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Abstract

Previous type systems for mobility calculi (the original Mobile Ambients, its
variants and descendants, e.g., Boxed Ambients and Safe Ambients, and other
related systems) offer little support for generic mobile agents. Previous systems
either do not handle communication at all or globally assign fixed communica-
tion types to ambient names that do not change as an ambient moves around or
interacts with other ambients. This makes it hard to type examples such as a
messenger ambient that uses communication primitives to collect a message of
non-predetermined type and deliver it to a non-predetermined destination.

In contrast, we present our new type system PolyA. Instead of assigning com-
munication types to ambient names, POIyA assigns a type to each process P that
gives upper bounds on (1) the possible ambient nesting shapes of any process P’
to which P can evolve, (2) the values that may be communicated at each location,
and (3) the capabilities that can be used at each location. Because PolyA can type
generic mobile agents, we believe PoOlyA is the first type system for a mobility
calculus that provides type polymorphism comparable in power to polymorphic
type systems for the A-calculus. PolyA is easily extended to ambient calculus
variants. A restriction of PolyA has principal typings.

1 Introduction

Whereas the ®t-calculus [15] is probably the most widely known calculus for com-
municating processes, the ambient calculus [6] has recently become important, be-
cause it adds reasoning about locations and mobility. In the ambient calculus, pro-
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cesses are located in ambients, locations which can be nested, forming a tree. Ambi-
ents can move, making the tree dynamic. Furthermore, only processes that are “close”
to each other can exchange values.

1.1 The problem with ambient calculus type systems

Consider this process:
mfin 8.0 | open t.{p,v).p.{v).0] | s {t [inm.{in r,d).0] | r [open m.(v).out v.0]]

The example ambient named m is perhaps the simplest kind of generic mobile agent,
namely a messenger. That is, m first goes somewhere looking for messages to deliver,
then m collects a destination and a payload, and then m goes to that destination and
delivers that payload.

Nearly all type systems for ambient calculi follow the example of the seminal sys-
tem of Cardelli and Gordon [7] and assign to each ambient name a a description of
the communication that can happen within ambients named a. Unfortunately, type
systems based on this principle are inflexible about generic functionality. Consider
the example process extended to have rwo possible execution paths, in that m can enter
either of two senders:

m(in 8.0 | open t.(p,v).p.(v).0}
| s[tlinm.(inr,d).0] | r(open m.(v).out v.0}] (v must be a name)
| sltlinm.(inq,outd).0] | qlopen m.(v).v.011 (v must be a capability)

Here, the messenger m must be able to deliver two different types of payloads, both an
ambient name and a capability. None of the previous type systems for ambient calculi
allow this. In general, the previous type systems do not support the possibility that a
mobile agent may carry non-predetermined types of data from location to location and
deliver this data using communication primitives.

In previous type systems for ambient calculi, generic mobile agents can be encoded
by using extra ambient wrappers, one for each type of data to be delivered. However,
this encoding is awkward and also loses the ability to predict whether the correct type
of data is being delivered to each location, avoiding stuck states.

In solving this problem, a key observation is that the possible communication
within m depends on which of the s’s the ambient m is found inside.

1.2 Our solution — overview

To overcome the weaknesses of previous type systems for generic functionality, we
present a new type system, PolyA. Types indicate the possible positions of capabilities,
inputs, and outputs, and also represent upper bounds on the possible ambient nesting
tree into which a process can evolve. Thus they look much like processes, as is also
the case, e.g., for the types of [9].

Our type system’s basic concept is the shape predicate. The actual definition is
somewhat involved, partly due to the need of handling communication, so let us intro-
duce the concept gently with a toy system where the only capability is “in”:

Toy shape predicates: 6 ::= 0 (0lo) alocl ina

A shape predicate’s meaning is a set of terms, given by this matching relation:
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FP:o FP:o FQ:o
FalP):(---lalol|--) FP1Q:o
Fina0:(---linal--) FO0:0

With these rules we can derive the judgement +Pp : Gp, where
Py alinb.0}inc.0} I b[d[ina.0]] | clelina.0]]
Go alinbline) Iv[d[inal] | clefinall
But we can also derive, say,
+afinb.0] 1alinc.0] : oo

— the matching rules do not care that the b and ¢ on the top level are missing, nor that
the alin b | in €] part of the shape predicate is used twice.

