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1 Introduction

Process calculi are used to model concurrent systems, i.e., systems where several
interacting units called processes engage in activity at the same time. The main
stress is laid on inter process communication and synchronization. Usage of
process calculi is wide spread because their intention is very general. Nowadays
they cover various applications in computer science, but the same ideas are also
used for modeling of molecular and biological systems or modeling of work flow
in business management. The current state of art can suggest to us that more
applications outside the computer science can be expected as well for the future
importance of the area.

1.1 Report structure overview

The rest of this section provides a brief history overview of formal descriptions
of concurrent systems in Section 1.2, and notations and preliminaries used in
the rest of the report in Section 1.3. Section 2 provides brief descriptions of
the most widespread modern process calculi. It includes the m-calculus, Mobile
Ambients, and some of their variants and combinations. Section 3 provides
a general introduction to type systems for process calculi, describes one type
system for Mobile Ambients in more details, and also presents a description of
one related approach. Section 4 provides brief overview of the current state of
art of the Poly[] system. This section also contains some new contributions.
The new contributions are distinguished from previous results of other authors
in Section 5.1. Section 5 describes the work of the author of this report done
during the first year of his PhD study at Heriot-Watt University. Conclusions
and a future work discussion in Section 6 close the report.

1.2 Brief history overview

The history of formal descriptions of concurrent systems can be traced back
to the seventies of the 20th century. Several formalisms intended to capture
the concept of a computable function, like Turing Machines and the lambda
calculus, were already proposed in the first half of the 20th century. A need for
more subtle definition of computation arises with the expansion of Computer
Science. A missing aspect here was the notion of interaction especially needed in
the situation when the described system can interact with other systems during
the computation.

As the first work that mentions concurrency we can point out Petri nets, for
the first time published in the PhD thesis [Pet62] of C. A. Petri in 1962. Petri
nets are also used nowadays but they use a different approach to concurrency
than the one used in process calculi. As an another important researcher study-
ing the semantics of parallel systems we can mention H. Beki¢. Beki¢ worked for
IBM and was well-known for his work on semantics of programming languages
in the sixties and seventies. In his paper [Bek84] from 1971 he addresses a paral-
lel execution of processes. He was the first one who used an operator to denote



a parallel composition of processes, in particular to denote what he called a
quasi-parallel execution of processes. This parallel composition operator plays
a central role in every modern process calculus.

The first process calculi are due to the work of R. Milner and C. A. R. Hoare.
The work of Milner between the year 1973 and 1980 culminated in the Calcu-
lus of Communicating Systems (CCS) described in his book published in 1980
[Mil80]. CCS already defines operators for sequential, parallel and alternative
composition which are milestones of process calculi. In 1978 Hoare published the
paper that describes the language Communicating Sequential Processes (CSP)
[Hoa78]. CSP provides a way to describe synchronous communication and also
has been practically applied in industry to formal verification of the concurrent
aspect of several systems. The subsequent development of CSP was influenced
by the development of CCS and vice versa. Both the theory of CCS and CSP
are still the subject of active research. While process calculi like CCS and CSP
usually use transition systems to give a semantics to programs, there is also a
different approach that uses algebraic equations to describe the behavior of the
calculus. These approaches are usually called process algebras. Among them
we can mention probably the first one: Algebra of Communicating Processes
(ACP) [BK84] of J. Bergstra and J. W. Klop. Furthermore, there exist also
algebraic approaches to CCS and CSP. These approaches are used to prove var-
ious properties of CCS and CSP and they are elaborated in details. This is one
of reasons while CCS and CSP are still used, even if lot of their successors were
introduced, which are in some sense either more expressive, simpler or more
suitable for different purposes.

From the seventies of the 20th century up to now a large variety of pro-
cess calculi has been developed. There are several different aspects that they
are trying to address. Between these aspects we can mention data treatment,
time treatment, probability (a stochastic information treatment), and mobility.
Among calculi concerning mobility we can mention probably the most popular
modern process calculi: the m-calculus [MPW92, Mil99] of R. Milner, J. Parrow
and D. Walker which is the successor of CCS, and Mobile Ambients [CG98] of
L. Cardelli and A. D. Gordon. Introduction of the 7-calculus and Mobile Ambi-
ents has attracted lot of researchers and it has started spreading of the process
calculi approach and its applications. Now, for both of them many extensions,
variations, and combinations exist. Some of them will be described in Section
2.3. A more detailed history overview can be found in a paper of J. C. M.
Baeten [Bae05].

1.3 Notations and preliminaries

All indexes, like 1,k,l, are supposed to range over all natural number, i.e., ¢ > 0.
When Sy and S; are sequences then Sy & S denotes their concatenation. P, (X)
is the set of all finite subsets of the set X.

A function f is a set of pairs such that (a,b) € f and (a,c) € f implies b = c.
Let a — b be an alternate notation for pairs used for pairs in functions. Given



the functions f and g and the sets Y and Z we suppose the following definitions:

Dom f = {z | (z + y) € f} function domain

y i, 7 — (fe (Y x Z) | f is finite & function} set of finite functions
Saf={z—y|(z—y)ef&zesS} domain restriction
flz — y] = (Dom f\{z}) < f) u{z — y} function extension

2 Process calculi and their usage

2.1 The w-calculus

In Section 1.2 we have already mentioned that the m-calculus addresses the
notion of mobility. In the m-calculus, mobility is abstracted as a change of
communication links which connect processes. Abstractions of communication
links are called channels. Processes in the m-calculus contain names. These
names are used to denote channel names on which communication takes place
and also to represent objects of communication themselves. It means that a
channel name can be sent by one process to another one that can use this
channel name for subsequent communication. This is called link passing and
it is probably the most important distinction between the m-calculus and its
predecessor CCS.

In the classical m-calculus papers [MPW92, Mil99], the semantics of the
language of process terms is given by a labeled transition system. The labeled
transition system consists of a set of process terms (sometimes called just states
in general), a set of labels, and a ternary relation that assigns to every state and
label a possible next state. We will not present the semantics of the m-calculus
in this style but we will follow the reduction system style. This approach can be
also found in the literature (e.g. [San93, PT97]). Reduction systems (or rewrite
systems) can be seen as an unlabeled transition system. Reduction systems
define a binary reduction relation on terms.

The syntax and semantics of the m-calculus is given in Figure 1. Now we
describe the syntax. As already mentioned above, names serve as abstractions of
communicated values as well as identifiers of channels on which communication
takes place. Prefixes, denoted «, describe communication actions and are used
to prefix processes in order to express a sequential composition, written as ‘«. P’.
An input prefix ‘x(y1,...,yr) expresses an input communication action, i.e.,
waiting for values for yi,...,yr on the channel x. Similarly, an output prefix
‘x<y1, . .., yr> expresses sending of names y1, .. ., yx on the channel . A process
‘a.P’, where « is an input communication prefix ‘x(yi,...,yx)’, waits on the
channel x for k-tuple of names and after it receives them, it substitutes received
names for names y1, ..., Yy, in P and continues as this new P. A process ‘a.Q)’,
where « is an output prefix, just sends names on specified channel and continues
as Q. A process ‘(P |Q)’ is a process that executes processes P and Q in parallel.
The name restriction operator v restricts the scope of x in ‘(vx) P’ to P, which
means that it makes it different from any other name outside P, even one also
called z. A conditioned process ‘[x=y]P’ behaves like P if names x and y are



x,y,z € Name
«a € Prefix
P,Q,R € Process ::

albl...]z]...
(Y1, ...

JUR) | <yn, .. ye>
(wa)P|0|(P1Q)|'P|a.P| [z=ylP

Structural equivalence:

P~,Q P=qQ P=Q Q=R P=qQ
P=qQ Q=P P=R (wx)P = (vr)Q
P=qQ P=qQ P=qQ P=qQ
PIR=QI|R '\P=1Q a.P =a.QQ [z=y]P = [z=y]P
PlQ=QIP PI(QIR)=(PIQ)IR (vz)0=0

x ¢ (P)

(vx) (vy) P = (vy) (wvx) P

Pl (wn)Q=wx)(PI|Q)

[x=x]P = P Plo=P '\P=P|IP
Reduction relation:
1, yk) Pl o<z, .o, 25>.Q > P{yr — 21, ...,y — 2k} | Q
P—qQ P—-qQ R=P P->Q Q=R
(wx)P —» (vx)Q PIR->QIR R—-> R

Figure 1: Syntax and semantics of the m-calculus

equal, otherwise does nothing. The null process ‘0’ does nothing. A replicated
process ‘! P’ behaves like an arbitrary number of P’s in parallel, that is like
‘P | P|---’. The intention of the replication operator is to express a repetitive
behavior and can be used to encode a recursive behavior.

The operator ‘(vx) P’ binds the name x in P. The prefix ‘z(y1,...,yx).P’
binds names y1,...,yr in P. With respect to these two kind of binders the
definition of free names of a term, written as fn(P), is given in the standard way.
This definition gives rise in standard way to the definition of the a-equivalence
relation on terms that we denote like ‘P ~, @’. A substitution in the m-calculus
is a finite mapping from names to names. Based on these, the application
of a substitution to a term is defined as usual, renaming names according to
the substitution and providing a-renaming of bound names when necessary to
avoid a wrong name capture. In order to be able to use the application of a
substitution as a function, the a-renaming of bound variables has to be done in
a consistent way. It means that, the application has to return the syntactically
same result whenever a substitution is applied to the syntactically same term.
This can be achieved, for example, by a choice function that consistently picks
a new name for a bound name in a particular context (i.e., a context given by
a term and by a substitution). The application of a substitution we write in




postfix, like P{x — y}, and we assume that the application binds more tightly
that other operators. For example, ‘P | Q{x — y}’ means ‘P | (Q{x — y})’.

In the middle of Figure 1 the binary relation = on processes is defined. Its
most important intention is to express that | should be handled as an associative
and commutative operator as O as its unit. This relation is an equivalence
relation and is often referred as the structural congruence relation. It handles
commutativity and associativity of parallel composition and determines that
the null process acts as a unit w.r.t. parallel composition. Other rules handle
behavior of the v operator and condition statements.

In the third part of Figure 1 the reduction relation is defined. The most
interesting is the first rule that handles communication. It says that communi-
cation takes place only when there are two processes running in parallel where
the first one is waiting on the channel x to receive a k-tuple of names and the
second one is sending a k-tuple on the same channel x.

There are many versions and variations of the m-calculus. The one that we
have presented here can be called choice-free polyadic synchronous m-calculus
with replication. Choice-free means that we did not present the alternative
choice operator that allows non-deterministic choice from one of two possibili-
ties. This will be discussed later. Polyadic means that it allows communication
on k-tuples for arbitrary k, in contrast to the monadic w-calculus where only a
single name can be sent. Synchronous means that an arbitrary continuation of
the output action is allowed, in contrast to the asynchronous w-calculus where
the output action can continue only as a null process, i.e., ‘z<y>.0’. And finally
‘with replication’ means that the replication operator is used to express repet-
itive behavior. Other alternatives to the replication operator will be discussed
later.

Example 2.1 Imagine that we want to model a system in which there is a
printer that can print documents, a server that provides access to the printer,
and a user that wants to print some document. The system without the user
is modeled by two processes running in parallel. The process P (printer) is a
replicated process and it is waiting for a document on a channel p (like printer
port). Because in the 7w-calculus only communication is to be modeled, then
the printing itself will be modeled by the null process. The server process S is
modeled by a replicated process that works as follows. It waits on a channel c
(like channel) for a pair of names that consists of an authorization key and a
channel name on which a response is to be send. After the authorization key
is verified (this action is again modeled by the null process), the server sends
the printer port name using the received channel. In order to disallow for an
unverified processes to communicate directly with the printer on the channel p,
we can restrict the scope of the name p only to processes P and S. Thus the
system without the user is modeled by a process (vp)(S | P) where definitions
for P and S are as follows:

P=1p(x).0
S = tc(u,v).v<p>.0



Now, the user process U is modeled by a process that sends the authorization
key and a channel name r (like the response channel) to the server, waits for
a printer port name, and after receiving it, sends a document (modeled by a
name d) to the printer using the received channel. That is:

U = c<a,r>.r(y).y<d>.0

Now we will describe behavior of this model briefly. At first, the user U enters
the scope of the name p and the server S replicates one copy of itself by the
structural congruence rules:

Ul (wp)(S | P) =
(wp) (U | 'e(u,v).v<p>.0 | P) =
wp) (U | cCu,v).v<p>.0 | 'c(u,v).v<p>.0 | P)

Now, the user sends the request to the server on the channel ¢ and the server
will respond on the channel r by sending the printer port to the user:

(vp) (c<a, r>.r(y).y<d>.0 | c(u,v) .v<p>.0 | S | P) —
(wp) (r(y) .y<d>.0 | r<p>.0 | S | P) -
(vp)(p<d>.010 S| P)

Now, the inactive reminder of server’s copy is removed by the structural con-
gruence and the user is now ready to send the document d on the channel p to
the printer.

(wp)(p<d>0 | S|px).01 P) —

(vp)(0 I S101|P)

(vp) (S | P)

Now the system continues from its initial state.

