a tau transition at 1,) and becomes

S51 = ( si¢)(CojRajl1 Serveg.qryy,.py) i T2 SMLL pim; ci 12 Serverg )

whereR; is a deadlocked process containing the code for the two disoded
choice branches. From now on, the transitions are the same &s the case
for recruiting until we obtain the process

S?Y;4 = (s)(mPfV=gj( c)(!m S(REF]; x):m X SHb[]; p; n; ci) j R, j Servers;
where we stop, with

sp 59, 17 MPV) sy sy

Chaining. Inthe case of chaining, the reasoning is similar. The rst transitions
correspond to a local communication atl; starting the referral loop of the
server and a migration followed by communication atl, to start the local
branch of that service. At this point, the process performs arequest
transition analogous to the one in the previous cases, and tatransitions
corresponding to a local communication to get the result atl,, a migration
to I, and a local communication to terminate the referral loop of the
server. The continuation process performs the transitionscorresponding
to the migration of the nal result to m and to the communication to
terminate the referral loop of the client, reaching

S}(;S = (s)(mPfV=gj( c)(!m S(REF]; x):m X SHb[]; p; n; ci) j R3 j Servers;

whereRj; is a deadlocked process containing the code for the two disoded
choice branches and the residual of the referral loop at;, and we stop,

with
J2 reqhpi (V)

s Sp,! Sl Sis

Intuitively, So;S9;SJ and S? are all equivalent states, because they are struc-
turally equivalent to a process of the form

( s)(m PfV=gjServers ):

The bisimulation relation we are looking for is obtained in three steps. First,
we pair each of the statesSy; S; preceding the request transition in the Its of

the Its of ( s)P, (and vice versa). Second, we pair each of the stateS) ; SY

following the request transition giving a particular result V in the Its of ( s)Q:>

with each Sl\j following a request transition giving the same result in the lts

of ( s)P, (and vice versa). Third, we close the relation obtained so faunder
parallel composition with the output messages derived by iput transitions (as

shown explicitly in Example 3.17). The relation de ned above can be shown
to be a domain bisimulation by formally checking the de niti on.
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Figure 19: Rendez-vous

(& Query-shipping. () Rendez-vous.

4.2 Rendez-vous and shipping

In the previous example, the infrastructure of servers impémenting the dis-
tributed query patterns was xed in advance, while the actual interactions be-
tween them were determined at run-time. The messages exchged between
di erent locations were always service calls or their resuls. Now, we consider
a more exible scenario which exploits code mobility.

Data-shipping and query-shipping are two traditional database techniques
for distributed query evaluation: the rst consists of evaluating locally a query
on remote data by asking for the relevant data to be sent from he remote
sources; the second consists of delegating the evaluatiorf a query to one of
the remote sources in order to reduce the bandwidth used by da transfers.
In the next section, we propose a distributed query pattern,called rendez-vous
which combines data and query shipping by using code mobilit and private
channels. The idea is to give a client the ability to ship result-handling code
to another location, and to redirect the results of arbitrary service calls towards
the location containing the result-handler. Within an infr astructure of services
such as the one used above for chaining, recruiting and refeal, this pattern can
help to save bandwidth by eliminating unnecessary data trarsfers.

4.2.1 The rendez-vous query pattern

We now compare the query-shipping and rendez-vous patternby giving a con-
crete example where a client calls a remote service using aammmeters two large
sets of data obtained by other remote service calls.

Suppose that on locationl there is a specialized servicé Join (X1;X2;Y; 2)
which returns on channelz at location y the result of joining the data bound
to x; with the data bound to x,. Suppose moreover that a client running
on location m wants to join some data obtained by queryp at location I; with
other data obtained by query g at location |,. We assume thatl; and |, run
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the services described in Sectiod.1.2, that |; (respectively|,) serves locally the
requests tagged bya[] (respectively b[]).

Query shipping. The client can use query shipping: it rst invokes the
query services at locationd; and I, then passes on the results as inputs to the
join service on locationl (see Figurel9a)). Below we give the code of a client
implementing this approach:

_ 1
m |1 sha[]; p; m; C1i

j m I, shb[]; g; m; Gi
j M c1(OKJ; X1):m C2(OK]; X2):m | Join hxy; X2; m; Ci
j mc(z):mP

m ClientQ £ ( c;c1;¢)

It starts sending o the two service calls to I; and |, and then waits for the
results respectively onc; and ¢, to bind them to x; and x,. The remaining
code is a standard service call for the join service akt with parameters x; and
X2, binding the nal result to z in the continuation m P, which can be an
arbitrary process.

Rendez-vous. In order to save bandwidth, a better strategy is to request
the query services atl; and I, to forward their results to location |, and to
install at | a process which collects the two results and invokes the joiservice
locally, asking for the nal result to be returned at locatio n m (see Figurel9p)).

Below we give a context implementing the general pattern, wih two holes for
inserting the code to handle the intermediate results atl and the nal result at

m. The code is parametric in the tagsT; and the queriesp; used to determine
the partial results, the variables x; for binding them in the intermediate code
at\ 1", and the variable z for binding the nal result in the continuation code

at\ L™

def

M RZV(1,pyixsTopewoiz) [ 1l 2 =

0 . 1
m |1 Sth;pl;l;Cli
e j m T; ShTy; pa; 1; Coi §
C,C1,C %
( 1i o) j m gol:l c1(OKJ; x1):l C(OK]; X2): 1
j mc(z): 2

The code given above can be easily parameterized also on thaimber, the
names and the locations of the services involved, and can bedapted to return
the nal results at an arbitrary location on an arbitrary cha nnel.

We give below the code for a client, equivalent toClientQ, which uses the
rendez-vous strategy:

def

m ClientR = m RzV b[];q;xz;z)[l Join hxy;Xz; m;ci][m P]

a[lpix 1;

The code for handling the intermediate results consists in docal call to the join
service, whereas the continuation is the same generic prosg used forClientQ.
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4.2.2 Equivalence of the patterns

Consider the processServersde ned in Section 4.1 consisting in the parallel
compositions of the servers for implementing chaining, rewiting and referral
at locations |I; and I,. The clients given above, each in parallel withServers
are equivalent in any network regardless of what locations g present.

( s)(m ClientQj Servery ' ( s)(m ClientRj Server}

In order to make the proof more manageable, we adopt once agathe sim-
plifying assumption that p and g do not contain scripts, and we use implicitly
the closure of bisimilarity under structural congruence.

First of all, we simplify the problem further by studying an e quation relating
only the parts of the client processes above which are di eret from each other
and which play a signi cant role in the proof. The full result follows by exploiting
the closure of bisimilarity under parallel composition, restriction and structural
congruence (TheoremB.15 and Proposition B.1) to recover the processes of the
original statement.

Consider the de nitions

_ 1
m |1 sha[]; p; m; cii

m Client® £ ( ¢1;¢) @j m T, sho[]; q; m; Gi A
j m c1(OK]J; X1):m C2(OK]J; X2):m | Join hxy; X2; m; Ci
_ 1
m 11 sha[]; p;1; cii
m ClientR £ ( ¢1;6) @j m T, sho[]; q; |; Gi A
j m gol:l ¢ (OK]J; x1):l c2(OKJ; X2):l Join hxy; X2; m; Ci

Our goal is to build a domain bisimulation containing the pair
( s)(m Clientdj Servery; ( s)(m ClientRj Server} :

The construction of the proof is summarized by the diagramsm Figure 20.
We represent the transitions of the two processes above in th form of lattices
of states related by the Its (to be read in the direction of the arrows). Like in
Section 4.1.2 we do not consider input transitions at this stage. The dotted
arcs indicate the states from the two diagrams which will be pired in the
bisimulation.

Building the transition diagrams. We describe the steps leading to the
transitions. Later, we will explain how to build the bisimul ation relation.

We begin with ( s)(m ClientQj Server}, corresponding to the top diagram
of Figure 20. The starting state is the one pointed to by an arrow on the let
of the diagram. We follow the top-left border of the diagram. Consider the
sub-processesn |1 sha[]; p; m; cii and

l1 Local 4, 11y s@al]; x;y; 2):( 911 req.hcd jl; cAw):l; Y ZhoK]; wi):

Together they can perform, in order:
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Figure 20: Bisimulation Diagrams

m

( s)(m ClientQ®j Servery

1

I reghpi (V1)

1. a migration step fromm to Iy;
2. an internal communication on s at I4;

3. a request transition generating an outputl; c™Vii, where V; is the data
obtained by query p;

4. an internal communication on c®
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5. a migration to m.