PolyA types are shape predicates such that the set of terms matching a type is closed
under reduction. The shape predicate Gg above is not a type, because

Py Py =blafinc.0) |dlina.0]) ic[. ]
yet J- Py : Gp. One type that Pp does have is

o;=alinblinc) Iblalinblincldlinal) 1dfinal]
lclalinblinclelinal] | elinall

The a [...] predicate inside b still allows the in b. This must be so because shape
predicates do not care about the number of identical items (unlike what is the case in
[19]), so one of the terms matched by &1 is afin b.0 [ in b.0] | b[0], which reduces
tob[a[inb]].

A more subtle point aboutds that it disallows having an e inside an a inside
a b, or a d inside an a inside a c. This example therefore illustrates the most basic
kind of polymorphism possible: The same initial a ambient can evolve differently in
different possible futures, and the type system can prove that those different futures
do not interfere with each other.

PolyA lets any supertype (i.e., a type that is matched by a larger set of terms) be
used as apolymorphic variant if it appears in the right place of the overall typing. The
overall typing contains all of the polymorphic variants that will ever be needed for
each ambient in the particular context it is being typed in.

Some readers might think that this does not look like type polymorphism, because
the various types for a are not substitution instances of a parameterised type. How-
ever, how one technically expresses the relation between the type for some generic
code and the types for its concrete uses is not essential to the concept of genericity or
polymorphism. What is important is that the type system supports reasoning about dis-
tinct uses of the same generic code. We achieve what Cardelli and Wegner [8] called
“the purest form of polymorphism: the same object or function can be used uniformly
in different type context without changes, coercions or any kind of run-time tests or
special encodings of representations”.

PolyA can optionally track the sequencing of actions, a possibility pioneered by
Amtoft et al. [1,2]. Forexample, a[in b.in ¢.0] | b[c[0]] | c[open a.0] has a PolyA
type proving that a will never be opened.

it

It
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PolyA can assign the following type to the example containing the generic messenger
and two clients:

letrec Xm8 = in 8.0 | open t.(p,v).p.({v}).0
inm[Xm8]
| s [letrec Xu7 = (Xm8) | (Xt3) | ({d}).0 | (p,v).p.({v}).0
Jinr.({d}).0 | m{Xn7] | r[Xr1] | t[Xt3]
Xri= (Xm7) | (v).out v.0 | out d.0 | open m.(v).out v.0
Xt3= (<inr>,{d}).0 | inm.(<in r>,{d}).0
inm[Xm7] | r(Xr1] | t [inm.(<inr>,{d}}.0] end]
| 8 [letrec Xm3 = (Xm8) | (Xt1) | (<outd>).0} (p,v).p.{{v}).0
| inq.(<outd>).0 | m[Xm3] | q[Xq1] | t[Xt1]
Xql= (Xm3) | (v).v.0 | out d.0 | open m.(v).v.0
Xti= (<in g>,<out d>).0 | in m.(<in g>,<out d>).0
inm[Xm3] | q[Xq1] | t [in m.(<in g>, <out d>).0] end]
end

This type proves that the example process has only well defined behaviour, some-
thing which no previous type system for ambients can do. The type may appear com-
plex compared to the term it types. This is partly because we constructed it with the
help of a type inference algorithm [14] which strives to create a very precise (and
thus information-rich) type. It is possible to construct visually smaller but less precise
types that also prove well defined behaviour for the messenger example.

1.3 Other related work

Although not type-based, several papers have explored letting the analysis of an
ambient subprocess depend on its possible contexts — a task which requires an es-
timate of the possible shapes of the ambient tree structure. None of these handle
communication, however, so none can prove the safety of our example polymorphic
messenger. With shape grammars [17], a set of grammars is returned such that at any
step, the current process can be described by one of these grammars. The analysis is
very precise, but potentially also very expensive. In Kleene analysis [16], a 3-valued
logic is used to estimate the possible shapes. The framework allows for trade-offs
w.r.t. precision versus costs. The abstract interpretation system of [11] keeps track of
the context “one level up”. This is sufficient to achieve a quite precise analysis, yet is
“only” polynomial (n).

Polymorphic type systems already exist for the ®-calculus [20, 18], but do not gen-
eralise easily to the spatial nature of our messenger example.

14 Summary of contributions (conclusion)

®  We present PolyA, the first type system for the ambient calculus that is flexible
enough to type generic mobile agents.