2.2 Mobile Ambients

In this section we will describe another influential process calculus, Mobile Am-
bients. Mobile Ambients [CG98] was presented by L. Cardelli and A. D. Gordon
in 1998. The main aim is again to capture the notion of mobility. In compari-
son with the m-calculus, Mobile Ambients add a hierarchy of locations in which
processes are placed. The most important notion here is the notion of an am-
bient. An ambient is a bounded place where other processes are running. An
ambient can also contain other ambients and thus create a hierarchy tree. In
addition to this, a process running inside an ambient can instruct the ambient
that surrounds it to move in the hierarchy or to dissolve a boundary of a nested
ambient. Thus the hierarchy tree can change dynamically. So, in comparison
with the 7-calculus, in Mobile Ambients whole processes can move. In addition
to the aspects above, processes are also allowed to perform communication in
the style of the m-calculus. There are two main differences. The first is that
channels do not have names (but many ambient variants allow channel names).
The second is that not only single names can be sent in communication but also



capabilities that allow the instructions for the change of the hierarchy tree to
be sent. Capabilities can also be composed to form a more complex capabilities
by putting two capabilities in sequence.

x,y € Name n=al|b]...]z]...
M € Capability ::= x| in M |out M |open M |e | M.M'
P,Q, R € Process (w)P|O|(PI1Q)|'P|M.P|MLP]| (x).P|<M>

Structural equivalence:

P~0Q P=qQ P=Q Q=R P=qQ
P=qQ Q=P P=R (vo) P = (wx)Q
r=q P=Q P=qQ P=qQ
PIR=QIR '\P=1Q M.P=M.Q MI[P] = M[Q]

_P=0 -
(2).P=().Q eP=P (M.M'").P = M.M'.P
P1Q=QIP PI(QIR=(PIQ)IR Plo=P
x ¢ (P)
(vz)0=0 (vz) (vy) P = (vy) (vz) P Pl (wx)Q= (wx)(P|Q)
T F#FY
(ve) (y[P]) = y[(va) P] IP=P|'P 10=0

Reduction relation:

zliny.P1 Q] | y[R]l - ylz[P | Q]| R]

ylzlout y.P 1 Q1 | Rl - x[P | Q] | ylR] open z.P | 2[Q] — P | Q

P—-Q
(x).P| <M>— P{z— M} (wx)P — (wvx)Q
P—-qQ P—-Q R=P P->Q Q=R
PIR-QIR z[P] — z[Q] R— R

Figure 2: Syntax and semantics of Mobile Ambients

The syntax of Mobile Ambients is presented in the top part of Figure 2.
Again, there are many variations of Mobile Ambients in the literature. In
the terminology of Section 2.1, the one presented here can be called choice-
free monadic asynchronous Mobile Ambients with replication. We will describe
the syntax concentrating on the changes between Mobile Ambients and the 7-
calculus. The set of names is the same. Capabilities can be seen as instructions
to change the hierarchy tree. Capabilities can be executed by processes. A



single name as a prefix can be viewed as a capability that is to be instantiated
by some non-single name capability during a computation by communication.
We say that two ambients are sibling, when they are contained as children in
the same ambient. The capability ‘in ¢’ instructs a surrounding ambient z (i.e.,
the ambient that contains the process that executes the capability) to move in-
side a sibling ambient named y. The capability ‘out y’ instructs a surrounding
ambient z that is contained inside an ambient y to move out of y and continue
as a sibling of y. The capability ‘open z’ instructs the surrounding ambient to
dissolve a boundary of its child ambient . The empty capability ¢ does nothing
and capabilities can be sequenced using a dot.

Now we will describe the syntax of processes. Name restriction, the null
process, parallel composition and replication share the same syntax as well as the
same meaning with the m-calculus. In addition, capabilities can prefix processes.
The syntax that expresses that a process P runs inside an ambient z is ‘x [P]’.
The syntax category ‘M [P]’, that also allows terms like ‘(in z)[P]’, is given
only to make the definition of a substitution application more uniform and
terms like ‘(in ) [P]’ do not have any meaning and are usually excluded by
type systems. The two remaining categories serve as communication primitives,
similarly to those prefixes in the m-calculus with differences mentioned above:
communication takes place only on an anonymous channel and the output is
synchronous, i.e., does not have any continuation.

Again, there are two kinds of binders: the restriction operator v and the in-
put communication prefix (x). These binders bind names like in the m-calculus.
This gives rise to the definition of free names of a term in the standard way.
A substitution in Mobile Ambients maps names to capabilities. An application
of a substitution to process terms is defined as expected, substituting capabili-
ties for variables and renaming bound names when necessary. The result of an
application of a substitution to a term is always syntacticly well-defined term.
However, in situations when substituting ‘in x’ for y in ‘y[0]’ or in ‘out y’, a
meaningless terms like in these cases ‘(in ) [0]’ or ‘out (in y)’ can be computed.
Such a meaningless result is syntacticly allowed to be formed in order to have
application of substitution to process terms always defined. Such anomalies can
be excluded by a type system. We will discuss type systems later.

In the original paper [CG98] the following approach is taken. There is stated
that processes are identified up to the renaming of bound names:

(vz) P = (vy) P{x — y} if y ¢ fn(P)
(2).P = (y).P{z — y} if y ¢ fn(P)

By this is meant that these processes are identical. Then, one can think about
processes like about classes of a-equivalence. Note that this is a different ap-
proach than the one applied in the m-calculus from the previous section, where
the a-equivalence relation is defined but a-equivalent processes are not sup-
posed to be identical. We won’t follow this approach because it causes prob-
lems when comparing the system with systems that does not identify terms up
to a-equivalence. Here, we present Mobile Ambients in the style of the previ-
ous section. Again, the a-equivalence relation is denoted ~,. We just mention



the approach from the original paper in order to show different techniques of
handling of a-conversion. These will be discussed later.

In the middle part of Figure 2 the structural congruence relation on processes
is defined. Concentrate on differences between the corresponding definition
from the m-calculus. In addition to those rules that traverse a term structure,
there are rules that handle the empty capability and decomposition of composed
capabilities. A new rule is also the one that allows the restriction operator to
skip an ambient boundary and the rules which make ‘0’ and ‘!0’ structurally
equivalent.

In the bottom part of Figure 2, the reduction relation on processes is de-
fined. The first three axioms handle in/out/open capabilities while the fourth
one handles communication. Of the other rules, there is only one that is not
contained in the 7-calculus, and this allows reduction to be performed inside an
ambient.

Example 2.2 Let us model the same system as in Example 2.1 now in terms
of Mobile Ambients. The printer is modeled by a process P running inside an
ambient p. The process P is ready to open an ambient named r (again like
response) a to read the document that is inside. The server is modeled by a
process S running inside an ambient s. The process S waits for an ambient
a (authorization ambient), opens it and then sends a sequence of capabilities
whose execution will move the surrounding ambient to the printer. The system
without the user is modeled by a process ‘(vp)(s[S] | p[P])’ where S and P

are as follows:
S = lopen a.<out s.in p>
P = topenr.(x).0

The user itself is modeled by an ambient a instructed to enter the server, obtain
capabilities guiding to the printer, execute them inside the response ambient r
and after entering the printer send the document modeled by the name d. That
is like follows:

U = alin s.(y).rly.<d>]]

Now, lets track reductions of the modeled system. At first, the user enters the
scope of p by structural congruent rule, server replicates its body S, and the
user ambient a enters the server:

Ul (wp)(sLS] | p[PI) =
(vp)(alin s.(y).rly.<d>1] | s[open a.<out s.in p> | S1 | p[P]) —
(vp) (slal(y).rly.<d>]] | open a.<out s.in p> | S1 | p[P])

Now, the server is ready to open the ambient a and to send the sequenced
capability. The remainder of user’s process is ready to receive it:

(vp) (sfal(y).rly.<d>]1] | open a.<out s.in p> | S1 | p[P]) —
(vp)(sL(y).rly.<d>] | <out s.in p> | ST | p[P]) —
(vp) (slrl(out s.in p).<d>] | ST | p[P])

10



Now, the sequenced capability is desequenced by the structural congruence in
order to allow other reductions to be applied. After that, the response ambient
r is instructed to leave the server and to enter the printer:

(vp) (slrlout s.in p.<d>] | S1 | p[P]) —
(wp) (rlin p.<d>] | s[S] | p[P]) —
(vp)(sLST | plri<d>]1 | PI)

Now, after the process in the printer is replicated, it’s ready to open the response
ambient which is then ready to send the document. The printer receives the
document and finishes.

(vp) (s[ST | plrl<d>] | openr.(x).0 | P])
(wp) (s[ST | pld> | (x).0 | P])
(vp)(sLS]1 I plo | P1)

—
—

Now, right after the structural congruence is used to removed the inactive pro-
cess, the system continues from its initial state:

(vp) (s[S] | pLPI)

2.3 Variants of the m-calculus and Mobile Ambients

There are many variants of both the m-calculus as well as of Mobile Ambients.
In this section we will discuss some of them.

One of the variants of the m-caluculus is Higher-Order m-calculus (HOm)
[San93, Par01]. In the m-calculus only single names play role of objects of
communication. The differences between the w-calculus and HOw is that HOx
allows also processes to be communicated. In addition to the syntax of the
m-calculus HOx adds a process variables (here denoted as X). Every process
variable is a process. Process variables can also be used to form an input
commutation prefix. So for example, for arbitrary HO7m processes P and @ the
following reduction is allowed:

a<P>QlaXD.X->QIP

A process that is to be send by commutation can also contains an input commu-
tation prefix. Let, for example, R = b(X).(X | X). Now the following reduction
can happen:

RIb<R>0—->RI|R

The expressiveness of HOr was studied by Sangiorgi [San93]. Sangiorgi
did show that the ability to send whole processes, surprisingly, does not add
expressiviness. HO7 can be simulated in the first order m-calculus using com-
munication.

A different attempt to add a hierarchy of locations into the m-calculus is the
Seal Calculus (SC) [VC99]. SC was firstly published by J. Vitek and G. Castagna
in 1999. Like in Mobile Ambients processes are placed inside boundaries, in

11



SC called seals. Communication is channel-based like in the w-calculus. First
difference between Mobile Ambients is that there is no way how to dissolve a
boundary of a seal. On the other hand there is a possibility to communicate
across a boundary. There are three directions of communication: local that
takes place inside one seal, child-to-parent or down in which a process in a seal
sends data to a process in a parent seal and parent-to-child or up in which data
are send in the opposite direction. In the last case the name of a child seal has to
be explicitly specified because one seal can have more then one child. Another
difference between Mobile Ambients is that movement in/out capabilities are
substituted by a special kind of communication. It works like follows. A name
of a seal is send from a process P to a process (). When the process () receives
the seal name, the seal itself disappear from the location of P and reappear at
the location of the process @. In addition, the process @ can give a new name
to the seal. The process Q has to be prepared to receive the seal name and thus
the movement can occur only when both participated parts agree.

The main stress in SC lays on security. This is the reason of missing open
capability because there is a point of view from which this capability is dan-
gerous. It also adds the confirmation of a movement by the second part and
the movement itself is invoked from a process that is in parallel with a seal, not
like in Mobile Ambients from a process inside the seal. SC can also serve as a
framework used to write secure network applications. Approaches based on SC
are already used to develop commercial distributed applications.

From variants of Mobile Ambients we will mention Mobile Safe Ambients
and Boxed Ambients. Mobile Safe Ambients (SA) [LS00] was published by F.
Levi and D. Sangiorgi in 2000. SA addresses the property like the confirmation
of a movement in SC. In addition to three Mobile Ambients in/out/open actions,
it adds three co-actions in/out/open. Whenever a process inside an ambient is
going to execute a move action, the second participated part has to be ready to
execute the corresponding co-action. For example, the out reduction rule in SA
looks like:

ylelout y.Pr | Pol lout y.Q1 | Q21 —» [P | P] | y[Q1 | Q2]

In the case of the out-rule is not clear which process exactly is the second
participated part. It can be the process that should allow the ambient y to be
expelled (like above) or it can be the process that should allow the ambient y
to enter new location, in the above rule some process running in the top-level
ambient. Thats why, for example in a paper of Margaria and Zacchi [MZ03] one
can find the following variant of the above rule:

ylelout y. P | P21 1 Q1 louty.R— x[P | 1 1 ylQ]1 | R

In cases of in/open actions there is no confusion in which location the second
participator resides.

Boxed Ambients (BA) [BCC01]. BA was published by M. Bugliesi, G.
Castagna and S. Crafa in 2001. It is a calculus that results from Mobile Am-
bients by dropping the open capability like in SC. Again, in order to allow
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communication new primitives which provide communication across an ambient
boundary are added. In BA input communication prefixes are written as (x)”
and <M>", where n can be one of 1, * or an arbitrary name. It has the follow-
ing meaning: T means that communicated value is to be send or read from the
parent ambient; single name & means that communicated value is to be send or
read from the child ambient z; and * means that communication is local to the
ambient of executing process. Consider the following example with three nested
ambients:
n[GAP.P | p[<M>*.01 (N*.Q | q[<N>T.011]

In this example the process ¢ (x)P. P’ wants to read a value from the child ambient
p- The process ‘(y)*.QQ” wants to read a local value. The process ‘<M>*.0’ is
sending the local value M. The process ‘<N>'.0” is sending the value N to its
parent. The semantics of BA allows the process ‘(y)*.Q’ to read both values N
and M, while *(x)P.P’ is allowed to read M only. Of course both processes can
not read the value M at one time, because there is only one sending process.
This is a difference between the Seal Calculus where semantics of SC allows
the process ‘(y)*.Q’ to read only the value M (if communication is done on
the same channel). In BA output values that are marked local (x) are allowed
to be read from all three directions, and local input can also read values from
child’s or parent’s ambient that are directed to an ambient in which the reader
resides. In contrast, in SC communication can only take place with matching
pairs of annotations. This is to point out that although SC and BA use the same
annotations (1, x,x) their semantics is different. This is reflected by number of
rules that are necessary to provide reduction semantics of these calculi. While
in BA 5 communication rules are needed in SC is communication described by
3 rules only. It can be seen that in BA the directed output to child or parent
captures the notion of write access to resource; on the other hand, directed
input from child or parent captures the notion of read access from resource.
At the end of this section we will mention two process calculi that are in-
tended to model complex biological systems. The fist one is the BioAmbients
Calculus [RPS*04]. It was published by A. Regev, E. M. Panina, W. Silverman,
L. Cardelli and E. Shapiro in 2004. This calculus is intended to model biologi-
cal compartments. Anonymous ambients are used to model compartments, and
communication and movement express their interactions. BioAmbients takes
cross-boundary communication from BA and coupled capabilities from SA. This
calculus will be described in more details in Section 2.4. The last variation of
Mobile Ambients that we will briefly discuss is the Brane Calculus [Car04] of L.
Cardelli published in 2004. It is a successor of BioAmbients and the main differ-
ence here is that in the Brane Calculus also membranes that surrounds biological
compartments are modeled by processes. While in BioAmbients membranes are
modeled by an ambient boundary and processes are used to describe the behav-
ior of the system surrounded by the membrane, in the Brane Calculus the main
computation happens on membranes. Finally just note that the Brane Calculus
is not restricted only to describe biological compartments but its scope is larger.
It can for example be used to model chemical reactions. Thats why ‘brane’ in
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the name can be seen as a generalized version of ‘membrane’.