We are left with the processesl; Loca[s.a[]) and mc;hOK]; V1i. The second
process can communicate with

m ¢1(OK]J; X1):m C(OK]; X2):m | Join hxy; X2; m; Ci;

and we are left with

m C;(OKJ; X2):m | Join hVy; X2; m; Ci:

Independently, m I, shb[];q;m; i and |, Locaks;b[]) can mimic the 5 steps
above (represented in the diagram by the bottom-left borde), becomingl, Loca[s;b[])
and mc;h0OK]; Voi. These two independent groups of respectively 6 and 5 or-
dered transitions give a lattice of 42 processes related byhe Its, where the
bottom element is the initial process, and the top element (& the intersection
between the top and bottom-right borders) is the process

1
m C;hOK ]; Vai
( 5)@j m c(OKI; x2):m T Join hVy; Xo; m; ci A
j Servers

This process can only perform a communication on channet, and a migration
from m to |, becoming the point on the right with the outgoing arrow

( s)(I Join hVvq; V2; m;ci j Servery

By a similar reasoning, we can derive for the process s)(m Client@j Server
the lattice of 36 +42 + 1 processes reported in the bottom diagam of Figure 20.
The vertical transition possible from each of the 36 statesn the lower layer of
the diagram is the initial migration step from m to | of the result handling code,
where

m gol:l ¢ (OK]J; X1):l c2(OK]; X2):l Join hxy; X2; m; Ci

becomes process
I c1(OK]; X1):l c2(OK]; X2):1 Join hxq; Xo; m;Ci:

Only when this transition has occurred, can communication @ ¢; at | happen
(hence the additional 7 states appearing only in the upper Iger). The nal
state, after communication on c; at | has happened, is once again

(' s)(I Join hvy; V,; m; ci j Servers:

Building the bisimulation relation. We now describe how to pair-up the
processes (states) of Figur@0 to build a suitable bisimulation. First, we relate
each of the 25 processes in the top diagram reachable from theitial one after
at most 4 transitions along each axis, with the two corresponing processes in
the bottom diagram (as shown by the left-most dotted arc in Figure 20). Then,
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we relate each of the 10 processes obtained in the top diagraafter 5 transitions
along one axis and at most 4 on the other axis with the correspading 4 processes
in the bottom diagram (as shown by the second dotted arc in Figire 20). Next,
we relate each of the 5 processes obtained in the top diagranitar 6 transitions
along the rst axis and at most 4 along the second axis, with the corresponding 5
processes in the bottom diagram (as shown by the third dottedarc in Figure 20).
Then, we relate the two processes reachable after 11 and 12amsitions in the
top diagram with the 10 processes of the bottom diagram to whth they are
joined by the fourth arc in Figure 20. We also relate the process obtained in
the top diagram after 5 transitions along each axis with the 8processes at the
vertices of the corresponding cube in the bottom diagram. Faally, we associate
the nal process in the top diagram with the nal process in th e bottom diagram
(the fth dotted arc in Figure 20).

We take the symmetric closure of this relation, and we closetiunder parallel
composition with output messages like in Example3.17. Note that in the dia-
gram we have shown the transitions for one possible choice tifie data items V;
and V, obtained as results of the request transition. To be completly formal,
the reasoning above must be quanti ed on all possible resulvalues, by pairing
the corresponding states as in the example of SectioA.1.2

Following a simulation step. We consider now an example to explain the
rationale behind the pairing of states in the relation. We focus on the simulation
of ( s)(m ClientQj Servery by ( s)(m ClientRj Server$ which is subtle. The
other direction is straightforward.

In the top diagram, the process connected to the leftmost daied arc can

N i (V
perform a weak transitior! ¢ reahPi(Va) f1,:mg 0 become the process connected
to the third dotted arc. In the bottom diagram, the top proces s connected to

. . N i (V
the arc can simulate the step by performing a weak transitior realPi (V1) flig

to become the top-left process of those connected to the battm end of the third
arc. The bottom process connected to the rst arc cannot simuate the tran-
sition by reaching the same process, because that would inlxe using location

I. Instead, it performs a transitiorl! 1 reapi (V1) f1,g to become the bottom-left
process of those connected to the bottom end of the third arcwhich is also
in the relation. Also the states reached by the process on théop diagram by
performing one or two transitions the less are related to thetwo states of the
bottom diagram mentioned above. The idea is that the last twotau transitions
at m cannot be matched by tau transitions at I, in fact they do not need to be
matched at all, so the processes in the bottom diagram stay th same.

The association between the states of the two diagrams abovis not com-
pletely straightforward because we are showing the most gearal result in which
domain congruence holds for the empty domain ( * ). In this case, we had to
make sure that for each transition between processes in theop diagram there
was a corresponding transition in the second diagram (poskly null) which re-
lated two processes bisimilar to the original onesnvolving only locations used
also by the original transition. The problems are due to the additional transi-
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tions at | which are possible in the second diagram. If we tried to prove !9
instead, the association between processes would have bestmaightforward.

5 Conclusions

We previously introduced Xd [11], a calculus for describing the interaction be-
tween processes and active data across distributed locatis. In this paper, we
have concentrated on Core X , the explicitly-located version of Xd , in order

to study process equivalences. Both calculi, and their forral relationship, are

studied in detail in [18]. In Section 3.1, we de ned two contextual equivalences
for Core Xd networks and processes. Network equivalence dictates whewo

networks can be considered indistinguishable by an observéooking at the in-

terface between processes and local stores. Process eglémae is such that,
when we place equivalent processes in equivalent network otexts, we obtain

equivalent networks. Both equivalences are parametric wih respect to the lan-
guage used for querying and updating documents, and can be stantiated to

speci c cases. Contextual equivalences are di cult to use drectly. In Section 3.2

we de ned domain bisimilarity , a coinductive equivalence relation which entails
process equivalence. Its non-standard de nition, due to tke fact that scripts

(which can appear in data) are part of the values, and procesgquivalences are
sensitive to the set of locations constituting the network. Our investigations

required new reasoning techniques, as well as well-estadtied ones. Domain
bisimilarity is intrinsically incomplete, due to its being parametric on a query
and update language.

An important design choice, enabling us to study how propertes of data can
be a ected by process interaction, was to model data and proesses at the same
level of abstraction, rather than encoding data into proceses, as customary
in the -calculus R0, 21, 22, 32]. Whilst such an encoding makes sense when
using the -calculus as a low level concurrency modelling language, lhecomes
a burden when reasoning about the coordination of higher-leel processes. Our
choice also gave us the opportunity to keep our language modar with respect
to the choice of a query language, which can be easily adapteidom the existing
literature on XML [ 5].

We delegate migration control to external security checks hat can be su-
perimposed on the language. It would be interesting to inclde an explicit
construct to constrain process migration at the location level, perhaps based
on types, along the lines of {3]. We have indeed already considered such an
extension, which is not included in the present work becausé is of limited in-
terest in the untyped setting. Migration has been included n Core Xd only to
maintain a closer correspondence with X , but is not necessary. In fact, each
located action already contains information about where itis to be executed.
For example, in the process below we can imagine that each imp on & at |; is
followed by an implicit migration step |; go lj+1 to the next location:

1 a1(x):l2 ax(y):lz aghx;yi;
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intuitively corresponds to
1 a1(x):11 go 12:12 ax(y):l2 go ls:l3 ashx; yi:

Overall, if explicit migration were to be discarded, the presentation of our model
would be slightly simpler. Nevertheless, we have decided toemain with our
original presentation because the encoding of & in Core Xd and its full ab-
straction (reported in [ 18]) are interesting results in their own right, con rming
the informal thesis of [7] that locations can be encoded, without divergence, in
the -calculus with polyadic synchronization.

Using domain bisimilarity, in Section 4 we studied some communication pat-
terns employed by servers in distributed query systems to aswer queries from
clients. Queries took the form of processes which retrieverel combine data from
di erent locations by using remote communication and local requests. In par-
ticular, we considered chaining, recruiting and referral,three distributed query
patterns studied in [29, 27] which are interesting because, despite their sim-
plicity, they can express ways of answering requests whichra non-trivial and
display di erent levels of cooperation between the partiesinvolved. By exploit-
ing process migration, we have proposed the rendez-vous quyepattern which
can help to save bandwidth in certain applications. A challeaging application
for future work, is to extend the distributed query pattern e xamples to model a
robust system where the servers return streams of results with can dry out or
be restarted, and show its equivalence to a simpler, non-s&.laming speci cation.
We believe that our techniques are suitable for this task, bt we need automated
tools and symbolic techniques (such as th@pen bisimulation of Sangiorgi B1],
or up-to techniques R3] such as \up to con uent reduction"), to help produc-
ing manageable bisimilarity proofs. For example, already m the example given
in Section 4.2.2, the bisimulation relation was di cult to represent succin ctly
because each state of one process could be related to sevest@tes of the other
process.

