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Preface

The design of formal calculi in which the fundamental concepts underlying inter-
active systems can be described and studied has been a central theme of theoretical
computer science over the last two decades. In this book we refer to the formal
description of mobility in computer science by using 7-calculus, ambient calculus,
bioambients, brane calculi and systems of mobile membranes.

In process algebra the moving entities are the links (7-calculus), the ambients
(ambient calculus and bio-ambients) and the branes (brane calculi). In membrane
systems the movement is provided by rules inspired by endocytosis and exocytosis.
Cell movement is a dynamic phenomenon that is essential to a variety of biological
processes (e.g., immune response).

In Chapter 1: Mobility in Process Calculi we refer to the formal description of
mobility in process calculi [52]. When expressing mobility, we should mention what
entities move and in what space they move. The m-calculus [121] is a formalism
where links are the moving entities, and they move in a virtual space of linked
processes (the network of web pages is a good example for this approach). This
option is powerful enough to express moving processes both in a physical space of
computing locations and in a virtual space of linked processes [121]. The r-calculus
has a simple semantics and a tractable algebraic theory [121]; it is a widely accepted
model of interacting systems with dynamically evolving communication topology
and (channel) mobility. Its mobility increases the expressive power enabling the
description of many high-level concurrent features.

Timed distributed m-calculus (tDm) [67] is a rigorous framework for describing
distributed systems with time constraints. The timers on channels define timeouts for
communications, and timers on the channel types restrict the channels’ availability.
Whenever the timer of either a channel or a channel type expires, the corresponding
channel is discarded, and respectively the channel type is lost. D7 combines tempo-
ral constraints with types and locations in order to give the possibility of modelling
located and timed interactions between distributed processes with time-restricted
resource access.
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Another formalism able to express mobility is the ambient calculus [42]; it de-
scribes computation carried out on mobile devices (i.e. networks having a dynamic
topology), and mobile computation (i.e. executable code able to move around the
network). The primitive concept of the calculus is the ambient defined as a bounded
place in which computation can occur. Ambients can be nested inside other ambi-
ents. Each ambient has a name used to control access to it. Computation is repre-
sented as the movement of ambients: they can be moved as a whole, changing their
location by consuming certain capabilities: in, out, open.

Mobile ambients with timers (tMA) [9, 10, 15] represent a conservative extension
of the ambient calculus. Inspired by [41], we introduce types for ambients in tMA.
The type system associates to each ambient a set of types in order to control its
communication by allowing only well-typed messages. For instance, if a process
inside an ambient sends a message of a type which is not included in the type system
of the ambient, then the process fails. In tMA the process may continue its execution
after the timer of the corresponding output communication expires.

The biological inspiration is predominant in the case of brane calculi [40]. The
operations of the two basic brane calculi, namely pino, exo, phago (for the PEP
fragment) and mate, bud, drip (for the MBD fragment) are directly inspired by the
biologic processes of endocytosis, exocytosis and mitosis. Since some proteins are
embedded in cell membranes, and can act on both sides of the membrane simultane-
ously, brane calculi use both sides of the membrane, emphasizing that computation
happens also on the membrane surface.

On the other hand, in Chapter 2: Mobility in Membrane Computing, we study
mobility in the framework of natural computing. Natural computing refers to both
computational models inspired by nature and biological processes. When complex
natural phenomena are analyzed in terms of computational processes, our under-
standing of both nature and computation is enhanced. Natural computing is looking
for concepts, principles and mechanisms underlying natural systems.

Membrane computing is part of natural computing, being a rule-based formal-
ism inspired by biological cells [128]. Mobile membranes represent a formalism
describing the movement of membranes inside a spatial structure by applying spe-
cific rules from a given set. We define several systems of mobile membranes: simple,
enhanced and mutual mobile membranes, as well as mutual mobile membranes with
objects on surface. When membrane systems are considered as computing devices,
two main research directions are considered: the computational power in compar-
ison with the classical notion of Turing computability, and the efficiency in algo-
rithmically solving hard problems (e.g., NP-problems) in polynomial time. In this
chapter we present mobile systems which are both powerful (mostly equivalent to
Turing machines) and efficient (membrane system algorithms provide efficient so-
lutions to NP-complete problems through the generation of an exponential space in
polynomial time).

Reachability is the problem of deciding whether a system may reach a given
configuration during its execution. This is one of the most critical properties in the
verification of systems; most of the safety properties of computing systems can be
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reduced to the problem of checking whether a system may reach an “unintended
state”. We investigate the problem of reaching a certain configuration in systems of
mobile membranes with replication rules, starting from a given configuration. We
prove that reachability in systems of mobile membranes can be decided by reducing
it to the reachability problem of a version of pure and public ambient calculus from
which the open capability has been removed.

In Chapter 3: Encodings we establish several links between process calculi and
membrane computing in order to be able to use techniques from one area in the other
one. The difference between these two research areas is the fact that process alge-
bras provide a tool for the high-level description of interactions, communications,
and synchronizations between a collection of independent agents or processes, pro-
viding also algebraic laws that allow process descriptions to be manipulated and
analyzed, and permit formal reasoning about equivalences between processes (e.g.,
using bisimulation), while membrane computing uses techniques from languages,
automata, complexity, and dynamical systems. We consider our encodings as the
first efforts towards bridging the gap between process calculi and mobile mem-
branes.

In order to study the expressive power of tDr we use a method of embeddings
among languages introduced in [148]. The method is based on a tuple composed
of a set of process expressions &, a partial operation over & (in process cal-
culi we choose the parallel composition operator) and an observational equivalence.
To compare two formalisms by looking at their sets of syntactic expressions (lan-
guages) L; and L,, we are required to identify the corresponding algebraic lan-
guages (P, |;~2) respectively (£’; | ";~'). We adapt this method and use it to
show that D7 is more expressive than the underlining Dr.

Although both the m-calculus and the calculus of mobile ambients are Turing-
complete [42, 121] and they have almost the same field of application (mobile
computations), it is widely believed (see [77]) that the m-calculus does not directly
model phenomena such as the distribution of processes within different localities,
their migrations, or their failures. We present a translation of mobile ambients into
the asynchronous m-calculus: in order to imitate the spatial structure of mobile am-
bients we impose some very rigid restrictions on the structural congruence rules of
the m-calculus. A key idea of the encoding is based on the separation of the spatial
structure of mobile ambients from their operational semantics.

Membrane systems [127, 128] and mobile ambients [42] have similar structures
and common concepts. Both have a hierarchical structure representing locations,
and are used to model various aspects of biological systems. Mobile ambients are
suitable to represent the movement of ambients through ambients and the communi-
cation which takes place inside the boundaries of ambients. Membrane systems are
suitable to represent the movement of objects and membranes through membranes.
We consider these new computing models used in describing various biological phe-
nomena [40, 65], and encode the ambients into membrane systems [12, 19]. We
present such an encoding, and provide an operational correspondence between the
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safe ambients and their encodings, as well as various related properties of the mem-
brane systems [14].

Some work has been done trying to relate membrane systems and brane calculi
[35, 37, 47, 105, 106]. Inspired by brane calculi, a model of membrane systems
having objects attached to membranes has been introduced in [45]. In [31], a class
of membrane systems containing both free floating objects and objects attached to
membranes has been proposed. We are continuing this research line, and simulate
a fragment of brane calculi by using systems of mutual membranes with objects on
surface. By defining an encoding of the PEP fragment of brane calculi into systems
of mutual membranes with objects on surface, we show that the difference between
the two models is not significant.

A relation can be established between mobile membranes and coloured Petri nets
by providing an encoding of the first formalism into the second one. By considering
the endocytic pathway for low-density lipoprotein degradation, we show how mo-
bile membranes can be used to model such a biological phenomenon, while coloured
Petri nets can be used to analyze and verify automatically some behavioural prop-
erties of the pathway. Some connections between membrane systems and Petri nets
are presented for the first time in [78] and [137]. In [101, 102], a direct structural
relationship between these two formalisms is established by defining a new class of
Petri nets called Petri nets with localities. This new class of Petri nets has been used
to show how maximal evolutions from membrane systems are faithfully reflected in
the maximally concurrent step sequence semantics of their corresponding Petri nets
with localities.

The book is devoted to researchers. However, since it contains examples and
exercises, it can be used as a course support. The dependencies of its chapters and
sections are represented by the following graph

= L
3%1 \ 2// 2.6 3.5

The book is designed primarily for computer scientists working in concurrency
(process calculi, Petri nets), in biologically inspired formalisms (brane calculi,
membrane systems), and also for the mathematically inclined scientists interested
in formalizing moving agents and biological phenomena. As far as we know, the
book is the first monograph that treats mobility as its central topic.

Tasi, 2011 Bogdan Aman
Gabriel Ciobanu
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Chapter 1
Mobility in Process Calculi

Abstract Mathematical models are useful in different fields to provide a deeper
and more insightful understanding of various systems and notions. We refer here to
the formal description of mobility in computer science [52]. The first formalism in
computer science able to describe mobility is the w-calculus [121]. It was followed
by ambient calculus [42]. A biologically-inspired version of ambient calculus is
given by bioambients [138] and several brane calculi [40].

When expressing mobility, we should mention what entities move and in what
space they move. There are several possibilities: processes moving in a physical
space of computing locations, processes moving in a virtual space of linked pro-
cesses, links moving in a virtual space of linked processes, etc.

1.1 m-calculus

The m-calculus is a formalism where links are the moving entities, and they move
in a virtual space of linked processes (the network of web pages is a good exam-
ple of this approach). This option is powerful enough to express moving processes
both in a physical space of computing locations and in a virtual space of linked
processes [121].

The m-calculus was developed as a calculus of communicating systems that
allows the representation of concurrent computations whose configuration may
change during the computation. The computational world of the m-calculus con-
tains just processes (also called agents) and channels (also called ports). In contrast
to the A-calculus which represents computations through functions, the r-calculus
uses the process as an abstraction of an independent thread of control. A channel
is an abstraction of the communication link between processes, and processes in-
teract by sending information through these channels. Since variables may be chan-
nel names, computation can change the channel topology and process mobility is
supported. Milner emphasized the importance of identifying the “elements of inter-
action” [120], and his m-calculus extends the Church-Turing model by adding the

B. Aman, G. Ciobanu, Mobility in Process Calculi and Natural Computing, 1
Natural Computing Series, DOI 10.1007/978-3-642-24867-2_1,
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interaction between a sender and a receiver to the algebraic elegance of A-calculus.
The m-calculus has a simple semantics and a tractable algebraic theory [121]. Ac-
tually the m-calculus is a widely accepted model of interacting systems with dy-
namically evolving communication topology and (channel) mobility. Its mobility
increases the expressive power enabling the description of many high-level concur-
rent features. The 7-calculus can model networks in which messages are sent from
one site to another site and may contain links to active processes or to other sites;
it is a general model of computation which takes interaction as primitive. This for-
malism is also used in modelling biological systems [53, 72].

1.1.1 Syntax

We briefly present the monadic version of the m-calculus (“monadic” means that
the messages sent between processes consist of exactly one name). Let 2~ be an
infinite countable set of names. The elements of 2~ are denoted by x,y,z,... The
terms (expressions) of this formalism are called processes, and they are denoted by
PO,R,... .