2.4 BioAmbients

In this section we will describe the BioAmbients calculus in a more detailed
manner. Syntax of BioAmbients terms is presented at the top of Figure 3.
Directions express kinds of communication. There are four kinds of communi-
cation in BioAmbients (ranged over by $): local between processes in the same
ambient, sibling-to-sibling (s2s) between processes in sibling ambients, parent-
to-child (p2c) from process running within one ambient to a second process
running in a child ambient of the first one, and child-to-parent (c2p) that is
opposite to the previous one. In BioAmbients, only single names are objects of
communication. Communication is located on channels like in the m-calculus.
There are four different input prefixes for each communication kind $ as well as
four output prefixes. Output prefixes are written as ‘$x!{y}’ with the meaning
that the name y is send over the channel = to a process located accordingly to
$. Input prefixes ‘$ x7{y}’ are similar. There are three pairs of movement capa-
bilities: enter/accept, exit/expel, merge+/merge-. Ambients in BioAmbients are
anonymous in the sense that they don’t have any name. In Mobile Ambients
as well as in all of its variants presented above, names of ambients are parts
of capabilities which control movement. Another approach has to be taken in
BioAmbients in order to determine an ambient that is to be moved. In BioAm-
bients the ambient that executes the action ‘enter 2’ can enter any ambient that
is ready to execute the co-action ‘accept z’. Capabilities exit/expel play the role
of capabilities out/ out from SA. Execution of merge capabilities instructs two
sibling ambients to merge their content and continue as a single ambient. The
syntax of BioAmbients processes is similar to the syntax of Mobile Ambients.
Restriction, the null process, parallel composition and replication are exactly
the same. Anonymous ambient are written as ‘[P]’ and also prefixing of pro-
cesses with input/output actions («.P) and with capabilities (M.P) follows the
same style. Again we present a choice-free variant with replication, this time
with synchronous output. Another variants will be discussed later.

There are two kind of binders: restriction and the input communication
prefix. In the process ‘$ x7{y}.P’ all occurrences of the name y are bound.
This gives rise to the definition of free names of a term as expected. Then
the structural congruence relation is defined in the middle part of Figure 3.
There two notable differences between the corresponding definition from Mobile
Ambients. At first, it is yet another handling of a-conversion. In this version
of BioAmbients a-conversion is build in directly into the structural congruence
relation. The approach used in the definition of the w-calculus above is similar,
but in the case of the m-calculus a stand alone relation on terms is defined before
the structural congruence relation. We will discuss all these approaches later.
The second thing to note is the rule ‘[0] = 0’ that is not presented in Mobile
Ambients.

Reduction semantics is given in the bottom part of Figure 3. First three rules
which handle movement of ambients are described above. Four rules that handle
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x,y,z € Name n= alb|...]z|...
$ € Direction := local|s2s]|p2c|c2p
o € Action o= $ax7{y} | Sz {y}
M € Capability ::= enter z | exit z | merge+ x |
accept x | expel | merge- x
P,Q,R,S € Process == z)P|0|(P|Q)|!'P|[P]|MP]|o.P
Structural equivalence:
P=Q P=Q Q=R P=Q
P=P Q=P P=R (vz)P = (vx)Q
P=Q P=Q P=qQ P=qQ
PIR=QIR '\P=1Q [P] = [Q] M.P=MQ
P=Q
a.P=a.Q PIlQ=QIP PIQIR=(PIQ)IR PlOo=P

x ¢ (P)
(vx)0=0 (vx) (wvy) P = (vy) (wz) P Pl we)Q= wz)(P|Q)

(vz) [P] = [(vy) P] \P=P|'P 10=0 [0] =0
z ¢ n(P) z ¢ n(P)
$x7{y}.P =$27{2}.P{y — 2z} (wy) P = (wx) P{y — z}

Reduction relation:

[enter x.P | Q] | [accept z.R | S1 - [[PI Q] | R S]

[[exit z.P | Q] | expel z.R |1 S1 - [P | Q] | [R| S]

[merge+ 2.P | Q] | [merge- 2. R |1 S1 - [P Q| R|S]

local z7{y}.P | local2!'{2}.Q - P{y — z} | Q

p2cz?{y}.P | [Q | 2pz!{z}.R] - P{y — z} | [Q | R]

[Q | 2px?{y}.P] | p2z'{2}.R—> [Q | P{y —» 2}1 | R

[R|s2sz?{y}.P]1 | [S|s2s2!{2}.Q]1 —» [R| P{y— 2}1 | [S| R]

P—-qQ P—-qQ
(vz)P - (vz)Q PIR-QIR
P—-qQ R=P P->Q Q=R
[Pl - [Q] R— R

Figure 3: Syntax and semantics of BioAmbients
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communication follows. This approach of handling communication is the most
similar to that one taken in Seal Calculus. But this time because of absence
of ambient names, the parent-to-child and child-to-parent communication has
to be described by two different rules. The fourth communication rule handles
sibling-to-sibling communication. Rest of rules is similar to those in Mobile
Ambients.

Now we will present really simple example motivated by the original BioAm-
bients paper [RPS*04]. More complex example will be presented later. We will
model a system in which there is a virus V' and a cell C' and the virus is allowed
to enter the cell. Let the virus contain a molecule My, and let the cell contain a
molecule M. Here, we will model the molecules by some unspecified processes.
The abstracted (modeled) operation here is a membrane fusion. We will model
it by using merge capabilities. The system is modeled by the process ‘V | C”
where:

V = [merge- a.My] C = ['merge+ a.0 | Mc]

This simple system will evolve as follows:

VicC =
[merge- a.My] | [merge+ a.0 | 'merge+ a.0 | Mgl —
[My | "merge+ a.0 | M¢]

Now we can see that virus injected its molecule inside the cell and the molecules
can possibly interact. The original cell is again prepared to accept another
membrane fusion.

3 Type systems for process calculi and related
approaches

Type systems were introduced for the m-calculus [KPT96, IK01], Mobile Ambi-
ents [CG99, CGG99, CGGO0, LS00, AMWO04a], the Seal Calculus [CGNO01], Safe
Ambients [LS00, MZ03] as well as for Boxed Ambients [BCCO1]. In this section
we discuss properties of type systems for Mobile Ambients in general and then
we describe probably the first type system for Mobile Ambients [CG99] in more
details. At the end of this section we briefly describe an alternative approach
to static analysis of BioAmbients.

Type systems in process calculi are usually used to grant a certain property
of process terms. These properties might be of different kinds. For example, a
type system may grant that a process does not execute some kind of potentially
dangerous action or that a process is not in a particular state. A desired property
here is a subject reduction which says that once a type system grants a property
for one process term then the same property holds for all processes to which
can the original process evolve.

Type systems in general provide a class of types and a type judgment relation
between processes and types. The type judgment relation for a process P and
a type T is usually written as - P : T and is read like ‘the process P has the
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type T. Each type T somehow encapsulates a desired property which is a type
system designed to grant. It is usual to see a type T as a class of processes that
have the type T. Type systems for process calculi are useful in situations where
some kind of over approximation is admissible. For example, when a type T
grants a property that a process P does not execute a dangerous action we can
be sure that P will not do so whenever — P : T holds. On the other hand,
t£ P : T usually does not necessarily mean that P shall execute the dangerous
action.

Type systems for Mobile Ambients and its variants usually introduce two
kind of types. Message types for names and capabilities and process types for
processes. They usually follow the same idea that they assign a message type
to every ambient name that occurs in a process. Such an assignment is called
an environment, denoted E. Types for names that are bound in a process are
added to the term itself. Type systems that allow types to be part of process
terms are called type systems d la Church in the opposite to type systems a la
Curry that does not contain types inside terms.

3.1 Types for Mobile Ambients (TMA)

In this section we will describe the type system of L. Cardelli and A. D. Gordon
[CG99]. There are two type systems presented in this paper. We will describe
the first one from Section 3 of the paper [CG99], to which we will refer as TMA.
Lot of type systems for Mobile Ambients and its variants are inspired by TMA.
TMA is a type system for (choice-free) polyadic synchronous Mobile Ambients
with replication. TMA is designed to grant a property that an exchange of values
of wrong kind can not occur anywhere in a typable process. The exchange of
values of wrong kind can occur in two situations. At first, because of polyadic
communication, a sending process can send a value of a different arity than a
receiving process expects. Secondly, a sending process can send a capability
while a receiving process expects a single name and vice versa. The latter can
give rise to meaning less terms like in the following situation:

(x).open x.0 | <out a> — open (out a).0

Syntax of TMA types and process terms is given in the top part of Figure 4.
Message types W are types of capabilities including names. Exchange types T
are types of processes. Exchange types describe communication that is a process
allowed to execute. Allowed communication is described by types of values that
are allowed to be exchanged. A message type ‘Amb[T]’ is the type of a name
of an ambient that allows exchanges of type 7. A message type ‘Cap[T]’ is
the type of capabilities whose executing can lead to exchanges of type T' (by
opening an ambient that exchanges T'). The exchange type ‘Shh’ is the type of
processes that does not execute any communication at all. An exchange type
‘Wi x - - - x Wy’ describes processes that exchange k-tuple of values, each value of
the appropriate message type. For the case of kK = 0 we write ‘1’. The type ‘1’
describes processes that execute communication on empty tuples that is useful
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z,y € Name w= alb|---|z]---
W € MessageType = Amb[77] | CaplT]
T € ExchangeType ::= Shh|Wj x - x W
E € Environment = Name 48 MsgType
M € Capability w= x|in M |out M |open M |e| M.M'
P,Q € Process n= 0| (P1Q)|'P|M[P]|M.P| (wx:W)P

<My, ..., Mg>| (xy: Wy, ...,z : Wg).P

Type judgment relation:

E(x)=W E+ M:CaplT] E+ M :CaplT]
Erax: W E+e:CaplT] E+ M.M': CaplT]
E+ M : Amb[Tp] E+ M : Amb[Ty] E+ M:Amb[T]
Etrin M: CaplTy] E + out M : Cap[T1] E + open M : Cap[T]
E+M:CaplT] E-P:T Er+M:Amb[Tyl] E+ P:Ty
Er-MP:T E-M[IP]:Ty
E+-P:T E+Q:T E-P:T
Ero0:T E-Pl1Q:T Er1'P:T
E[]}l—)Amb[To]]l—PTl EI—M12W1 EI—MkZWk
E+ (vz: Amb[T)]1)P : Ty Er<My,...,Mp>: Wy x -+ x Wy

E[xl'_’Wl][xk'_)Wk]l_PW1XXWk
E+ ($11W1,...,$k:Wk).P:W1 X---XWk

Figure 4: Syntax and typing rules of TMA

for synchronization. Environments are finite mappings from names to message
types. In order for a term to be typable, an environment has to assign a message
type to every free name contained in the term. Capabilities are the same as in
Section 2.2. Processes differ from an untyped version presented in Figure 2 by
polyadic communication and by type annotations of bound names.

Structural congruence and the reduction relation is similar to those of the
untyped version. Both structural congruence and the reduction relation simply
ignore type annotations. We present different rules anyway. Different structural
congruence rules are as follows:

P=qQ
(v . WHP =z :W)HQ (v :W)0=0

(we: Wy) (wy : WP = (vy : Wy) (wz: Wy) P

x ¢ (P) TFY
Pl we:W)Q= wz:W)PIQ) (we : W) (y[P]) =yl(vz: W)P]
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The only one different reduction rule is the communication one. It differs by
type annotations and by polyadic communication. It is as follows:

($12W1,...,$kZWk).P|<M1,...,Mk>—>P{{E1HMl,...,kaMk}

The type judgment relation is defined in the bottom part of Figure 4. It
defines statements of the form E +— M : W for capabilities M and statements
of the form EF +— P : T for processes P. The only one way how to infer a
statement £ — M : Amb[T] for some M and T is the first inference rule. It
requires F(M) = Amb[T] to hold and thats why M has to be a single name.
Thus, for example, the capability ‘in (out x)’ can not be typed. When z is
a single name then capabilities in z/out x can have a type Cap[Ty] for an
arbitrary 77 that does not depend on the type of z. It reflects the fact that a
movement of an ambient can not cause a new kind of exchanges, either in an
ambient itself or at the destination location. On the other hand, dissolving an
ambient boundary can bring a communication from the opened ambient to the
location of the process that executed the open capability. So, a Cap[T] type of
an open capability is derived from the type of the ambient name contained in
the capability (i.e., some type of the form Amb[T]) from which it inherits the
exchange type T

The rule for typing a process prefixed by a capability says that whenever M
is a capability that may unleash an exchange of T (i.e., E +— M : Cap[T]) and
P is a process exchanging T (i.e., E + P : T) then M.P is also a valid process
exchanging T'. When typing a process P that is running inside an ambient M
we need to check that the exchange type of P agrees with the type of exchanges
allowed inside M, and if so, the whole ambient with the process running inside
can have an arbitrary exchange type. It reflects the fact that a communication
enclosed inside an ambient boundary can not affect a computation outside an
ambient boundary. Two processes running in parallel have an exchange type T'
if each of has the type T. When a capability M has a message type Cap[7]
then the process ‘<M >’ that is sending M has the corresponding exchange type
Cap[T]. Here note that, for every message type W there is the exchange type
W (that is Wq x -+ - x Wy, for k = 1) that shares the syntax. When a process P
has an exchange type Wi x --- x Wy then the process P prefixed by an input
communication prefix can be typed only when a message type of each name that
forms the prefix agrees with the corresponding W;. When types agree then the
prefixed process has the type Wy x --- x W.

The following proposition formulates a mile stone of every type system: the
subject reduction property. It says that types are preserved under reductions.