Studying types for Core Xd is ongoing work. A type system would be useful
to guarantee the absence of run-time errors, re ne the behaioural equivalences,
guarantee the conformance of data trees to schemas, and studsecurity prop-
erties. Given the use of mobile code in our systems, in the albsce of trust, we
face the problem of protecting a host from a potentially malicious agent. This
problem could be tackled by type-checking each agent dynarnoally entering a
location [13] (possibly relying on the ability of a location to infer the t ype of the
agent), or by using the Proof Carrying Code P4] approach (to send a migrating
process along with its type), or by a combination of both techiques. A type
system usually restricts the number of terms that are admisgble in a calculus.
Hence, the behavioural equivalences can become easier torife (since there
can be less-counter-examples), and some laws that do not hbin the untyped
calculus become valid for the typed fragment. An obvious theretical question
arising from the de nition of a type system for Core Xd , is to understand how
the behavioural equivalences are a ected by typing, for exaple along the lines
of [26, 12].
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A Figures

Figure 21: Full structural congruence

(c)0 O

c6an(P)=) Pj(c)Q (c)PjQ)
(c)d)p (d)c)P
Pj(QiQ% (PjQ)jQ°

P Q=) Q P

PjoO P

P Q=) (c)P (¢)Q

P°) PjQ P%Q

Q=) la(e))P la(e)Q
Q=) la(e):P Il a(e)Q
Q=) lgom:P [|gom:Q

P Q=) (b;P) (D;Q)

(c)0 O

c62dn(K)=) Kj(c)K® (c)KjK9
(c) d)Kk (d) c)K

T U U T

Kj(KoL) (KjK9jL
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Kjo K

K KO%) (c)K (c)K©
K L= KjK? LjK?®
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Notation: t ranges overP or K.

(CStruct Res PNil)
(CStruct Res PPar)

(CStruct Res PRes)

(CStruct Par Assoc)
(CStruct Par Comm)

(CStruct Par Zero)

(CStruct Cong Res)
(CStruct Cong Par)
(CStruct Cong In)
(CStruct Cong !In)

(CStruct Cong Go)

(CStruct Proc)

(Struct Res CNil)
(Struct Res CPar)

(Struct Res CRes)

(Struct Par CAssoc)
(Struct Par CComm)

(Struct Par CZero)

(Struct Cong CRes)

(Struct Cong CPar)

(CStruct Refl)
(CStruct Symm)

(CStruct Trans)
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Figure 22: Predicateswf ; distinctand functions domcval

— wf(P) wf(Q)

wf (0) wf (I chei) “Wi(PjQ)

wif (P) dongP) = flg wf(P) dongP) = flg wf(P)
wf(( c)P) wf (I c(e):P) wf (!l c(e):P)

donfP)=fmg wf(P)
wf(l gom:m P)

wf(A H;ei) wi (I req,hci)

distincf ) distincte) fv( )\ fv(e)=; distinc(A)
distinc( ; e) distincthA i)
distincE) distincfT) fv(E)\ fv(T)=; distinc(V )
distinc(E ') distinc€a[ V 1)
- . fv(I)\ fv(p) = ;
distinc(? ) distincfx) distnctp@)
donfD) = domain of D donf0) = ;
dongP jQ) = donfP) [ donfQ) dong( ¢)P) = donfP)
donfl chei) = flg donfl c(e):P) = flg
don!l c(e):P) = flg donfl gom:m P) = flg
donfA H;ei)= flg dongl req,hci) = flg
dong )= ; donCs[ ]] D)= donfD) [ donfCs[ ])
donP jCp[ ]) _ _
dontC [ P]jp) = donfP) [ donfCp[ ])  donf( c)Cp[ ])= donfCp[ ])
t2A[Q _
m cvallEpr) = cval(E) [ cval(T)
cval(a[V ]) = cval(V) cval(hAi) = cval(A)
cvallp@) = cval(p) cval(?) = cval(l) = cval(x) = ;
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Figure 23: Free variables and free names for Core K

fv((x; e)P) = fv(P) nfv(x; e) fv(0) = ;
fv(PjQ) = fv(P)[ fv(Q) fv(( c)P) = fv(P)
fv(l c(e):l P)=fv(I)[ fv(c)[ (fv(P) nfv(e)) fv(l chei) = fv(l) [ fv(c)[ fv(e)
fv(ll c(e):l P)=fv(I)[ fv(c)[ (fv(P) nfv(e)) fv(lgom:m P)= fv(l)[ fv(m)[ fv(P)
fv(A Hiei)= fv(A)[ fv(l) [ fv(e) fv(l req,hci) = fv(l) [ fv(p) [ fv(c)
fn(0) = ; fn(P jQ) = fn(P) [ n(Q)
fn(( c)P)= fn(P)nfcg fn(l chei) = fn(c) [ fn(e)
fn(l c(e):P)= fn(c) [ fn(P) fn(!l c(e):P)= fn(c) [ fn(P)
fn(l gom:m P)= fn(P) fn(A H;ei)= fn(e)
fn(l req,hci) = fn(c) fn((D;P)) = fn(P)
(K jK 9= fv(K)[ fv(K 9 fv(( c)K )= fv(K)
fv(hk ( Ai) = ; fv(k) = ;
fn(K jK 9= f(K)[ fn(K9 fn(( c)K )= fn(K)
fn(hk ( Ai) = fkg fn(k) = fkg

Figure 24: Functions domand scriptdor con gurations

donK jK % = dongK )[ donfK 9 donf( c)K )= dontK ) donfhk ( Ai)=;

scriptév; @) = scriptév) [ scriptée) scriptéf V=,g) = scriptév)
SCriptéE poI') = scriptéE) [ scriptéT) scripté? ) = ;
script&a[V ]) = scriptéV) scriptéAi) = fAg
scriptéA) = fAg scriptée) = scriptée) =
script§@) = scriptép) scriptd) = ;

Assumption: scripton queries is given as part of the query language de nition.
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B Results and proofs

This section gives the formal proofs of the properties of dorain bisimilarity.

To follow more easily certain common steps in the proofs, it my be helpful
to keep in mind that: private and service channel names are ditinct; a script is
well-formed only if it has no free private channel or triggernames; con gurations
are well-formed if for any trigger name there is at most one deanition.

B.1 Basic properties

We study some basic properties of domain bisimilarity whichwill be useful to
prove the main results of congruence and soundness. A rst mperty is that
structural congruence preserves bisimilarity. We will usethis implicitly in the

rest of the section.

Proposition B.1 (Bisimilarity Up-To Structural Congruenc e) If K
L,K K%andL LOthenkK® L°

Proof. The family of relations _ with generic element
=f(K%LY : KO K L L%
is a domain bisimulation. Follows by using rule (us struct) . 2
By de nition of bisimilarity, the smaller the domain , the | ess likely that
two processes are bisimilar. In fact, we need to check for mahing actions rst
in , then in any  °containing . The underlying intuition is that if we can

rely on a larger set of locations to be connected to the netwdx, then we can
perform more optimizations.

Proposition B.2 (Monotonicity) Domain bisimilarity is monotonic: for all
sets of locations ; % if ( Cthen (.

Proof.

() Follows by De nition 3.14 noticing that using rule usn) it is always
possible to make an input action at locationl, for any | not in .

(() If ( Cthen there exists anm such that m 2 °n . Consider the two
processe = laand Q = | gom:m | a, wherel 6 m. Clearly, P6 Q

_ . |
becauseP! 0 but there is no Q°such that @ - QO To show that
P 0Q,let R be the set containing the pairs

I a

(MjP;MjQ); (MjP;MjmTa); (M;M)

for any M of the form
Y

li ciheji; donfM )
0 i n
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where scriptég ) = ; for all i. The family _, where _ = R [ (R ) !

for each containing %and _ = ; otherwise, is a domain bisimulation
containing (P; Q), henceP o Q.

2

The lemma given below is a standard technical lemma relatinghe transi-
tions in the Its with the syntactic structure of con guratio ns, up-to structural
congruence. It is used in many proofs, sometimes implicitly

Lemma B.3 (Transition Correspondence) The transitions of the Its are in
close correspondence with the structure of con gurations.

1. K 1@ TR o and only if K ( a)(Ljlch®) wherec 62 a ,

a f(® andK? Lj ®whereX(®=(e; ¥).