®  We explain how PolyA types can be used not just to check basic type safety
but also to give precise answers to various questions about process behaviour of
interest for other reasons, e.g., security.
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s We prove subject reduction (Thm. 16) and the decidability of type checking
(Prop. 6) for PolyA.

w  We prove principal typings (Thm. 23) for a useful restriction of PolyA.

m  We illustrate how to extend PolyA to support the cross-ambient communica-
tion of Boxed Ambients [4], the co-capabilities of Safe Ambients [12], and the
process (not ambient) mobility capability of M3 [10].

The proofs of most propositions and theorems have been omitted here for space rea-
sons. They can be found in an extended online version of this paper [3].

In other work [14] we have developed a type inference algorithm for a useful re-
striction of PolyA. Space limitations prevent including a further description here.

Acknowledgements The design of PolyA benefited from helpful discussions with
Mario Coppo, Mariangiola Dezani, and Elio Giovannetti.

2 The ambient calculus

For space reasons, we present the system for a calculus without name restriction. In
[3] we present a straightforward way to handle name restriction. In later work it may
be possible to combine PolyA with more advanced treatments of name restriction, such
as the “abstract names” of Lhoussaine and Sassone [13].

Fig. 1 defines the syntax and semantics of our base calculus. Whenever it has been
defined that some (meta)variable letter, say “x”, ranges over a given set of objects, the
notation [x]shall mean that set of objects.

The syntactic category of prefixes is not in traditional ambient calculus formula-
tions. Our calculus treats ambient boundaries as capabilities; “amb a” is the capability
that creates an ambient named a when executed. In our formulation, an ambient with
contents P is written “amb a.P”. The traditional notation “a[P]” is syntactic sugar
for amb a.P; we use this whenever convenient. The capability amb a can in principle
be passed in a message. We allow this more because it is syntactically convenient than
because we expect processes to actually do it. Our main results do not fully support
programs that use this possibility.

The special capability *“e” is not supposed to be found in the initial term. It signi-
fies a substitution result that would otherwise be syntactically invalid. For example,
the term (in c) | (b).in a.open b.0 reduces to in a.e.0 instead of the (hypothetical)
“in a.open (in ¢).0”. Traditional ambient calculus accounts usually leave such a com-
munication result undefined, implicitly understanding that the system would crash
either at the communication time or when the ill-formed capability executes after the
in a capability has fired.

The symbol e does not have any reduction rules associated with it. As far as
our theory is concerned it just sits there. Likewise, there are no reduction rules for
placeholder capabilities of the form “a”. A PolyA type conservatively approximates
whether and where one of these capabilities may occur, but the type system user must
decide whether or not to consider it an error if this happens.

CONVENTION 1 A term P is well formed iff its free names are distinct from the names
bound by any “(@)” within the term and it does not contain any nested bindings of the
same name. We consider only well formed terms.
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Syntax:
Names: a,b :==a|b|c| -
Opcodes: O := in|out|open|amb
Capabilities: C = a|Oale
Messages: M,N := C|M.N|se

Prefixes: p = M| (M) (@)
Processes: P,Q,R ::= p.P|'P|(P1Q)]|0O
See main text for further syntactic restrictions (scoping).

Process equivalence:

PIQ=QIP PI(QIR=(PIQ)IR O[P=P P=P|!IP

10=0 (M.N).P=M.(N.P) eP=P P=P

P=Q P=Q P=Q Q=P P=0Q Q=R
pP=p.Q PIR=QIR IP=1Q P=Q P=R
Substitution:

A term substitution § is a (total) function from names to messages such that
S(a) # a for only finitely many a’s. We often notate it S = [a; — M),...,a; —
M;], understanding implicitly that S(a) = a when a is not one of the a;’s. Shorter
notations are [a; — M;]1<i<k or [a — My]sea.