The processes are defined over the set .2~ of names as follows:

Table 1.1 Syntax of m-calculus

P = processes
0 empty process
X(z).P output
x(y).P input
PO parallel composition
P+Q choice
P replication
vx P restriction

The m-calculus expressions are defined by guarded processes X(z).P and x(y).P,
parallel composition P | Q, nondeterministic choice P+ Q, replication !P and a re-
striction vx P creating a local fresh channel x for process P. The m-calculus repli-
cation !P can also be expressed by recursive equations of parametric processes. 0 is
the empty process.

Input guards and output guards represent sending and receiving a channel name
along a link. The output guarded process X(z).P sends z along x and then, after the
output has completed, continues as P. An input guarded process x(y).Q waits until a
name is received along x, substitutes it for the bound variable y and continues as Q'.

! There is an important distinction between input and output guards. The output guard is a simple
sending of a name z along a channel x, but the input guard has a more complex action: the name
received along the channel x replaces y in the process following the input guard. The input guard
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The parallel composition X(z).P | x(y).Q may thus synchronize on x, and so the pro-
cesses can interact by using channels they share. A name received in one interaction
can be used in another; by receiving a channel name, a process can interact with
processes which are unknown to it, but now they share the same channel name. This
aspect is important in defining mobility in the m-calculus, together with the scope
of names defined by vx P and extrusion of names from their scopes.

Over the set of processes is defined a structural congruence relation = provid-
ing a static semantics. The structural congruence is defined as the smallest congru-
ence over the set of processes which satisfies the following equalities involving the
set fn(P) of the free occurrences in a process P and standard ¢t-conversion denoted
by =4 :

Table 1.2 Structural Congruence of m-calculus

P=QifP=y 0

P+0=P, P+0=0Q0+P, (P+Q)+R=P+(Q+R),
PlO=P, Plo=0Q[P. (P|Q)[R=P|(Q|R).
IP=P|IP

vx0 =0, vxvyP = vyvxP, vx(P|Q)=P|vxQifx¢ fn(P).

The rule vx(P | Q) = P | vxQ whenever x ¢ fn(P) describes the extrusion of names
from their scope, and it plays an important role in defining mobility in 7-calculus.

1.1.2 Operational Semantics

The evolution of a process is described in the m-calculus by a reduction relation
over processes called reaction. This relation contains those transitions which can be
inferred from a set of rules. The reduction relation over processes is defined as the
smallest relation — satisfying the following rules:

Table 1.3 Operational Semantics of m-calculus

(com)  (X(z).P+Ry) | (x(y).Q+R2) — P|Q{z/y}
(par) P — QimpliesP|R— Q|R
(res) P — Qimplies vx P — vx Q
(str) P=P P — Q and Q' = Q implies P — Q

is a binding operator involving substitutions: in x(y).P, the name y binds free occurrences of y in
P. In a second binding operator vx P, the name x binds free occurrences of x in P.
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Example 1.1. We give an example describing a simple interaction between a mo-
bile phone carried in a car and two base stations. The connections between the car
(mobile phone) and a base station can change as the car moves around.

Fig. 1.1 A Car and Two Base Stations Interaction in 7-calculus

We consider three processes By, B, and C corresponding to the two base stations
and the car, respectively. We start with their parallel composition By | C | B, de-
scribed by the left square of the picture. The base B; and the car C are connected
by a channel ralk, and B| and B, by a channel switch. This means that ralk is free
in both B; and C, and switch is a free name in both By and B;. By the process
expression Vv talk (B; | C) | By, the name ralk is restricted to By and C, and we
interpret that By and C have an exclusive communication along the channel talk.
If B| = switch(talk).B), then base B; wishes to send the name of channel ralk to
base B, along the channel switch. Moreover, if talk is not free in B’1 (talk ¢ fn(B’1 ),
then B will lose its link to C. Base B, is waiting for a channel name sent by By,
namely B, = switch(y).B5. Applying the reduction rule (com) and the extrusion of
name talk from its previous scope given by By, we get the transition

vtalk (B |C) | By — B | vtalk (C|BY)

where B} = B, {talk/y}. The initial process v talk (B | C) | B, changes its commu-
nication topology, and it becomes as it is described in the right square of the figure
above. Now B/ and C have an exclusive communication along the channel ralk.
This is essentially the mobility mechanism offered by the w-calculus. More details
are in [121].

Various forms of behavioural equivalence in process algebras are based on the
notion of bisimulation. There are several definitions in the literature for bisimula-
tion; their definitions are given by using the labelled transition system defined by
the reduction rules. Systems can be checked automatically by studying the bisimi-
larity between two processes, namely the model and its specification. The properties
of finite state transition systems can be specified in a very powerful logic called -
calculus. Thus it is possible to use various verification techniques for proving prop-
erties about the mobile concurrent systems modelled in the 7-calculus. Modelling
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with z-calculus and verifying with the p-calculus and some of its proper subsets
have been thoroughly investigated in the literature. Model checking m-calculus pro-
cesses is discussed in several papers, and the Mobility Workbench [152] is a soft-
ware tool supporting this model checking.

1.1.3 Extensions

There are several variants and extensions of the m-calculus: Spi [1], Dpi [91],
tDpi [67], appliedPi [2], bigraphs [122]. An important change is introduced in the
distributed version Dpi of the 7-calculus presented in [91]: mobility is expressed in
a simpler way, by using an explicit migration primitive goto . P enabling mobility
between explicit location names. Regev and Shapiro use the m-calculus in describ-
ing biochemical systems by abstracting “cell-as-computation”, and using processes
as abstractions of molecules in biomolecular systems [139]; the authors use these
abstractions for representation, simulation, and analysis of metabolic pathways.

1.1.4 Computational Power

The m-calculus is a universal model of computation as stated by Milner in [119], in
which he presents two encodings of the A-calculus in the 7-calculus. The features of
the m-calculus that make these encodings possible are name-passing and replication
(or, equivalently, recursively defined agents). In the absence of replication/recursion,
the m-calculus ceases to be Turing-powerful [145].

1.2 Timed Distributed 7-calculus

We take up Dr, extending it with decreasing timers attached to communication
channels and to channel types. The new formalism is called timed distributed -
calculus (tDr) [67], and it is presented as a rigorous framework for describing dis-
tributed systems with time and resource constraints. The timers on channels define
timeouts for communications, and timers on the channel types restrict the channels’
availability. Whenever the timer of either a channel or a channel type expires, the
corresponding channel is discarded, and respectively the channel type is lost. tDm
combines temporal constraints with types and locations in order to give the pos-
sibility of modelling located and timed interactions between distributed processes
with time-restricted resource access. Following the method introduced in [153], we
prove that the typing system of D is sound with respect to the equivalence and
reduction relations of the m-calculus. Moreover, time does not interfere with the
typing system.
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1.2.1 Syntax

By adding timers to communication channels, communication along a channel is
no longer available for an indefinite time (like in D). If no interaction happens in
the predefined interval of time determined by the timer value, the process goes to
another state. Each channel has two alternatives: one when the communication is
achieved, and another when we have no communication. Channel timers are created
once with the channel, but started only when the channel becomes active (available
for communication).

1.2.1.1 tDr Syntax

The syntax of a Drr channel a is extended by tagging it with a timer A¢; this means
that the channel ¢! waits for communication only for the period of time determined
by the timer value ¢ (namely ¢ units of time). We use a discrete time domain; this
is related to the fact that we have synchronous communications in the standard -
calculus. If we want to model asynchronous systems, then a model based on dense
time [8] would be more appropriate.

Table 1.4 Syntax of tDx

u = X Variable Name o
| a Timed Channel P, Q u:=stop Termination
I u= x Variable Name |P|Q Composition
| & Location Name | (vu:A)P Channel Restriction
v o u= by Base Value | gol.P Movement
| ull Name | ul(v).(P.Q) Output
| u@l Located Name I ’:;(X :T).(P,0) glpu]t i
A Ties eplication
X ..|= (;1""\)") F\r/zfil;b?i Values M,N:=M | N Composition
| X@! Located Variable | (vu@l:T)N Located Restriction
| {[[P]]r Located Process

| (X1,-.Xn) Tuple of Variables

The syntax of Input and Output communication uses a pair of processes (P,Q).
For instance, the Input expression a*’?(X : T).(P, Q) evolves to P whenever a com-
munication is established on channel a during the interval of time given by At,
otherwise it evolves to Q. In this expression, the variable X of type T is considered
bound only in P. We consider timers for both input and output channels. In general,
in synchronous systems an input process waits for a resource for a certain period of
time, and an output process offers a resource for a certain period of time.

Table 1.4 defines in order the channel names and location names, values, vari-
ables, processes and tagged located processes of tD. For a variable X of the Input
expression a®'?(X : T).(P,Q) we must also provide its type T, and for the chan-
nel name u in the Channel Restriction expression we have to provide its channel
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type A (types are presented in Subsection 1.2.2). Note that we may have a vari-
able x in place of a channel name (in the Input, Out put or Located Restriction) or
in place of a location (in the Located Processes, Located Names or Movement). On
an output channel, a process can send a value consisting of either a channel name
(together with its timer), a location name, a name of a variable, a name of a channel
(or variable) located at some location or a tuple of values. Note that with the located
restriction (va@k : T)N we specify a new private channel a and its location k. For
example, in the process

(va@k: T)([[P] | k[[Q]]) | ¥[Q]

the channel a is private for P and Q, and it is located at the current location k of Q.
Moreover, Q' does not have any knowledge about channel a even though it also runs
at location k. This means that process P must move to location k before commu-
nicating on the private channel a. Also note that channel restriction refers only to
names.

The interaction between processes is given through the input and output process
expressions which must have the same channel name; the channel timers play a
secondary role in such an interaction.

Example 1.2. The following two processes running in parallel can interact along the
common channel a.

ANW).(PQ) | A AXT).(PLQ) — P | P'{V/x}

Intuitively, the process on the left of the reduction arrow evolves to the process on
the right after such an interaction. The output process (the process on the left of
the parallel composition operator) sends the value v on the channel named a and
then behaves as P. When receiving the value v, in the input process (the process
on the right of the parallel composition operator) all the occurrences of the bound
variable X are replaced by v in P'.

Waiting indefinitely on a channel a is allowed by considering Af as e. An output
process expression a”!(v).(P, Q) awaits forever to send the value v, simulating the
behaviour of an output process in untimed synchronous 7-calculus.

1.2.2 Typing System

Each located process is tagged with a type environment I” which is a set of location
types denoted by K in Table 1.5. Formally the type environment is a mapping from
free location names k to location types K. A location type K may contain location
capabilities denoted by k; these capabilities may express either capabilities of using
channel names d with their corresponding channel types A (@:A), or move capabil-
ities go, or channel restriction capabilities (i.e., permissions to create private chan-
nels) newch. A channel type A may contain the following channel capabilities gener-
ically denoted by a:: reading/writing/restricted reading messages of type T respec-
tively denoted by r(T)/w(T)/ro(T). A type T may contain tuples (7,...,T;,) of
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types, and channel types Ay,...,A, @K corresponding to channel names ay,...,a,
located at a location of type K. % represents the set of base types.