2 K1 (@) K%ifand only if K® K jI chei, scriptée) = ; and rel(l c(e); K).
3. K!''" KCif and only if
K (a(Ljlce):Pjlche i)andK® ( a(LjP ),or
K (a(Ljllce)Pjlce i)and K® ( a)(Lj!lce):PjP ),
or
K (a(jxeP Hei)andK® ( e)(LjPfl=g),or
K (a(Ljmgol:P)andK® ( a)(LjP).
a1k 1 ®re®iM o ondonly if K ()Ll recgohci) and K ©

(a)(LjTchTij ) for some p® such that X (p) = (p; ®) and someT
such thatscriptéT) = ; and T has the formr[Uy]p:::r[Un 1p?

5.k 1'®) Koitandonlyif K Ljhk ( (ce)Piand KO K jhk (
(x;e)Pij Pfl=g and scripté ) = ;.
6. K 10T ot andonly it K ( @)(Ljj] H:) wherej 62 R
a f(® andK® Lj ®whereX(®=(e; ¥).
Proof.
(( =) Follows easily by de nition of Its.

(=) ) By induction on the depth n of the derivation tree in the premise for

the labelled transition. We give the case for bound output asan example
(point 1).
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(e; R)Tchei

(n=0) SupposeK ! K %is derived by directly applying (us out) .
It must be the case that K = Tch®, where X(®) = (e f) and
Ko= R

; R)ichei
(n=m+1) A derivation of depth m + 1 for K !(a )1 cle K ® must be

obtained by applying one of the rules(us Res) , (s Par) , (Us Struct) ~ OF
(us open) to a derivation of depth m. The case for(structy is trivial.

;R)rchei
If rule (res) is applied then we must have that( d)K1 !(a )T cre

( d)K?, whered 62n((e;R)I chei), follows from the premise

Kll(a; Ryrehel K. By inductive hypothesis, K;  ( a)(LjI ché)

wherec62a, a (@ andK? Lj Rwherex(®) =(e *~).
Since X does not a ect session channelsd 62n(e%) n a . By struc-
tural congruence, ( d)K;  ( @)(( d)(L)jI ch¥), and ( d)K?
(d)WL)j R The cases forpa) and (open) are similar.

2

The next step towards the main proofs consists of generaling the variant
lemma of [L5] to bijective substitutions (here called switchings) on channel and
trigger names* By using switchings rather than generic substitutions we oltain
a purely coinductive proof. Below we leta;b;crange over channel or trigger
names, and we consider only well-sorted substitutions (refacing channels for
channels and triggers for triggers).

De nition B.4 (Switching) Given a term t with a function fn returning its
free names, aswitching ° is a bijective substitution f ¢=5; 8=5,gfb=.g such that

c62n(t) [f a;by. We denote bye- ® the switching?:-P 1 :::@_b n where botha
and 8 are vectors of distinct names.

Observation B.5 (Switching Properties) Switching is self-dualK =
(K2b)ab and symmetrick 2P = KbP-2

Proof. Follows from the de nition of switching and substitution. 2

We note below that both the extraction and the transition rel ations do not
depend on speci ¢ names, hence they are fully compatible wit switching, and
-conversion.

Lemma B.6 (Switching Extraction) Extraction preserves switching:
if X(e)=(e* F)then X(e®P )= (\@a—b [( Ryab),

140ur approach is reminiscent of the permutation-based appro ach to abstract syntax devel-
oped by Gabbay and Pitts [ 10]. In particular, it may be interesting in future work to comp are
our use of switchings with the work of Gabbay [ 9] on the -calculus.
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Proof. By a simple induction on the derivation of X(e) = (€% ), where the
base case for queries uses De nitior3.9. 2

a_b
Lemma B.7 (Switching Transitions) IfK!' KOthenkab 1™ KO®P
provided thatbn( )\ fn(K3P )\f a;bg=;.

Proof. By case analysis on |, using Lemma B.3. We show the case for
the bound output when the name of the channel used for output @curs in the
switching; the other cases are simpler. Let =2 . Without loss of generality,
suppose thatK ! ' KO%where | = (b;§l ah® gpd kydoes got occur in®.

By Lemma B.3, K  ( b;®(Ljl anei) wherea 62 b;® , b8 fn(e) and
KO Lj ®whereX(e) = (% F). Let c be a fresh name. By -conversion
and ObservationB.5, we haveK  ( c; 8)(LfC=gjl ahef c5gi) . Applying the

inner switching, we obtain K  ( ¢; B)(LfC=,g jI brefC=g i) . Sincefc=y has
replacedb with c,

K ( c; B(LfC=pgfb=agjl bref c=pgfb=5gi)

Sincea does not appear free anymore, we can alpha-convectwith a in the term
above, obtaining

K (& ®(Lfcagfb=ggfa=gjl bref cgfb=gf a=cgi)

By de nition of switching, K (a8 jlbei). By Observation B.5,
K (a;®(L jibwe ). By Lemma B.6, X(e )= (®:; ®). By wsouw ,
K I' KO, 2

The lemma below shows that bisimilarity is closed with respet to switchings,
a property needed to show that it is transitive.

Lemma B.8 (Variant) (i) If K L then Kb La-b (i) If b 62
fn(K;L) thenK L =) Kfbsyg  Lfb=gg.

Proof. () Let =2P  We show that the family _ with generic element
_ =f(K;L ) : K Lg is a domain bisimulation. AssumeK L for
some . Suppose K !' K%andl 62. By K L, K i 1g L, hence
(K;L )2 _ r1g- Suppose instead 2 and rel( ;L ). By Lemma B.7,
K! ' KO with rel( |;L). By bisimilarity, L' ' L%with K° L% By
LemmaB.7, L!! ' L°. By denition, (K%;L °)2 _ . We conclude be-
cause, by ObservationB.5, K® = KO (ii) Follows from (i) by de nition of
switching. 2

Domain bisimilarity is an equivalence relation. This property is very im-
portant, because in the rest of the proofs in this section we Wl often rely on
symmetry and transitivity.
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Proposition B.9 (Equivalence) Domain bisimilarity is an equivalence rela-
tion.

Proof.  Re exivity and symmetry are immediate. Transitivity state s that if
K M and M L then K L. We show that the family _ with generic
element

=f(K;L) : K M; M Lg

is a domain bisimulation. Let be arbitrary and suppose K ! ' K%with | 62.
By De nition 3.14 K f1gM and M i 1g L, hence K;L) 2 _ fg. If

I 2 and rel( ;L) then there are two cases, determined by the relevance
of | to M. If rel( |;M), the proof is straightforward. If | is not relevant

to M, the action | must necessarily have some bound names such that
e fn(M). By the second premise ofwsra) used to derive the bound

transition, e \ fn(K) = ;. Let a have the same length a%, and be such that
a \ fn(K;L;M )= ;. ByLemmaB.8, K = Kfé=gg Mfe=,g= MC By the
same argument,M © L. Since nowrel( ;M 9, the proof is straightforward.

2

B.2 Congruence

Our next objective is to show that domain bisimilarity is a congruence. We
already know that it is an equivalence relation (Proposition B.9), and that it
preserves switchings (LemmaB.8). We also know how to relate labelled transi-
tions with the syntactic structure of con gurations (Lemma B.3). Using these
tools, it is pretty easy to show that bisimilarity is closed under the restriction
operator and, for processes, under pre xes. Most of the workn this section
is dedicated to showdirectly closure under parallel composition. In contrast,
Je rey and Rathke [17] for example show the soundness of their bisimilarity
with respect to barbed congruence by using an auxiliary redation-closed re-
lation, which is closed under parallel composition. Showig the corresponding
completeness result, they derive that also bisimilarity isclosed under parallel
composition. We cannot use their approach due to the inherehincompleteness
of domain bisimilarity (see Section3.2.2).

Lemma B.10 (Restriction) Bisimilarity is closed under restriction: K
L=) ( oK ( eL.

