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Abstract

Under several regards, various of the recently proposedootational paradigms are open-ended, i.e. they may coenpris
components whose behaviour is not or cannot be fully specikier instance, applications can be distributed acrogsreift
administration domains that do not fully disclose theiemial business processes to each other, or the dynamies sfstem
may allow reconfigurations and dynamic bindings whose $ipation is not available at design time. While a large set of
mature design and analysis techniques for closed systevesbe@n developed, their lifting to the open case is not away
straightforward. Some existing approaches in the procaksilc community are based on the need of proving properties
for components that may hold in any, or significantly manyeaerion environments. Dually, frameworks describing the
dynamics of systems with unspecified components have aklo ppesented. In this paper we lay some preliminary ideas
on how to extend a symbolic semantics model for ogen systarosdier to deal with name-based calcull. Moreover, we
also discuss how the use of a simple type system based on degpeation for unknown components can improve the
expressiveness of the framework. The approach is illedtrah a simple, paradigmatic calculus of web crawlers, wbazh

be understood as a term representation of a simple classyolfigyr
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1 Introduction

Concurrent and distributed systems are more and more bagapéenenvironments where
components, agents or services interact one with anothdytgmically establishing con-
nections. For instance, in service oriented architecturemputational resources may be
accessed through temporary interactive sessions. Suchiofgaction environments, sub-
ject to the dynamical binding of their components, may feistib systems being partially
defined even at run-time. Describing and analysing the betawef such systems in pres-
ence of incomplete information clearly appears more diffituan the analysis of closed
interactive systems, already recognised as a challengoiggm in its own.

Open computational environments have been first addresdeds of execution con-
texts, for instance in order to determine the (minimal) exien context where the com-
putation of a component may exhibit some desired propertiethe semantical approach
of [Sew9§, the possible transitions of a component are labelled infttrmation character-
ising those contexts in which behavioural equivalenceyen@mngruence properties (rele-

1 This work has been partly supported by the EU within the FEG®bal Computing, project IST-2005-016004 SENSO-
RIA (Software Engineering for Service-Oriented Overlay Coragguand by the Italian FIRB Proje¢l’ OCATL.IT.

2 Email: {braccia,bruni,lafuente }t@di.unipi.it
This paper is electronically published in

Electronic Notes in Theoretical Computer Science
URL: www.elsevier.nl/locate/entcs


mailto:lafuente@di.unipi.it,bruni@di.unipi.it,braccia@di.unipi.it

BracciALl, BRUNI, LLUCH LAFUENTE

vant to allow modular reasoning). Then, several other asthave proposed differesyym-
bolic semanticsl[M00,SS03SS05a5S05hK SS05BGMS05EK06] so as not considering
all the possible contexts, because universal quantificai#m seriously impair verification
techniques. These semantics carry abstract represergtatiaghe minimal contexts neces-
sary for components to evolve. Here the term “symbolic” measithe attempt of defining
suitably abstract representations that can finitely represniversal classes of components
and contexts. The issue of avoiding universal closure ofecds finds its dual formulation
in avoiding universal closure with respect to pluggable ponents.

In [BBBO7], jointly with Paolo Baldan, a general methodology for asaig the be-
haviour of open systems modelled @ntextsC[ X}, ..., X,,], i.e. open terms of suitable
process calculi have been proposed. Variables of open tepnesentioleswhere other
contexts anccomponent, i.e. closed terms, can be dynamically plugged in. The op-
erational semantics of contexts is given by means syrabolic transition systerfsTs),
where states are contexts and transitions are labelled loalnfimrmulae characterising the
structure that a component must possess or the actions ithawble to perform in order
to enable a symbolic transition. Symbolic transitions dréne form:

ClX1, ..., X 2222 DIV, ..., Yol

The corresponding closed systéeftipy, ..., p,] can perform a transition labelled with
whenever each componept satisfies the corresponding formuta. The target state will
be a suitable instance dp[Y7,...,Y,,], where process variables,, ..., Y, appear in
formulaeyn, .., ¢,. The logic where the formulag; live and the notion of satisfaction are
targeted to the process calculus under study. Starting frenmules defining a calculus, a
constructive procedure based on unification distills arfsioand complete) standasts.

Given ansTs several behavioural equivalences can be defined direety apntexts,
amongst which we mentiastrict andloosebisimilarities. The former is a straight extension
of the ordinary bisimilarity with exact matching of traneit labels, while the latter is
obtained by relaxing the requirements when comparing ftesduring the bisimulation
game. In order to abstract from internal computations, imlcounterparts of weak
bisimilarity have been defined. They are calidct and loose weak symbolic bisimilarity
(denoted~ and ~;, respectively). All these equivalences are correct agprations of
their universal counterparts. Differently from other apgehes theTssemantics preserves
the openness of the system during its evolution, thus atigwlynamic instantiation to be
accounted for in the semantics.

By integrating ideas fromBBB02,BBB07] and BLMT08,BLM08,BLMT07], we are
interested in the development of a flexible semantic franmk¥ar open systems that admits
a graphical counterpart. In this extended abstract we tepoan ongoing development of
the sTstheory aimed at accounting for calculi with an explicit treant of names, a la-
calculus. Names broadly represent references of a pogsibbnfigurable interconnection
network amongst components. Consequently, the extene@edytimay be adapted also to
other representation formalisms, such as the hierarchiedhs considered irBLMO08],
where names can be used to account for the hierarchy.

In order to make the framework more flexible, drawing insjiara from [BLMTO08], we
introduce a type discipline for open systems which pressriiow processes, contexts and
variables can be composed together. Types fix a basic inggrédlowing or disallowing
the use of certain names within the corresponding welldyp®cesses.

