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Preface

The 9th Italian Conference on Theoretical Computer Science (ICTCS 2005) was
held at the Certosa di Pontignano, Siena, Italy, on October 12-14 2005. The
Certosa di Pontignano is the conference center of the University of Siena; it is
located 8 km away from the town and it is in the Chianti region. The Certosa is
a place full of history (founded in the 15th century, it was set on fire a century
later and reconstructed) and of valuable artworks, like frescoes of the Scuola
Senese.

Previous conferences took place in Pisa (1972), Mantova (1974 and 1989),
L’Aquila (1992), Ravello (1995), Prato ( 1998), Turin (2001) and Bertinoro (2003).

The conference aims at bringing together computer scientists, especially young
researchers, to foster cooperation, exchange of ideas and results. Great efforts
have been made to attract researchers from all over the world. The main top-
ics of the conference cover all the fields of theoretical computer science and
include analysis and design of algorithms, computability, computational com-
plexity, cryptography, formal languages and automata, foundations of program-
ming languages and program analysis, foundations of artificial intelligence and
knowledge representation, foundations of web programming, natural computing
paradigms (quantum computing, bioinformatics), parallel and distributed com-
putation, program specification and verification, term rewriting, theory of con-
currency, theory of data bases, theory of logical design and layout, type theory,
security, and symbolic and algebraic computation.

The Program Committee, consisting of 16 members, considered 83 papers and
selected 29 for presentation. These papers were selected, after a careful review-
ing process, on the basis of their originality, quality and relevance to theoretical
computer science. In keeping with the previous conferences, ICTCS 2005 was
characterized by the high number of submissions and by the number of differ-
ent countries represented. These proceedings contain the revised versions of the
29 accepted papers together with the invited talks by Luca Cardelli (Biological
Systems as Reactive Systems, abstract), Giuseppe Castagna (Semantic Subtyp-
ing: Challenges, Perspectives, and Open Problems) and Nicola Santoro (Mobile
Agents Computing: Security Issues and Algorithmic Solutions).

Due to the high quality of the submissions, paper selection was a difficult
and challenging task. Each submission was reviewed by at least three reviewers.
We thank all the Program Committee members and the additional reviewers for
their accurate work and for spending so much time in the reviewing process. We
apologize for any inadvertent omission in the list of reviewers.

Following the example of the last ICTCS edition, we encouraged authors
to submit their papers in electronic format. Special thanks are due to Simone
Donetti for setting up a very friendly Web site for this purpose.



VI Preface

Finally, we would like to thank all the authors who submitted papers and all
the conference participants.

October 2005 Mario Coppo
Elena Lodi
G. Michele Pinna
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Abstract. Semantic subtyping is a relatively new approach to define subtyping
relations where types are interpreted as sets and union, intersection and nega-
tion types have the corresponding set-theoretic interpretation. In this lecture we
outline the approach, give an apergu of its expressiveness and generality by ap-
plying it to the A-calculus with recursive and product types and to the nt-calculus.
We then discuss in detail the new challenges and research perspectives that the
approach brings forth.

1 Introduction to the Semantic Subtyping

Many recent type systems rely on a subtyping relation. Its definition generally depends
on the type algebra, and on its intended use. We can distinguish two main approaches
for defining subtyping: the syntactic approach and the semantic one. The syntactic
approach—by far the more used—consists in defining the subtyping relation by ax-
iomatising it in a formal system (a set of inductive or coinductive rules); in the semantic
approach (for instance, [AW93, Dam94]), instead, one starts with a model of the lan-
guage and an interpretation of types as subsets of the model, then defines the subtyping
relation as the inclusion of denoted sets, and, finally, when the relation is decidable,
derives a subtyping algorithm from the semantic definition.

The semantic approach has several advantages (see [CFO5] for an overview) but it
is also more constraining. Finding an interpretation in which types can be interpreted
as subsets of a model may be a hard task. A solution to this problem was given by
Haruo Hosoya and Benjamin Pierce [HPO1, HosO1, HPO3], who noticed that in order
to define subtyping all is needed is a set theoretic interpretation of types, not a model
of the terms. In particular, they propose to interpret a type as the set of all values that
have that type. So if we use ¥ to denote the set of all values, then we can define the
following set-theoretic interpretation for types [t],, = {v € V| - v:t} which induces
the following subtyping relation:

s<pt <L [y Sy (1)

This works for Hosoya and Pierce because the set of values they consider can be de-
fined independently from the typing relation.! But in general in order to state when a
value has a given type (the “t- v : ¢ in the previous definition) one needs the subtyping

! Their values are XML documents, and they can be defined as regular trees. The typing relation,
then, becomes recognition of a regular tree language.