Proof. The family _ with generic element
=f(Kyky) @ Ky (9K;Li ( LK Lg

is a domain bisimulation. SupposeK ;! ' K. The proof is by cases on | using
Lemma B.3. We show the case for | = | ¢(e) which is the most interesting. If
| 62, the proof is easy. Supposel 2 . By Lemma B.3, K{ Kjjlchei. By
hypothesis, K; ( &K, K LandL; ( eL. By -conversion,Ki
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Figure 25: Merge operator for con gurations

hPi =P (Merge Proc)
Hf ¢)Ki =( c)hKi (Merge Res)
hK jH( ( Aii = hK k(A i (Merge Def)

( &K &= for a fresh tuple of names&. By (us struct)y , (s Pary  and (us in) ,
c(e I c(@)

( @Ki€=g' @ ( @K =g)jTcei and K fE€=g! K f €=ogjT chei.
ByLemmaB.8, Kf&=g  Lf&=g, hencel f&=dy' @ o K f&=gjl chei.
By (us Res) and freshness of®,

( @(Lf@:eg) ' e(®) ( &L By wsstucy , ( el ' o(®) L(l) ( &L

By -conversionand freshnessd®, K9 ( c¢9(K fc’=gjT chei), henceK ¢ _ LY.
2

Following Je rey and Rathke [17], we de ne in Figure 25 a merge operator
hhi to reconstruct processes from con gurations. The merge opator of [17]
though is partial, due to a potential circularity of references between trigger
names and de nitions. Since scripted processes in de nitinas cannot contain
triggers, our merge operator is total. This operator plays asubstantial role in
showing that is closed under parallel composition.

Before showing the properties of the merge operator, we illstrate three
simple properties of the extraction function: it does not remove trigger names;
it associates a de nition to each trigger name it introduces and we can recover
the initial term by substituting the new de nitions in the re sult term.

Lemma B.11 (Extraction Properties) SupposeX(e) = (& f), The fol-
lowing properties hold:

1. if k 2 fn(e) then k 2 fn(¥);
2. ifk2ft(®n R thenk 2 fn(e);

R
3.e=@ |
Proof. By induction on the structure of @, using De nition 3.9. 2

Since de nitions can appear only at the top level and scriptscannot contain
free private channel names, we can always use structural equalence to factor
any con guration into the parallel composition of a process and a group of
de nitions. We will make substantial use of this property to show closure under
parallel composition of . Merging a con guration corresponds to substituting
the script in each de nition for the corresponding trigger names in the process
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term of the con guration. Hence, the merge operator preseres the transitions
that do not involve triggers names for which there is a correponding de nition.
Moreover, if two con gurations are bisimilar, then they must de ne the same
trigger names.

Lemma B.12 (Merge Properties) The merge operator satis es the follow-
ing properties:
1. factorization: for any well-formed K, there exist a processP and a con-
R

guration f suchthatk Pj fFandhKi P ;

n o
2. transition preservation: forany &; f if P1' PPand Rf \n( |)=;
thenhPj Rij fith P9 FRij F;
3. If K LthenK Pj ®RandL Qj ®, and each pair of cor-

responding de nitions contains scripts with the same pattens: that is,
h ( (e)P«i in  ®implies hk ( (e)Qki in ¥, and viceversa.

Proof.
1. By induction on the structure of K.

2. Follows from syntactic reasoning using LemmaB.3. We show the case for

" - fi i(T
request transitions, the other ones are similar. IfP !( )1 reatpi(T) PO by

point(4) of LemmaB.3, P ( a)(Qjl regohci)andP® ( a)(QjlchTij *)
for some P]o sugh that Xo(P) = (p; r'?) and some appropriateT. By hy-

pothesis, R;f \ n( ;)= ;, hence R;$ \ fn(p) = ;. By point (1) of
n o

Lemma B.11, R;f \ fn(p% = ;. Since de nitions do not contain free
n" o

trigger names, R;f \ fn( ®) = ;. By de nition of merge, hP | Fi

(a)(hQj Rij I reqohci)and P Ri  (a)(HQj Rij Tchrij f). By
de nition of Its, HP j
PO Rij fF.

3. By point (1) above, K Pj ®RandL Qj f. The argument is by
contradiction. Suppose that Bihk ( (e)P«i and k 2 . By

. e . - . .
de nition of Its, K !I K€ ) K %but, sincek 2 £, it is not possible to derive
a corresponding (weak) transition for L, which contradicts K L. The
case for a di erent pattern is analogous.

2

The lemma below analyzes the relationship between bisimildty and def-
initions. We start noting that if we remove from the two con g urations the
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de nitions for the same set of names, bisimilarity is preseved. Then, we note
that the con gurations obtained by duplicating existing de nitions, using arbi-
trary fresh trigger names, remain bisimilar. These propertes will be useful for
showing that bisimilarity is closed under parallel compostion.

Lemma B.13 (Bisimilarity and De nitions) Let K and L be well-formed
con gurations.

1.1fKj ® Lj RthenK L.
2. 1K) ® Lj Rthenkj ®j ®F Lj Rj RxF
Proof.

1. The family _ with generic element

n (0]
= (KL) : Kj B Lj*®

is a domain bisimulation. Follows by analyzing the transitions ofK . The
intuition is every transition by K j ® originating from K must be matched
by Lj ® using a (weak) transition originating from L alone, since
and R can perform only us pefy transitions. We show the most inter-

f i(T
esting case, for(us Req) . SupposeK !( )1 reapi(T) K % By hypothesis,
Kj ® Lj RforsomeRsuchthat B \ R = ;. By de nition of lts,

K j R!(ﬁ)l reghpi (T') Koj R By bisimilarity, L j IR I_()!(ﬁ)l reqhpi (T)

L9 | %00gnd KOj R L 9% By de nition of Its and by induction on
the number of tau transitions, we have that Il L, whereL?= L4j R,

R !(ﬁ)l reqhpi (T) 00

The transition L | must follow by repeatedly ap-

f i(T
plying (us Par) , starting from the premise L, !( )1 reapi(T) Lo, hence

L%= ,j R, Again, by de nition of Its and by induction on the number
of tau transitions, we have that b L3 where L°= L3j . By com-

A i(T
posing the transitions, we obtain I'_!( )1 reahpi (T)

becauseK %j ®  Lsj K.

L3, and we conclude

2. The family _ with generic element
n 0
o= (KR REL) R R ok B R

is a domain bisimulation. Follows by analysis of the transitions of

Kj Rj R f by syntactic reasoning using LemmaB.7. The transitions
by K and by L are treated like in point (1) above. The intuition for the

(s Def)  transitions originated from  ®* f is that since ® and ®* f have
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the same transitions up-to renaming of triggers, every proess generated
by trigger transitions from  ®* £ could also be generated by ® alone. All
that is needed is to match the transition of ®* £ with a corresponding

one by ®xf which exists becausek j ® Lj ®and ® can match
R
2
Lemma B.14 (Parallel Composition) Bisimilarity is closed under parallel

composition: K L=) KjM LiM.

Proof. In order to show closure under parallel composition, we willidentify a
domain bisimulation _ containing all the pairs of the form (K jM;L jM) such
that K is bisimilar to L, plus any other pair of terms generated by the labelled
transition system. In particular, we must handle with care the terms generated
by a communication steps betweerK (or L) and M involving scripts. The idea
is that we represent explicitly, using the merge operatorsthe de nitions corre-
sponding to the communicated scripts. More in detail, by pont 3 of LemmaB.12
we know that, sinceK L, then K RiPPandL  ®jQO°for some appro-
priate P% ®:Q% R Moreover, using point 1 of Lemma B.12 we can rewrite
PO hPj ™i andQ® thQj ™i for some appropriateP; ™;Q; ™. Thatis,
K RiPj ™i andL RiHQj ™i. Again by point 1 of LemmaB.12,
we also know thatM th ®jRij ¥ for someR; % ®. Theterms ®; ®
and ® represent de nitions corresponding to the scripts that regectively K; L
or M may communicate in a future transition.

Our candidate bisimulation is the family _ with generic element _ de ned
(up to ) by the pairs

(o finpj =j fijm Fj 2jRij % o( RjnQj ®j Rijth Fj ®jRij
(where all the B;® £ R, m; m are distinct) such that
Ri =j fijp Ri®j fiQ

Theextraterms f; . f representthe de nitions corresponding to the scripts
that respectively M; K or L may have communicated using a labelled transition
to either K orL,orto M. Notethat f(K jM;L jM) : K Lgis contained
in _ (upto ), bychoosing #= f= F£=0andeempty.

We now proceed to show that _ is a domain bisimulation. For readability,
we omit the subscript on weak transitiond! ® | and we use the abbreviations

K =(¢o(fjnmrj ®j *ijm Fj ®jrij %
( o RjnQj ™ fijm fj ®jRij ©)
Ki= fj = Fjp
Li= % ™ fiQ

—
1
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SupposeK

I'' KO The proof is by cases on |, where we only consider

the subcases withl 2 as the others follow from the de nition of domain
bisimulation.

For each case we use LemmB.3, and pattern matching between the syntax
of the terms above and of the terms in the lemma. We start with the case for
input transitions, which is the easiest.