We present our type framework with the help of a web crawliogngairio, modelled
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with a simple nominal calculi, where names stand for refeesnto web pages and pro-
cesses offer an abstract representation for web crawlerpages. In this first exploration
the use of names is limited (for instance we do not deal wigtriction operators), but we
believe it is still sufficient to illustrate the relevancetbgé proposed approach. We define
crawlers with different policies and confront them with anriollly specified network. By
adopting a suitable symbolic equivalence we can test tlfiereift behaviours over a sym-
bolic semantics. The needed extensions to the theosystire discussed. For the sake of
readability and generality, the actors of our scenario ¢ése #ustrated as graphs, where
processes and names play the role of edges and connectimhsparational rules that of
graph transformations. A further advantage of this graghicesentation is to make evi-
dent that interfaces can dynamically evolve, e.g. crandgpose the web addresses they
know and such knowledge is increased during their explomeadictivity.

We show how global properties of the network can be enforgetiposing type re-
strictions to unknown network components. Types constitadnpages that the unknown
part of the network is enforced to contain and the list of dirtkat the network can point
to. In particular, we shall concentrate walid networks, where no broken link is allowed.
Such type restrictions have to be updated according to gl transitions that make
the overall system evolve. Consequently, standard subgeltiction results have to be
rethought in this dynamical open context. One of the benefitonsidering type restric-
tions in our example is that, while crawlers can be distisgad in arbitrary networks, their
behaviour is equivalent in networks of typalid.

Summarising, the main objective of this extended abstmdtvofold: (i) to define
typed extensions of theTs symbolic semantics for nominal calculi, and (ii) to use aetyp
discipline for unknown components to derive suitable austequivalences. We remark
that our types are inspired by graphical models of procdssicand that, for the first time,
it is shown a significant abstract equivalence based on lvesdé symbolic bisimilarity.

This paper is structured as follows. Sect®woverviews the basics &Ts Section3
describes our simple web crawling scenario: a simple nongakulus over which we
apply thesTs theory. Sectiord introduces name-decorated types in 81 approach.
Section5 draws some conclusions and outlines future developments.

2 Background

The main concepts aboatrsand associated symbolic behavioural equivalences arybrie
recalled. A detailed presentation can be foundBBB07].

For mere illustration purposes, we introduce for this sect simple process calculus,
calledTick. The processes of thEck calculus are defined by the syntax and operational
rules in Figurel, where/ ranges over a fixed set of labels 7 € A is a distinguished
label anda ranges overA — {7}. Tick processes consist of lists of actions which can
be performed sequentially. The hiding operatey _ allows to hide actior:, which then
shows up as silent action at the top level. For example, théck process(a) (b) c.a.0
can perform a series of two stef&:) (b) c.a.0 —. (a) (b)a.0 —, (a) (b) 0. Note that to
avoid confusion with the positioning of labels in symboliartsitions, we put the action
label on the lower-right of the arrow and not above it.
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Figure 1.Tick calculus.

2.1 Processes, Contexts and Formulas

We distinguish betweeprocessegranged over by, g, ...), i.e. closed terms of a pro-
cess calculus, ancbntexts(ranged byC'[ X1, ..., X,,], D[ X1, ..., X,], ...), i.e. terms of the
calculus that may contain variables. For the sake of reijahwe consider only single-
holed contexts”[X], whereX is the variable occurring in the context. Processes ar@ ofte
considered up to some suitable structural congruenbet in our example we will not.

An operational and abstract semantics of contexts, can figedeas asymbolic tran-
sition systemwhose states are contexts and whose labels encode thausthiand be-
havioural conditions that components should fulfil to epatble move, according to the
following principles: (1) abstracting from components not playing an active role & th
transition; (2) specifying the active components as less as possible(@naaking as-
sumptions both on the structure and on the behaviour of ttiveamomponents.

Labels consist of formulae of a suitable logig,, ... comprising bothtemporaland
spatial modalities in the style of§C0LCGO0(Q and depend on the specific calculus con-
sidered. Each formula represents the set of processesutfiaitf A possible temporal
formula is<a ¢, satisfied by the processes that can fuffiafter having performed an
labelled transition){ = ca ¢ if 3¢. p —4 ¢ A q = ¢). Spatial formulae are about the alge-
braic structure of a term, so that, for instange= f(¢) if 3¢.p = f(q) andq = ¢, where
f is one of the operators of the calculus. Thus, each compgneant also be regarded as a
(purely spatial) formula.

To gain some insights regarding the choice of the logic, tiwé an instanc€’[p| of
a given contextC'[X], in order to perform a transition, must match the left-haiu of
the conclusion of a semantical rule. This might impose thmmanentp to have a certain
structure, hence the need of inserting the spatial opergtar X in the logic, wherex:
denotes the signature of the calculus under considerdtiarnhermore, the premises of the
matched rule must be satisfiable. Such premises may requinpanentp to be able to
exhibit some behaviour, i.e. to perform a certain transitiblence the logic includes also
temporal operatorsa _ expressing the capability of performing actien

Labels must also be able to express no constraints over cifisgecomponents of
contexts, for instance when they do not take active partarirdmsition or in order to avoid
unnecessarily tight constraints over components. Thiglgeaed by including variables
as formulas of the logic which are fulfilled by any processt iRstance, the formulaa X
is satisfied by any process which is able to perform an actjore. by any procesg such
thatp —, ¢ for someq. Variables in formulae will be used to identify the contitioa,
or residual, of a process after it has exhibited the capggsliand structure imposed by
the formula. For instance, whenever= ¢a X and thusp —, ¢, the variableX in the
formula ca X, identifies the continuatio. We say thatp satisfies¢ with residualg,
written p = ¢; ¢, whenp = ¢[?/ x|, for X being the only process variable ¢f Symbol;
is also used for formulae composition such that» is an alias fors[* / x].
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2.2 Symbolic Transition Systems

An sTSS is a set of symbolic transitions

ClX]=aD[Y]

The variable names in contexts are not relevant, while theespondence between each
variable X in the source and its residu#l in the target, as expressed by the formdlan
which the residual may occur, is relevant.