Table 1.5 Type System and Subtyping Relation of tDm-calculus

Types: Subtyping:
K == loc{k} K <t K
A = res{0}At a:A <: a:B ifA<B
E == A|K|ZA K < L ifYAeLl:dxkeK:k<:A
T == E|(T,...,T)) A < B ifvYfeB: JdocA: o <:f
| Ay,...,A,@K A@K <: B@L ifK<:LandA<:B
Capabilities: S < T ifVi:S; < T;
K = a:A Ty < KTy fT<T
| go|newch w(S) <: w(s) ifs<S
o == rT)|w(T)|ro(T) ro(T) <: ro(T") T <:T

We may have only one instance of the capabilities go and newch in a location
type K; they represent respectively the capability of a process to move to a location
of type K, and the capability to create private channel names at a location of type K.

In order to exemplify, let us consider a process which has in its type environ-
ment I" a channel name a with a channel type res{r(T),w(T’),ro(T")}. This means
that along this channel a the process can receive messages of type 7', and send mes-
sages of type T'. The ro capability is similar to an r capability, with the difference
that the types of the received messages are not added to the type environment of
the process. Types are accumulated when a name is received along an input channel
with capability r().

Having ro() capabilities, we can describe processes which may use the data re-
ceived in a message through an input channel with capability ro() only if there exists
a proper type for the new data within their type environments. More precisely, let
us consider a process P at location k which receives a located channel name b@k
on the input channel a of type res{ro(T)}. The located process k[[P]]r can use the
new channel name b to communicate without generating errors only if its type envi-
ronment I” contains at location k the corresponding type of b, i.e., I (k,b) should be
defined. Runtime errors are presented at the end of Section 1.2.3, where Table 1.12
contains the rules of the error system.

In Dz resources are accumulated, but can never be discarded. We extend the
channel types of Dr with timers of form A¢. These timers define the existence of
the channel types inside the type environment. We assume that we have a universal
clock, and the timers decrease with each “tick” of the universal clock. Commu-
nication actions can be performed along a channel until the timer on its type has
expired. After expiration, the channel capabilities are discarded and any commu-
nication would generate a runtime error. Timers are created once with the channel
types, and they are activated when types are added to the type environment. For a
clearer presentation, we write only the channel types res{c} instead of the chan-
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nel types with the attached timers res{ o }Ar whenever we are not interested in the
timing aspects.

In our approach a process can move to a certain location, and wait for a period
of time to establish a communication on a channel (a fixed local resource) with a
complementary process. It is necessary to offer capabilities as r(T'), w(T'), and ro(T')
for these fixed resources in order to restrict the actions performed by a process.
The capabilities of the locations, and the capabilities of the channels from the type
environment define what actions are allowed to be executed at each location. An
example of a type environment is:

I'={l:loc{a:A,b:B}k:loc{la:A"}}

where we denote by I' (k) the type loc{a : A’} of location k, and by I" (I, b) the chan-
nel type B of the channel b located at /. The process of accumulating capabilities
is made explicit by using environment extensions. We denote by I'{k : K} an envi-
ronment I" extended with a new location k of type K. Moreover, considering I" as
above, we can extend the type environment with a new type B’ of a channel ¢ located
at k by

I'{c@k:B'}={l:loc{a:A,b:B},k:loc{a:A",c:B'}}

When a process receives new channel names together with their associated types,
capabilities of the new names become available (are added to the type environment
of the process). As an example, let us suppose a process receiving a name of a
located channel c@k with channel type B’ through an input channel with reading
capability. The type of the new channel is added to the type environment at the cor-
responding location type of k : loc{...}. It means that now the process knows about
the new channel, and gains the capability to communicate through the accumulated
channel ¢ according to type B’.

A subtyping relation (<:) is introduced to compare type environments. If we
consider I = {l : loc{a: A,b: B}} and I'" = {I : loc{a: A}} as type environments,
then we have I <: I'’ according to the definition in the second column of Table 1.5.
Comparing type environments I" and I'/, we see that an environment with more
capabilities (I') is a subtype of an environment with fewer capabilities (I'’). The
reason for such an interpretation of the subtyping relation is that I’ is more restric-
tive than I'". The subtyping relation represents the inverse of the subset relation from
the set theory; if we consider type environments as sets of location types, the relation
above becomes I' D I'’.

We extend both the partial meet [ and partial join U operators of Drr with the
new channel capability ro(). Intuitively M behaves as the union operator of set the-
ory, and LI behaves as the intersection operator. The partial meet operator for loca-
tion types K MK’ is undefined if and only if there exists a channel name a such that
a:A€K,a:A" €K' and ATMA’ is undefined (see Table 1.7 for the definition of I
for channel types).

We denote by y any of the location capabilities go or newch. By a: — & K we
denote the fact that in the location type K there is no channel type A for channel a
such thata: A € K.
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Table 1.6 Partial Meet Operator for Locations in tDrx-calculus

KnK = {y | yYEKoryeK'}
U{a:A |a:A€Kanda:—¢K'}
Ufa:A" |a:—¢Kanda:A €K'}
U{a:A" |a:AcKanda:A' €K and A" =ANA"}

The method of removing capabilities is formalised by a binary subtraction op-
erator \ o defined by using a join operator LI (see Table 1.8), and a symmetrical
difference operator denoted by \ similar to the one defined in set theory (in our case
it is applied to type environments). We write \ 4 for the operation of removing from
the first type environment all the types contained in the second type environment.
We denote by & the set of type environments. The subtraction operator \ 4 described
above is defined as \4 : & x & — & where T\, " =T (T \T").

Table 1.7 Partial Meet Operator for Channel Types in tDr-calculus

Partial meet operator for channel types (ANA’) is undefined iff:

r(T) € A and r(T) € A" and TMT' undefined
ro(T) € A and ro(T) € A and TMT' undefined
w(S) €A and w(§') € A and SUS undefined
HT) € A and w(S) € A’ and S £ T
w(S) €A and r(T') € A and S&£T'
ro(Ty € A and w(S) € A and §£T
w(S) €A and ro(T') € A’ and S&£: T’
ro(Ty € A and r(T’Y) € A and T'\aT undefined
The definition
ANA" = {ro(T) | ro{T)€Aandro(—) A’}

U {ro(T") | ro{T) eAand ro(T') €A’ and T" =TNT'}

\
\
U {w(S) | w(S)eAandw(—)¢A"}
| SyeA and " =SUS'}
‘ 4
\

U {w(S") | w(S) €A and w(

U {ro(T’") | r(T)€eAand ro(T')y €A }

U {r(T) r(T)€Aand ro(—) ¢ A" and r(—) ¢ A’ or
r(TYeAand ro(T') €A, r(—) ¢ A’ and TUT' =0 or
undefined}

UA{rT"y | r(T)eAandro(—)¢A and {(T') €A’ and T" =TT  or
r{TYeAand ro(S) €A’ and r(T') €A’ and T" =TNT and TUS =0 or

undefined }
U A{rT") | r(T)cAand ro(T') €A’ and r(—) ¢A" and T" =T \4, T' or
r(TY€Aand ro(T') € A’ and r(S) €A’ and T" =T\, T' and TUS =0 or
undefined }
plus all other natural cases resulted from swapping A with A’

If we consider two type environments
I'={loc{a:A,b:B}} and T’ ={loc{b:B,c:C}},

each composed of one location type with two channel types, then by applying the
subtraction operator \ 4, we obtain
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I'\aI'"=loc{a:A,b:B}U(loc{a:A,b:B}\loc{b:B,c:C})=loc{a:A}

A process which has a channel type with a capability ro(T) can receive only mes-
sages of type T (or any subtype of T') without generating errors. When the type of
the channel is extended with the capability ro(T”’), then the process is able to re-
ceive messages of a less restrictive type 7" = T 11 T'. We solve the possible conflict
between r() and ro() by providing a higher priority to ro() capability (because it is
more restrictive than r()). In consequence, ro() keeps its types and r() loses them in
favour of ro() whenever r(T') and ro{T") overlap (i.e., T UT’ # 0). When extending
the writing capability w(S) with a new capability w(S’), the channel becomes more
restricted, having the capability w(S”) where §"=S115’.

We denote by r(—) ¢ A the fact that there is no type T such that »(T) € A. The
notations w(—) € A and ro{—) ¢ A are defined analogously.

Table 1.8 Partial Join Operator in tDm

KUK = {y | yEKand yeK'}
U{a:A” |a:A€Kanda:A' €K' andA” =ALA"}
AuA” = {K(T") | r(T)eAand r(T") €A’ and T" =T UT"}
U {ro(T") | ro(T) € Aand ro(T') € A’ and T" =T UT'}
U {w(S") | w(S)eAandw(S') €A’ and §" =SS5}

Note that (i) (£, U) is a commutative monoid; (if) (&, \) is a commutative group;
(iii) U is distributive over \, and (&’,\,L)) is a ring. The proofs of these remarks are
based on the facts that L and \ are commutative, and the empty environment is the
identity element. The distributivity of LI over \ can be simply verified by translating
the set operators into boolean operators, and using truth tables.

We define a cleanup function y which changes the type environments according
to the passage of time. It decreases the timers of the channel types, and removes the
types with an expired timer. It also removes location types with only go capability.

Definition 1.1 (Cleanup Function). y : LPr — LPr is defined over the set of tagged
located processes LPr by:

v(U[Pllr) =[Pl

where [ can be any location of a distributed system, I"’ is obtained from I" such that
every channel type res{@}At with t > 1 and ¢ # oo is changed to res{@}A(t — 1),
and every res{@}A1 is removed. Moreover, location types loc{go} are removed.

By removing channel types from I', we get I’ where it is possible to have lo-
cation types having only go capabilities. We consider these location types as empty
because the only allowed action is a movement. Even if we have & : loc{go} in T,
and a sequence of movements for a process gok.go!.P, this process can be reduced
to gol.P because we can avoid the intermediary code migration to location k with-
out losing any useful effect. Therefore W removes k : loc{go} from I'". A process
moving to a location / having the type loc{go} has no other capability, thus when
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performing any action (communication or channel creation) it gives rise to runtime
errors.

To simulate the passage of time we use a time-stepping function ¢ defined over
the set &2, of processes running at an arbitrary location /. The possible communi-
cations are performed at each tick of the universal clock; active channels are those
which could be involved in these communications. The time-stepping function af-
fects the active channels which do not communicate at that tick; the timers of the af-
fected channels are decreased by one unit of time. The channels involved in commu-
nication disappear together with their timers. In the definition of the time-stepping
function ¢, we omit the channel type and the transmitted message in the input and
output processes in order to simplify the presentation.

Definition 1.2 (Time-Stepping Function ¢ : &2, — &)).

a®=V (R,Q) if P=a*.(R,Q), 1>l and  # oo
Q if P=a%".(R,0),t <1

¢(R) | (Q) ifP=R|Q

(va:A)¢(R) if P=(va:A)R

P otherwise

¢(P) =

We also define a tagged time-stepping function ¢, taking care of the missing
types. @, is a global function defined by using the local function ¢.

The tagged time-stepping function ¢, is applied to tagged located processes
([[P]]r); it also changes the type environment of the located process by applying
the cleanup function v.

Definition 1.3 (Tagged Time-Stepping Function ¢, : LPr — LPr).

1[[¢(P)])r if P=a?".(R,Q),t > 1 and t oo
1O if P=a"".(R,0),t <1

orif P=a*".(R,Q),t>1and I £:T'(l,a)
oA (U[[R]]r) [ 9a (1][Ql]r) it P=R[Q
(va@l:A)ps(l[Rl|r{u@ray) ifP=(va:A)R
Ho(P)]]r otherwise

oa(U[[Pllr) =

where I'’ is obtained by applying the cleanup function .