Proposition 3.1 (Subject Reduction) If E+ P:T and P — @ hold then
also B+ Q : T holds.

Now, we will provide several examples. For E = {a — Amb[Shh]} the
following holds:

e Fina:Capl?l] forany T
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E + open a: Cap[T] iff T = Shh

Etin (outa): W for any W
e Kt alina.0]l: T forany T

E W al<>]:T forany T
E + <a,open a>: Amb[Shh] x Cap[Shh]

E + (<a> | (x: Amb[Shh]).in x.0) : Amb[Shh]
e E £ (<ina>| (x: Amb[Shh]).in x.0) : T for any T'
e B (<> (x:W).0): T forany W, T

From the fact mentioned above, that meaningless capabilities like in (out a)
can not have any type, and due to the subject reduction property, it is clear
that a meaningless capability will never occur inside a typed process. The same
holds for ill formed communication, when a capability is sent instead of a single
name (or wvice versa), or when arities of sent/received tuples do not agree. Ill
formed communication is illustrated on last two examples above.

In the introduction of this section we have already mentioned over approx-
imations that are common when using type systems. On the presented type
system we can describe them in more details. It’s clear that an ambient that
does not do any communication (i.e., an ambient of the type Shh) can be opened
in any other ambient. Unfortunately, TMA allows to open only ambients that
have the same type as the process that executes the open action. This can be
seen as too restrictive because it causes an over approximation of desired prop-
erty (i.e., that exchange of values of wrong kind will not occur) in the sense that
processes that does not lead to ill formed communication can not be typed. As
an example, suppose the following:

E= {a— Amb[1],b+— Amb[Shh]}
P = al<>| OO.open b.0 | b[0]]

In TMA, the process P can not be typed in the environment E although it’s
clear that no ill formed communication can occur and that communication is as
stated in F.

One should solve this particular problem by adding the following type infer-
ence rule and check that the subject reduction property still holds:

E+ M:Cap[Shhl] E+P:T
E-MP:T
As another example we can take a process ‘P = (x : W) .x.0’ that can not
have any exchange type T in TMA for an arbitrary message type W. In order
to have £ — P : T for some E the exchange type T is forced to be W by the

only one applicable rule. So, one needs E[x — W] x.0: T. But it means that
E[x— W]+ x: Cap[T] which is possible only when T = Cap[77] that is not
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possible. Again one can imagine a process like ‘(x : Cap[Shh]).x.0’ that can
not lead to ill formed communication. This process should have the exchange
type Cap[Shh]. Again the additional rule provided above can be used to type
this process.

There are also situations whose solution is more difficult. One can eas-
ily imagine a process that can exchange several kinds of capabilities without
mixing them. The main problem here is that TMA assigns to each ambient
a single exchange type. In fact this is the basic property of TMA and in or-
der to successfully type mentioned processes while still granting communication
well-formedness another approach has to be taken. To describe processes with
different exchanges in a single ambient is possible in the PolyA system [AMWO04a]
that will be described later.

3.2 Flow analysis for BioAmbients (FABA)

In this section we introduce an approach to a flow analysis of BioAmbients that
is not based on type systems. Although type systems like PolyA [AMWO04a]
or Polyd [MWO04a, MWO05] can also be used for a flow analysis, in this section
we provide a basic description of an alternative approach of F. Nielson, H. R.
Nielson, C. Priami and D. Rosa [NNPRO07] firstly presented in 2003. We present
this alternative approach here mainly to be able to provide a more detailed
comparison with mentioned type systems later. We present its basic notations
and results while we omit details.

A flow analysis (or a static analysis) provides a way how to determine final
states to which a system can possible evolve. It allows the set of final states to
be over approximated. It means that its result may some times contain a state
that can not be reached. On the other hand it allows a result to be computed
with lower space and time complexity. It can be seen as some kind of precision
for efficiency exchange. Thus, a flow analysis comes in useful in the situation
when a size of a modeled system is very large and more precise dynamic analysis
or emulations can not be used. This is the case of modeling biological systems
whose sizes are frequently larger than sizes of many computer systems.

In this section we briefly describe a flow analysis for BioAmbients of Nielson
et al. (FABA) [NNPRO7]. FABA analysis is designed for a monadic synchronous
version of BioAmbients that contains the choice operator + to express non-
determinism, and the rec operator to express recursive behavior. Both of these
operators will be described later. The aim of FABA is to keep track of contents
of ambients and of bindings of names caused by communication. Although am-
bients in BioAmbients do not have names, FABA gives some informative names
to them in order to describe an ambient hierarchy more comfortably. Names
of ambients, denoted u, are taken from a finite set of ambients identities, de-
noted Ambient. In order to deal with a-conversion, FABA assigns to each name
x € Name a canonical name |z]| € CanonName and assume that canonical names
are preserved under a-conversion. Again, the set CanonName is finite. A set of
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all capabilities constructed from canonical names is denoted CanonCapability?.
FABA keeps track of an approximation of contents of ambients in the fol-
lowing set:
Z < Ambient x (Ambient U CanonCapability)

Whenever (p,u) € Z holds, it means that an ambient with the identity p may
contain the ambient identified by u, or may contain the canonical capability u.
In FABA, u € Z(p) stands for (u,u) € Z. An approximation of relevant name
bindings is stored in the following set:

R < CanonName x CanonName

Here, (v,v’') € R means that v may take the value v'. It’s again abbreviated as

;)
v' € R(v). Judgments of FABA analysis take the following form:
(Z,R) =" P

It has the following sense. Whenever the process P is enclosed in the ambient
with the identity p then Z and R correctly captures the behavior of P, i.e., Z is
an over approximation of contents of ambients in P and R over approximates
bindings of names which come from communication. The formal definition of
the above relation is out of the scope of this report. Correctness of FABA
analysis is stated by the following proposition. Here, » stands for the identity
of the top-level ambient.

Proposition 3.2 (Correctness of FABA analysis) Let (Z,R) =* P, Yz €
fn(P): |z] € R(|z|), and let P — Q. Then (Z,R) =* Q.

FABA analysis works in two phases. In the first phase, it describes properties
of sets 7 and R that correctly describes an initial process. It describes properties
of Z and R by formulas of Alternation-Free Least Fixed Point Logic (ALFP)
[NNSt04]. ALFP is the fragment of the First-Order Logic. This fragment
allows a polynomial search for a model of a set of formulas, while it preserves
an expressiveness to naturally describe specifications of programs for the needs
of a flow analysis. Within formulas that describe behavior of the initial process,
two binary predicates are used to represent Z and R, and canonical names are
represented by ALFP variables. Then, formulas that describe the reduction
semantics of BioAmbients are added to the formulas that describe the initial
process. In the second phase, a Succinct Solver [NNS*04] is used to find the
least model that satisfies those formulas. This model consists of realizations of
the two binary predicates that represent Z and R. This model is also a result
of FABA analysis.

I Names used in original FABA for Ambient, CanonName and CanonCapability are in turn
Ambient, Name and Cap. We’ve adopted the notation to fit the convention of this report.
Other notations are unchanged.
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4 The Polyl] System

Polyd [MWO04a, MWO05] is a generic type system for a large family of process
calculi. It is the type system for every process calculus whose syntax can be
described in a generic process calculus Metall, and whose semantics can be de-
scribed by reduction rules that satisfy some properties that are in common for
many process calculi. Metald provides a syntax of process terms. This syntax
is general enough to cover syntaxes of many process calculi, for example the
m-calculus, Mobile Ambients and lot of their variants. Metald does not have any
fixed semantics but it provides the way to describe reduction semantics of a par-
ticular calculus. Once Metall terms are equipped with the particular reduction
semantics, Polyl] provides a type system for the described calculus. The type
system provided by Poly[] enjoys some properties that are not in common for
most of type systems for process calculi, namely a spatial polymorphisms. Last
but not least, there is the implemented type inference algorithm for Poly[.

4.1 A history of Polyl]

Polyd was presented by H. Makholm and J. B. Wells [MWO05] in 2005, previously
presented in the technical report [MWO04a] in 2004. Poly[] was developed from
the previous work of the above authors and T. Amtoft on PolyA [AMWO04a,
AMWO4b]. PolyA is a type system for Mobile Ambients and it is motivated by
the previous work of Amtoft and Wells [AW02] and by the previous work of
Amtoft, Kfoury, and Pericas-Geertsen [AKPG02, AKPGO1].

PolyA does not follow the way of TMA as presented in Section 3.1, i.e.,
it does not assign a fixed exchange type to each ambient. Instead, it assigns a
type to each process that gives upper bounds on (1) a possible ambient hierarchy
tree contained in the process, (2) values that may be communicated, and (3)
capabilities that may be used. PolyA allows, for example, typing of a messenger
ambient that can collect a message of non-predetermined type and deliver it
to a non-predetermined location. Thus, PolyA provides kind of polymorphisms
called here spatial polymorphisms. Spatial polymorphisms in PolyA means that,
a type of a process may depend on a location where it is found.

Types in PolyA are dependent in the sense that names contained in a process
term are also used to form its type. This gives rise to the notion of a shape
predicate that is intended to represent all possible computational future of a term
smashed together in a single place. Some shape predicates are types. The basic
idea of shape predicates can be described as follows. A shape predicate looks
like a process term syntax tree. A process term matches the shape predicate if
its syntax tree can be ‘bent into shape’ described by the shape predicate (edges
of the shape predicate can be used more than once during the matching). This
basic idea comes to troubles because there may be a term that can evolve to a
term with an arbitrary deep syntax tree (e.g. ‘tal!in a.0]’ in Mobile Ambients).
It means that, we would have to consider infinite shape predicates. On the other
hand, there is a desired property to keep types finite. Thus, PolyA restricts itself
to possibly infinite trees with finite representations, in other words, regular
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trees. Although PolyA defines a linear notion of shape predicates called shape
expression it mostly works directly with graphs.

Not all shape predicates are called types in PolyA. Because a desired property
here is the subject reduction, only those shape predicates that are closed under
reductions are called types. A shape predicate is closed under reductions if
whenever a process term P matches the shape predicate then the same holds
for every process term P’ to which P can evolve. Shape predicates that satisfy
the above condition are called semantically closed. Although, recognition of the
semantics closure was found far from easy, another, easier to recognize notion
of syntactically closed shape predicates is defined in PolyA. However, it holds
that the syntactic closure implies the semantics closure. Finally, syntactically
closed shape predicates are called types in PolyA.

Although a recognition of the syntactically closured shape predicates is rel-
atively easy to implement, it is still not enough to prove a principal typing
property [Wel02] for the whole class of PolyA types. In fact, the principal typ-
ing property for whole PolyA has never been either proved or disproved. The
principal typing property says that, among all possible types of a process term
there is a type that is the most general?. The principal typing property is impor-
tant for type inference. For a type system with the principal typing property,
the principal typing of a process term P is a desired result of a type infer-
ence algorithm for the input P. Without this property (or a similar one) it is
not clear which type among all possible types of P should be the result of the
type inference algorithm for the input P. Thats why, PolyA defines a restricted
class of types which satisfy a discrete and a modest restriction. Among this
class of types, the existence of principal typing is proved and the type inference
algorithm is implemented [MWO04Db].

The work on PolyA gives rise to Poly[], a generalization from the type system
for Mobile Ambients to the type system for a large family of process calculi.
PolyOl takes from PolyA the concept of shape predicates. As already noted
above, it provides the way to describe reduction semantics of the process calculus
in question. Based on this description, the reduction relation is automatically
inferred. Again, there are notions of the semantics and the syntactic closure that
follow the same ideas as in PolyA. A notable change is that Poly[ leaves off the
discrete and the modest restrictions, and instead, it defines simpler conditions
on types called a width and a depth restriction. The main reasons are that, the
discrete and the modest restrictions were very complex and hard to understand.
Last but not least, the principal typing property is proved and the type inference
algorithm is implemented.

4.2 Syntax of Metall

Metall is a metacalculus intended to capture syntactic properties that are in
common for process terms of large variety of process calculi. It contains general

2Formally, the most general means the minimal with respect to the ordering < on types
defined as: T < T" iff each process term that has type T has also type T".
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x € Name == a|b|...|in|out|open|...|[1]e]...
f € Subform = zgxz1...2%
M € Message == f|0| My.M;
e € Element := x| (x1,29,...,2) | <M1, Mo, ..., Mp>
F € Form = epe€1...e€L

P,Q,R € Process == F.P|!P|u(x).P|0|(P| P)

Figure 5: Syntax of Metall.

constructions found in process calculi like: the null process ‘0’, parallel com-
position ‘|’, sequential composition (prefixing) ¢.’; and replication ‘!’. Metal
is not intended to be a standalone process calculus. It is intended to provide
a method to express a syntax of large variety of process calculi in a uniform
way. Metall does not provide any semantics to process terms. It provides only
structural equivalence in the standard way.

The syntax of Metall is presented in Figure 4.2. The set Name contains
all single names. It also contains all strings like ‘in’, ‘open’, or ‘coopen’, and

[ i~ (S
)

it also contains symbols like ‘[T, ‘o’, or ‘_". A subform is a non-empty
sequence of names used to form messages. Examples of subforms are ‘a’, ‘in a’,
‘as’, ‘inac, ‘all’. We use spaces to separate different names in a subform
whenever necessary. Messages can serve as objects of communication. Messages
are formed from subforms using the sequencing operator ‘.’. Sequencing of
messages is needed in Mobile Ambients but not in the w-calculus. The syntax
also defines the empty message 0 (often denoted ‘e’ in other calculi). Elements
unify notions of action or communication prefixes. We support an input element
(i.e., an element that binds names) of the form (x1,x2,...,2%) and an output
element of the form <Mj, Ms, ..., My>. Both of the above may be empty (when
k = 0). As an additional restriction for the input element, we require that
x; # x; whenever ¢ # j. Form is non-empty sequence of elements. Note that
every subform is also a form. Another example of a form is ‘ch (x)’ which can be
used to express channel-based communication in the 7-calculus style. Processes
are built from forms using sequential composition ‘.” (prefixing). Processes are
also formed by replication ‘!’, by restriction ‘v (x)’, and by parallel composition
‘I’. As usual, ‘0’ stands for the empty process. We provide a shorthand that
allows us to support an ambient-like boundary as follows. We use ‘eg . .. e [P]’
as a shorthand for ‘eq...e; [1.P’.