(K

/ k(e )

K 9: We aim to bring the script instantiated by the transition

inside the leftmost merge operator inK . In order to do so, we need to
avoid both the capture of private channel names in by e, and clashes
between trigger names in sigma and the vector§; m. We split the proof
in two cases, depending on whethek 2 R or k 2 ¢.

{

e
/'€ ) ®ip,  wheretk ( (e)Pyiisin ®. Toavoid clashes

between trigger names, we choose for some fred#®; o and, using
standard properties of substitution, rewrite

Pj ®j fi = HPfhtsggfPapgj = 07)

Let = ffno:mgf f=agf @=cg for a fresh &, and recall that the private
channel namese cannot appear free in de nitions (by well-formedness
of scripts). By -conversion,

KO ( & RjhPy jP j ™ ™) P ®ijm Fj °RfE=gij ¥
By K1 L, and LemmaB.8, K, = K, L1 = L,. Since

. I k(e .
R occurs in K, K ! ) KojPx = KS. By K, Lo,

I k(e . e .
uy 1 SR Rj mxhoi £iQ0= |9 with LY K9. We
will now use the transition between L, and LJ to derive an appro-

. . . 1k(e .
priate one betweenL and L% Since the action! (€) necessarily
originated by ¥, which contains the de nition hk ( (e)Qyi, we can
reorder the reduction obtaining

L1 € ) Ry mxhey fig jou Rj ey i
By -conversion, properties of substitutions and de nition of Its,

L€)oo

L= ( &( ®jhQ, jQ | ®* ™ ™ ®ijm Fj °jRfE€=gij ©)

where we have broughtQ, inside the leftmost merge operator, in
order to preserve the general structure that we have imposedn
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terms in _ . By syntactical reasoning, it must be the case that
Qr iQ!' Q° By point 2 of LemmaB.12,

U &) FjnQY Ry M Rijth Fj ®jRi€=gij f)= L
and we conclude because, sindé¢? LY, we have K%L 2 _ .

I k(e . - . : .
¢y k(&) ®iR : similar to the previous case but simpler, since,
instead of using the hypothesisk ; L4, it is enough to use syn-
tactical reasoning.

I a(@)

(K ! K 9: Similar to the previous case.

8k ) ahei
(K '( O e K9: We distinguish two cases, depending on whether

the output transition is originated by R or P.

&0, ) T ahei

{ Supposeth fj ®jRi (TR, wheree = @8 and § =
8:8. We assume that the trigger namesk come from f, whereas
the P come from ® or R. Unfolding the de nition of merge, by

LemmaB.3we havethatth fj ®jRi =R " ° ( ®(ahe 'ijR," ")
with &  fn(w), wherew = e ® for some appropriate\e . More-
over, we haveKo R;," "j ®j P, whereX(@a Y=(e *®j P).
To nd out how to split the de nitions produced by the extract ion
into *® and ®, we assume to have rst applied the extraction
X(&) = (. ), which ensures that the de nitions in ¥ come from
Ror ®. Then, applying X(e )= (e ®j ®)we can infer that
for eachtk®( Pgi in ¥ thereish ( Poi in F, since, by points1
and 2 of Lemma B.11, we have that ef '@=jeog = @ where P are the

triggers in £ occurring also inv;. With this information, by de nition
of Its, we can rearrangeK ° to respect our general pattern

KO ¢ & ®inpj ™ Fijth Fj °jRiij Fj ®)
By applying the same argumenttoL , thfj ®jRi = R F " and

F e

J— . [} @,@,pim L .
R ( B(ang iR, ") AR g P ey R

1 J J

for X(& ') =(& *®j P), where for eachtk’( Qoi in ' there is
ah ( Qoi in f. By de nition of Its,

8;; 10, @)1 ah@i . . . . . L .
L TR0 @R ®inj ®j Rijm i ejR4ij fj P
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By K, L; and point 2 of LemmaB.13,
i ®iomj e i ®io®i fiQ
and we conclude becausek(% L% 2 _ .

SupposehtP|j ™®j fi ‘.@;'@;Mp)l ahel Ko, Wwheree= &8and ¥ =

8;8®. We assumeP are the new trigger names from ®, f0the ones
from ™ and K’ the ones fromP. Di erently from the previous case,
we need to keep track explicitly of the triggers coming from ™,
which will correspond in L to triggers coming from ™. We have
that

Cm A - oo
tpj = fi=p " " (BTae " ijp," ")
with B  fn(e), and Ko P," "j ®j ®° P where we as-

sume that 2, % and P are disjoint from R, m and . Moreover, we
have

xee " "y=(e ®j R P
X(e )= (oo ®j ko)
X(a)=(® *)

Hence, by LemmaB.11, for eachhi®( Roi in P there isth ( Roi
in ", and for eachm®( Poi in ™M°thereistm ( Poi in ™. By
de nition of Its,

KO (&%) ®j ™jnpyj ™) fijth Fj ®jRij fj P)

where we have used the information gathered above on*, f° and

P to decide how to rearrangeK ©, in order to t our general pattern.
By de nition of Its,

K, !(@;@)ﬁh@i p.i Ri ®

g R ®pomj F=k?

- 1
where B () and X(&) = (¥ ¥). By K; L, and point
3 of LemmaB.12,

&:1e0) T ah R B m-
Laf Qij fj ®j mj F=19
and K ? LY. We now derive a corresponding transition forL .
Since none of the transitions above can be generated by a deition,
we can deduce

9 [(sﬂ;l@)ﬁh@i
3!

D ( B aeijQy) = Qs Qi Qj ®
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where X(&) = (¥ ¥). By Lemma B.11, & has exactly the same
occurrences of trigger names iR as ¥, which are the same ofig. By
point 2 of LemmaB.12, Q| ™ fith Qs;j ™j ®i. By syntac-
tical reasoning

. . ga. 180t O, @) ahei . . .. . .
HQsj ™®j " IFh Ty ®j R ®j b P

mR e ® Oy P i
where X(\& )=(e ~j j 7). By point 2 of Lemma B.12
and by de nition of Its,

hQzj ™ fij ®j M o Quj i Rij ®j Ry P

8;50; 180, n 0, @) I a @i

By de nition of Its, L A L%and

Lo ( & ®j ®j MinQj =) Rijth i ®jRij fj P
By K? L9 and point 2 of LemmaB.13,
Rj ®j mop mj fip,  Rj ®) R0 e g,
and we conclude becauseK(% L% 2 _ .

(& koHrihei

(K K 9: Analogous to the case for output.

(R)1 reqhpi (T)

(K ! K 9: By combining the argument for input and output.

(K! 'K 9: First we analyze the case where the transition is determied
by the interaction of R and P, then the case where the transition is derived
by R or P in isolation.

Interaction. We analyze the transitions resulting from an interaction
betweenR and P. We must distinguish four cases depending on whether
R or P receives the value, and whether the value is received by a répated
input. SupposehPj ®j fijth fj ?jRil K.

Replicated input by  R: By Lemma B.3, we have that

R™" (9R, "jnaeyRr, ")

where 8 is fresh with respect toP and e, and a 62 8 . We also
havethatP " " ( @@ ame " "ijP," "), where &is fresh with
respecttoR ande, &  fn(v " ﬁ), ande " "=e© Moreover,

Ko ( ®&FP,." "j( 9R, "jnae)Rr,” "jR," " 9)
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Since scripts cannot contain free private names, & fn(v " ﬁ)

implies &  fn(v). Since patterns cannot contain scripts (or trigger
m R

names), there exists such thate= e and = 0 We want
to derive a con guration K °of the right form. By de nition of merge,
P," "=hPj ™ Ri. Before rewriting
F e P e, P e m R
R =(9R, jlaeEe)R, R, )

in terms of the merge operator, we want to to be explicit about

the scripts occurring in e. SupposeX(e) = (& *) for fresh K.