For messages: S(M.N)=(SM).(SN) Se=¢
Sa= 5(0) Se=0e
_ JOS(a) ifS(a)isaname
$(0a) = {- otherwise

For other prefixes: S (My,...,My) = (SMy,...,SMy)
_ [(a1,...,a) ifS(a;)=a;foralli
S(ar,...a) { . otherwise
For terms: S(p-P)=(Sp).(SP) S(1P)=1(SP)
S(P1Q)=(SP)1(5Q) S0=0
Reduction rules:;

alinb.P| Q) | 6IR]) — blalP| Q] | R]

blalout bP 1 0] | R] < alP1 Q] 1 5(R] alFl Topena 0= P10
(My,...,My).P| (ai,...,a,).Q = P| [a; — Mj|1<i<nQ

P—Q P—Q P=P P—Q Q=0
alP] —alQ] PIR— QIR P—Q

Figure 1. Syntax and semantics of the ambient calculus
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Conv. 1 does not limit expressiveness. Any program (term) in a more conventional
ambient calculus formulation that allows o-conversion has a well formed o-variant
which can be used in our type system.

The convention ensures that our reduction rules will never perform a substitution
where there is a risk of name capture by (@) bindings. Reductions preserve well-
formedness, because it is syntactically impossible for a substitution to inject a (&)
within the body of another (&). (This is in contrast to the A-calculus, where substi-
tutions routinely insert A-abstractions into other abstractions). Because of this, we
do not need to recognise oi-equivalence for (@).P. This is a significant technical sim-
plification, because for many purposes we can treat (@) as any other action, without
needing special machinery for o-equivalence of the bound names.

Fig. 1 contains no provisions for avoiding name capture in § (@) — this is handled
by Convention 1. The @ possibility for . (@) is never supposed to be used; substitutions
leading to it will not arise by our rules.

3 Shape predicates

The following pseudo-grammar defines the (abstract) syntax of our type system:

Message types:  u = {C1,Cy,---,Ce}* (C's all different,k > 1)
| <Ci1.Ca.:--.Cp> (Cy's all different, k > 0)
| {a}

Prefix types: nu=C (@ @

Shape predicates: ¢ = (®;.0( |- | m.0f) k=1
| o

DEFINITION 2 (MATCHING OF SHAPE PREDICATES) These rules define the rela-
tionstM:u, Fp:m, and P o:

Mg@ MO=C....C0 {C],...C.}C{C...Ck}

P (G i KleeneStar
ue E;I- M f:::) EC&,(, 2o Sequenced Ry Name.
reT Cap W Recv }—:'I(IM:‘,I . ,M;l).i (w1 ,}_A{:lk;‘ *Send
k:.?:::’(t--- i ::I:-(T-) Phx %%{2—235"“ }-'—el.:;co Nop
FP:,PlQl:—ch:c,Pi" Foro :,1;;;(:, Bang

The side conditions M ¢ [@] and M.0 = C;.:--.C;.0 on rules KleeneStar and Se-
quenced amount to specifying that these two forms of message types are matched
modulo associativity of “.” and neutrality of “€” — with the exception that messages

that are raw names (i.e., “a” as opposed to “a.€” or “in @”) are handled specially. They
are matched only by the message type {a}.
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THEOREM 3 IfP=Q thent-P:6 - Q: cfor all .

DEFINITION 4 The meaning of a shape predicate (message type, prefix type) is the
set of terms (messages, prefixes) that match it:

l={M|-M:p} []={plFp:n} [o]={P|FP:c}
DEFINITION 5 Define the following containment relations:
usp = [WclK] n<n <= [jcr] o< < [o]C[o]

Each of the three containment relations is apreorder (transitive and reflexive). Con-
tainment of shape predicates is not antisymmetric, however. For example, the shape
predicatesamb a.amb b. 0 andamb a.amb b. 0 |amb a. 0 have the same meaning, but it
would be technically inconvenient (and not give any real benefit) to insist on equating
shape predicates with equal meanings.

3.1 Recursive shape predicates

Our strategy in analysing a term is to look for a shape predicate describing all of its
possible computational futures. Because many terms can create arbitrarily deep nest-
ings of ambients (e.g., a[!in a.0]), the finite trees we have used for shape predicates
so far are not up to the task'. We need infinite shape predicates. We should, however,
restrict ourselves to infinite shape predicates with finite representations — in other
words, regular trees.

There are several regular tree representations that we could have used. We believe
itis technically most convenient (and intuitive) to view regular trees as graphs. There-
fore, we retroactively replace the abstract syntax for shape predicates with:

Node identifiers: X,Y,Z 1= X1 X2 X3
Edges: e n=X54Y
Shape graphs: G € (e
Shape predicates: c = (X|G)

A shape predicate is now a shape graph together with a pointer to a distinguished root
node. The version of the Pfx rule that works with this notation is
Fp:n X&BYeG FP:(Y|G)

Fp.P.(X|G) Pix

Thm. 3 is still true with this formulation, because it was proven by induction on term
equivalence rather than shape-predicate structure.