4.3 Free and bound names, a substitution

The notions of free names (FN) and names bound by an input element (BN)
are defined by the following equations. Not presented cases are defined simply
as a union of free or bound names of all their components.
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Application of a substitution to names, subforms, elements and forms:

g(eo...ex) = 0(eo)...o(ex) o(z) if o(x) € Name
o((x1,...,xp)) = (@1,...,xx) o(x)=<= if z ¢ Dom o
o(<My, ..., My>) = <5(M),...,5(M)> . otherwise

Application of a substitution to messages:
5(My. M) = 6(M1).6(Ms) . ) {J(x) if f=2€Domo
o =

g(0) =0 o(f) otherwise

Application of a substitution to processes:

7(Q) = (FN(Q) < 0)(Q) &(0)=0 7(Qo 1 Q1) =5(Qo) 1 5(Q1)

7(1Q) = 15(Q) 7 (U(2).Q) = U2).5(Q) if = ¢ (Dom o U FN())

H(FQ) = { 6(F).5(Q)  if F ¢ Dom o & BN(F) n (Dom o U FN(0)) = &
(2)x5(Q) if F=xz€Domo

Figure 6: Extensions of a substitution to Metall terms.

FN(z) = {z}
FN((xy,... ﬂfk))
FN(F.P) = (F
FN(u(2).P) =

P) = BN(F) u BN(P)

BN(z) =
((321,.. xk)) ={x1,..., 2}
BN(F.
BN(v(x).P) = BN(P)

 CEn BN )
FN(P)\{x}

Metall distinguishes between two types of binders. The restriction operator
(x) and the input element (x1,...,x;). Names bound by the input element
inside a process P are are contained in BN(P) but not in FN(P). Names bound
by restriction inside P are contained neither in BN(P) nor FN(P).

In order to present the definition a substitution we at first define a helper op-
eration M 4 P that serves to remove the null message from M, and to transform
a message M to a linear shape using an associativity of the message composition
operator. In other calculi, this is usually achieved by structural equivalence.

(Mo. M) P = Myu(MyP)  0,P=P  f P =fP

By a substitution o in Metall we mean a finite mapping o € Name 2

Message. Free names of a substitution o are all free names of terms in its range,
formally FN(¢) = {z | z € FN(o(2")) & 2’ € Dom o}.

Now we define the application of o to all names, subforms, elements and
forms, denoted o, the application of o to messages, denoted &, and finally the
application of ¢ to all Metall processes, denoted &. Definitions are presented in
Figure 6.

Among Metall names we choose the name ‘e’ to have a special meaning.
We suppose that e does not occur in any term given by a user. Whenever e
occurs in some term after application of a substitution, it flags a place where
a subform that is not a single name was to be substituted for a single name.
Thus, for example, when ¢ = {x — in a} then G(open x.0) = open .0. This
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is because such a substituting is not syntactically possible in Metall. Note that
the extension of a substitution to processes does not do any a-conversion of
bound names, and so, some cases that could lead to undesired results are left
undefined by the definition. For example, when o = {x — y} then 5((y) .x.Q) or
a(v(y).x.Q) are undefined because of a possible name capture while 5(x(y).Q)
is undefined because it is not clear how to interpret the result. Also note that,
((x).x.y.0) = v(x).x.y.0 and 7((x).x.y.0) = (x).x.y.0. This definition differs
from the original definition presented in the Poly( papers [MWO04a, MWO05].
The reasons for the new definition and differences between the definitions are
discussed in Section 5.2.

4.4 «a-equivalence and structural equivalence

When we make a convention that names bound by the input element can not
occur anywhere else in a term outside the scope of the binder, then we can
observe that in situations like ‘ (x).Q | <M >’ can not a substituting of M for x in
P leads to a wrong name capture. Because of this, we do not need to recognize a-
equivalence of names bound by the input element. This is a significant technical
simplification, because for many purposes we can treat the input element as
any other element, without needing special machinery for a-equivalence in our
formal development. On the other hand, because of a special handling of the
restriction operator and it’s dynamic scope extension we need to handle a-
conversion of v-bound names. Because a common practice in process calculi is
to define a-equivalence to respect both kinds of binders, we define here both
kinds of a-equivalence in order to ease a comparison with other calculi.

Four binary relations on Metall processes are defined in Figure 7. The
relation ~,, is a-equivalence with respect to v-bound names only, whereas ~
is a-equivalence with respect to both kinds of name binders. Then, we define two
structural equivalence relations =, and =, which refine in turn the relations
~, and ~,c. In the following, we will suppose only well scoped terms that do
not contain nested bindings of the same name, and none of term’s free names
appear bound somewhere else in the term. The formal definition is as follows.

Definitions 4.1 The term P is well scoped when all of the following holds:
1. BN(P) and FN(P) are disjoint.
2. Whenever P contains F.P' then BN(F) and BN(P') are disjoint.
3. Whenever P contains v(x).P' then x ¢ BN(P').

4.5 Metall reduction rules

While Metall does not provide semantics for Metall terms we need to specify it.
At this point, our intention of is not to specify one fixed semantics. Instead, we
provide the way how to allow a calculus designer to specify his own one. Thus
Metall provides the syntax to specify reduction semantics of a calculus. In this
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General rules:

Py ~2 P Py ~2 Py P~ P Py ~2 Py
P ~2 Py Py ~7 Py F.Py ~2 F.P,
Py~ P Py~ P Po~P1 Py~ P
'Py ~2 ' Py Nz). Py ~2 v(z). Py Pyl Po~2 P | P3

General structural equivalence rules:

Pl Pi= P | P Pyl (Pl P)=2(Py | P1) | P PlOo=P
¢ ¢ FN(F)  z ¢ BN(F)
\P= P|'P 10=20 Fu(z).P = v(z).F.P
¢ FN(P)
Po | x).Pr =2 v x).(Po | Pr) w(z).(x").P =2 (z'). z).P

Specific rules:

Po~,Pr Po~yP1 Py~u Pr z’' ¢ FN(P)
P~P P=P PR~Pl Pi=wePt u(@).P~, Az){x — 2'}(P)

z1 ¢ EN(P) ... x) ¢ FN(P) {yi.. .y} nFN(Fo « 1) =

Foa (z1,...,2k) A F1.P ~,c Fo & (z,...,2}) a Fi{z1 > 2),...,zp = 2} }(P)

Figure 7: a- and structure equivalence relations. The metavariable ~» ranges
over relations {~,, ~,¢, =,,=,c} and the metavariable = ranges over relations

{EIM Euc}~

report we do not present the formal machinery that is used to specify reduction
rules of the designed calculus. Instead, we demonstrate how to instantiate
Metall to process calculi from previous sections on examples.

4.5.1 The nw-calculus in Metall

We start with the m-calculus from Section 2.1. At first we need to provide a
translation "' from the syntax presented in Figure 1 to Metall. This translation
is almost straight forward. We translate m-names to Metall names, m-prefixes
to Metal elements, and m-processes to Metall processes. The translation "' is
defined as follows.

(. .oyk) =xz(y, ..o yk) T =2 "[z=ylP" = z=y."P"
<Y1, .Yk = 2<Y1, .., y> 0 =0 "(vz)P' = v(x)."P"
ra.P1 — ra1.rP1 r!P'| — !rP'| r(P | Q)1 — (rP'| | FQ1)

Reduction semantics of the m-calculus specified in the Metall syntax looks like
the following.

m={ reduce{ x(y).P|x<z>.Q— {y:=z}P|Q},
reduce{ x=xP— P} }
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The set 7 contains descriptions of two reduction rules. The first one is the
communication rule of the m-calculus. The second one we use to emulate a
rule of structural equivalence of the m-calculus that is not part of structural
equivalence of Metall, in particular ‘[z=x]P = P’. Note that the reduction
rule described in the set m emulates only one ‘direction’, the opposite one is
not emulated. Although the implementation supports polyadic communication
we omit it in the case of the formal development. This simplification does not
restrain expressiveness. Thats why, the above rule describes a monadic commu-
nication only. There is also the possibility to use an infinite set of descriptions
of rules to emulate polyadic communication. This will be shown later on the
example of Mobile Ambients. From the set 7w the following reduction relation
<5 is automatically inferred.

r(y).P | a<M>.Q 5 {y— M}P) | Q z=2.P 5 P
P5Q P5Q R=,P P5Q Q=R
Ux).P S (x).Q PIRSQIR RS R

If we compare this reduction relation with the one presented in Figure 1 we
can see that they are almost identical. However, there are four differences.
The first one is monadic communication. The second is the reduction rule
that emulates the structural equivalence rule discussed above. The third is that
Metall messages M also cover messages that are not single names. This does not
cause problems because the translation function "' can not produce a message
that is not a single name. The fourth is that the last rule refers to the relation
=, of Metall instead of to the relation = from Figure 1. These two relations are
slightly different. We have already mentioned one difference above. Another
difference is in the rule ‘(vz)0 = 0’ of =, that neither have an equivalent rule in
=, nor is emulated by the reduction rule. Another difference is that structural
equivalence of Metald does not provide a-renaming of names bound by the input
element (i.e., the input communication prefix of the m-calculus). Last difference
is that Metal allows the v-binder to skip a form which encodes a communication
prefix. This is not allowed in =. However, one can still prove the correctness
result in the following form. Here, — denotes the reduction relation of the
m-calculus from Figure 1.

Proposition 4.1 Let A, B range over w-calculus processes and P over Metall
processes.

(i) For all A,B: A — B implies 3Ag=A,By= B:"Ay" <5 "By’
(ii) For all A,P: "A"<5 P implies 3B:("B'=P)A(A— Bv A= DB)

4.5.2 Mobile Ambients in Metall

Similar instantiation is possible for Mobile Ambients from Section 3.1. At first,
we have to define a translation function from terms of TMA to Metald terms.
We encode capabilities by Metald subforms. Recall that, every subform is also a
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form, and thats why, it can be used to prefix a process. The translation function
"" from TMA capabilities to Metall subforms is defined as follows.

[

r- hl . r al r al
r =x 'Inx =Inx outx =outx openx =openzx
=0 "MM"="M."M" "M" = e otherwise

Note that the presented translation function rules out meaningless capabili-
ties like ‘in (out a)’. This is because the syntax of subforms does not allow
these capabilities to be directly translated into subforms. An extension of this
translation function to the translation function from TMA processes to Metall
processes is straight forward. We denote both functions in the same way (i.e.,

.

0"=0 P =1"p

M.P ="M, P’ Pyl PL)' = ("Py | P

<My, ..., M>" = <"Mi',...,"My">.0

“(vx : W)P" = u(zx)."P"

(w1 : W,z : Wi).PY = (x1,...,21)." P’

Sy _ {Mr[{.“zf if 1 € Name
o.'P otherwise

Here note that the null process is added as a continuation to an output message,
and that meaningless ambient names are again ruled out in order to fit the
syntax of Metall. Rewrite rules for Mobile Ambients can be specified in Metall
syntax as follows.

A={ active{ Pin a[P] },
reduce{ alin b.P| @] | b[R] — blalP| @] | R] },
reduce{ alblout a.P | Q] | Rl — alR] | b[P|Q] },
reduce{ open a.P | a[Rl > P|R} }u
UZ’:O{ reduce{<M;, ..., Mx>.0 | (x1,...,%).Q
— {xg:=My,..., x5 :=M3Q } }

Here, we have used an infinite set of descriptions of reduction rules to obtain
a correspondence with the polyadic version of Mobile Ambients. Again, it is
possible to specify this infinite set as a finite one within our implementation.
We have omitted polyadic communication from the formal development because
it seems that it unnecessarily complicates the presentation with no new insight.
The first member (active) of the set A describes ‘active’ positions inside terms.
Active positions are positions where reduction rules can be applied. The default
active position is only the top level of a term. Other active positions has to be
specified by active rules. Note differences in font typesetting in the above set
of descriptions of rules. Names shown in the font like a, M or P are supposed
to match in turn any Metall name, message, or process, while names in the
font like in, out are supposed to match one specific Metall name only. From
this infinite set, a reduction relation that is equivalent to the following one is
automatically derived.
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_PAQ
2[P] <5 2[Q] 2liny.P 1 Q11 ylR] <3 ylz[P | Q1| R]

ylzlout y.P 1 Q1 | R <5 2[P 1 Q1 1 y[R]  open z.P | z[Q] <5 P |Q

(@1, a0) P I <Mi,. .., Mp>.0 << Play o My, ... a5 = My}

PAQ PAQ R=,P PAQ Q=R
W) P S () Q PIRAQIR RA R

The first rule comes from the active rule. Next four rules correspond to
the rest of rules descriptions from the set A. Last three rules of the reduction

relation <% are general, the same for every set of rules descriptions. If we
compare the inferred relation with that from Section 3.1 (i.e., the relation from
Figure 2 that is extended in Section 3.1 by the polyadic communication rule)
we can observe that they are almost identical. Subtle differences that can be
observed follow the same reasons as those described in the previous section
in the case of the m-calculus. Again, one can prove the following correctness
proposition. This one is more straightforward than the one of the m-calculus
because we do not emulate any structural equivalence rule by a reduction rule.

Proposition 4.2 Let A, B range over Mobile Ambients processes and P over
Metal processes.

(i) For all AB: A— B iff 314g=A,By=DB: Ay <> By’

(ii) For all A,P: 'A< P implies 3B:'B' =P

4.6 Shape predicates

Now we are ready to present the central concept of Polyll: the shape predicates.
A shape predicate denotes a set of process terms. Certain shape predicates that
are provably closed under reduction are types. In order to present the basic
theory more clearly we do not handle name restriction here. Handling of name
restriction is described in the PolyO technical report [MWO04a] in Section 5.3
(page 24).