The static semantics of D7 is defined as a set of inference rules which describe
the relationship between expressions and their corresponding types. Here we con-
sider the type environment as a mapping from free names to types. A type environ-
ment is associated with each located process to restrict the range of resources it may
access. The typing rules describe the behaviour of a process with respect to its types.
A typing system is used to decide the well-typedness of the processes. Syntactically
we write I - P, and say that a process P is well-typed with respect to a type envi-
ronment I". We also write I" - P and say that P is well-typed to run at location k.

In Table 1.9 we give the rules for the typing system of ¢tDx. Considering the
rules (T-R¢,) and (T-W,,,,), we observe that the intuitive notion of well-typedness
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Table 1.9 Typing Rules in tDx

Processes

(T-R) (T-RO) (T-W)
T'bya:res{r(T)}At T'bra:res{ro(T)}At  T'tpa:res{w(T)}At
X)NI)=0 XN =0 I'Hv:T
r{X@:T}F P e P P

' Q0 ' 0 o

TH X T).(P.0) THa X T).P.0) TFa().P.0)
(T-NEWCH)

I'(l) <:loc{newch} (T-STR) (T-GO)

aé fn(l) ' P I'(k) <:loc{go}
r{a@i:A} - P reo [ P

'k (va:A)P 'k stop,P1Q*P T Fjgok.P

(T‘ Rnew ) (T‘Wnew)

a:—¢r({l) THQ a:—¢r(l) THQ

TF ™ (X:T).(P.0) TF ™) (P.0)

Located Processes (N-NEWCH)

(N-RUN)  (N-SRT) (1) <:loc{newch}

Ak P riFm ad fn(I)

r<A r'enN r{a@i:A} IF N

TIFI[P]a TIFO,M|N TIF(va@l:A)N

from Dr is no longer valid in tD7m. In our calculus we accept tagged located pro-
cesses with missing channel types (the types are removed with the passage of time),
and these processes do not generate errors.

In order to say that a®’!(v).(R, Q) is well-typed to run at location k with respect
to type environment I, the following statements should hold:

e I ;v :T which means that v is a value of type T at location k;

o I Fpa:res{w(T)}At which means that channel a exists at location k, and may
send values of type T for ¢’ units of time;

e I'F R; T - O which means that both R and Q are well-typed to run at location k.

For a tagged located process k[[P]]a, the well-typedness relation is denoted by I-
and is defined by using the well-typedness relation +; for a process P running at
location k (see rule (N-RUN) in Table 1.9).

If a process communicates on a channel for which it has no capability, it can still
be well-typed if the alternative process Q is well-typed. We call this second process
the safety process. This behaviour is reflected in one of the cases in the definition
of ¢A .

We can imagine the process action flow as a binary decision tree because of
the decision-like syntax of the channels. At each time step one of the following
alternatives must be chosen for an action: communication action, timer expiration
or move action (see Section 1.2.3 for the extension of the go operator with a choice
syntax). An alternate definition for well-typedness of processes is: A process is well-
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typed if in the action flow tree there exists a path from the root to a leaf which does
not generate a runtime error.

Since the cleanup function y changes the type environment A by removing chan-
nel and location types, we are interested in whether the process is still well-typed
under the new type environment A’.

Lemma 1.1 (Well-Typedness is Preserved by the Cleanup Function).

If T I 1[[P]]a, then T I w(l[[P]]a). In other words, if " Ik [[P]] 4, then T I I[[P]]a/
where A’ is obtained by removing channel and location types from the type environ-
ment A.

Proof. The proof proceeds by induction on the structure of P, having a case for each
process expression. We give here only the most interesting and significant cases. For
a complete proof see [67].

Case 1.1 (Composition: R | Q). By the equivalence rule (Sp-SPLIT) we have that
T IFI[[R]]a |1[[Q]]a which, by rule (N-STR) for located processes, is transformed
into I IF [[[R]]4 and I" IF [[[Q]]s- Applying the induction hypothesis, we obtain
I'IF y(/[[R]]4) and I IF y(I[[Q]] o) which, by applying v, become I" I [[[R]] 4 and
I I 1[[Q]] a- For both processes we have the same A’ because the application of y
to the tagged located processes takes into account only the type environment, and in
our case the type environment is the same A. By applying the relation (Sr-SPLIT)
we get the result I" IF /[[R | Q]]4» which means I' I w(I[[R | Q]]4)-

Case 1.2 (Restriction: (v a:A)Q). From (N-RUN) we have that A F; (va: A)Q and
I' <:A.By (T-NEWCH) we get A{a@[:A} -, Qand I'{a@]: A} <: A{a@I:A}.
By applying the weakening property, we infer that I'{a@! : A} I I[[O]]a{a@i:4}-
Applying the induction hypothesis, we get I'{a@! : A} I- W(I[[Q]] s{a@z:4}) Which is
equivalent to I'{a@! : A} I-[[[Q]] o{a@i:4} because the application of the function y
does not affect the new name a. We apply again the (T-NEWCH) rule obtaining
Il (va: A)l[[Q]] a/qa@i:a} Which is structurally equivalent to I' I- [[[(va : A)Q]] o

Case 1.3 (Movement: gok.Q). By the same line of reasoning as before we have that
At gokQand I’ <: A. By (T-GO) we get that A b Q and A (k) <: loc{go}.
Using (N-RUN) we have I' IF k[[Q]]4 which by induction implies I" I- k[[Q]] 4’
We now infer that A’ -, Q and I' <: A’ are true. By application of the y function,
the capability of the process to move to location k cannot be lost. This means that
A'(k) <:loc{go} holds and, together with what we obtained above and by using
the rule (T-GO), we have A’ -, gok.Q and again I" I I[[gok.Q]] +. This is another
syntactic form of what we were looking for, namely I'" I+ yw(I[[Q]]4)-

The proof proceeds in the same manner if instead of (T-GO) we use the new rules
(T-GO1) and (T-GO2) defined in Section 1.2.3.

Case 1.4 (Input: a®'?(X : T).(R,Q)). If we consider that channel a has the type ro(),
then from A ; a®?(X : T).(R,Q) and by using (T-RO) we have the following
statements: A by a: res{ro(T)}, fv(X)Nfv(A) =0, A+, R and A F; Q. Applying
the induction hypothesis, the last two statements are transformed into I" I I[[R]]s
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and I' IF [[[Q]] o which provide the following two true statements: I" IF w(I[[R]]4)
and I" IF w(1[[Q]] ). This means that three (fv(X)Nfv(A) =0, A’ F; Rand A’ +; Q)
of the four statements needed by (T-RO) are true. If the cleanup function does not
remove the type of the input channel from the capability set, then it is valid in the
new environment A’. Thus by (T-RO), we obtain that I" I- [[[a?'?(X : T).(R, Q)]] -
On the other hand, if the type of the active channel is missing, we can use the rule
(T-R,ey) and obtain the same result as before which is equivalent to the desired
result, namely I" = y(I[[a®'2(X : T).(R,Q)]]a)-

The cases for Output, Replication and Termination are natural, and they follow
the proof steps of the cases presented above. O

Exercise 1.1. Prove the Output, Replication and Termination cases of Lemma 1.1.

The following lemma shows that the passage of time does not interfere with the
typing system. The lemma states that if a tagged located process is well-typed with
respect to a type environment I', then the application of the tagged time-stepping
function ¢, preserves its well-typedness property.

Lemma 1.2 (Tagged Time Passage).
IfTIFI[[P)]a, then T I+ ¢4 (I[[P]]a).

Proof. We use induction on the inference depth of I I [[[P]] 4. From the hypothe-
sis we derive that A -; P by (N-RUN), and I" <: A. We get I" F; P by using the
weakening property. The proof continues by considering a case for each line in the
definition of ¢4.

Case 1.5 (P = R| Q). Using (T-STR) we have A ; R and A F; Q which is equiv-
alent to A - [[[R]]; by applying the weakening property we get I' I [[[R]]a. The
same result is obtained for process Q. By applying the induction hypothesis, we get
that I' IF ¢4 (/[[R]]a) and T" I ¢4 (I[[Q]]a). These lead to the desired result, by the
application of ¢4 to R|Q, i.e. T I+ 95 ({[[P]]a)-

Case 1.6 (P = a*.(R,Q),t < 1). We have two subcases, one when « is an input
channel, and another when a is an output channel. The result of the application
of ¢4 to Pis I[[Q]]4 (with A’ obtained by applying the cleanup function ) because
t < 1. Let us suppose that a is an output channel, and thus A ; a®’!(v).(R, Q) and
I' <: A. Using (T-W), we get A ; O, and by Lemma 1.1 we get A’ ; Q. Since
I <:A <:A', weinfer I' I [[[Q]] +. A similar proof is obtained when we consider
an input channel, by using the rules corresponding to the type of the input channel.

Case 1.7 (P=a"".(R,Q),t > 1 and T" £: I'(l,a)). This case is similar to the previ-
ous one, but instead of using the normal typing rules we use (T-R,,.,) and (T-W )
because the capabilities of a are not included in the type environment.

Case 1.8 (P = a*'.(R,Q), t > 1 and t ). For this case we consider the input ex-
pression, namely A F; a®?2(X : T).(R, Q). In this case ¢, decreases the channel
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timer from a®’ to a’~'. From the point of view of the typing system, the pro-
cesses a'?(X : T).(R,Q) and a®'~1?(X : T).(R, Q) are the same, and we can apply
Lemma 1.1 and get A’ ; a®?(X : T).(R,Q). Since I <: A <: A/, we get the con-
clusion " IF [[[a®"?(X : T).(R, Q)]] o

The case of channel restriction is similar, and uses the typing rule (T-NEWCH).
O
Exercise 1.2. Prove the channel restriction case of Lemma 1.2.
Definition 1.4 (Structural equivalence = over timed channels). Is defined by
alAt‘ = a?tz if and only if a; = a; and #; = 1,.

If the timers of the same channel name have different values, the corresponding
processes have different behaviour. This aspect must be considered when defining
timed bisimulations [25].

Table 1.10 Tagged Structural Equivalence in D7

(Sr-GARBAGE) I[[stop]lr stop

(Sr-SPLIT) 1P| Qlr = ([Pl | QN

(Sr-COPY) P = I[P | 1[[*Pllr

(Sr-NEW) [((va:A)P||lr = (va@l:A)l[[P||aifad fn(lC)U{i} and A =T {a@]:A}

(Sr-EXTR)  M|(va@k: AN
(Sr-ASSOC) [[[P]]r [/[[Q|R]]r
(Sr-COMMU)  {[[P]]r [1[[Q]]r
(Sr-NEUTR) 1[P)]r | stop

(va@k:A)(M|N)ifa & fn(M)
1P| Qllr | [[R]]r

Qe [1P))r

1Pl]r

The subject reduction property states that well-typedness is preserved by the
reduction relation. This is a general approach in functional programming frame-
works [153, 124]. We are also interested in proving that the well-typedness property
is preserved by the structural equivalence relation. We present now such a result
related to the structural equivalence relation. A more general subject reduction the-
orem is presented in Section 1.2.4.

If we have two tagged located processes which are structurally equivalent, and
one of them is well-typed with respect to a type environment I, then the other
process is also well-typed with respect to type environment I".