ForS to provide an abstract view of a given process calculus weiregome additional
properties enforcing the correspondence with the grousmasttions over components. In-

tuitively, wheneverC[X]iaD[Y], the contexi”, if instantiated with any component sat-
isfying ¢, must be able to perform actiaonand become a suitable instancel/of More
precisely, for any componengtsuch thap | ¢; ¢, the componen€[p] can performa be-
coming D|[q¢| (soundness). Analogously, any ground transition on corapsC [p] —, ¢
should have a suitable symbolic counterpart with sodre¥| (completeness).

A constructive procedure for determining a correct and detes TS has been defined
(see BBBO07)). It relies on unification for defining the constraints owgtknown compo-
nents of a coordinator according to the structure of seroaintules. It can be straightfor-
ward implemented in Prolog for a large class of calculi. Armiew of the construction
will be given in Sectior3.1

Example 2.1 Let C'[X| denote an arbitrary context ifick. Then thesTsconsisting of the
following (schema of) symbolic transitions is sound and ptate:

(a1) ... (an) a.C[X]Sr(ar) ... (an) CIY]  (a1) ... (an) X% (a1) ... (an)Y

(a1) - (an) 0.CIX]) 5 (@) .. (an) CIY]  (a1) - (an) X 2250(ar) .. (an) Y
wheren > 0, a € {ai,...,a,} and? & {aq,...,a,}. Intuitively, either the hole does

nothing and the rest of the context is able to execute anraatioording tahide) or (lift)
(leftmost transitions), or the hole itself is able to penfioan action (rightmost transitions).
For example, the contexta) (b) a. X and(a) (b) X have the transitions

(a) (B)a. X=7(a) @)Y and  (a) (b) X225 (a) ()Y (a) (b) X2 (a) (b)Y
for ¢ & {a,b} anda € {a, b}.

2.3 Strong Symbolic Bisimilarities

Given a process calculus, several observational equisesenan be defined on top of its
operational semantics given in terms of a labelled tramsiiystem ((Ts). We focus on
bisimilarity, by far the most popular equivalence due tositstability to support modular
reasoning and efficient model checking techniques. We rgteailing ground bisimilarity.

Definition 2.2 [~] A strong bisimulationis a symmetric relation- over processes such
that if p + ¢, then for any transitiop —, p’ a componeny’ and a transitio —, ¢’ exist
such thaty’ +— ¢’. We denote by~ the largest bisimulation, callestrong bisimilarityor
just bisimilarity.
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A natural way of lifting equivalences from ground procestesontexts consists of
considering all possible closed instances of the contextghatC[X] <, D[X] if and
only if Vp, C[p] + D[p]. However, universal quantification makes verification hatten
not unfeasible. Moreover, such a bisimilarity works withanplete, although potentially
infinite, specification of the system future behaviour, akits possible instantiations. This
may not be appropriate when dealing with open systems. rirdtly speaking, the instantin
which information becomes available seems to have a roléstinduishing the behaviour
of different contexts.

Definition 2.3 [~4] A symmetric relation=:- over the set of contexts is astrict symbolic
bisimulationif for any two contextsC[X| and D[X] such thatC[X] <+ D[X], for any
transition

CIX] 2, CY]

there exists a transitioP[ X ]E»GD’ [Y] such that’[Y]+D'[Y]. The largest strict symbolic
bisimulation is an equivalence relatien, calledstrict symbolic bisimilarity

For instance, referring to the calculigck, we can show thafa) (b) X ~g (b) (a) X,
since the symbolic moves for the contexts (see Exard)eare of the kind

(a) (b) X2 (a) (b)Y (b) (@) X2%(b) (a) Y

where! = a if a & {a,b} and? = 7, otherwise.

For a sound and completers we have~; = ~, but the converse does not hold in
general. As mentioned, open processes that are equivaldet strict symbolic bisimilarity
are ensured to be equivalent under universal closure buwiiceeversa may not hold.

A non-trivial relaxation in the presence of spatial formaulgegards the requirement
of exact matching between the formulae labels: a transiteom be simulated by another
transition with weaker spatial constraints on the resislual

Definition 2.4 [~] A symmetric relation+- over the set of contexis is aloose symbolic
bisimulationif for any pair of contexts[X| and D[X]| such thatC[X] = D[X], for any
transition

CIX] %, C'[Y]

atransitionD[X]iaD’[Z] and a spatial formula’ exists such thap = v; ¢’ andC’[Y] +
D'[¢']. The greatest loose bisimulatien is calledloose symbolic bisimilarity

For sound and complet&rsit holds ~4 = ~; = ~,. We note that"; is not guaran-
teed to be an equivalence relation, since it may fail to hesttare in some “pathological”
situations (see the example IBBBO0S9]). In such cases, its transitive closur&;)* should
be considered as the relevant equivalence.

2.4 Weak Symbolic Bisimilarities

Many calculi, in particular those representing distrilslsystems, presestientactions {)
that model internal (non-observable) computations. lihgases, strong bisimilarity is too
fine, andweak bisimilarity=, which abstracts away non-observable transitions duheg t
simulation game, provides a more meaningful equivalence.déhote by, its counter-
part over contexts defined by universal closure, and we ptesstraight weak extension
of symbolic bisimilarities.
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The relations=%, and =% represent in a single transition, callectak (symbolic)

transition a sequence of symbolic transitions with at most one obbénaction or none,
respectively. Formula, labelling the weak transitions, arises as the compositfdhe for-
mulae labelling each single step. Thefx] == D[Y]if C[X]-2, 22, ... 2% Dly],
with ¢ = ¢1;...5¢0, and b > 0. Analogously, C[X] :¢>a D[Y] stands for

C[X]ﬂw R 2 Dt ,o ﬂTD[Y]. In the following we Iet:¢>l; denote=2>

if £ = 7 and=2>, otherwise.

Definition 2.5 [~;] A symmetric relation+- on contexts is &trict weak symbolic bisimu-
lation if for all contextsC[X ], D[X] with C[X] =+ D[X] we have

o if C[X]2,C'[V] thenD[X] =%, D'[Y] andC’[Y] = D'[Y].