This graph-based formulation is the basis for our formal development. However,
even though graphs are an intuitive way ofthinking about regularly infinite shape pred-
icates, they are less convenient for writing down shape predicates. Figure 2 defines a
more tree-like textual notation for shape graphs for use in examples.

'This happens even for terminating terms such as b[in a.0] |alopenb. 0], which shape predicates cannot
distinguish from !b[!ina.0] | tafopenb. 0] . Thus, nearly every nontrivial use of open will need recursive
©’s. As already observed by [5], open often complicates analysis significantly.
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This is the syntax of shape expressions:

Shape expressions: ¥ ::= X | U | letrec X; = Uy;...; X = Uy in X;
Shape summands: U == 0| (U IU)|n| (m]-- IJt,,).V| (X)

As additional syntactic sugar, letrec --- in U stands for letrec ---; X =U in X
where X is fresh. n.V stands for ()., and a [V'] stands for (amb a).V.

To convert a shape expression to a graph-shaped shape predicate, first replace
each U of the form (X) with the right-hand side of the innermost in-scope letrec
binding for X. It is an error if no such binding exist, of if the unfolding does
not terminate. (Vs of the form X are not touched at this stage). Then o-rename
the entire shape expression such that no X is bound by two different letrec’s, and
apply the function (-)* defined by:

a) V* is a shape predicate:

X*=(X|@) U* = (X |Uy) where X is fresh
(letrec X; = Uy;...; X = Uy in Xp)* = (/Y;|U1}I U---UUn,)
b) Uy is a shape graph:
0y =2 (U1 1 )y = (U1} U (U2)x
Ty ={X5 X} (1 1m) M)y ={X X' |1<i<n}UG
where (X'|G) =V
Note that the parentheses in U ::= (X)) are important; they distinguish between “r.X™, which stands

for an edge going to node X itself, and “m.(X)", which stands for an edge to a fresh node that happens
to behave like X. This can influence whether the shape graph is “modest” (or “discrete™); see Sect. 4.3.

Figure 2. Shape expressions: a tree-like notation for recursive shape predicates

In general, defining some property for shape graphs implicitly defines it for shape
predicates: The shape predicate {X'| G) has the property iff G has.

PROPOSITION 6 The relations of Defn. 2 are effectively (and efficiently) decidable
when shape predicates are given as graphs.

DEFINITION 7 Two shape graphs Gy and Gz are equivalent, written G\ = Ga, iff
[X1G)] = [(X|G2)] for all X.

3.2 Effective characterisation of containment

DEFINITION 8 Let R be a relation between shape predzcates R is a shape s1mulatlon
iff (X |G) R{X'|C") and X B Y € G imply that there is® 2 & and Y’ such that X' E»
Y €Gand (Y|G)R(Y'|G").

THEOREM 9 Shape containment < is the largest shape simulation; it is the union of
all shape simulations.

Thus, to prove that & € @' it is sufficient to find a shape simulation R such that 6 R ¢'.
This strategy leads directly to:
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PROPOSITION 10 The relation {(X|G) < (X'|G’) can be decided effectively (actu-
ally, inpolynomial time).

It is worth noticing that shape simulations treat (@) just like any other prefix type. Thus
< treats the “result” type covariantly (like [22]), whereas the input position in PolyA
is a list of names and thus essentially invariant.

3.3 Type substitutions

DEFINITION 11 A type substitution T is afunction from names to message types
such that T (a) # {a} for only finitely many a’s. Like term substitutions, type substi-
tutions may be written as @y v« gy, ... ,ag v i) or [@ v pglaes.

A type substitution can be applied to capabilities, message types, shape graphs, and
shape predicates as follows:

Type substitution for capabilities: 7TC is a message type, not a capability.

Ta=T(a) ‘T(Oa)={<0b> ifT(@) =10} g <e>
<o> otherwise

Substitution for message types: Tu is a message type given by:

Tocompute 7 {Cy,...,Ce}*, let gy = TC;for 1 <i <k Ify; = <> forall i, then the
result is also <>. Otherwise, the result is {C},...,Cp}*, where the C}s are all
capabilities that occur in any of the g;’s, with duplicates removed (and in some
canonical order).