Theorem 1.1 (Subject Reduction for Tagged Equivalence Relation).
For all tagged located processes N,N' such that N = N',
LIk N ifand only if T" I+ N'.

Proof. We must consider all the equivalences given in Table 1.10.

Case 1.9 (Sp-NEW). From the hypothesis we have I' IF [[[(va : A)P]]4, which
means that I’ <: A and A ; (va : A)P. By using the rule (T-NEWCH) we get
A{a@l : A} F; P. By the rule (N-RUN) we get A{a@] : A} - [[[P]], and with
' {a@l:A} <: A{a@l:A} we have I'{a@]: A} I-[[[P]]a{q@1:4)- We again apply
the rule (T-NEWCH) for tagged processes and get I' I- (va@! : A)I[[P]] s {q@1:4} -
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Case 1.10 (Sp-SPLIT). We start from I <: A and A F; P|Q, and by (T-STR)
we get that A ; P and A F; Q. From I <: A and by (N-RUN) we obtain that
I IF[[P]]a and T IF [[[Q]]4. We apply again (N-STR) and obtain the conclusion

LI 1[[P)]4 [1[Q]]a-

Case 1.11 (Sp-COPY). This case follows the steps of the previous one, and we
leave it as an exercise for the reader.

Case 1.12 (Sp-EXTR). For this case we use the rules for located processes. Start-
ing from M | (va@k : A)N and by (N-STR), we get I' I M and I I (va@k : A)N
Both I' IF (va@k : A)N and (N-NEWCH) infer I' {a@k : A} IF N. By weakening,
and because a & fn(I'), we get '{a@k : A} IF M. We again apply (N-STR) and
then (N-NEWCH), and we get the desired result I' IF (va@k : A)(M|N).

The cases inferred from (Sp-GARBAGE) and other rules are similar to the
monoid laws of the r-calculus. a

Exercise 1.3. Prove the other cases of Theorem 1.1.

1.2.3 Operational Semantics

We consider the tagged located processes ranged over by N and M, namely N and M
can be thought as process expressions of the form /[[P]]. We denote by - the fact
that rules (Rp-COM1) and (R--COM2) cannot be applied. Using these notations,
we give the following reduction rules in Table 1.11 providing an operational seman-
tics for tDr.

Table 1.11 Reduction Relation of 1D

I[P
Rr-GO) o P = vl R PYE T = e e
I'(l,a) <:res{r(T)}
Rr-COMD a0y P 0)la | zn A5 T) (POl —
w(UlIPs) | WUl N parry)
F(l,a) <:res{ro(T)}
(RF-COMZ) H At, (PQ HA ‘ l[[aA’l?(X:T).(P/,Q’)Hr—>
/ WP [P e
(Rp-PAR) N—N M—M (Rp-RES) N—N

NIM=N | M
(Rr-CONG)

(va@l: AN — (va@l : A)N'
N=N N—-M M=M
N,*)M,

We have two communication rules which depend on the type of the communica-
tion channel. In (Rp-COM?2) we consider ro() channels, and the process may use
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the received information without adding the new type to its type environment I,
contrary to the behaviour of rule (Rp-COM1). The communication rules and the
rule (R--GO) do not enter under the scope of ¢4 . In this case the type environments
are affected by the cleanup function y. In (Rr-IDLE) the function ¢, decreases the
timers on channels, and for the expired timers it discards the channels and changes
the state of the process. At each tick of the universal clock, the rule (Rp-IDLE)
is applied to processes which do not enter any communication. When applying the
rule (R--PAR), if process M does not have an internal communication reduction,
then it is transformed into M’ by rule (R-IDLE). The same argument is valid for N
as well.

Removing location types from the type environment can lead to errors generated
by go actions. We solve this problem by extending the syntax of go with a choice
syntax similar to the one given for channels; therefore go [.P becomes go [.(P, Q). If
I'(1) is not defined, then Q is executed. If the location type of / contains a capability
go, then P is executed; otherwise, if the location type of / does not contain a capabil-
ity go, an error is generated. We must change the corresponding typing rules where
the operator go appears. Thus (T-GO) is translated into (T-GO1) and (T-GO2).

kgdom(I') T +HQ (k) :loc{go} T P
I't gok.(P,Q) (T-G02) T+ gok.(P,Q)

(T-GO1)

A process P generating an error is denoted by P <. The cases when a process
generates a runtime error are defined by a set of rules in Table 1.12.

Table 1.12 Runtime Errors in 1D

I'(k) is defined and I"(k) #£: loc{go}
(Fe0 o . TR O
I'(l) £: loc{newch
ESURO) lva-npl, -
I'(1,a) is defined and I} (v) £: wobj(I'(1,a))
([ {v).(P.O)]]r
I'(1,a) is defined and robj(I'(1,a)) £: T or roobj(I'(l,a)) £: T

@ (X : T).(P,O)]|r <=

(E-SND)

(E-RCV)

I'(l,a) and A(l,a) are defined and
(E-COM) wobj(I'(1,a)) £: robj(A(l,a)) or wobj(I'(l,a)) £: roobj(A(l,a))

e 10). (PO Ir 12 (X : T).(P, 0 )l
N N M=N NS
(ENEW) ey EPARG e (BSTR) =0 —

The partial functions robj( ), roobj( ), wobj( ) are defined over the set of channel
types, and return the type of the corresponding channel capabilities. For example,
considering a channel type a : res{w(T)} in the type environment I" at location /,
the application of wobj(I"(I,a)) returns T. In order to derive a runtime error, the
channel type or location type must be in the type environment. A runtime error
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appears when a process tries to do something against the types accumulated in its
type environment. When a type is not in the type environment of the process, the
safety process is chosen by ¢4 .

The reduction rule (Rr-GO) cannot check if the type of the location is in the
type environment, and consequently we change the time-stepping function ¢, by
adding two more lines to its definition:

{k[[R]]rf if P=gok.(R,Q) and I' (k) <: loc{go}
N[Ol ifP=gok.(R,Q)and k & dom(I")

The rule (Rp-GO) is changed into [[[gok.(P,Q)]]r — ¢a(I[[gok.(P,Q)]]r) which
is captured by the (Rr-IDLE) rule. A process of the form gok.(P, Q) is beyond the
scope of any of the reduction rules R, excepting (R--IDLE), and so ¢, is applied.
One of the above new lines is applied, and ¢4 changes the process either by allowing
the movement to the new location, or by choosing the safety process.

Regarding the behaviour of the zDr system, we can say that a nondeterministic
method is applied to select two interacting processes for each communication chan-
nel at each location of a distributed system. Afterwards the reduction rules are ap-
plied, and the communications are performed. ¢4 is applied to the processes which
do not enter in any communication. The type environments of the communicating
processes are affected by the application of the y function.

A system described with ¢tDr satisfies the following properties [92]:

* Time Determinism: at each time only one reduction rule can be applied. A pos-
sible problem could appear only if we apply Rp-IDLE when we can apply a
communication rule. However this is not possible because Rr-IDLE is applied
only if the process does not enter in any communication (/).

* Maximal Progress: a process cannot delay if it can enter in a communication.
This property is sometimes referred to as urgency.

Regarding the global time aspect in distributed systems, we consider a global
clock synchronising all the timers. Recent work [118] on Network Time Synchro-
nisation Protocol (NTP) shows that it is possible to achieve time synchronisation
in real applications. Having this technology we can suppose that the theoretical as-
sumption about a universal clock is practical rather than speculation. Our global
timing function ¢, has to apply the local time-stepping function ¢ for the locations
of the distributed system. If we adopt the NTP synchronisation model, we can get
a guaranteed frequency and local oscillator phase precision of no more than a few
milliseconds, which in many cases is acceptable.

1.2.4 Soundness of tDr

Regarding the soundness of tDr, we follow a method based on subject reduction
and type safety [153] used also in proving the soundness of Dx. This is a syntac-
tic approach, in contrast to other approaches based on denotational semantics or
structural operational semantics.
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Theorem 1.2 (Subject Reduction). For all tagged located processes N and N’

(a) IfN =N’ then T I+ N if and only if ' I- N'.
(b) If N — N' then I' | N if and only if T I N'.

Proof. Part (a) is in fact Theorem 1.1; its proof is in Section 1.2.2.

Part (b) is similar to the result presented in [124] which asserts consistency between
the static and the dynamic semantics. We use the same technique, and proceed by in-
duction on the depth of inference for N — N’. We also use Lemma 1.1 which relates
time and type environments, and Lemma 1.2 which relates time and communication
channels. More details can be found in [67].

Case 1.13 (Rp-IDLE). This is covered by Lemma 1.2.

Case 1.14 (Rr-RES). From the hypothesis we know that I' I (va@k : A)N. This
means that I'{a@k : A} |+ N, and according to the induction hypothesis we have
that I' I N'. Since I'{a@k : A} <: T, by applying the weakening property we get
I'{a@k:A}IF N'. Simply applying again (N-NEWCH) we get I' IF (va@k : A)N'.

Case 1.15 (Rp-COM1 or Rp-COM?2). These rules can be treated in the same way.
For Rp-COM 1, starting from ' IF {[[a® 1 (v).(P.O)|]a | I[[a®" 2(X : T).(P',Q)]]
and after applying the rule (N-STR) we obtain that I" I [[[a?"!(v).(P, Q)]]4 (*) and
T IFI[aA"2(X : T).(P,@)]]a (**). By using the rule (N-RUN) and (*) we have
At a®1(v).(P,Q) and with (**) we have A’ -, a2 2(X : T).(P',Q'). By applying
(T-W) we get A b; P which together with (N-RUN) give the statement I" I+ [[[P]] 4.
We also have A b, v: T and the subtyping reactions I' <: A, I' <: A’ which means
that A(l,u) and A’(l,u) must agree on the type they use. So by weakening we get
A{v@1: T} v:T.

The difference between (Rr-COM1) and (Rp-COM2) is given by the typing
rule used for the type of the input channel. By applying the rule (T-R) we get
A{X@[: T} F; P. We denote by A” the type environment A’{v@I : T}. Thus,
by weakening we get A”{X @[ : T} -, P/, and we can use the substitution lemma
of [93] to obtain A” ; P'{¥/x}. However I <: A” and so, by applying (N-RUN),
we get I I l[[P’{V/X}}]A/{V@,:T}. We apply Lemma 1.1 twice, and (N-STR) to get
the result I I= w(I[[Pl]r) | w[[P{"/x s perry)-

It is easy to prove the second inference for (Rr-COM?2), but we have to pay
attention to the rules we use, because the type of the channel is now different.

Case 1.16 (Rp-PAR). We have I' IF N|M which by applying (N-STR) gives us
T'IFN and T IF M. We can also infer by induction that I' = N’. By Lemma 1.2
we have that I IF ¢ (M), and we can apply again (N-STR) obtaining the result
T'I-N"| ¢(M). For the case when M reduces to M’ by a rule other than (R--IDLE)
(i.e., it is not affected by the passage of time), the proof steps are easy to find (and
left to the reader). O

Subject reduction assures us that once it is well-typed, a process remains well-
typed during its evolution. Note that well-typedness must be preserved by both
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equivalence rules and reduction rules. In the following we give a result of type safety
which is necessary to have a complete proof of the soundness property of tDr. The
type safety property states that if a system is well-typed, then it cannot generate

err

runtime errors, and this is denoted by P /—.

err
Theorem 1.3 (Type Safety). We have N /— for all tagged located processes N,
and all type environments I" such that I' I+ N.