Sincee = e and ¥ diers from e only for having triggers replac-

ing scrip;ts, there exists such that ¥ = e . By Lemma B.11,
0

e=W . Sincee= e, ®= e ande cannot contain trigger

k
names, we have that = 0, and both e and ¥ have the same
occurrencgs of friggers irfk and m. Without loss of generality, we as-

sumethat § B \ fn( ) = ;. By standard properties of substitution,

F e mx MO B KO

R, " "= (R, fitgg ) F ", where the vectorin®

is fresh. By de nition of merge,
R =thfj ®j =% 2 §(Rijll a(e)RsjRy TM'=pg )i
By de nition of Its,
KO (& fjtPij ™j "ijR | ©
By de nition of Its,

I(@;I@)Ghﬁ

K ! Fiomp fp ki

P1]
where, as noted aboveX(e) = (& ¥). By K; Ly,
Uy ( &(QijTanei)j Fj ®j f=1L,
L, (T o 5 ey Ry oy
where X(w) = (& *), and
uy Q% Fj ®j fj ®=1
with K¢ LY. By point 2of LemmaB.12, since® ( &)(Q1jl ahei),

HQj ™) fith  ( @(QijTahei) ®j fi = ( &(Q, jTane " i)
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By syntactical reasoning,!! ! L% where
L®= ( e®( *jhQij ®j "ij R% ©)
where, using an argument similar to that used forR ,
RO=thfj ®j ®xh% =i g(Ryjll ae)Roj R, TM=gg )i

Note that RO is essentiallyR where each is replaced by an . By
point 2 of LemmaB.12, sinceQ}  Q°we have that U%° LC where

Lo ( e&( ?jmQ% ™j fij RO ©
By K? L9 and point 2 of LemmaB.13,
Rj ®j mxhoj mj £ip, Rj @) mxhoj mj £iq,

and we conclude because(% L% 2 _ .

Input by R: analogous to the previous case.

Input by P: By LemmaB.3, we haveR " ©  ( &(R," "jTame "i),

where®is freshand &€  fn(e). Moreover,P " " ( B(P, "o il a(e):P, " ﬁ),
where® is fresh ande = e (since scripts and trigger names cannot
appear in patterns). Additionally, Ko ( &(( (P, "o iPy "o

In order to derive a K ° of a suitable form, we follow a strategy similar
to the one used in the case of replicated input byR. Let ¥ = ef ie’:jag

for some vector of fresh trigger§®. Sincee = e and e cannot con-

tain triggers, &= e fie’z?g. By standard properties of substitution,
px fo

el =@ . SupposeX(®) = (\; ') for some freshl§ such

that v = e . By Lemma B.11 and by freshness off %, we have

Fxro fio m R

fo
$=\vg , = fieJ:Fgﬁoanszmﬁ F=p, . By
de nition of Its,

iR .

KO ( e®( R B(P1jP2 )i ®j P& *j ®ijmh Fj ®jRiij %
By de nition of Its,

Ky a(\a),

( BP:jP)j Fj ™) R=kK?
By K3 L, and composing the weak actions of ;,

I a(\| P
) Qo ey R g
andK? LY. By syntactical reasoning,

I a(\e)

D Qi Qijlahdi  Q°
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By syntactical reasoning and by point 2 of LemmaB.12,
Ut g( Rimij ™j fijth Fj ®jRij f)=1L%

) P px fo ]
By structural congruence, by®=vw ande = @& , and since

R"F (&R, "jiTae i),
L® ( e®( jnQijTaneij ®j P Fj ®ijth Fj *jRiij F)
By point 2 of LemmaB.12, U9 L%where

Lo= ( e@®( *jnQ% ™j &P ) ®ijm Fj ®jRriij f)

By point 2 of LemmaB.13, K9j ™ ©®  L9j ™ and we con-
clude becauseK%L%Y 2 _ .

Replicated input by  P: similar to the previous case.

Isolation. We show the case forR, as the case forP is similar. There
are four ways to derive the sub-transitionth fj ®jRi! ! Mi.

e P

{ R ( a)(R," "jlce)R,” "jTce " Fi)and

TN e FioPi @(RijR, )i

e £ . [
M1 ( &Ry (R
By syntactical reasoning, we can also derive
3 FI)
e F . e e P . . . -
(R j(Ry ) )=tFj ®jC e)(RijRy )i

and we conclude because, by de nition of Its, we can use thisransi-
tion to derive a transition for L matching the one of K , with the
resulting statesK ®and L still in  _

e P .—

{R™" (&R, "jlce)yr,” "jTcre " %i): analogous to the
previous case.

{R™" (&R,” "imgolR," ©): similar to the previous cases,
although the reasoning onRzn Fis carried on at location |.

{R""T (&R "jxeR, Hie " 'i)and

mfi ®jRi (@R, 'jlce)R,” "jTce

| I3

e P

M: ( @(R," "jRoflzg ")

where we have used the equatiorRz" F = R», which holds because

scripts cannot contain trigger names. In order forR " * to have the
form given above, R itself must have one of the three forms given
below.
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1. IfR ( @(R1j(x;e)R2 H;e i) then, by de nition of script,

(x;e)R, H:e i) ° F=(xe)R, H;e " i andthe reasoning
is similar to the cases above.

IR ( @(Rijk H;e i)where ®= Mjhk( (x;e)Roij M2
with fi;;k; h, = B, then we have

R"" (arR, "jxeR:, He " i

R"" (&R, "jxe)R, Hie " i)
and the reasoning is once again analogous to case 1.
. The last and most interesting case arises iR ( &)(Ri1jk
H;e i)and f= Mjhk( (x;e)Rzij %, wherejg:k;j& = f.
In this case, a tau transition by K corresponds to a(us pef)
transition by K;. Without loss of generality, we assume that
the namesa are fresh. In order to derive an appropriateK ° we
need to be explicit about the scripts ine . Hence, suppose that

X(e Y=(e ; ™) where®is fresh.
By de nition of Its, K ! K %where

Ko=( ¢( RjnPj ™j Rijmh( e)(RijRafl=g )i ®j ®j Fij

SinceR, comes from the de nition bk ( (x; €)Rzi which is part

of f (hence was originated by some previous transition oP),
we need to moveR,R,fl=g inside the leftmost merge operator.

KO (g RjHPjRoAl=g j ®j "] TijmR.j ®j Ffij 9

With KO of this form, we will derive a transition from K, to
a suitable K 2, and use the bisimilarity hypothesis to derive a
matching transition for L . By de nition of Its,
I k(e . P
Kt € R e FipiR,fIg = KO
By K, L, and by point 3 of Lemma B.12 we know that
f= Mjhk ( (x;e9Rsij 2. Using our standard reasoning
on the hypothesisK ; L1, we can derive the transition

I k(€ . . .
M)y ey pQo= ) kY

k(e )

LY

. L [
Breaking down the transition intd! !!
point 2 of Lemma B.12, we obtain

1 and using

u L%= ( ga)( RjmQ% ®j fj ®ijmR.j ®j fij %)
and hence K%L%Y 2 _ .
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2

We can nally prove that domain bisimilarity is a congruence on both con-
gurations and, more importantly, open processes. The extasion to open pro-
cesses does not involve signi cant di culties because, by @ nition, bisimilarity
for open processes is closed under arbitrary substitutions

Theorem B.15 (Congruence) Domain bisimilarity is a congruence:

1. for all con guration contexts C 2 Ky (Figure 11), if K L then
CIK]  CLLL

2. for all extended process context€ 2 K; (De nition 3.5), if P Q then
C[P]  CIQl

Proof.
1. By Lemma B.10, K L =) (ekK ( eL. By Lemma B.14,
K L=) KjM L jM. By Proposition B.1, K jM LiM =)
M jK MijL.

2. We need to show that

@P Q=) (P (9Q;
by P Q=) PjR  QjR;

(c) P Q=) lc(e)P | c(e):Q;
(d) P Q=) llc(e)P Il c(e):Q;
(e) P Q=) lgom:P | gom:Q.

By de nition P Q ifand only if P Q for all closing substitutions

(a) Consider an arbitrary closing substitution  for P; Q. Since we as-
sume substitutions to be capture avoiding, ( €)P) ( ®(Pfc=g)

and (( 9Q)  ( &(QfC=g ). By hypothesis, PfC=g
Qfc’=g . By point 1 above,( &((Pfc=g) ( &(Qfc=g ).

(b) Similar to point 2a, using point 1.
(c) Let the family _ have the generic element

_ = [f (lce)P jM;lc(e)Q jM) : P Qg

Y
where is a closing substitution,M = li cihei and scriptég) = ;.
n O
The thesis follows by showing that _ is a domain bisimulation, using
point 1.
(d) Similar to point 2c, using also transitivity of (Lemma B.9).
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(e) Let the family _ have the generic element_ given by

if m62: = [f lgom:P jM;lgom:Q jM) : P Qg
8 9
< (lgom:P jM;lgom:Q jM); =
fm2 : _ = [ (P jM;lgom:Q jM); : P Q .
: (gom:P jM;Q jM) ’
Y
wheredon(M ) , is a closing substitution, M = li cihei and
n 0
scriptéa ) = ;. The family _ is a domain bisimulation.