The syntax and semantics of shape predicates is defined in Figure 8. Message
types are types of Metall messages. A message type ‘{f1,..., fr}*’ describes
any message built only from subforms f;, where the message may contain the
subform f; more that once or not at all. As an exception, the message type above
does not match a single name. A single name x is allowed to have only a message
type ‘{x}’. This allows us to decide whether the application of a substitution
like {a — M} to a subform, say ‘in a’, will produce e, without knowing anything
else about M than its type. Flement types are types of elements, and form
types are types of forms (and also subforms). We represent shape predicates as
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u € MessageType == {f1,..., fx}*]| {z}
e € ElementType = x| (z1,...,2k) | <p1,..., ux>
¢ € FormType = €0€1...€k

X,Y € Node n= X|Y|Z|
n € Edge = X1 5 X,

aaa

G € ShapeGraph = Pin(Edge)
7 € ShapePredicate := (G| X)

Shape predicate judgment relation:

M ¢ Name M,0= fi.fa... f.0 {f1,...,fut<{f1, .., fi.}
EMA{f], . [

o {x} Fz:x F (e, .., xk) (g, ..., o)
FMpipr -0 = Meopg Heoteo o HERiEg
<My, ..o, Mp> o <pig, ..o, pg> ¢eg...€k 1 €0...Ek
(X 5Y)eG HEF:p FP:{(G|Y>) FP:T
FEFP:{(G|X) !PT

FP:T FQ:T
FPIQ:T FO:T

Figure 8: The syntax and semantics of shape predicates.

finite graphs with unlabeled nodes and edges labeled with form types. A Shape
graph is a finite set of edges. Finally, a shape predicate is a shape graph together
with one selected node. The selected node is called the root node of a shape
predicate.

Polyl defines a binary shape predicate judgment relation, written as - P : 7
for a term P and a shape predicate 7. This is read like ‘the term P matches
the shape predicate T’. This relation is defined in the second part of Figure 8.
Informally, a term matches a shape predicate if term’s syntax tree can be ‘bent
into shape’ to match the shape graph of the shape predicate starting at the root
node, such that each form in the term lies atop the corresponding edge in the
graph (edges may be used more than once), and groups of parallel composition,
!, and 0 lie within a single node in the graph.

Let us demonstrate shape predicates on simple examples from the 7-calculus
and Mobile Ambients. When writing down shape graphs, we have found it useful
to put a label of an edge inside its target node. It improves readability. It is not
possible when there are two edges with different labels leading inside the same
target. But, this happens rarely and it is not the case here. Suppose the shape
predicate (a) from Figure 9, motivated by a part of Example 2.1. It can match
all of the following Metall terms.
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() Goms

(a) (b)

Figure 9: Examples of shape predicates.

c<a, r>.r(y).y<d>.0 | c(u,v).v<p>.0
c<a, r>.r(y).y<d>.0 | c(u,v).v<p>.0
tc(u,v).'v<p>.0

On the other hand it can not match the term ‘r(y).y<d>.0 | r<p>.0’, that is a
term obtained by application of the w-calculus reduction rule to the first term
in the above list. The shape predicate (b) from Figure 9 is motivated by Mobile
Ambients Example 2.2. It can match, for example, all of the following.

al(y).rly.<d>.01] | open a.<in b>.0
al0] [ a[0] | open a.0

From these, take the first Metall term and suppose that the reduction rules
of Mobile Ambients are to be applied to it. It may reduce in one step to
“(y).rly.<d>.0] | <in b>.0’, and then again in one step to ‘r[in b.<d>.0] | 0.
Note that none of these terms can be matched by the shape predicate (b).

In order to prove the subject reduction property, we want types to be shape
predicates for which it holds that, a set of all terms that match the shape
predicates is closed under reductions. This is formally expressed by the following
semantics closure property.

Definitions 4.2 Let a set of reduction rules descriptions R be given. Call the
shape predicate T semantically closed w.r.t. R, denoted by R & T, iff:

I—P:Tandng imply HQ:T
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(c) (d)

Figure 10: Examples of semantically closed shape predicates (w.r.t. 7 and A,
in turn). The yellow square denotes a self-loop of a node where it is placed
labeled with the form that follows after the string ‘LOOP:’.

So, in the light of the definitions of the sets of rules descriptions from Section
4.5, we can state that the shape predicate (a) is not semantically closed w.r.t.
the set m, and that the shape predicate (b) is not semantically closed w.r.t. the
set A. On the other hand, in Figure 10 we can see shape predicates (c) and
(d) that are semantically closed w.r.t. 7 and A in turn, i.e., 7 & (c) as well
as A & (d) hold. Moreover, every term that matches (a) also matches (¢) and
every term that matches (b) also matches (d). It’s not easy to recognize if a
given shape predicate 7 is semantically closed with respect to an arbitrary set
of rules descriptions. We therefore define a restricted, but easier to decide, class
of shape predicates, which we call syntactically closed shape predicates. Poly
types are syntactically closed shape predicates.

4.7 Polyl types

For a shape predicate 7 and a set of rules descriptions R we use the notation
R e 7 to denote that 7 is syntactically closed w.r.t. R. The desired property
here is that R e» 7 implies R & 7. Because the formal definition of the notion
of a syntacticly closed shape predicate requires three pages of raw definitions we
will omit it in this report. Instead, we provide the definitions of the width and
the depth restrictions, mentioned in Poly[] history overview Section 4.1, that
leads to the principal typing property. Here we just note, that shape predicates
that are semantically closed but not syntacticly closed are usually only those
that contain some message type of the form ‘{...}x*".
At first we define the binary relation ~ on form types as follows.
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Definitions 4.3 Write pg ~ 1 iff
{FeForm | F:po} n{FeForm | F:p1} #

The ~ relation is close to being the equality on form types. The only way for
non-identical F’s to be related by & is when one of them contains a message
type ‘{...}*’. It is relatively safe to image ~ to be =, at least to the first
approximation. It is necessary to take this relation instead of = in two definitions
below in order to achieve the principal typing property. Definitions of the width
and depth restriction on shape graphs follow. A shape predicate is said to satisfy
one of these properties if its shape graph component satisfies the property.

Definitions 4.4 G € ShapeGraph satisfies the width restriction iff whenever
there are two edges (X & Y) e G and (X & Y') € G with ¢ ~ ¢, then it
holds that Y =Y.

Definitions 4.5 G € ShapeGraph satisfies the depth restriction iff whenever
there is a path of edges in G like Xog £ X1 £ - L5 X1 with o1 ~ g, then
it holds that X, = X}.

Among syntacticly closed shape predicates that satisfy the width and the depth
restrictions the principal typing property can be proved [MWO04a]. Moreover, the
implemented type inference algorithm produces only syntacticly closed shape
predicates that satisfy these two properties. The width restriction says that,
it is not allowed for a shape graph to contain two edges with the ‘same’ label
outgoing from the same node. Thus, it restricts the rank of each node to be less
or equal than the number of different form types contained in the shape graph.
The depth restriction forbids infinite (node disjunctive) paths that contain only
finite number of ‘distinct’ form types to be contained in a shape graph. Thus,
it restricts the number of nodes of the shape graph when an upper bound on
the number of form types in the shape graph is given.

5 Work done in the first year

This section is intended to describe the work of the author of this report done
during the first year of his PhD study on Heriot-Watt University. He spent
lot of time studying various process calculi, their type systems, and related
approaches, as well as by studying the current state of art of the Polyd system.
Beside that, the work can be divided into four groups.

1. Comparing of approaches of different process calculi to various aspects,
like a-equivalence or recursion, and finding out ways how to adapt the
PolyO system to handle these different approaches in a uniform way. This
is described in Section 5.2, Section 5.3, and Section 5.4.

2. Comparing of several type systems and related approaches with the Poly[]
system, mainly with TMA and FABA. This is described in Section 5.6
and Section 5.7.
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3. Implementation issues described in Section 5.5.

4. Expressing of various process calculi and their variants in the Poly sys-
tem, described in Section 5.8.

5.1 Contributions in the previous sections

Although a description of the work of the author of this report is mainly con-
centrated in the following sections, there are also some contributions that were
already presented in the previous sections. In order to be able to distinguish
between new contributions presented for the first time in this report from results
taken from other papers, we present this section to make the distinction clear.
The list of new contributions developed during the first year follows.

e In Section 4.3, the definition of the application of a substitution to Metall
terms in Figure 6 and the related discussion.

e In Section 4.5.1, the translation encoding ", the discussion of differences
between reduction relations, and the correctness result Proposition 4.1.

e In Section 4.5.2, the translation encoding ", the discussion of differences
between reduction relations, and the correctness result Proposition 4.2.

5.2 Handling of a-equivalence in process calculi

In previous sections, several approaches to handle a-equivalence and substi-
tution were already described. The first one, in the m-calculus from Section
2.1, uses the standalone «a equivalence relation ~,, and a substitution that a-
renames bound variables in order to avoid a name capture. In order to do this,
a choice function or a similar mechanism has to be used, as already discussed
in Section 2.1. The m-calculus (the one from Section 2.1) does not identify
processes up to a-equivalence.

The same approach was used in Mobile Ambients in Section 2.2. But, we
have already mentioned that in the original Mobile Ambients paper [CG98] an-
other approach is used. In that paper, terms are identified up to a-equivalence.
Then, one can imagine processes as classes of a-equivalence on terms syntax
trees. A substitution is then defined on these classes of equivalence. This is
the second approach to a-equivalence described here. The third approach is
taken in BioAmbients from Section 2.4. Again, a substitution is supposed to
rename bound names in order to avoid a name capture, but there is no stan-
dalone definition of a-equivalence. Instead, a-equivalence is built into structural
equivalence. Processes are not identified up to a-equivalence.

In PolyA, processes are identified up to a-renaming of v-bound names, but
not up to a-renaming of input-bound names. This can be seen as the fourth
approach to a-conversion. The fifth approach is taken in Metall, as presented
in Section 4.4. A substitution does not rename bound names, but instead, it
leaves bad cases undefined. In Metall, two a-equivalence relations ~, and ~
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are defined. The former is a-equivalence with respect to v-binder only, and the
late is a-equivalence with respect to both kinds of binders. The relation ~ . is
defined in order to be able to provide a more detailed comparison with process
calculi that use the notion of a-equivalence with respect to both kind of binders.
In the original Poly( papers [MW04a, MWO05] the relation ~, was built into
structural equivalence®. In original Metall, the definition of structural equiva-
lence precedes the definition of substitution. Thus, in order to define structural
equivalence that contains a-equivalence the second notion of substitution was
used. This substitution substitutes only names for names, in contrast with the
former that substitutes messages for names. The second substitution was ex-
pected to guard against wrong name capture, but the formal definition was not
presented in details. The former substitution does not guard against wrong
name capture in the case of the input element. Instead of that, it relies on the
convention of Definition 4.1 that bad cases can never occur. Another assump-
tion was that a-renaming of v-bound names does not produce processes that
are not well scoped.

In order to be able to present formal comparison of Polyd and TMA one
has to somehow deal with different approaches to a-equivalence. Because we
need to translate terms of TMA to Metall terms, one has to explicitly present
all machinery that handles relations between syntax trees and classes of a-
equivalence on them. This is orthogonal to the reasons of introducing classes
of a-equivalence instead of syntax tress, i.e., to abstract from low-level details,
to simplify presentation. Thats why, the new version of substitution was de-
veloped. This substitution works on syntax trees and it guards against wrong
name capture in the sense that wrong cases are left undefined. There are no
longer two notions of substitution. Only one substitution is introduced together
with its full formal definition. This allows us to state formal relations between
TMA and Polyd. Comparison with TMA is also discussed in Section 5.6.

5.3 Handling of recursive behavior

In order to express recursive behavior several approaches are used in the liter-
ature. Probably the most common, the easiest to deal with, and also the least
expressive, is to use the replication operator ‘!’, that expresses repetitive be-
havior, to emulate recursion. A replicated process, written as ‘! P’, behaves like
any finite number of copies of P in parallel, i.e., like the process ‘P | P|...| P’.
Together with other constructions provided by a particular calculus this can be
used to emulate recursive behavior.

Another common approach that can be found in the literature is the recur-
sion operator ‘rec’. The rec operator is used as follows. Syntax of a calculus is
extended to contain a set of process variables X, a particular process variable

3Under the light of the latest research it seems that there will be a way how to avoid
defining relations ~,c and =, for reasons of comparison with other calculi. Probably, the
way like in Proposition 4.1 and Proposition 4.2 will be possible. These propositions does not
refer either to ~,c or =,c. But, further research is needed in order to validate that these
correctness results are satisfactory for needs of comparison described in Section 5.6.
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is here denoted X. Every process variable is syntacticly a process. One should
also use ordinary names as process variables, but they are usually distinguished
in the syntax. The syntax of processes P is further extended to contain a con-
struction of the form ‘rec X.P’. As an example of a process term that contains
the rec operator we can take ‘rec X.in a.X’, in the Mobile Ambients like syntax.
The semantics of the rec operator is as follows. A process ‘rec X.P’ behaves like
the process P with the process ‘rec X.P’ substituted for every occurrence of the
process variable X inside P. This semantics can be expressed by a structural
equivalence rule or by a standalone reduction rule.

One can easily emulate replication by the rec operator by taking ‘rec X.(P |
X)’ instead of ‘' P’. Whether the rec operator can be emulated by replication
depends on a specific process calculus. For example, it is possible in the 7-
calculus [Par01]. But, the same idea can not be used in Mobile Ambients and
in other process calculi that contain ambient-like boundaries. When using a
process calculus without process boundaries in Poly( the following emulation
[MWO04a, MWO05] can be used. The set of reduction rules descriptions is ex-
tended with the rule description

reduce{ spawn a.0 | rec a.P— P}
and a process ‘rec X.--- X’ to be emulated is represented as
v(x).(spawn x.0 | !rec x.---spawn x.0)

The position of X is not limited to the last position in the emulated process.
Every occurrence of X in the emulated process is to be replaced by ‘spawn x.0’.