Proof. The outline of the proof follows a method which proves the contrapositive,
namely if N gives rise to a runtime error (N v) then N cannot be well-typed
under any type environment I' (I I N for all I'). In [153] the authors use the same
statement as a lemma to prove that the faulty expressions are untypable. We use
induction on the definition of the runtime errors, and have a proof case for each rule
of Table 1.12.

err

Case 1.17 (E-SND). The rule says that [[[a*!(v).(P,Q)]]r v if T'(1,a) is defined
and I'(1,v) £:wobj(I'(l,a)). Let us suppose that there is a type environment A such
that the process generating a runtime error is well-typed under this environment, i.e.,
A 1[[a@® 1 {(v).(P,Q)]]r. This means that A <: T" and I" -; a®'!(v).(P, Q). Therefore
there are two typing rules which can be applied, depending on the type of the output
channel. If @ : — ¢ I'(I), then we have a contradiction with the fact that I"(l,a)
must be defined from the definition of the rule. Otherwise we have to use (T-W),
obtaining I' by a : res{w(T)}Ar and I ;v : T. Statement I" ; v : T implies that
I'(l,v)<:T.FromTI F;a:res{w(T)}At we getI'(l,a) = res{w(T)} (by definition),
which by application of the function wobj leads to wobj(I"(l,a)) = T. Together
with I'(1,v) <: T, this leads us to the contradiction I'(I,v) <: wobj(I'(l,a)).

Case 1.18 (E-GO). We have that I[[gok.(P,Q)]|r +— if I"(k) is defined and thus
(k) £:loc{go}. We suppose that there exists a type environment A such that we
have A |- I[[gok. (P,Q)]]r, and try to see if we can conclude a contradiction. If
the location k is not defined in the type environment I", then we can use (T-GO1);
however this would result in a contradiction. By (T-GO2), we have I'(k) : loc{go}
which means that I'(k) <: loc{go}; we get again a contradiction. Therefore we
have the statement: there is no type environment A such that A & I[[gok.(P,Q)]|r

err

and I[[gok.(P, Q)]]r /-

Case 1.19 (E-RCV). We consider that there exists a type environment A such that
A FI[[a® (X : T).(P,Q)]]r- Thus we have A <:T" and I F; a®'?(X : T).(P,Q). If
we suppose our input channel to be reading only, then we apply the rule (T-RO) and
we get 'y a:res{ro(T)}At. Thus I'(I,a) = res{ro(T)}, and applying the function
roobj we get roobj(I'(l,a)) = T, and thus roobj(I'(l,a)) <: T, contradicting the
definition.

Case 1.20 (E-COMM). We use the same method as before, and suppose a type
environment A’ such that A’ IF I[[a®1(v).(P,O)]Ir | 1[[a® 2(X : T).(P',Q)]]s. By
applying the rule (N-STR), and then (N-RUN), we get A’ <: I', A’ <: A, and
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T a®0).(P,0), A a2 2X :T).(P,Q). By (T-W), we get I' by a : res{w(T)}
which means that I"(/,a) = res{w(T)}. We apply the function wobj and obtain that
wobj(I'(I,a)) =T (1). We suppose that the channel a under type environment A
is an () channel, and infer from A b, a2 2(X : T).(P',Q’) that A b a : res{r(T)}.
As before, we can apply the function robj and get robj(A(l,a)) =T (2). From (1)
and (2) we have the contradiction wobj(I'(I,a)) <: robj(A(l,a)).

Case 1.21 (E-SUBC, E-NEW, E-PAR and E-STR). These rules are the same as
in D7, and the proofs are similar to those presented above. ad

Exercise 1.4. Prove the other cases of Theorem 1.3.

Timed distributed pi-calculus uses a global clock which decrements all the
timers. A simplified timed distributed pi-calculus called TiMo using local clocks
and timing constraints to control migration and communication is defined in [58]
and [59]. The authors provided an operational semantics for this new formalism of
distributed systems with mobility, and succeeded in translating finite TiMo specifi-
cations into a class of high-level Petri nets with time.

PerTiMo extends TiMo by working with processes having appropriate access
rights to communicate; moreover, the access permissions are dynamic (can change
in time and space). PerTiMo uses local clocks and local maximal parallelism of
actions. Operational semantics of PerTiMo and safety of communication and mi-
gration in terms of access permissions are presented in [60].

A software platform for timed mobility and timed interaction is presented in [56],
and a high-level language for mobile agents with timers in [57].

1.3 Mobile Ambients

Another formalism able to express mobility is the ambient calculus [42]. The am-
bient calculus describes computation carried out on mobile devices (i.e. networks
having a dynamic topology), and mobile computation (i.e. executable code able to
move around the network). The primitive concept of the ambient calculus is the am-
bient defined as a bounded place in which computation can occur. Ambients can be
nested inside other ambients. Each ambient has a name used to control access to
it. Computation is represented as the movement of ambients: they can be moved as
a whole, changing their location by consuming certain capabilities: in, out, open.
These basic operations are expressive enough to simulate name-passing channels
in the m-calculus. In certain conditions, the m-calculus is also able to simulate the
ambient calculus [73].

We consider a variant of mobile ambients called safe ambients for which the
movement of an ambient takes place only if both participants agree [112]. The mo-
bility is provided by the consumption of pairs of capabilities. Safe ambients differ
from ambients by co-actions: whereas in ambients a movement is initiated only by
the moving ambient and the target ambient has no control over it, in safe ambi-
ents both participants must agree by using a matching between an action and its
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co-action. We present here a short description of pure safe ambients (SA); more
information can be found in [112].

1.3.1 Syntax

Given an infinite set of names .4” (ranged over by m,n,...), we define the set .o/’ of
SA-processes (denoted by A,A’,B,B’,...) together with their capabilities (denoted
by C,C,...) as follows:

Table 1.13 Safe Mobile Ambients Syntax

C == capabilities A = processes
linn | inn in capabilities |0 inactive process
| out n | out n out capabilities |C.A  movement
| open n | openn open capabilities | n[A] ambient

|A|B composition

Process 0 is an inactive mobile ambient. A movement C.A is provided by the ca-
pability C, followed by the execution of A. An ambient n[ A ] represents a bounded
place labelled by n in which an SA-process A is executed. A | B is a parallel com-
position of mobile ambients A and B.

1.3.2 Operational Semantics

The structural congruence =, over ambients is the least congruence such that
(«,],0) is a commutative monoid. The operational semantics of safe ambients is
given in terms of a reduction relation =, by the following axioms and rules:

Table 1.14 Safe Mobile Ambients Operational Semantics

Axioms
(In) n[inm.A|A") |mlinm.B|B' | =umm[n[A|A"]|B| B
m m
inm.A inm.B " A B
A B :>amb Al B
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(Out) m[n[out mA|A"]|out m.B|B' | =uun|A|A"]|m[B|B |
m m
" out m.A | out m.B " A B
Al B | amb | B

(Open) openn.A | njopenn.B | B |=uwA | B| B .

n

open n.B

open n.A B

—Yamb A B

Rules:
A = amb A/ . A = amb A/ B = amb B/ .
(Compl) =l (Comp2) & Zamh 2 —Epant
A=y A A=A A =,,B,B =B
A anu . ) am b .
(Amb) n[A ] = amb I’l[A/ ] > (Struc) A =4 B

= . denotes a reflexive and transitive closure of the binary relation =>,.

1.3.3 Computability and Decidability

Over the years, many variants and dialects have been proposed; among them, we
mention mobile safe ambients [112] (used to investigate security issues in mobile
systems), push and pull ambient calculus [94, 134] (formalises objective rather than
subjective mobility), boxed ambients [34] (used to model systems in which ambient
boundaries cannot be dissolved and direct communication between parent and child
ambients is permitted) and BioAmbients [138] (defined to model the behaviour of
biological systems).

Following in the tradition of process calculi, mobile ambients and its variants
have been equipped with a rich variety of formal tools (e.g., behavioural seman-
tics [116], type system [41], logics [43]) for reasoning about and verifying properties
of systems specified with these calculi (e.g., reasoning about both the behaviour and
spatial structure of ambients). Another line of research looks at the expressiveness
of these calculi to distinguish between necessary and redundant features.

The computational strength of mobile ambients has been investigated in several
papers. The most interesting result is that many of the mobile ambients operators
are not required in the proof of Turing completeness for the calculus. Figure 1.2
from [39] shows a history of the main results on Turing completeness for fragments
of mobile ambients. Cardelli and Gordon showed in [42] how to model Turing ma-
chines in mobile ambients. This encoding of Turing machines made use of all the
capabilities of mobile ambients as well as the restriction operator. Subsequently,
in [38] it was proved that restriction is unnecessary. This result was obtained by
showing how to model Random Access Machines [149] (which are a well-known
register-based Turing-complete formalism) in mobile ambients without using the
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Turing
Complete [42]

in out open
(vn) P

Turing in out open
Complete [38] P

in out
(vn) P

Reachability in out open
M.P :

- undecidable [39]

i( inout open Reachability
1 mp

undecidable [28] :

Turing Reachability
:Complete [114] decidable [39] :

Fig. 1.2 Overview of the Results for Turing Completeness and the (Un)Decidability of Reachabil-
ity in Pure Mobile Ambients (Arrows Represent the Sublanguage Relation) [39]

restriction operator. More recently, in [114] it was proved that the open capability
is unnecessary by presenting an improved modelling of Random Access Machines
without using open; moreover, the replication operator !P is only applied to prefixed
processes of the form M.P.

The proofs of Turing completeness mentioned above imply, as a direct conse-
quence, that termination is not decidable in the fragments of mobile ambients con-
sidered. Another property of processes, which is in some cases even more interest-
ing than termination, is process reachability: the reachability problem consists of
verifying whether a target process can be reached from a source process.

The first work devoted to the investigation of reachability in mobile ambients
was [28], which proved that reachability is undecidable even in a minimal fragment
of pure mobile ambients where both the restriction operator and open capability
are removed. Figure 1.2 indicates the known results of Turing completeness and
the undecidability of reachability for fragments of mobile ambients considered in
the papers mentioned above. The decidability of reachability in the fragment with
in, out, |\M.P may appear surprising in light of the result on Turing completeness
proved in [114]; it follows from the following monotonicity property deriving from
the absence of the open capability (and from the impossibility of applying the repli-
cation operator to ambients): during a computation, the number of active ambients
cannot increase. The existence of this bound allows the modeling of all possible
computations as computations in finite Petri nets, a formalism in which the reacha-
bility problem is decidable.

The (un)decidability of the termination problem is presented in Figure 1.3. Even
if the calculi with replication are not syntactically subsets of the corresponding cal-
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MA,

MA,

Termination Undecidable

Termination Decidable

MAfmv,v
!

Fig. 1.3 Overview of the Results for the (Un)Decidability of Termination in Mobile Ambients [38]

culi with recursive definition, these are considered as sub-calculi in [38] because
recursive definition is more general than replication. In Figure 1.3 the following
notations are used: MA, (resp. MA,) for the fragment of mobile ambients with repli-
cation (resp. recursion); —mv (resp. —V) stands for the fragment of mobile ambients
without movement (resp. name restriction).