To compute T <Cy.++-.Ce>, let gy = TC; for 1 <i< k. If any g; has the form { -},
or ifany C appears in more than one g, then the result is the same as the result
of T{Cy,...,C¢}*. Otherwise, each g; has the form< --- >. Concatenate all of
the capability lists (in the order of the i’s) and return <the concatenated list>.

Finally, T {a} is simply T (a).

Substitution for shape graphs: 7 G is a shape graph. To construct T G, first construct
an intermediate graph Ge which can contain special null edges written X £ Y. G
contains contributions from each edge ¥; & ¥» € G:

1 When ® = a and T{(a) = {C),...,Ci}*, choose a fresh node Z, and add to G
the edges: nsvz9%z% .. % zyy,

2 When & = a and T '(a) = <Cy.---.Cy>, choose fresh nodes Zg through Z;, and
add to Gg the edges Y1 £ Zp G, YA Q, B Y,

3 When 7t = a and T(a) = {b}, add to G the edge ¥; & 5.
When = Oa, T(0a) will always have the form <C'>. Add to Gg the edge
h <, hh.

4 When ® = (ay,...,ax), check that Ta; = {a;} for all i, and then add the edge
Y1 & 13 to Ge. Otherwise, add Y] & V5.

5 When 1t = {u1,...,u), add to Ge the edge ¥ Ty Th), Ys.

Nowset TG={Xi B Y |(XGB X1 B - B X DB Y)e Gk 20}
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Substitution for shape predicates: 76 is a shape predicate given by:
T{X|G)=(X|TG)
THEOREM 12 Assume that b P: 6 and - $(a) : T(a) for all a. Then - SP : T 6.

4 Shape predicates as types

4.1 Closed shape predicates

DEFINITION 13 The shape predicate o is semantically closed iff its meaning is closed
under reduction, i.e., if WP :6 and P— Q imply+Q: G.

This definition is intuitively appealing, but it is not immediately clear how to decide
it. However, we have local rules that imply semantic closure:

DEFINITION 14 The shape graph G is locally closed at Xy iff
1 {(Xo 2228, ), (x oy y), (X, 2mb4, 2)} € G
= Ax':Zama, x' e G A (X|G) < (X'|G) A (Y|G) < (X'|G),
2 {(Xo 2mba, x), (X ambb, y), (v 224, 2)} C G
= 37X ambb, Y e G A (Y|G) < (Y'|G) A (Z|G) < (Y'|G),
3 {(Xo 228, X), (Xo 2824 ¥)} C G
= (X|G) < (X%|G) A (Y|G) < (%|G), and
4 {(xg L=l y), (xp ), 7)) € G
= (Y]G) £ (%|G) A @i uili<i<k(Z| G) < (Xo|G).

DEFINITION 15 Let 6 = (X|G) be a shape predicate. The active nodes in @, written
active(0), is the least set of node names such that

active(0) = {X}U{Z| 3Y € active(c) : Ja: ¥ 2mb4, 7 ¢ G}.
The predicate @ is syntactically closed iff G is locally closed at every X € active(®).

THEOREM 16 Every syntactically closed shape predicate is also semantically closed.

4.2 Types

DEFINITION 17 A type % is a syntactically closed shape predicate. Given a type 7,
the term P has type T iff P : 1.

This notion of types has the basic properties expected of any type system: It enjoys
subject reduction (Thm. 16), it can be effectively decided whether a given term has a
given type (Prop. 6), and types can be distinguished from non-types (using Prop. 10).
Given an algorithm to compute precise types, (such as the one we present in [14]),
one can approximate various properties of a term’s computational behaviour:
8 [fP has the type 6 = {X|G) and G contains no edge ¥ =+ Z with Y € active(c),
then P will never execute the result ofa bad substitution such as {@++ M.N](in a).
® IfP has the type (X|G) and G contains no edge ¥ * Z, then executing P will
never create such a malformed substitution result.
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= Any security policy can be checked if it can be stated as a condition on config-
urations that must not arise. For example, the policy “no ambient a must ever
directly contain an ambient named 1’ is satisfied by P if it has a type {(X|G)
such that G does not contain a sequence X ambs, y, ambb, y,
PROPOSITION 18 Every term P has a type (although the type may contain e and thus
not prove that the term “cannot go wrong”).