An alternative to the rec operator with the same expressiveness are recursive
let expressions or just let expressions. In the case of let expressions, the syntax
of a calculus is again extended to contain a set of process variables X, and
the syntax of processes is extended to express that every process variable is
a process, and to contain processes constructed by the following construction
‘let X =P in Q’. The correspondence between rec and let is straightforward and
we will demonstrate it on examples of processes that have the same semantics.
In the following table, each rec process on the left hand side corresponds to the
let process on the right hand side in the same row.

rec X.P let X=P in X
(rec X.P) | Q let X=Pin (X|Q) (Q doesn’t contain X)
alrec X.b[X1] let X=b[X] in a[X]

rec X.(z)rec Y.(X | Y | <z>) let X=((z)let Y=(X|Y | <z>)inY)in X

In a let expression of the form ‘let X=P in let Y=Q in R’, the process () can
contain both X and Y but, the process P can not refer to Y because it is not in
its scope. An extension of let expressions that allow this can be intruduced by
the following construction.

let Xo= Py, X1=P1,...,Xr =P in P
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Here the scope of each X; is the whole expression and thus, each P; can refer
to every X;.

Another way to represent recursive behavior in process calculi is by using
of constant definitions. It is common in the 7-calculus and in CCS. Again, the
syntax is extended to contain a set of process variables X called constants, and
every constant is a process. Together with a process term, on which reductions
are to be applied, comes a set of global definitions of constants, each definition
of the form ‘X = P’. Whenever some constant appears on the top level of the
process, then it is unfolded accordingly to the corresponding definition in the
set of definitions. Intuitively, a process with constant definitions can be seen
from the point of view of the late version of let expressions like a process of the
form

let Xo =Py, X1 =P1,..., X =P, in P

where P doesn’t contain any let expression, and ‘X; = P;’ are all definitions
from the set of definitions.

A limited support for constant definitions can be achieved for an arbitrary
calculus in Metall by introducing additional reduction rules of the following
form, emulating a set of constant definitions.

reduce{ A.0 > P}

Then, one can use the process ‘A.0’ in an arbitrary process position, emulating
a constant. Syntactic restrictions on Metall reduction rules forbid reduction
rules to invent bound names, and thus, the process P above can not be an
arbitrary process. But still, this provides a generic way for any process calculus
representable within Metald. This approach was used to model some recursive
BioAmbients terms.

The last approach used to capture recursive behavior found in the literature
that we mention here are parametric definitions. This is an extension of constant
definitions in the sense that constants can have name parameters. The class of
constants contains constants of the form ‘X (xo,...,x)’, where x;’s are names.
Every constant is a process, and again, a process term comes with a global
set of definitions. Each definition has the form ‘X(xq,...,zr) = P’ where P
may contain names z;. Whenever a constant ‘X (ag,...,ar)’ is to be unfolded,
names ag, ..., ax are substituted for zg,...,z; in P, and this new instance of
P replaces the constant. Again, this approach is common in the 7-calculus and
in CCS.

Expressiveness of different approaches has been studied in different process
calculi [PV05, BZ04]. Expressiveness relations among different approaches de-
pend on a particular process calculus. For example, in the 7-calculus all men-
tioned approaches have the same expressive power. The same does not hold
for Mobile Ambients. Metall and Polyd handle replication only. So, that is
not satisfactory to handle, for example, Mobile Ambients with the rec operator
or BioAmbients with rec. The rec operator is especially frequently used when
modeling biological systems. A testing version of the type inference algorithm
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that handles the rec operator has been implemented. This is discussed in Sec-
tion 5.5. For the future work, we plan to choose one of approaches mentioned
in this section and extend also the formal theory of Poly[] in order to achieve a
better support for recursive behavior.

5.4 Handling of nondeterminism

Another aspect that can be found in process calculi is handling of nondeter-
minism. For this purposes the choice operator, usually written as ‘4’ is used.
A construction ‘P + @)’ represents a process that can behave like a process P
or like a process ), but only one of them. There are two main approaches to
an introducing of the choice operator. The first one allows ‘+’ to be applied
to arbitrary processes P and ). The second allows ‘+’ to be applied only to
processes prefixed by some action prefix, i.e., especially not to processes of the
form ‘! P’ and ‘v(x).P’. But this difference is purely syntactical and in the for-
mer case, the processes where the choice operator is applied to some non-action
prefixed processes are usually inert. In some calculi, restriction is allowed to
extend or restrict its scope crossing ‘+’ just like in the case of ‘|’. Thus, the
choice operator is used only to choose among processes that are ready to exe-
cute some action, i.e., communication action in the case of the m-calculus, or
movement/communication action in Mobile Ambients. The choice operator is
usually presented as a n-ary sum written as ‘Y., _; P;’, for some finite set of
indexes I. The semantics of the choice operator is usually expressed both by
structural equivalence as well as by reduction rules. In the case of binary choice,
structural equivalence rules express that choice is a commutative and an asso-
ciative operator with O as its unit. Reduction rules are then used to describe
desired nondeterministic behavior of choice, best illustrated on an example of
the m-calculus reduction rule as follows.

(R +x(y).P) | (Ry +2<2>.Q) > Ply— 2} | Q

Alternative variants Ry and R; are ‘forgotten’ in the reduct.

The choice operator in Polyl] can be emulated as follows. One can take a
special form that consists of a single name, say ‘ch’ like choice. Then, a process
of the form ‘Py + P; + ...+ P’ can be encoded as follows.

It respects commutativity and associativity because of the corresponding prop-
erties of ‘|’. A subtle difference is that the unit is written as ‘ch.0’. One can
provide a reduction rule to reduce this process to 0 when really needed. Re-
duction rules are described in order to respect this translation correctly. For
example, the description of the communication rule of the m-calculus is as fol-
lows.

reduce{ ch.(RO | x(y).P) | ch.(R1 | x<z>.Q) — {y:=z}P | @ }
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This encoding is correct with respect to reduction semantics, but unfortu-
nately, it is not so satisfactory for reasons of the type inference. One of problems
here is the width restriction. Imagine the following two Metal terms with differ-
ent semantics with respect to choice, P = ch.(a.0 | b.0) and Q = (ch.a.0|ch.b.0).
Shape predicates 7p and 7¢g that corresponds to syntax trees of P and () are as
follows.

(7p) (7Q)

Note that every term that matches 7o also matches 7p but, for example, P
does not match 7g. The shape predicates 7g does not satisfy the width prop-
erty because there are two different edges from the root node labeled with same
form type ch. In order to obtain a shape predicate from 7 that satisfies the
width restriction, these two different edges has to be unified. This unification of
edges transforms 7g into 7p. This exactly happens during the type inference.
Although the type inference is still correct, it leads to less precise types, to over
approximation. In most cases (especially in the most common case where the
choice operator can be used only to compose processes prefixed with an action
prefix), the result of the type inference is the same if we had simulated choice
‘+’ by ‘|’ directly. In order to achieve more precise types for terms that contain
choice, another approach has to be taken. One possibility is to take ‘+’ as a new
Metall built-in primitive and adapt the width restriction and the type inference
to respect special behavior of ‘+’. This is a subject of the future research.

5.5 Implementation issues

In this section we describe the implementation work done in the first year. This
includes changes made in the implementation of the Poly[] inference algorithm,
as well as new tools developed.

A testing extension of the implementation that handles the rec operator was
developed, as already mentioned in Section 5.3. The main idea can be described
as follows. The parser was extended in order to allow parsing of Metall terms
that contain rec. The original implementation creates a shape predicate that
corresponds to a syntax tree of the source Metall term. In this shape predicate,
‘rec X” as well as ‘X’ are handled as Poly[ form types. The following translation
is then performed in order to transform this shape predicate to the new one that
does not contain edges labeled with form types of the shape ‘rec X’ and ‘X’. The
shape predicate is traversed starting from the root node. Every occurrence of an
edge labeled with ‘rec X’ is removed, and all edges outgoing from the destination
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b[] LOOP
LOOP
rec X.(alin ¢.X] | b[X1) rec X.a[X]

Figure 11: Results of the elimination of the rec operator on examples. Each
yellow square denotes a self-loop of a node where it is placed, labeled with the
form displayed in the node where placed.

node of the rec edge are resourced to the source node of the rec edge. The
original position of the rec edge and all resourced edges are remembered. Then,
the traversing of the shape predicate continues up to the point where an edge
labeled with the form type ‘X’ is reached. This edge is always a leaf. This
edge is removed, and a number of edges outgoing from the source node of the
removed edge are added to the shape graph. Each new edge corresponds to one
of the edges that were resourced and remembered during removing of the ‘rec X’
edge. The new edge has the same label and the same destination node as the
remembered edge to which it corresponds. On this new shape predicate, the
original type inference algorithm is ran. The transformation above is illustrated
on simple examples in Figure 11. It is easy to see that this transformation
respects the semantics of the rec operator.

Besides that, two other tools were developed. The first one (written in ML),
is intended to translate a BioAmbients term in the Metald syntax into an input
for the Succinct solver, accordingly to the FABA analysis described in Section
3.2 and Section 5.7. The second one (written in Python), translates an output
of the Succinct solver to its equivalent graph representation. Both of these tools
were used for a comparison between the FABA analysis and the Polyd system,
as well as to produce examples in Appendix A, see Section 5.7.

5.6 Comparison of Polyll and TMA

Effort was made to develop a formal comparison between the TMA type system
and Polyd instantiated by reduction rules of Mobile Ambients. This gives rise
to a paper that is now in the state of a draft. In this paper, two different
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comparison are introduced. The first one is between Polyl] and a restriction of
TMA, referred as TMA™. TMA is the version of TMA without name restriction
and with communication allowed only on empty tuples (i.e., communication can
neither send or receive values). Communication on empty can be useful for
synchronization. The second comparison is between the full version of TMA
and Poly[l.

For the reasons of comparison between Poly[d and TMA™, a translation func-
tion "' from TMA™ terms to Metall terms is defined. This function is similar
to the one from Section 4.5. For each double that consists of a TMA™ environ-
ment F and an exchange type 7', a shape predicate 7 1 is defined. This shape
predicate is intended to describe the meaning of (F,T') in terms of Poly( shape
predicates. Then, the following formal result is stated.

Theorem 5.1 For every environment E, an exchange type T, and a TMA™
process P holds that:

EFEr-P:T Zﬁ |—rP1ITE7T

This theorem declares that, the shape predicate 7z 1 correctly captures the
meaning of the (E,T) double of TMA™. The meaning of a shape predicate 7 in
Polyd is defined as [7] = {P | + P : 7}, where P ranges over MetalJ processes.
We can define the meaning of (E,T) as the set of all TMA™ processes ) such
that £+ @ : T, formally [E,T] = {Q | E + @ : T}. Then, the previous
theorem says that for every E and T the following holds.

[rer] ={'Q | Qe[E T]}

In the case of the full version, the main result is different. We did not
present syntax and semantics of guarded shape predicates which serve as types
of Metald terms that contain name restriction. It can be found in the PolyO
technical report [MWO04a] in Section 5.3 (page 24). Guarded shape predicates
are denoted II, and a judgment relation denoted in the same way like in the
case of shape predicates is used, i.e., — P : II, for a Metall process P that
possibly contains name restriction. The main problem is that a processes of
TMA contains type information about bound names inside a process terms.
Thats why, the resulting guarded shape predicate that captures the meaning of
(E,T) depends also on a term P, because its construction needs to know types
of bound names inside P. It means that, we do not obtain so powerful result.
But still, it correctly captures the behavior of TMA’s type judgment relation.
It is as follows.

Theorem 5.2 For every environment E, an exchange type T, and a TMA
process P holds that:

EI—PT ’Lﬁ I—rP12HE’T’p

In the current state of the draft, we were trying to compare a version of TMA
that identity processes up to a-equivalence of bound names (both v-bound and
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bound by an input communication action) with a version of Poly[ that identity
processes up to a-equivalence of v-bound names. This was caused by a desire to
compare Poly[] with exactly the same version of TMA from the paper [CG99].
But unfortunately, it was found far from easy. For example, in order to provide
a translation from processes of TMA to Metall one has to somehow pick new
names for the input element. Another problem is how to refer to v-bound
names because referring by names can not be used. For this purposes we did
define our translation on syntax trees, and then, we did lift it to work also on
classes of equivalence. But this approach requires lot of unnecessary notations,
definitions, and proofs.

Recently, we have decided to compare a version of Poly[]l that does not
identity processes up to a-equivalence with a version of TMA that also does not
do so. A relationship between two different versions of TMA can be described as
follows. Here, P and @ range over classes of a-equivalence of TMA syntax trees,
A and B over syntax trees, % is a reduction relation on classes of equivalence
(from the paper [CG99]), and — is a reduction relation on syntax trees (from
Section 3.1).

Proposition 5.1 For each P, Q it holds that:
PALQ iff foralAcP.BeQ: A— B

5.7 BioAmbients in Poly[] and comparison with FABA

In this section we present a result of comparison between the FABA analy-
sis [NNPRO7] and Polyd. We compare results of FABA analysis with results
of the Poly[ type inference algorithm for the same inputs. For this reasons,
an encoding of BioAmbients terms in Metald, and an instantiation of Metall
by BioAmbients reduction rules is described. We describe relations between a
result of FABA analysis and a Poly( type. In general, the Polyd type infer-
ence algorithm provides more precious information than a result of the FABA
analysis. Moreover, behavior of the Poly type inference algorithm depends on
number of parameters, and there exists a configuration of the type inference
algorithm that produces exactly the same results as the FABA analysis.

The encoding " of BioAmbients terms in Metall is as follows. BioAmbients
names and directions are translated to Metald names, actions and capabilities
to Metald forms, and BioAmbients processes to Metall processes.

local” = local 's2s" = s2s "p2¢’ = p2c
'c2p’ = c2p $ar{y} = "$z(y) $x'{y} = Ta<y>
‘enter 2" = enter x ‘exit ' = exit "merge+ 2" = merge+ x
‘accept ' = accept x ‘expel ' = expel x  "merge- 2" = merge- z
= g 0" = 0 ‘W) P = ) P P Q =P Q"

r!P1: !rP1 r[P]1: [].rP1 rM.P1:rM1.rP1 rOé.P-‘:rOé-‘.rP1

A set of descriptions of BioAmbients rules, denoted B, is obtain by simple
rewriting of the original BioAmbients rules in the Poly(] syntax. Only com-
munication and movement rules has to be described. These are exactly those
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rules from Figure 3 that have no premise. We don’t present the exact defini-
tion here because it is straightforward. It, however, can be found in Appendix
A in Section A.1, written in the syntax of input files of the implementation.
The version in Section A.1 also handles the choice operator, as described below.