1.4 Mobile Ambients with Timers

TTL value and strategies for retransmission in TCP/IP protocols provide a good
motivation to add timers to ambients. In [9, 10, 15] we associate timers not only to
ambients, but also to capabilities and communication channels. The resulting for-
malism is called mobile ambients with timers (tMA), and represents a conservative
extension of the ambient calculus. Inspired by [41] we introduce types for ambients
in tMA. The type system associates to each ambient a set of types in order to control
its communication by allowing only well-typed messages. For instance, if a process
inside an ambient sends a message of a type which is not included in the type sys-
tem of the ambient, then the process fails. In tMA, by using timers, the process may
continue its execution after the timer of the corresponding output communication
expires.
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1.4.1 Syntax

In tMA communication channels (input and output channels), capabilities and am-
bients are used as temporal resources. A timer At of each temporal resource makes
the resource available only for a period of time 7.

The novelty of this approach results from the fact that a location, represented
by an ambient, can disappear. We denote by n/[P]* the fact that an ambient n has
a timer A¢t, while the tag u is a neutral tag that indicates whether an ambient is
active or passive. If ¢ > 0, the ambient n/[P]* behaves exactly like the untimed
ambient n[P]. Since the timer At can expire (i.e., t = 0) we use a pair (n*/[P]*,Q),
where Q is a safety process. If no open n capability appears in ¢ units of time, the
ambient n[P]* is dissolved, the process P is cancelled, and the safety process Q is
executed. If Q = 0 we can simply write n/[P]* instead of (n4/[P]*, Q). If we want
to simulate the behaviour of an untimed mobile ambient, then we use o instead
of At, i.e., n”[PJM.

Similarly, we add a safety process for the input and output communications and
the movement processes. The process open’n.(P, Q) evolves to process P if before
the timer At expires, the capability open®'n is consumed; otherwise it evolves to
process Q. The process ¢A'!(m).(P,Q) evolves to process P if before the timer At
expires, a process captures name m from channel c; otherwise it evolves to pro-
cess Q.

Since messages are undirected, it is possible for a process ¢! (m).(P, Q) to send a
message which is not appropriate for any receiver. To restrict the communication and
be sure that m reaches an appropriate receiver, we add types expressed by Amb|[I"]
and write ¢*!(m : Amb[I']).(P,Q). We use types inspired by [41]; the set of types
is defined in Table 1.15. We use types for communication in order to validate the
exchange of messages, namely that if we expect to communicate integers, then we
cannot communicate boolean values. Z represents a set of base types. The intuitive
meaning of the subtyping relation is that <: represents the inverse of the set
inclusion relation (I' <: I'’ for types means I D I'’ for sets and I' 1T for types
means I" UT” for sets).

Table 1.15 Types in tMA

Set of types:
I =2 |Ambl)| T NT
Amb|T') ambient name allowing I" exchanges

If an appropriate message is received before the timer Az expires, then the process
cA'2(x : Amb[I']).(P,Q) evolves to process P; otherwise it evolves to process Q.
According to the syntax of tMA presented in Table 1.16, Amb[I"| can be used in a
restriction process (vn : Amb[I'])P, which means that n of type Amb|[I'] is new in
process P. A variable x is bound only in process P when we consider the process
A2 (x : Amb[I)).(P, Q).
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Table 1.16 Syntax of tMA

a,p ambient tags P Q= processes

c channel name 0 inactivity

n,m ambient names MA'.(P,Q) movement

x variable (n'[P]*, Q) ambient

M = capabilities P|Q composition
inn can enter n (vn:Amb[[])P restriction
out n can exit n A (m: Amb[I']).(P, Q) output action
openn can open n A2 (x : Amb[T]).(P,Q) input action

*P replication

If it does not matter if an ambient is passive or active, we simple use u as the
tag of the ambient. When we initially describe the ambients, we consider that all
ambients are active, and we associate the tag a to them.

1.4.2 Operational Semantics

The passage of time is described by a discrete global time progress function @4
defined over the set &2 of mobile ambients with timers. The actions are performed
at every tick of a universal clock. The opened ambients, the channels involved in a
communication and the consumed capabilities disappear together with their timers.
If a channel, capability or ambient has the timer o we use e — 1 = e when apply-
ing the function ¢,. This function modifies a process accordingly with the global
passage of time. Another property of the function ¢, is that passive ambients can
become active in the next unit of time in order to participate in other reductions.
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Definition 1.5 (Global Time Progress Function). We define ¢, : & — & by:
MA=D (R.Q) if P=M*".(R,Q),t >0
0 if P=M"".(R,Q),t=0
A m: Amb[T)).(R,Q) if P=cAV(m: Amb[I']).(R,Q),t >0
if P=c*"(m:Amb[I']).(R,Q),t =0
AN (x: Amb[I]).(R,Q) if P=cA'2(x: Amb[T]).(R,Q), 1 >0
oA(P)=140 if P = cA"?(x: Amb[I']).(R,Q),t =0
$a(R) | $4(Q) it P=R[Q
(vin:Amb[T'])¢4(R) if P=(vn:Amb[I'])R
(VA (R)]*, Q) if P = (n*'[R]*,Q),1>0
Q if P= (n™[R]*,Q0),t =
P ifP=+«RorP=0

For the processes ¢’ !{m : Amb[I']).(P,Q), ¢! ?(x: Amb[I']).(P,Q) and M*'.(P, Q),
the timer of process P is activated only after the consumption of c2!(m : Amb[T]),
c?'2(x : Amb[I"]) and M (in at most ¢ units of time). Reduction rules (Table 1.18)
show how the time function ¢, is used.

Processes are grouped into equivalence classes by the equivalence relation =
called structural congruence. This relation provides a way of rearranging expres-
sions such that interacting parts can be brought together.

Table 1.17 Structural Congruence in tMA

(S-Refl)
(S-Sym)
(S-Trans)
(S-Res)
(S-Par)
(S-Repl)
(S-Amb)
(S-Cap)
(S-Input)
(S-Output)
(S-Par Com)
(S-Par Assoc)
(S-Res Res)
(S-Res Par)
(S-Res Amb Dif)

(S-Res Amb Eq)

(S-Zero Par)
(S-Repl Par)
(S-Zero Res)
(S-Zero Repl)

pP=P

P=Qimplies Q=P

P=R,R=Qimplies P=Q

P = Q implies (vn: Amb[I'])P = (vn: Amb[I"])Q

P = Qimplies P|[R=Q|R

P = Q implies P = xQ

P = Qand R = S implies (n'[P]*,R) = (n*'[Q]*,5)

P = Q and R = S implies M'.(P,R) = M*' (0, S)

P =Qand R = S implies ¢*'?(x : Amb[I']).(P,R) = ¢*?(x : Amb[I']).(Q,S)
P =Qand R =S implies ¢*'!{m : Amb[I[']).(P,R) = A /(m : Amb[I']).(Q,S)
PlOo=0|P

(PlO)|R=P|(QIR)

(vn:Amb[L])(vm : Amb[['))P = (vm : Amb[["'])(vn : Amb[[))Pif I AT
(vin: Amb[[))(P|Q)=P|(vn:Amb[[])Qif (n: Amb[I']) & fn(P)

(vi: Amb[T]))(mA [PI*, Q) = (m?![(vn : Amb[T"])P]*, Q)

ifm#nandn¢ fn(Q)

(vi: Amb[T]))(mA[P*, Q) = (m?'[(vn : Amb[T])P]*, Q)

ifm=n,n¢ fn(Q)and I' # I'" where m : Amb[I"’]

PlO=P

*P=P| P

(va:Amb[))0=0

*0=0

The rule (S-Res Amb Eq) states that if an ambient n : Amb|[I"”’

] is in the scope of

arestriction (vn: Amb[I']) and I" # I'’, then the scope of (vn : Amb|[I']) is restricted
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to the process running inside ambient n : Amb|[I"']. This rule is able to distinguish
between two ambients having the same name (m = n), but different types.

We denote by 4 the fact that none of the rules (R-In), (R-Out), (R-Open) and
(R-Com) can be applied. The behaviour of processes is given by the rules from
Table 1.18.

In the rules (R-In), (R-Out), (R-Open) the ambient m can be passive or active,
while in the rules (R-In), (R-Out) the ambient 7 is active. The difference between
passive and active ambients is that passive ambients can be used in several reduc-
tions in a unit of time, while active ambients can be used in at most one reduction
in a unit of time, by consuming their capabilities. In the rules (R-In), (R-Out) the
active ambient n becomes passive, forcing it to consume only one capability in one
unit of time. In (R-Open) we imposed the condition I <: I'’ to avoid releasing an
unwanted set of types inside the surrounding ambient m. The ambients which are
tagged as passive, become active again by applying the global time-stepping func-
tion (R-GTProgress).

Table 1.18 Reduction Rules in tMA

P#
(R-GTProgress) WETNGE
(R-In) (nA [in®'m.(P,P') | Q). S') | (m*"" [R]#,S") — (m" [(n*"'[P| Q)P S') | R], ")
(R-Out) (mA" (2 [ourA'm.(P,P')| ), S") | RI,S") — (n*"" [P QJP,8") | (m™" [R]*, ")
(R-Com) AW m : Amb[I)).(P,Q) | c*2(x : Amb[T[)).(P', Q") — P|P'{m/x}
R-O n:Amb[I’],m: Amb[l'),I" <:I"'
RO T fopenn (PP [ (27 (O], 7)).8') — (™ [PIQIS))
P—Q
(R-Res) (v Amb[T)P = (v : Amb[T])0
P—Q P—Q

(R-Amb) (nAt [P]y R — (nAr [Q]u .R) (R-Parl) R|P—R ‘ Q

P—P,0—(Q ] P=PP—-0Q 0=0
(R-Par2) “Po= PO (R-Struct) o0

In tMA, if one process evolves by one of the rules (R-In), (R-Out), (R-Open),
(R-Com), while another one does not perform any reduction, then the rule (R-Par1)
is applied. We define only the left composition (R-Par1), because the right compo-
sition results from (R-Struct) and (R-Parl). If more than one process evolves in
parallel by applying one of the rules (R-In), (R-Out), (R-Open), (R-Com) then
the rule (R-Par2) is applied. The rule (R-GTProgress) is applied to simulate the
global passage of time, changing all the p tags to a, and so permitting the ambients
to participate in new reductions in the next unit of time.

Even if we consider types for ambients as in [41], we do not take into account
the environment parameter. Instead, we consider that each ambient has its own set
of types I', which control the communication of processes inside that ambient as it
results from Table 1.18.
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1.4.3 Subject Reduction

Well-typedness of a process is defined by a set of rules regarding only the communi-
cation inside ambients. The typing rules of Table 1.19 express the conditions which
must be satisfied by each syntactic construction of a process in order for it to be
well-typed. These rules describe the relationship of a process to its types, providing
the static semantics of tMA. We write P : I and say that a process P is well-typed
with respect to the set of types I', meaning that process P can exchange only mes-
sages of types from set I'"; usually I" represents the set of types valid in the ambient
containing process P.