The largest strict weak symbolic bisimulatieny is an equivalence relation callsttict
weak symbolic bisimilarityit holds ~=~==,).

The contextga) a. X and(a) X of theTick calculus are not strict bisimilar, but they are
weak strict bisimilar. Roughly, this happens because thesyic move(a) a. XLT(a) X
can be weakly simulated by:) X by remaining idle.

Finally, a loose weak symbolic bisimilarity can be defindukteacting on silent actions
and releasing constraints over formula correspondence.

Definition 2.6 [~] A symmetric relation- on contexts is doose weak symbolic bisimu-
lation if for all contextsC[X ], D[X] with C[X] =+ D[X]

e if C[X]igC,[Y] then D[ X] :w>l; D'[Z] and a spatial formula’ exists such thap =
;" andC’'[Y] + D'[¢].

The largest loose weak symbolic bisimulatiepis calledloose weak symbolic bisimilarity

3 Scenario: Web Crawlers

Web crawlers (also known as bots, spiders or scutters) agraams that systematically
browse the web to gather (and even produce) data. Promiempes include useful
applications such as those used to feed search enginesGeaglebot), and spambots
that collect email addresses or post forums with malicioup@ses (e.g. spamming or
phishing).

Crawlers start their search withseeedof pages and maintain a list of visited pages.
Known pages are examined to extract their links and add tloettmet list of pages to visit
(thecrawling frontier). Crawlers follow certain policies that regard page sébecor if and
how frequently pages are revisited. Such policies have gradtnon the performance of
a site and in particular on its performance: a non polite tgawith a high frequency of
page request can overload the web server.

Some protocols exist that aim at harmonising the collalbmrabetween crawlers and
sites. For instance, robot exclusion and inclusion prdto¢e.g. the de-facto standards
robots.txt and sitemaps, respectively) are used by web witenform crawlers of links to
be excluded and included in their spidering activity. Ciexwlare free to respect or not
such protocols but web servers can sometimes distinguashilers from human browsers
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(e.g. based on navigation speed or patterns) and thus tartether protocols are being
respected or violated.

We consider a scenario in which crawlers adhere to diffepatities that depend on
the level of trust in the information available from the nét;. their propensity to check
the validity of links. Ascrupulouscrawler checks the existence (e.g. requesting the page
header only) of a page before deciding to examine it (i.e. rdoading it completely)
and before communicating the page to its (possibly rema&gldise. Acautiouscrawler
moves (i.e. changes target page) in a similar way, but doeshezk the page existence
when communicating the url of a page to its databaseash crawler checks nothing, i.e.
it assumes the existence of pages that it communicatessrttriexamine. All three kinds
of crawler are able to examine an existing page. For the shkanplicity we restrict to
static networks: no page is added or removed during cravaaiiyities.

Each kind of crawler has a different impact on a web serveiopmance: a scrupulous
crawler performs more page requests than the the cautia@jsadnich, in his turn, performs
more requests than the rash one.

We model such scenario with a simple name-based calculusevdnawler agents
operate on a web of linkink(x, y). We assume denumerable sets of channel names (ranged
by a, b, ...) and of site addresses (rangeday), z, w, ...) are available. The web system
may be empty or comprise crawlers, links and their comprsiti

s = 0 | ¢ | link(z,y) | s|s

Pages are seen just as collections of links with the saménorid the collection is
empty we say the page iBissing it is valid otherwise. If the target of a link is a missing
page, then the link is calleldkoken

A crawler is an autonomous agent that can visit sites, leawsite addresses and com-
municate them to its database on a given channel. We digimgiuree kinds of crawlers

¢ == rash(a,z,7) | cautious(a,z,y) | scrupulous(a,z,q)

whereq is the channel for communicating site addressess, the current site address of
the crawler andj is the set of site addresses the crawler has already learnh@ nec-
essarily valid or visited). We lej denote the sefy, ..., y,} and writeg + = for the set
{y1, .y yn, x} andy — y; forthe set{y1, ..., Yi—1, Yit1, -, Yn -

The operational semantics is given by few (unconditionalrite rules, see Figures-
4, assuming that parallel composition is associative, cotative and with identity0. The
rules are parametric w.r.t. a generic systeand w.r.t. suitable site addressegj, z, w and
reference channel for the crawler.

The rules are accompanied by a self-explanatory visuatinatéhat is reminiscent of
a graphical interpretation of process calculi (see €&5ad07FHLT05]): names are repre-
sented as nodes of typeande for channels and pages, respectively, crawlers and links as
hyper-edges (rounded boxes) and their arguments (namd} argeindicated by tentacles
of various types. More precisely, the first argument of a ¢eae.g. the address of its
database) is indicated by an upwards concave tentacleetioad one (the current site) by
a bar-ended tentacle and the set of visited sites by arrosvgddles. For links the arrowed
tentacle indicates the target and the plain one represeatsaurce. In our intuitive nota-
tion, items in the left- and right-hand side are identifiedthgir position and we remark
that a graph rewriting reading of the rules should be undetstwith matchings not be-
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cla,z,g) | link(z,2) | s —- cla,z,9+2) | link(z,2) | s

(i)
c {o link o —r c fo link o
(if)

Figure 2. Textual (i) and graphical (ii) representation &ARN rules wherec € {rash, cautious, scrupulous}.

rash(a,z,9+2) | s —- rash(a,z, g+ ) | s

cla,z,g+ 2) | link(z,w) | s —; cla,z,9+x)|link(z,w) | s

(i)

. . . (] o °
(i)

Figure 3. Textual (i) and graphical (ii) representation oWk rules where:’ = rash andc € {cautious, scrupulous}.

ing injective, i.e. two different rule nodes can be matcheththe same actual node (e.g.

learning of known pages is allowed).
Any crawler can learn new site addresses by looking at tHes loheparting from its

current site. The corresponding rules are identical forttiiee different kind of crawlers
and abstract away the actual interaction that would takeepila concrete crawlers (rules
LEARN). The graphical representation makes evident that thefawe of the crawler agent

may be enlarged by the acquisition of a new site address.
Any crawler can move to new sites (rulesdMg). In particular,rash crawlers move

eagerly around the web, to any target they have leaeittious andscrupulous crawlers
move only to valid sites. The graphical representationsvghe two different policies used

by the crawlers and make evident the swap of names in théanteof the crawler.
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cla,z,9) | s —az cla,z,9) | s withzeg+ux

scrupulous(a,x,y) | s —ax scrupulous(a,z,q) | s

0]
a a
O O
—
®y1 *yn ®y1 *yn
a a
O O

(i)
Figure 4. Textual (i) and graphical (ii) representation @g<Jules wherec € {rash, cautious} andc’=scrupulous.