From the set of descriptions B, the reduction relation 5, is derived. Again, this
relation exactly corresponds to those from Figure 3, the only one difference is
that it refers to the Metall structural equivalence =, instead of to the structural
equivalence of BioAmbients =. Correctness of the translation can be expressed
as follows.

Proposition 5.2 Let A, B range over BioAmbients processes and P over Metall
processes.

(i) For all A,B: A— B implies 3Ao=A,By= B:"Ay’ LBy
(i) For all A,P: "A’ Ep implies 3B: "B = P

In Section 3.2 we have already mentioned that for reasons of analysis, FABA
assigns ambient identities p € Ambient to ambients. In FABA, the assignment of
the identity p to the ambient is written as [P]#. We encode ambients identities
as Metall names, and translate ambients with identities to the usual syntax of
Mobile Ambients as follows.

r[P]H,‘l — rM‘l [].FP‘I

FABA works with a version of BioAmbients that supports choice and the rec
operator. The choice operator is translated as proposed in Section 5.4.

r]D()-I-}Dl-l-...-l-]D]€1:Ch.(P()|Pl | |Pk)

In Section 5.4 we have already noted that this translation leads to over approx-
imation, but still, it is good enough for reasons of comparison with FABA. This
is because FABA handles ‘+’ in the same way as ‘|’. Although we haven’t yet
incorporated the rec operator into Polyd, we can informally provide a transla-
tion that handles ‘rec X’ as a Metall form, and a process variable X as a Metall
name as follows.

rec X.P" =rec X."P’ X' =X.0

A principal typing for a Metall process given by this translation, and by
BioAmbients reduction rules, provides in general more precious information
than a result of FABA analysis. Nevertheless, there exist parameters of the
PolyO type inference algorithm with which it produces exactly the same result.
They are as follows, written in the syntax of an input file of the type inference
algorithm implementation.

option { showred no }

option { usemarks no }

option { smash yes }

option { sequence no, sequence yes x[] }
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The parameter ‘showred no’ turns off displaying of subtyping edges (called red
edges) that have no counterpart in a FABA result. The parameter ‘smash yes’
turns on smashing of edges. This forces the following property to hold: whenever
a shape predicate contains two edges labeled with the same form type?*, then
they have the same destination node. The last parameter turns off sequencing
for all edges that are not labeled by an ambient form type, i.e., a form type of
the shape ‘z[]’. It means that all edges that are not labeled by an ambient form
type are forced to be self-loops, i.e., to have the same source and destination
node. A full description of parameters of the type inference algorithm can be
found in a description of the syntax of its input files.

A result of the FABA analysis for an input term P is a pair (Z,R), as already
described in Section 3.2. A relation between Z of FABA and a Poly[ typing
7 inferred by the type inference algorithm for P is as follows. It holds that,
u € Z(x) if and only if there is an edge from the root node of 7, labeled with «
in the case when u is a capability, or labeled with «[] for the case when u is an
ambient. Also, u € Z(u) if and only if there is an edge in 7 of the form X 40,y
and an edge from Y labeled with w or by w[] respectively. Informally it says
that, when we draw Z as a graph with nodes labeled with u’s, and if we draw 7
as a graph where a label of each edge is displayed in its destination node, then
we obtain the same graphs.

This is illustrated on an example of ‘transcriptional regulation by positive
feedback’ from the FABA paper [NNPRO07] in Appendix A. Appendix A contains
a full input file for the implementation including a term to be analyzed and
descriptions of reduction rules (Section A.1), the set R from the result of FABA
(Section A.2), the Polyd type inferred by the inference algorithm (Figure 12),
and a graph representation of Z from the result of FABA (Figure 13). Two
graphs in Figure 12 and Figure 13 differs in the way that in the case of Polyl
type, all leaves are merged together into yellow boxes labeled with ‘LOOP’.
Yellow boxes also contain the form type ‘ch’ used to encode the choice operator.
These can be ignored. Another difference is that the Poly[] type contains green
flow edges. These were not described in this report. These are described in
the Polyd technical report [MW04a] in Section 3.2 (page 15). Nevertheless, we
present them in the graph because they correspond to the set R of the FABA
result. Whenever v’ € R(v) then either v = v' or there is a green box labeled
with ‘v :={v'}’. The label in a green box corresponds to a flow edge labeled
with a type substitution. When v' € R(v), it means that, the name v may
be instantiated with v’ as a result of communication. The Poly[ type also
provides information where this communication may happened (by placement
of the green label). This information is not expressed in the FABA result.

We have not yet developed a formal proposition that describes the relations
described above. This is mainly for two reasons. At first, there are technical
difficulties in comparison, caused by FABA’s handling of canonical capabilities.
Secondly, our aim was to show that Poly[] can be used to flow analysis that is
comparable with FABA, rather than to develop formalisms that allow formal

4In particular, labeled with form types that are related by ~ from Section 4.7.
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description of relations between them. Still, the formal description is left as the
future work.

5.8 Other work on process calculi in Poly[]

The other work on process calculi in Polyl] covers capturing of properties de-
scribed by another Mobile Ambients type system [CGG99] directly in Poly[.
This type system can be used to check the property that some particular am-
bient will stay immobile, i.e, no in/out capability will be executed inside an
immobile ambient. It can also be used to check the property that some ambient
can never be opened. An alternative way to describe these properties were de-
veloped directly in Poly[], by extending Mobile Ambients reduction rules. Last
but not least, an encoding of the Brane Calculus [Car04] in Poly was proposed.

6 Conclusions and future work

In this report we have presented some of the work of the author of this report
done during the first year of his PhD study at Heriot-Watt University. Section
2, Section 3, and Section 4 provide general overview of a problematic studied
during the first year. Section 5 describes specific issues and results studied and
developed during the first year. Overview of the work and results can be found in
the introduction of Section 5. Section 5.2, Section 5.3, and Section 5.4 describe
the work done on generic properties of process calculi. This work should allow
future extensions of the Poly[] system. Section 5.5 describes the changes done
in the implementation of the Polyl type inference algorithm, and other tools
developed for reasons of other research. Section 5.6 and Section 5.7 describe
specific results of comparison of Polyd to related systems. Finally, Section 5.8
briefly describes the other work not presented in this report.

The rest of this section provides a list of possible topics of the future work.
Some of them were already mentioned in previous sections. Section 6.1 provides
a time plan of the future work.

e The first aim is to finish the comparison described in Section 5.6. This
work should culminate in a conference paper that presents the results.

e The related work is to finish the comparison with FABA from Section
5.7 and present the results in a formal way. There also exists a successor
of the FABA analysis [NNP04] that has a better support for the choice
operator, and thus, in some cases, it provides better results than Poly[].
A better support for choice in Poly[] is mentioned in the next item.

e Another topic of the future work is to incorporate the rec operator into
the Poly formal theory. This was already mentioned in Section 5.3. This
is also necessary in order to provide better results in the previous point.
Another thing that should provide better results with respect to the com-
parison with FABA, and with respect to flow analysis in general, is incor-
porating of the choice operator, as already discussed in Section 5.4.
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e One of aspects that has not been discussed yet is a presentation of results.
Although it is not the primary aim of the Poly[] project, it seems that
it is necessary to present results of the type inference in well arranged
and easy to take in form. In particular, results of flow analysis for huge
biological systems is very hard to read in the current version of Polyd. For
example, the full Polyd analysis of the term from Appendix A has to be
printed on three A4 pages in order to recognize edges in details. For large
graphs, several layout algorithms can be tried. For comparison, we present
a graph for the example from Appendix A, produced by one of alternative
layout systems, in Figure 14. This is the same graph as in Figure 12, but
generated by the tool circo instead of the standard dot that we use. Both
tools circo and dot comes from the graph visualization package Graphviz
[EGKT01]. It seems that, the layout of the graph in Figure 14 presents
a topology of the graph in a better arranged way. Thus it seems that, it
should be useful to spent some time by an investigation of possibilities.

Another related thing is a user-friendly web interface. Poly already has
one working web interface. But, this is not suitable for a presentation
of more complex types. For the future, we would like to produce a web
interface with more features related to the presentation of results.

e The Poly type inference algorithm comes with many parameters that can
be used to adapt its expressiveness for specific needs. Some of them have
been already mentioned in Section 5.7. Some of them are not presented
in the Polyd theory, and their properties has not been studied from the
theoretical point of view. Incorporate them into the Polyd theory is left
for the future.

e The last point mentioned in this section are ways of increasing Poly[]
expressiveness and ways of improving of preciseness of a type inference.
Expressiveness can be increased by, for example, some form of higher-order
communication, similar to the one found in HO7 mentioned in Section 2.3.
Preciseness of the type inference can be improved, for example, by better
handling of the v operator, or by some kind of counting. Counting should
allow Polyd types to express, for example, the property that ‘there is no
more than one copy of an ambient a at the top-level’. In the current
state of art, Poly types can just grant a property of the form ‘there is no
ambient a at the top-level’.

Last but not least, there is also the aim to find out ways how to present
the theory in more simple, more compact, and more readable ways.

6.1 Time plan

Based on the list of possible topics of the future work above, we provide the
following research steps to be taken during the remaining PhD.

e (now - May 2008) Finish the comparison of Poly and TMA.
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e (May 2008 - Feb 2009) Extend Poly[l with recursion (and/or with
choice) and find out ways to better present results of type inference.

e (Feb 2009 - Sep 2009) Choose one way to extend Poly[l expressiveness
or to improve type inference preciseness as mentioned above, incorporate
it into the Poly[ theory, and implement it.

e (Sep 2009 - Feb 2010) Write and submit a PhD thesis.

A Analysis: Transcriptional regulation by posi-
tive feedback

A.1 A term to be analyzed

active { P in a[P] }

reduce {
al["ch".(T|"enter" n.P) | Q] | b["ch".(U|"accept" n.R) | S]
--> blal[PIQIIRIS] }
reduce {
alb["ch".(T|"exit" n.P) | Q] | "ch".(Ul|"expel" n.R) | S]
-=> b[PIQ] | alRIS]
reduce {
al"ch".(T|"mergep" n.P) | Q] | b["ch".(U|"mergem" n.R) | S]
--> a[PIQIRIS] 2
reduce {
"ch".(T|"p2p" n<m...>.P) | "ch".(U|"p2p" n(p...).Q
-—> (Pl{p...:=m...}Q) }
reduce {
"ch".(T|"p2c" n<m...>.P) | a["ch".(U|"c2p" n(p...).Q) | R]
-=> P | al{p...:=m...}QIR] }
reduce {
alRl"ch".(T["c2p" n<m...>.P)] | "ch".(U|"p2c" n(p...).Q)
--=> al[RIP] | {p...:=m...}Q }
reduce {
alRI"ch".(T|"s2s" n<m...>.P)] | b["ch".(U|"s2s" n(p...).Q)IS]
--> a[RIP] | b[{p...:=m...}QIS] }

option { showred no }

option { usemarks no }

option { smash yes }

option { sequence no, sequence yes x[] }

term {

GeneA[
rec X1.ch.(
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s2s basal(x2).ch.expel a.X1 |
s2s pa (x1).ch.expel a.X1 )

RNAal[
rec X2.ch.exit a.ch.(
s2s utr(x4).ch.expel b.X2 |
s2s degm(x3).0 )

ProteinAl[
ch.exit b.rec X3.ch.accept tf.ch. (
p2c bbi<d>. (ch. (expel g.X3) | X3) |
s2s degp(x6) .ch.p2c bb3<d>.ch.p2c bb3<d>. 0 |
s2s degp(x7).ch.p2c bb3<d>. 0 )

Kinase[
rec X4.ch.(
s2s bb2<d>.X4 |
c2p bb3(x5).0 )

]
]
]
]
GeneTF [
rec X5.ch.(
s2s basal(y2).ch.expel c.X5 |
s2s pa(yl).ch.expel c.X5 )
|
RNAtf [

rec X6.ch.exit c.ch.(
s2s utr(y4).ch.expel e.X6 |
s2s degm(y3).0 )

ProteinTF [
ch.exit e.ch.enter tf.ch.expel atf.
ch.accept atf.0

BoundTF [
ch.exit atf.ch.(
c2p bbl(y9).ch.enter atf.0 |
c2p bb3(y8).0 |
s2s bb2(y7) .ch.(
c2p bb1(y6).ch.expel £.0 |
c2p bb3(y5).0 ) )

ActiveTF[
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]

ch.exit f.ch.exit g.rec X7.ch.(
s2s ptail<d>.X7 |
s2s degp(y10).0 )

Transcr[ rec X8.ch. (

]

s2s basal<d>.X8 |
s2s ptail(zl).ch.s2s pa<d>.X8)

Transl[ rec X9.ch.s2s utr<d>.X9 ]

RNAdeg[ rec X10.ch.s2s degm<d>.X10 ]

ProteinDeg[ rec X11.ch.s2s degp<d>.X11 ]

}
A.2 A set R of the FABA analysis
R = { (.131, ) (.132, d)7 (.133, d)a (]}4, d)a (1‘5, d)a (xﬁa d)a (1‘7, d)7
(yla ) (yQa d) (y37 d)7 (y47 d)7 (y5a d)a (yﬁa d)a (y77 d)7 (y87 d)7 (y97 d)7
(y107 ) (Z17 d)7
(ptail, ptail), (atf, atf), (tf, tf), (degp, degp), (utr, utr), (pa, pa),
(basal, basal), (bb3, bb3), (bb2, bb2), (bb1, bb1), (9, 9), (. /), (e, €), (d, d),
(¢, ¢), (b, 0), (a, a)
}
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