Our notion of types is very expressive — it allows a very fine-grained approxima-
tion to important questions. However, it is not known whether principal types always
exist; we have neither proved nor disproved this. Thus, we now define a syntactically
restricted type system for which we do prove that principal types exist.

4.3 Modest and discrete types; existence of principal types

DEFINITION 19 Define the relation =<y on prefix types as the least equivalence
relation that contains <.

DEFINITION 20 Define the stratification function S by
S((@)=8(m)=3 S(amba)=2  S(C)=1whenC+#amba

DEFINITION 21 The shape graph G is modest iff for each ®, one of the following
conditions hold:
I Finite depth. There is a number ng such that whenever G contains a chain
Xo B Xy By oo I X5 with every S(my) < S(R), there are at most ng different
i’s such that m =(<) ™.

2 Monomorphic recursion. Whenever G contains a chainXo = X; % ... I Xy
with every 8(m;) < 8() and m) =(<) & =(<) Ty, then X; = X.

DEFINITION 22 The shape graph G is discrete iff both of these hold:

1 For each capability C that is not amb a for some a, whenever G contains a chain
NoExs.. .Sy of edges all decorated with C and any two of the X;'s are
identical, then Xo =X} = -+ = X;.

2 G does not contain any message type of the shape {Cy,...,Cy}* such that one
of the Cy’s is amb a.

Allowing only modest and discrete types yields principal typings (defined in [21]):

THEOREM 23 For every term P which has at least one modest discrete type, there is
a modest discrete type % that is minimal among P’s modest discrete types.

The restriction to modest discrete type may feel somewhat artificial; indeed these
properties have been designed specifically to allow the theorem to hold. While it is
easy to construct terms where non-modest types allow a more precise analysis, they
do not seem to correspond to natural programming styles. We conjecture that the
restriction of expressive power entailed by requiring modesty and discreteness does
not seriously impede PolyA’s ability to analyse real-world software designs.



603

The proof of Theorem 23 is non-constructive and does not point to an effective
procedure for finding a principal type. In [14] we have defined (and implemented) a
practical type inference algorithm for a yet more restricted version of PolyA, but its
principality properties are not yet well understood.

Requiring discreteness of types loses Prop. 18: There exist terms having no discrete
type. However, all (v-free) terms of the original ambient calculus have types:

PROPOSITION 24 Any term P that does not contain amb a inside (M) has a modest
discrete type, and so also a principal such.

5 Extended and modified ambient calculi

Our framework is strong enough to handle many ambient calculus variants with
different reduction rules. In most cases, POlyA can be extended to deal with such
variation simply by adjusting Defn. 14 with conditions systematically derived from the
changed or new reduction rules. Ifthis is done correctly and the new or changed rules
are straightforward rewriting steps, then it is simple to extend the proof of Thm. 16.
The rest of our theory will then carry through unchanged, including the existence of
principal types. We illustrate this principle with examples of such extensions.

Boxed Ambients [4] removes the open capability; instead processes can communicate
across ambient boundaries with directional communication actions:

— -~

Prefixes: p == M (M)! (M)* (M) (@) (@)* @Y
There are corresponding reduction rules such as:
(M)e.P|bLQ | (@)*.R) — PIbLQ | [a;— M|;R]

Our prefix type syntax is easily extended to include the new actions. The new reduc-
tion rules can be used to derive local closure conditions such as:

(X 12007, ), (x, 2mb2, y), (v L8], 7)) € G
= (X|G) £ (X|G) A lai - uh<i<k(Z|G) <(Y|G)
Safe Ambients [12] introduces co-capabilities where both interaction parties must
present a capability. The reduction rules are amended to require this, e.g.:
alopena.P1Q) lopena.R—PIQIR
It is straightforward to extend POIyA to systems with co-capabilities. For example,
condition 3 of Defn. 14 would be replaced by:
{(X 2mb, ), (X 22214, ¥), (X 2% Z)} C G
= (X|G) < (Xo|G) A (Y|G) < (Xa| G) A (Z|G) < (X|G).
The M? calculus [10] introduces a new method of inter-ambient communication; a
new capability to can move a process into a neighbour ambient:
alPltob.Q) | b[R]1 — alP) 1 b{Q|R]

This, too, is easily expressed as a closure condition:

{(Xo 2mb, x), (Xp 2mba, vy, (¥ %8, 2)} C G
= (Z|G) < (X|G)
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