A second difference in the considered policies lies in theseokations crawlers
can make (rules ©s): rash and cautious communicate any site addresses they know;
scrupulous crawlers communicate only site addresses they are cuyrexdimining.

3.1 Symbolic Transitions

A (sound and complete) symbolic transition system for olgwdas is simply obtained by
taking as symbolic transitions for each contéXtX| all the transitions resulting from the
possible (most general) unifications with the left hand sideeach rewrite rule, where
s,x,7,z,w,a are seen as (fresh) variables. More precisely,[#] —, R[s] is a rewrite
rule (for a suitable labek, possibly the silent one), arfds a most general unifier between
L[s] andC[X], then we have the transition

O1X] " 08(Rls))
whered(X) denotes the term substituted f&r by the substitutior® (which with a slight
abuse of notation can be directly interpreted as a spatiaiuta) andd(R[s]) inductively
applies the substitutiof to the variables inR[s] (recall thatd(L[s]) = 0(C[X])).

For instance, considering the contexth(a, x,y) | X and the LEARN rule of Fig. 2,
we obtain a unifief that unifiesX with link(x, z)|s. The resulting symbolic transition is
the topmost of Figh.

Unification is considered up to associativity, commut&givand identity of parallel
composition (seeBBB07]). We also require an exact matching for non-process viasab
x,7, z, w, a appearing in the rules, i.@.must substitute them with actual values.

In the following we shall often focus on the three open preesR[X |, K[ X] andS[X]

10
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link(z,2)|Y

R[X] + rash(a,z,9+ z) | link(z,2) | Y (for any z)
RIX]  ,  rash(a,yig+z—u)|Y

RIX]  Tu  R[Y]

RIX] 4 RY]

K[X] MT cautious(a, z,y + z) | link(z,2) | Y (for any z)
K[X] MT cautious(a, y;, ¥ + x — v;) | link(yi, 2) | Y (for anyz)
KX Sa K]

KIX]  Fap K[V

S[X] MT scrupulous(a, z,y + z) | link(z,2) | Y (for any 2)
S[X] MT scrupulous(a, i, ¥+« — ;) | link(y;, 2) | Y (for anyz)
SIX] Fa S

Figure 5. Some examples of symbolic transitions.

defined below:
R[X] Erash(a, z,7) | X
K[X] def
S[X] ¥ scrupulous(a, z, ) | X

cautious(a, z,g) | X

o

Some of the symbolic transitions f&fX], K[X] andS[X] obtained with this technique
can be found in Fig5. In particular, the first transition is obtained from rul&ARN for
rash contexts, the second one from rul®W, the next two from rule ®@s, and so on.
Other transitions, needed for determining a compsate regard the presence of crawlers
in holes and are not considered here for brevity.

3.2 Abstract Semantics

A natural question that emerges is: under which situatiomtba different crawlers ex-
hibit essentially the same abstract behaviour? If we censickak bisimilarities then it
is evident thatash(a, z, 7)|s andcautious(a, 2, §)|s are equivalent for any given system
s. Indeed even if they follow different movement policies lbhabommunicate all the ad-
dresses they gather (valid or not). Instead, it is possibfitl suitable networks that distin-
guishscrupulous crawlers fromrash andcautious crawlers with the same knowledge. For
instance, consider the processesh(a, z, 0)|link(z, y) andscrupulous(a, z, 0)|link(z, y).
The latter will be able to communicate only the valid sitewvhile the former can commu-
nicate also the missing site It follows from the considerations above thitX | ~, K[X],
whilst R[X] 5, S[X] %, K[X].

When we consider symbolic semantics, the situation is wiglifferent. In fact, it
might be the case that certain silent movesKaK | require the presence of some links as

11
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hypothesis, while this is not the case ®X]. This is evident when comparing the two
transitions relative to the MVE rules forR[X] andK[X] (from Fig. 5):

R[X] S rash(a, y;, J + o — i) | Y
KX Y

] MT cautious(a, y;, ¥ + x — v;) | link(yi, 2) | Y (for anyz)

It follows thatR[X| %, K[X] but this is not a desirable result, when considering that
both contexts behave bisimilarly in terms of pages obseredeed, we know thaR[X]
andK[X] are equivalent under universal closure weak bisimilarity.

However, the situation changes when we consider the coagsi@ralencex;, according
to which the symbolic move oK[X] can be simulated by the less constraining (more
abstract) move oR[X]. But canK[X] loosely simulateR[ X|? The answer is yes, because
even ifK[X] has no transition that can be used to simulate the silent step

RIX] %, rash(a,yi, 5 +2 —ui) | Y

still, K[X] can just stay idle. Thus whilR[X] %, K[X] we haveR[X] ~; K[X]. In words,
the loose bisimilarity approximates universal closure kvbeimilarity, better than strict
bisimilarity.