M. Coppo et al. (Eds.): ICTCS 2005, LNCS 3701, pp. 1-20, 2005.
(© Springer-Verlag Berlin Heidelberg 2005
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relation. This yields a circularity: we are building a model to define the subtyping re-
lation, and the definition of this model needs the subtyping relation. This circularity is
patent in both the examples we discuss below: in A-calculus (Section 2) values are A-
abstractions and to type them (in particular, to type applications that may occur in their
body) subtyping is needed; in n-calculus (Section 3) the covariance and contravariance
of read-only and write-only channel types make the subtyping relation necessary to type
channels.

In order to avoid this circularity and still interpret types as set of values, we re-
sort to a bootstrapping technique. The general ideas of this technique are informally
exposed in [CF05], while the technical development can be found in [FCBO02, Fri04].
For the aims of this article, the process of defining semantic subtyping can be roughly
summarised in the following steps:

1. Take a bunch of type constructors (e.g., —, %, ch(), ...) and extend the type alge-
bra with the following boolean combinators: union V, intersection A, and
negation -,

2. Give a set-theoretic model of the type algebra, namely define a function [y :
Types — P(D), for some domain D (where P(D) denotes the powerset of D).
In such a model, the combinators must be interpreted in a set-theoretic way (that
is, [sAt]p = [slpN[t]p, [sVi]p = [slp U], and [—¢] = D\ [t]5), and the
definition of the model must capture the essence of the type constructors.

There might be several models, and each of them induces a specific subtyping re-
lation on the type algebra. We only need to prove that there exists at least one model
and then pick one that we call the bootstrap model. If its associated interpretation
function is [] g, then it induces the following subtyping relation:

s<st < [s]y C ], )

3. Now that we defined a subtyping relation for our types, find a subtyping algorithm
that decides (or semi-decides) the relation. This step is not mandatory but highly
advisable if we want to use our types in practise.

4. Now that we have a (hopefully) suitable subtyping relation available, we can focus
on the language itself, consider its typing rules, use the new subtyping relation to
type the terms of the language, and deduce '+ e : £. In particular this means to use
in the subsumptionrule the bootstrap subtyping relation <z we defined in step 2.

5. The typing judgement for the language now allows us to define a new natural set-
theoretic interpretation of types, the one based on values Lly={ve?V|tgv:1},
and then define a “new” subtyping relation as in equation (1). This relation might
be different from <z we started from. However, if the definitions of the model,
of the language, and of the typing rules have been carefully chosen, then the two
subtyping relations coincide

s<gt <= s<pt
and this closes the circularity. Then, the rest of the story is standard (reduction re-
lation, subject reduction, type-checking algorithm, etc ... ).

The accomplishment of this is process is far from being straightforward. In point 2 it
may be quite difficult to capture the semantics of the type constructors (e.g., it is quite
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hard to define a set-theoretic semantics for arrow types); in point 3 defining a model may
go from tricky to impossible (e.g., because of bizarre interactions with recursive types);
point 4 may fail for the inability of devising a subtyping algorithm (cf. the subtyping
algorithm for Crt in [CNV05]); finally the last step is the most critical one since it may
require a consistent rewriting of the language and/or of the typing rules to “close the
circle” ... if possible at all. We will give examples of all these problems in the rest of
this document.

In the next two sections we are going to show how to apply this process to A-like
and n-like calculi. The presentation will be sketchy and presuppose from the reader
some knowledge of the A-calculus, of the n-calculus, and of their type systems. Also,
the calculi we are going to present are very simplified versions of the actual ones whose
detailed descriptions can be found in [FCB02] and [CNVO05], respectively.

2 Semantic A-Calculus: CDuce

As a first example of application of the semantic subtyping 5-steps technique, let us
take the A-calculus with products.