B.3 Soundness

In this section, we showsoundness if two processes are domain bisimilar with
respect to , then they are request congruent with respectto . Our strategy
for proving the soundness of  consists of three main steps. First, we de ne
an auxiliary relation  on Core Xd networks such that two networks are in the
relation if the corresponding processes, in parallel with he de nitions extracted
from the scripts in the corresponding stores, are -bisimilar. Second we show
that s included in , and third we use as a stepping stone to relate
with

We begin comparing reductions and transitions. If a con guration K can
perform a tau transition to become K °, then the processhKi obtained by
merging the con guration can reduce to K G , for any store compatible with
K. On the other hand, if a process does a reduction step then, aording to the
Its, it can either perform a request transition or a tau transition, depending on
whether (cRred Requesty was used in the derivation.

Lemma B.16 (Reductions) Tau transitions between con gurations imply re-
ductions between the corresponding networks. For alD; K such that donfK )
don(D)

1.if K!''  KOthen (D;HKi)! (D:hKG);
2.if K KOthen(D;HKi)! (D;HKG).

Proof. Point 1 follows from point 2 of LemmaB.12. Point 2 follows from point
1 noticing that tau transitions do not increase the domain of acon guration. 2

Lemma B.17 (Transitions) Reductions between networks imply tau or re-
quest transitions between the corresponding con guratios. If (D;P) ! (D1;P1)
then one of the following holds:

1. Pl' P,andD =fl7!' Tg] E = D1;
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8

<P Pyj Fi;
(Ry1 reatp (T P,j Rand D =fI7! Tg] E; where there exists a

38 " Dp=fI7! Tlg] E;
2 E(p;T) = (T1; Urpiipdn p?);

path p such that _ X(p) = ( p%  F);
©X(r[U1lpp[Un 1p?) = (TS F):

2. P!

Proof. Both points follow by induction on the depth of the derivatio n tree of
(D;P) ! (D1;P1), using points 3 and 4 of Lemma B.3 to derive the labelled
transition from the structure of the processes as revealedybthe reduction step.
2

We know by De nition 3.8that a script-independent query language, starting
from queries and input trees which are equivalent up-to substutions of scripts
for trigger names, gives equivalent output trees and result. The lemma below
relates this notion to extraction.

Lemma B.18 (Extraction) Consider an arbitrary script-independent query
language. SupposX(T) = ( To; ﬁ), X()=(p% F), E(p;T)=(Ty;Uip:pnp?),
X(r[Uslp:p[Un1p?) = (TS ®) and X(T1) = (T 7).

1. for any de nition hk ( Ai occurringin € or ® there must be a de nition
h°( Ai occurringin R or F.

2. if X(S) = (To; l%) and X(g) = (p% ), then E(q;S) = ( S1; Vaip:ipVap?),
X(rValp:piValp?) = (T% %) and X(S1) = (T B).

Proof. Both points follow easily by De nition 3.8 and Observation3.10. 2

We need to compare domain bisimilarity, which is de ned on ca gurations
without taking the store into account, with domain congruence, which is de-
ned using reduction congruence (a relation on networks). We can do this
because bisimilarity requires a correspondence between rtwhing actions of two
con gurations, which implies that the stores in the networks corresponding to
the con gurations can diverge, after each reduction step, aly up-to equivalent
scripts. To formalize this intuition, we introduce the relation  on networks.

De nition B.19 (Candidate Relation) We de ne the candidate relation
by

n o}
¥ (D;P);(B;Q) : X(D)=(D% ®);x(B)=(D% f);Pj * Qj *

wheredonfB) = donfD) = and (fn(P)[ fn(Q))\Y = ;.

We can show now that the candidate relation is sound with respectto’
the relation on networks inducing request congruence.
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Lemma B.20 The candidate relation is contained in the reduction congrence
induced by request observables:

Proof. By de nition of ' , we need to show that is (1) observation preserv-
ing, (2) contextual, and (3) reduction-closed.

1. Follows from the de nition of request observables, the hyothesisP j F

Qj ® and LemmaB.16, noticing that ® and ® cannot perform tau or
request transitions.

2. Consider a generic reduction context E] ;( €(Rj )). By de nition
of X, X(E] D)=(E® D% fj ®)and X(E] B)=(E°] D% fj ®). By
hypothesis,Pj ®  Qj k. By TheoremB.15 ( &(RjPj kj F)

( o(RjQj ®j F). Since scripts have no private channel names, by struc-
tural congruence we conclude thai ¢)(RjP)j ®j f ( e(RjQ)j | Ff.

3. Suppose D;P) (B;Q)and (D;P)! (Di;P1). We need to show that
(B;Q) ! (B1;Q1) (D1;P1). For convenience, we report below what
(D;P) (B;Q) means:

X(D)=(D% F) 1)
X(B)=(D% % )
Pj ® Qjf (3)
dongB) = donfD) = 4)

By Lemma B.17, there are two cases:

1. Pl' PyandD =fl7! Tg] E = D;.
By de nition of Its and by equation ( 3) above,

P * 1! Pyj *
2 %
y ?
Qi 1 o
By syntactical reasoning, Q ' Q1.
By LemmaB.16, (B;Q)! (B;Q1). By (1), (2) and (4) we conclude
with
(D;P)! (D;P1)
3
y ?
(B;Q) ! (B; Q1)
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2. P!

P reatp% (T Py

f where

P, hPyj %i;
D=fl71Tg] E;
Di=fl7 Tlg] E

for somep such that

E(p; T) =( T1; Uip::Jn p?);
X(p)=(p% F);
X(r[Uslp::p[Un1p? = (TS %)

By de nition of Its and by ( 3),

Pj R !(f")| reql‘pq(T% P,j Fj R
3 %
3

2
y (5)
Qj I !(?)I rethq(TO)” Q,j Fj *
By syntactical reasoning and point 4 of Lemma B.3,

D (a)(Qsjlreghc)= Qum (6)

" P reahp% (T

Q (a)QsjTeit®H)jfF Q. fF (0

for someq such that X(q) = (p% f). By (6) and Lemma B.16,
(B;Q)! (B;Qm):
By (1) and de nition of X,
D= f1 71 Tog] Egand R= ®j K

where X(f1 7! Tg) = (f1 7! Tog; *®) and X(E) = (Eo; ).
By by (2) and a similar argument,

B=fl7Sg] Eand R= ®©j °

where X(f1 7! Sg) = (f1 7! Tog, *®) and X(E® = (Eo; ).
SupposeX(Ty) = (T #). By point 2 of LemmaB.18,
E(0;S) = (S1; Vip:ip/np?);

X(r[Vilp::p[Valp? = (TS #;
X(Sy) = (T P):
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By de nition of reduction,
(B:Qm) ! (B1i( @)(Qajlcr[Vi]p::p[ValpA))
By point 2 of LemmaB.17,
(a)(QajlTch[Vilp::p[Valp7) th( a)(QsjlchT®)j Fi
By syntactical reasoning on (7),
(a)(Qsjlefir®) Q2
By point 2 of LemmaB.12,
Ht a)(QsjTchitd)j it hQ,j Fi:
By Lemma B.16,
(B1iMt a)(QajTehiTh)j fi) !  (ByHQzj Fi)

By two applications of point 1 of Lemma B.18, for any de nition
h ( Ai occurring in % or ® there must be a de nition H°( Ai
occurringin for Ff.

By (5) and by Lemma B.13,

Poj P K5 F Q@ P K%

By using an appropriate instance of the candidate bisimulaton in
the proof of Lemma B.14,

weyj fij fj KT hQej fij fj K

and we conclude with

(D;P) ! (D1;hP2j Fi)
3 X
y ?
(B;Q) ! (Bi;hQzj Fi)

2

We have now all the tools necessary to show the soundness ofrdain bisim-
ilarity with respect to request congruence.

Theorem B.21 (Soundness)  Domain bisimilarity is a sound approximation
of the domain congruence induced by request observablesr &l ;P ;Q where
(fn(P)[ N(Q)\Y =;,if P Q then P Q.
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Proof. By de nition, P Q if and only if (D;C[P])" (D;C[Q]) for all
D;C[ ] such that donfD) and C[ ] does not contain trigger names and
is closing for both P and Q. SupposeP Q and consider some arbi-
trary D;C[ ] respecting the conditions above. Suppos&(D) = (D% &).
By point 2 of Theorem B.15, C[P]j ® C[Q]j ®. By Denition B.19,
(D;C[P]) (D;C[Q]. By Lemma B.20, (D;C[P])' (D;C[QY)). 2
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