The situation is slightly different when consideriigX | andS[X], becaus&[X] can-
not observey; without first moving toy;, thus requiring the site to be valid, whitd X ] can
observe it anywayS[ X | can only communicatg; as:

link(y;,2)|Y
_

S[X] - scrupulous(a, y;, ¥ + = — y;) | link(y;, 2) | Y Layi

Hence, we have thatautious and scrupulous are not equivalent under loose weak
bisimilarity but neither they are under universal weakiigrity. Indeed, it can be shown
that the behaviour of eutious crawler subsumes that ofsarupulous crawler by showing
that K[.X'] loosely simulateS[K[X]]. In words a context with aautious crawler behaves
like a context with both @autious and ascrupulous crawler.

4 Typed Symbolic Transition Systems

In the previous section we saw that some crawlers can exdiff@rent behaviours de-
pending on the network of pages they operate on. Now suppaseve are given some
guarantees about the holes that appear in a context, likathéhatR[X |, K[X] andS[X]
represent valid networks, in the sense that they contaid sidé addresses only. Then, we
would expect thaR[X], K[X] andS[X] are all equivalent as they are all able to observe
the same pages in the same order. Indeed, we would like tadesrikem to be equivalent
under a variant of universal weak bisimilarity that take® iaccount the set of valid holes,
rather than any possible system. Unfortunately, we saw énptievious section that our
loose equivalence distinguishesautious andrash from scrupulous in the general case.

In this section we propose a technique for stipulating someantees over the holes
and for manipulating the symbolic transitions under sucérgntees in order to account for
an equivalence coarser than. We show the technique at work on our case study and then
try to distill some general guidelines for making it appbé&ain general.

12
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4.1 Typing

First, we define a suitable type system for terms. Here weidena type system based on
the page addresses with particular types for valid networipes take the forrit’; 5 where

d is the set of addresses thtstcorrespond to valid sites, i.e. defined within the system,
andp is the set of addresses than be pointed by the system without being necessarily
valid within the system itself.

Definition 4.1 [Typed Systems] A systemhas typéTCzﬁ, written s : Tdﬁ’ iff

« foranyz e d there existg, s’ such thats = s'|link(z, y);
« for any linklink(z, y) in s such thaty ¢ p there exists, s’ such thats = s'|link(y, 2).

Let def (s) = { x|Jy, s’ such thats = link(z, y)|s’ } denote the set alefinedpages of
a systems, andref (s) = {y|3x, s’ such thats = link(x,y)|s’ } denote the set giointed
pages of a system Then, in the definition above, C def (s) is the set of pages that the
typed system explicitly guarantees to exist, whil® ref (s) — def (s) are the pages that
the system is allowed to point even if they might not be defin@din the system itself.
Any pointed page; ¢ ref (s) that is not inp must necessarily be provided by the system
itself, i.e. it must be indef(s). Summing up, a systemis allowed to point to pages i
p — d (possibly outsides) and even not i, provided that they are idef (s). Note thatd
andp are not necessarily disjoint, although, according to tHendien, their intersection
can be excluded frorm, as stated by the following lemma.

Lemma 4.2 Given a system such thats : T~7ﬁ, for somed andp, thens : TJ@_CZ-

As underlined by the lemma, it is easy to see that a site cam different types. More
importantly, any system can be typed, i.e. for arpere exisid andp such thats : T~ _
(€.9. T ref (s)—def (s))- The following lemma expresses how the requirements nerp)dny
a type can be relaxed: if a system fulfils a type then it alsbi$uh type that requires less
page definitions than the original one, or allows a largeo§gbinted pages.

Lemma4.3If s: Ty then for anyz, y it holds

° 5 dep

o s:Tdﬁer.

and

The above lemma induces a partial order over types,]ie = T:; whend C ¢ and
G C p. ltis easy to see that the maximal type amongst those fullfbljea systems is
Taef (s),ref (s)—def (s)» 1-€. the one that exposes all the defined pages and pernfjtshen
needed ones to be pointed outside the system. Such typseefsahe most precise type
we can assign to a system and it is calleddharacteristic typef s.

Example 4.4 Let s = link(z, y)|link(z, 2)|link(y, w). Then the characteristic type efis
Tz ) {20y BY Lemmad.3we also know tha : T,y 1 2y @Nds : Tj ¢ 4 201 On the
contrary, it is not the case that: Ty, (.}, becauses points tow ¢ def(s) andw is not
mentioned in the type. Similarly, it is not the case thatl’, , .1 {.,.}, becausev is not
a defined name of.

Clearly, the presence of crawlers does not influence thedypf a system, which de-
pends just on links. Moreover, as the rewrite rules cannanghk the set of links in the

13
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system, it follows that the typing enjoys subject reduction
Lemma 4.5 (Subject Reduction)If s : T; ;ands —q s', thens’ : T; 5

Finally, a type-based characterisation of valid systemsbeaexpressed by the fact that
the system has a type requiring that all the pointed pagedediged in the system.

Definition 4.6 [Valid System] A systens is calledvalid if s : Tdﬁ andp C d.

From Lemmad4.2 and Lemma4.3, an alternative characterisation of valid systems as
thoses such thats : Tj ( easily follows. Quite naturally, compositional propestief types
and systems can be determined, as for instance stated byexhéemma and its trivial
corollary.

Lemma 4.7 Lets : T; s and s Ty 5 be two typed systems, thep’ : Tivipip
It is immediate from from Lemm&.2 to see thats|s’ : T; ) and from

, +d' p+p' —(d+d’
Lemma4.3thats|s : T@,ﬁ-l—z;’—(ci-i-cz’)'
Corollary 4.8 Lets : T;,; ands’ : T i be two typed systems, thejs’ is valid.

More relevant for the application of our technique is thédwing theorem. It charac-
terises the structure of a typed site with respect to theslimnkd other typed components
occurring in it.

Theorem 4.9 For any sites, site addresses, j andz € d, the typings : Ty holds iff

* y € pands’ exist such that = link(z,y)|s" ands’ : T} or

—SCJ}-’-Z’ !

* z ¢ pands’ exist such that = link(z, z)[s"and s’ : T\ 5. .