Step 1. The first step consists in taking some type constructors, in this case products
and arrows, and adding boolean combinators to them:

tu=0 |1 |t—1|txt|~t]|tVet] At

where 0 and 1 correspond, respectively, to the empty and the universal types. For more
generality we consider also recursive types. Thus, our types are the regular trees gen-
erated by the grammar above and satisfying the standard contractivity condition that
every infinite branch has infinitely many occurrences of the x or of the — constructors
(this rules out meaningless expressions such as t A (A (1A (...)))).

Step 2. The second step is, in this case, the hard one as it requires to define a set-
theoretic interpretation [],, : Types — P(D). But, how can we give a set theoretic
interpretation to the arrow type? The set theoretic intuition we have of f — s is that
it is the set of all functions (of our language) that when applied to a value of type ¢
either diverge or return a result of type s. If we interpret functions as binary relations
on D, then [¢ — s] is the set of binary relations in which if the first projection is in
(the interpretation of) # then the second projection is in (the interpretation of) s, namely

P([¢] x [s]), where the overline denotes set complement.? However, setting [t — 5] =

P([¢] x [s]) is impossible since, for cardinality reasons, we cannot have P(D?) C D.
Note though, that we do not define the interpretation [] in order to formally state what
the syntactic types mean but, more simply, we define it in order to state how they are
related. Therefore, even if the interpretation does not capture the intended semantics of
types, all we need is that it captures the containment relation induced by this semantics.
That is, roughly, it suffices to our aims that the interpretation function satisfies

[—=si]Cle—s] < 2([n]x[s1]) € P(e] x [s2]) (3)

2 This is just one of the possible interpretations. See [CF05] for a discussion about the implica-
tions of such a choice and [Fri04] for examples of different interpretations.
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Note that Br(X) C F(Y) if and only if P(X) C P(Y) (where B denotes the finite

powerset). Therefore, if we set [t — s] = P([¢] x [s]), this interpretation satisfies (3).
In other words, we can use as bootstrap model B the least solution of the equation
X = X2+ ®;(X?) and the following interpretation function® [ ] 5 : Types — P(B):

[Olz=2 [1]lz=3 [svi]z =[s]zU[]5 [sAt]g = [slN[r]s
[-t]s =B\[t]5 [sxt]g=[s] x [f] ﬂt_’sﬂﬂsz([[’]]ﬂxm)

The model we have chosen can represent only finite graph functions, therefore it is not
rich enough to give semantics to a A-calculus (even the simply typed one). However
since this model satisfies equation (3), it is able to express the containment relation
induced by the semantic intuition we have of the type ¢+ — s (namely that it represents

P([¢] x [s]), which is all we need.

Step 3. We can use the definition of subtyping as given by equation (2) to deduce some
interesting relations: for instance, according to (2) the type (fj — s1)A (2 — s2) is a
subtype of (tj Afz) — (s1 As2), of (11 V12) — (s1V 52), of their intersection and, in
general, all these inclusions are strict.

Apart from these examples, the point of course is to devise an algorithm to decide
inclusion between any pair of types. Deciding subtyping for arbitrary types is equivalent
to decide whether a type is equivalent to (that is, it has the same interpretation as) 0:

s<gte[slzgCllzgeslgNtlzg=2 < [sA-t]z =@ & sA—-t =0.
By using the definition of B[], we can show that every type is equivalent to a finite
union where each summand is either of the form:

( AsxOAC A =(sx) “
sXteP sXteN

or of the form (/\s__”)/\( /\—.(S—>t)) )
s—tep stEN

Put s A=t in this form. Since it is a finite union, then it is equivalent to 0 if and only
if each summand is so. So the decision of s <z ¢ is reduced to the problem of decid-
ing whether the types in (4) and (5) are empty. The subtyping algorithm, then, has to
work coinductively, decomposing these problems into simpler subproblems where the
topmost type constructors have disappeared. In particular, in [Fri04] it is proved that the
type in (4) is equivalent to O if and only if for every N’ C N:

/\t/\ /\—vt' ~0 or /\s/\ /\—as’ ~0; (6)
(txs)eP  (t/xs’)eN’ (txs)eP  (t'xs)eN\N'

while the type in (5) is equal to zero if and only if there exists some (¢' — s') € N such
that for every P’ C P:

t'A /\ -t | ~0 or /\ sA—-s' | ~0. 7
(t—s)eP’ (t—s)eP\P'

3 For the details of the definition of the interpretation in the presence of recursive types, the
reader is invited to consult [Fri04] and [FCB02]. The construction is also outlined in [CF05].