The theorem states that given a typing T; 5 we know thats can be decomposed in
two forms: (i) the site has a link from a guaranteed page a pagey in p, hence the rest of
the site does not need to guaranieand is allowed to point te, or (ii) the site has a link
from a guaranteed pageto pagez not inp. By definition such page must necessarily be
part of the site. Hence, the rest of the site has a type reqguid guarantee. The converse
implication follows from the type definition.

We observe that Theorem9 establishes a logical equivalence between the type predi-
cate_: Tj ; and the disjunction of spatial formulas with typed holesnedy:

\/ link(z,y)[-: T5_, 5.0 V \/ link(z, 2)[-: T3 o\ 51 0rs
yep 2&p

Figures6 and7 illustrate the two items of theoredh 9. A site is denoted by enclosing
it in a dotted box. Pages are replicated and connected wittedvarrows and lines to
emphasise the interface of a site (its type). The type of itieeis written at the top left
corner of the enclosing box. The remaining part of the sie @) is represented as an
edge labelled with its name and type.

4.2 Decorated Variables

The second step towards our typgdsis the decoration of process variables with typing
information, so to consider well-typed contexts only.

14
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o~y OB

Figure 7. Second item of theoref9.

A decorated variable takes the forkh: T; 5 It represents a hole that can be filled only
with systemss of the corresponding type, i.e. such tkat7’; 5

Definition 4.10 [Typed Contexts] We say thaC[X: Tdﬁ] has type 7;; written
ClX:Ty;] : Teg iffforany s : T;; thenCls] : Tz 4. A contextC[X: T} ] is called
valid if C1X: Ty 5] : T¢ g andg C é.

Lemma 4.11 For any C[X : T} ], there exis€ andg such thatC'[X : Tj ;] : T¢ .

Note that anyC'[X] takes the forms| X for somes, so that Lemmd.7 can be exploited
to type C[X : Td}ﬁ] by combining the characteristic type efand the typing information
attached taX. Moreover the type ofX can be restricted while preserving the type of its
context as stated by the following lemma.

Lemma 4.12 For any z andy if C[X: T} ] : T¢ 4 then:

o C[X Tciﬁ—y] : Tg,q, and
° C[X Tcz—i—z,ﬁ—i—z] : Té’[]’.

Example 4.13 Figure 8 depicts a contex€[X| = link(z, z) | link(y,y) | X in untyped
form (left) and with a typingC'[X : Ty w3, 12,01 * T{a,y,u} {z,0} that constraints\ to define
pagesy andu and allowsX to point tozx, v.

15
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= e

Figure 8. Untyped and typed contexts.

As far as the context®[X |, K[X]| andS[X] are concerned, we are interested in consid-
ering valid systems w.r.t. the names initially known by thavders, hence we can restrict
to R[X : Ty, 9], K[X : Ty, 9] @ndS[X : Ty, g], which are all of typ€l;., , ¢, i.e. valid.

4.3 Typed Universal Equivalence

The third step is to refine the universal weak bisimilarity according to the type decora-
tion of the variables: we say that[.X : T} ;] is universally weak bisimilar t[.X : T} -],
written C[X : T 5] ~y D[X: T 5], if forany s : T; ; we haveC'[s] ~ Dls].

Lemma 4.14 For any typeT; ; and any context€'[X| and D[X] such thatC[X] ~
D[X] we haveC[X: T 5] ~u DX : Ty 5.

Note that the overall types 6f[X : T}; ;] andD[X : T}; ;] are not considered and might
be even different. From the above Iemma it follows lﬁ{aX Tyiz0] ~u KX : Ty 0l
Moreover, from the notion of typed systems we can expect K& : 7, 9] ~u
S[X: Tj44.0], but the proof ofK[X : Ty, g] =, S[X: T, ] requires universal closure
w.rt. all systemss : T, ¢.

4.4 Decorated Symbolic Transitions

The last and fourth step is to exploit symbolic equivalendes conclude that
KIX: Tjippl ~u S[X: Ty, i.e. that all three crawlers are equivalent in valid net-
works that contain the initial knowledge of the crawlers. fadtunately, we have already
seen thaK[X] #; S[X]. However, our idea is to exploit the logical equivalenceasqu
by Theorem4.9 to give S[X] the possibility of simulating the unmatched transitione(se
Section3.2)

Y
KIX] = ay,

: K[Y]
We notice that all symbolic transitions carry as formula g@me spatial information.
In general, given the kind of rewrite rules under considergtsuch spatial labels can take

one of the following forms (where stands for the presence of a suitable crawler):
clY
(a) C[X] *4 DIV b)  C[X] ——4 D[Y]
) C[X] Ma D[Y] d) C[X] Ma D[Y]
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link(z,z)|Y

KX : Ty 0] r cautious(a,x,y + 2) | link(z,2) | Y : Ty,
link(z,y:)|Y i ~ i
KIX: Tyi,9] ————+ cautious(a,z,7 + 2) | link(z, ;) | Y : Ty,

link(z,2)Y _ _ .
KIX: Tip gl %T cautious(a,z,y + z) | link(z,2) | Y : Tji, o

link(yi,2)|Y

KIX: Ty ,9] ———+ cautious(a,y;, ¥+ —y;) | link(ys, 2) | Y : Tyro—yiz
link (yi,y;) Y . - .
KIX: Tyip9] ———+ cautious(a,y;, 7+ —u:) | link(yi, y5) | Y : Tjio—y, 0

link(yi,2)|Y . - .
KIX: Tjipgl ——+ cautious(a,y;, ¥+ — ;) | link(yi,2) | Y : Ty, 4z

Y

KIX: Tyrogl  Yae KV : Typag)
Y

KIX: Tyrog) Yoy KIY : Typao)

Figure 9. Some examples of decorated symbolic transitieng ¢ + ).

For the forms (a) and (b) (observatiohSandc | Y, respectively) we just keep the

decoration assigned in the source, resulting in the demdtaansitions:

(@) CIX:Ty,] VoDV Ty () CX:7;,) S5, Dy 1y

For the forms (c) and (d) (observatiolisk(z,y) | Y andc | link(z,y) | Y') we exploit

Theorem4.9to derive a proper decoration féf. We show what happens fonk(z,y) | Y,
but the other case is entirely analogous.

link(z,y) | Y
(@) CX:T;, ——

©) OX:Ty,) " Dy Ty, ity dp
The decorated symbolic transitions f&{X : 73, y] are in Fig.9, wherez ¢ ¢ + x.
Note that it is not important to decoral€ also in the labels, because they are matched
exactly, and given that the decorationfis known, that oftY” follows unambiguously.
We define a new notion of bisimilarity, callecorated loose weak bisimilarity,.

o DIY Ty, o, )ifyep

Definition 4.15 [~q.] Two contextsC'[X : T} ] andC'[X : T; ;] aredecorated loose weak
bisimilar if there is a symmetric relation- s. t. wheneveC'[X: T ] + C'[X: Ty ;) we

have that for each transitiafi[.X : T} ;] ia DY : T 5] the following holds:

(i) ¢ # Y and there exists a (weak) decorated symbolic transifigiX : Tm] :wm

D'[Z : T; ;] and a spatial formula’ such thatp = ;4" andD[Y : Tz 4] + D'[¢],
(i) ¢ =Y (and hencel = ¢, p = §) and
i) either C'[X: Ty ] =5, D'[Y : Ty ]andD[Y : T ] = D'[Y : Ty],

iy orforany z € d, y € pandz ¢ j it holds that:
link(z,y) | Y

° C/[XZ Tcz;ﬁ] o D/[Y : Tci—m ;5+m] with D[Iink(m,y) ’ Y : TJ—m 15] -
DY :T; 5., and

conx:Ty,) M2V, Dy ooy, L) with Dllink(z,2) | Y
Tcz—:c—i-z,ﬁ-l—z] -~ D”[Y : Tcz—x—l—zﬁ-‘r:c]

whered stands for labedy if « # 7 and no label otherwise.
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Note that we give the possibility of simulating the formifawhen the hole has type
T; - by considering all the possible cases exposed by Thedr@nThat is, not only a step
could be simulated by one with a more general label as it wasible also in~;, but here
aY labelled step can be simulated by the collection of moreipeteps performed by
the instances compatible with the typeof

Let us now return to our goal of showing the equivalence ofvtges in valid networks.
This result is obtained by showing th&itX : T}, ] ~q K[X: Tj,, ¢]. Indeed, we now
can show that the symbolic move

KIX: Ty 0] “ays KIY : Tyl
can be simulated by the symbolic moves

link(y;,2)[Y ~ .
S[X: Ty ) RN ay: scrupulous(a, v, ¥+ —y;) | link(ys, 2) | Y 1 Tyjio—yu,
for z € y + z, and

link(y;,2)|Y - .
SIX: Typageal Yy, scrupulous(a,yi i + ¢ — i) | link(yi.2) | Y :

Tja—yitzy fOr 2 € 4§+ .

In fact, we have also:

Kllink(ys, 2) | Y @ Tyta—y,y:) ~a scrupulous(a, v,y + = — y;) | link(y;, 2) | Y -
Tyra—y,,yir

and

Kllink(ys, 2) | Y : Typa—y,42,,) ~a scrupulous(a,y;,§ + x — y;) | link(y;, 2) | Y -
Tytz—yitzy; fOr 2 &y + .

In conclusion all three crawlers are equivalent in validvaks according to the deco-
rated bisimilarity introduced in this paper and this is aeniesult in the illustrating scenario
because we know that in a valid network one can freely chaseldisired policy with the
guarantee of obtaining the same (observable) behaviour.

4.5 Scenario Implementation

For the convenience of the reader we have implemented onasoeand made it avail-
able athttp://www.di.unipi.it/"lafuente/ice08 . The web page proposes
a simple game where players should find out the crawling p@lazording to observations
only. While deduction is possible in missing sites, in valitbs (as shown in this paper) it
is all a matter of guessing and having luck on one’s side.

We remark that the site typds; ; we use are related to typical inclusion and exclusion

protocols. For instance, the sitemap index can be seeh ias. the list of pages whose
existence a site guarantees, while the robots.txt file wbalgages iy — d that reside on
the site, i.e. the list of pages that a site asks not to visit.

In our scenario the motivation under the site asking cresuhet to visit certain pages
is that they are not guaranteed to exist and not because timggiic information the site
would prefer not to be crawled, which is the typical intentiaf robots.txt.

Thus, in our implementation we call this file mightmiss.tkhe polite crawler offered
there behaves like the scrupulous one, but exploits thenrdton in that file to perform
less page existence checks, thus lowering the server’s load

We believe that one could apply our technique to establisth arawling protocols or
enrich existing ones. For instance, web sites can exhibit tipe and, based on it and
desired behaviour, crawlers can decide the most convepdaialy.
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5 Final remarks

We have performed a first step towards the treatment of hamsypes insSTS our ap-
proach to the specification and reasoning of open systemsw@ik has been illustrated
with a simple nominal calculus, inspired by a web crawlingrerio. We have shown how
the usual equivalence notion sfsis too fine grained, in the sense that it does distinguish
between web crawlers one expects to be equivalent in sormonet We have thus de-
fined a suitable (name-decorated) type system, that allewes.g. to constrain an unknown
network to be valid, i.e. to not contain any broken link. Bése such types, a new variant
of bisimilarity have been defined. According to this notiaifi,three considered crawlers
are equivalent for valid networks.

The presented work should be understood as a first step tewsardjuite ambitious goal
of having more general equivalences, e.g. based on typeweddiy structural induction.

As future work we plan to generalise our technique to promim@minal calculi (e.qg.
the w-calculus) and to deepen in the relationship with graphsfi@mation approaches
dealing with types and unspecified graph parts (84MTO08]). More precisely, we would
like to focus on service oriented calculi (e.88NL08]) where the notion of hole and type
naturally resemble services and their specifications.
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