Table 1.19 Typing Rules in tMA

P:I,Q:T', T <:Amb[Il"’]

AN m:AmbI")).(P,Q): T
P:T'MNAmbI'',Q:T

(x:Amb[I'"]).(P,Q) : T MAmb[I"']

n:Amb[['].P:I'.Q:T" P:I,Q:T pP:T
oy (TP g oy (TRepD 5w

P:I'O: I
PlQ:T
P: T MAmb[T”)

(vn:Amb[['))P:T

(T-Null) 0 : I (T-Write) (T-Par)

(T-Read) i (T-New)

(T-Amb)

Since process 0 cannot communicate, 0 is well-typed under any set of types, this
being expressed in rule (T-Null). Rule (T-Write) states that only messages of types
from the set I can be sent. Similar reasoning is expressed in (T-Read). An ambient
has only internal communication, meaning that it cannot send messages to sibling
processes; therefore an ambient is well-typed under any set of types, and this is ex-
pressed in rule (T-Amb). If P and Q are sibling processes which can exchange mes-
sages of types from the set I', then P | Q is also such a process. Rule (T-New) states
that if a process can exchange messages of types from the set I" M Amb[I"’], then
the restricted process (vn : Amb[I"'])P cannot exchange messages of type Amb|[I"']
with sibling processes. By adding a capability to a process we do not affect the
well-typedness of that process as it results from rule (T-Cap).

Lemma 1.3. If (vn: Amb[["'|)P: " andn & fn(P) then P: T

Lemma 1.4. If P: ' M Amb|[T"'], x,m: Amb[I"’], x € fn(P) and m ¢ fn(P) then
P{m/x}: T NAmb[I"'].

In order to say that ¢*!(m : amb[I"']).(P, Q) is well-typed with respect to the set of
types I', the following statements should hold:

(i) m : Amb[I"'], which means that ambient m contains the set of types I'’;

(ii) I <: Amb[I''], which means that I" contains the type Amb[I"'];

(iii) P: I'; Q : I", which means that P and Q are well-typed with respect to the set
of types I'. If one of the statements is not true, the process ¢! (m : Amb[I"']).(P, Q)
can still be well-typed, if the alternative process Q is well-typed, with respect to the
same set of types I'.
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The following proposition states that the application of the global time progress
function ¢, to a process P does not change its property of being well-typed.

Proposition 1.1 (Time Passage). If P: I" then ¢5(P): T

Proof. We take into account all the cases which enter in the definition of ¢,. We
present only one case, the others being treated in a similar manner.

Case 1.22 (P=M*".(R,Q), t > 0). The syntax is a general notation to capture all the
capabilities because their behaviour is the same in this context. As a consequence,
the rule (T-Cap) is applied and the expected result MA( ’1).(R7 Q) : T is obtained
which is the same as ¢ (P) : T". O

Exercise 1.5. Prove the other cases of Proposition 1.1.

The following proposition states that if a process P is well-typed, then all the
processes from its equivalence class are well-typed.

Proposition 1.2 (Subject Congruence). [f P=Q then P: T iff Q:T.

Proof. We proceed by structural induction. We present only one case, the others
being treated in a similar manner.

Case 1.23 (S-Res Amb Dif). We have that P = (vn : Amb[I"'])(m*'[P']*,P") and
Q = (m*'[(vn: Amb[I"')P'|*, P") with n # m. Assume P : I. This must have been
derived from (T-New) and (T-Amb) with P” : I' M Amb|[I"']. Because n does not
affect the process P”, by applying Lemma 1.3 we have that P” : I". By applying
(T-Amb) we obtain that Q : I'. O

Exercise 1.6. Prove the other cases of Proposition 1.2.

The following proposition states that if a process P is well-typed, then the process
obtained after applying a reduction rule is well-typed.

Proposition 1.3 (Subject Reduction). IfP — Qthen P: T iff Q:T.

Proof. We proceed by induction on the derivation of P — Q. We present only one
case, the others being treated in a similar manner.

Case 1.24 (R-Com). We have that P = ¢ 1(m). (P,Q) |2 2(x : Amb[I")).(P', Q')
and Q = P|P'{m/x}. Assume P: I". This must have been derived from (T-Par) with
A m). (P,Q) : T and ¢ 2(x). (P',Q') : " and by applying the rules (T-Write) and
(T-Read) we obtain that P: I", P'T" and I' <: Amb[I"’]. By applying Lemma 1.4 and
the rule (T-Par) we obtain that P|P'{m/x}: T. O

Exercise 1.7. Prove the other cases of Proposition 1.3.
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Table 1.20 Error System in tMA

E-Com) ot i
(E- Om)cm'< - Amb[I"")).(P,Q) |LA"7(X Amb[I')).(P,Q') <% e
n:Amb[I"],m: Amb[['],T ¢: T’ P
(E-OPEH) (mA”[openA’n. (P,P/)|(nA’”[Q]”,S//)]“7S/) ﬂ) (E'Pal‘) P‘Q err
__p P gsnPEQ 0
(E-Amb)( TPRL0) (E-New) (v Amb|[[))P 25 (E-Str) p o,

In Table 1.20 we describe the error system of tMA, where by ~— we denote the
fact that an error occurred. An error can occur only when a process tries to exchange
a message of a wrong type. Note that if a process wants to communicate a message
of a wrong type, it can still be well-typed if the alternative process Q is well-typed.

Rule (E-Com) states that a process can receive only messages of a certain type. In
rule (E-Open) we express the fact that if messages of types from I'” are exchanged
in an ambient n, by opening the ambient, in order for the processes to exchange mes-
sages of types from I'’, the ambient m containing ambient n must allow exchange of
messages of types from I'’. The rest of the rules are obvious and state the fact that if
a process generates an error then including it in another process, the error does not
disappear.

Proposition 1.4. If a process is well typed, then it does not generate errors:
P : T implies P 2.

Proof. The proof considers the opposite of the fact that if P gives rise to a run-
time error (P <), then P cannot be well-typed under any set of types I' (P /T,
forall T"). We use induction on the structure of P and consider a proof case for each
rule in Table 1.20. We present only one case, the others being treated in a similar
manner.

Case 1.25 (E-Com). We suppose that there exists a set of types I such that R: I',
where R = cA1(m).(P,Q) | ¢ ?(x : Amb[I™')).(P', Q). This must have been derived
from (T-Par) with ¢ 1(m).(P,Q) : T" and cA" 2(x : Amb[I""]).(P', Q') : . Applying
(T-Write), (T-Read) we have that I" <: Amb[I"’] and n : Amb[I"'], which is in con-
tradiction with the hypothesis of the rule (E-Com), and so we have that R . O

Exercise 1.8. Prove the other cases of Proposition 1.4.

We denote by P 4 Q the fact that process P evolves to process Q after applying
the rule (R-GTProgress) ¢ > 0 times, and by ¢4 (R) the fact that function ¢, is
applied ¢ times to process R. We denote by = the relation which respects all the
rules of Table 1.17 except replication, namely rule (S-Repl Par). The following
result claims that if two processes are structurally congruent and both idle for 7 units
of time, then the obtained processes are also structurally congruent.
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Proposition 1.5. Time passage cannot cause a nondeterministic behaviour:
ifP2Q PLP and Q-5 Q thenP = (.

Proof. We proceed by structural induction and present only one case, the others
being treated in a similar manner.

Case 1.26 (S-Res). We have P = (vin: Amb[I"'])P' and Q = (vn : Amb[I"'])Q’ with
P = Q. By induction, if P = Q', P’ 5 P" and ¢/ - Q" then P" = Q”. By apply-
ing (R-Res) to both P/ 5 P” and @' > Q" we obtain that P - (vn : Amb[I"])P"
and Q 5 (vn : Amb[I'))Q". By applying (S-Res) to P” = Q" we obtain that
(van:Amb[['|)P" = (vn: Amb[I'])Q". 0

Exercise 1.9. Prove the other cases of Proposition 1.5.

The following example motivates why we remove replication. Let P = in“3n.

Then we have xP = P | = P. By applying the function ¢,, we obtain
da(P| *P) = in’*n| « P «P = ¢ (*P).

Example 1.3. We extend the cab protocol described in [94] by introducing new
operations which describe a recall for a taxi when a certain period of time has
passed, and the payment for the trip. Roughly speaking, the cab protocol is about
a city with various sites, cabs and clients willing to go from one site to another.
At http://www-sop.inria.fr/mimosa/ambicobjs/taxis.html, a graphical implementa-
tion of the cab protocol is presented. The implementation is written in Java, and
presents the ambients as named and coloured circles, whose limits act as boundaries
for what is inside. A capability in ¢ is described by an anchor which remains in
the ambient a, and an arrow outside which is linked to any ambient with name c.
When such an arrow finds an ambient ¢, the ambient a is entirely moved inside c.
A capability out c is described by an anchor pointing outside. A capability open ¢
is represented as a small square trying to find an ambient with the same name. If
it does, the boundaries are dissolved and the content of that ambient is released. A
snapshot of the cab protocol is presented in the following figure:
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The whole system consists of one city, # sites, and several cabs and clients. The
cabs can be empty waiting in a precise site or can have clients and be anywhere
in the city, while the clients can be either at some sites waiting for a free cab to
arrive, or already travelling with a cab. In order to initiate a trip a client must obtain
a cab, and it does this by sending a request for an empty cab. In what follows we
use this protocol to illustrate how mobile ambients with timers work, emphasizing
the timing aspects. It is worth noting that each ambient of the system is well-typed
because we do not consider communication. Considering the fact that we have only
ambients with no internal communication, all the processes are well-typed under
any set of types I'.

A message emitted by a client located at a site from in order to call a cab is
described by

load client = loading®" [out®™2 cab. in®5 client "

call = call*" [out*™ client . out’" from.in*"0cab.inM from.load client]*

recall = recall*"2 [out*"3 cab. in®"* from. in®"s client|*

call from client = (call, recall)

This ambient can enter a cab; here it gets opened and releases the process load client.
After it exits the ambient client and successively the ambient from it looks for a cab
to enter. If it finds a cab then it enters it by applying the (R-In) rule:

(call®[in®"0cab.in® from. .. ] recall) | cab™[ *

— cab™[call*" [in®1 from....|P, recall]!

If the timer A#; of the ambient call expires before it enters a cab, then an ambient
recall is released. This is possible if no cab ambient becomes sibling with the am-
bient call in the period of time represented by the timer At;. To discard the ambient
call with the expired timer we apply the (R-GTProgress) rule which launches the
safety process recall:

(call*[in?"ocab.in® from. .. )%, recall) — recall
The recall ambient enters the ambient client, and announces that he can make an-
other call. This process of recalling is repeated until the process load client is re-
leased. The process load client is launched by opening the ambient call using the
(R-Open) rule:

cab™[(call*"[load client|*, recall) | open®™*call.open®™strip. ... |*
— cab[load client | open®*strip. .. "

As a consequence, the cab goes to from in order to meet its client, and it releases an
ambient loading. All the steps necessary for a correct evolution of the trip are per-
formed by applying the appropriate reduction rules. Once loading has been released,
it enters the ambient client.

The address given to the driver by a client to go from the current location from
to address 7o, as well as the payment for the trip are described by

trip fromto ¢ = trip® [out®2 client. out™22 from. in®>to. pay driver|*

pay driver = pay®s[in®" c.in?"8wallet . in*""Y money|*

Whenever the client opens loading it means that the cab is present, and therefore the
client may enter it. Consequently, the client enters the cab and releases an ambient
trip, which the cab receives and opens. The process which is released moves the cab
to its destination where it releases another synchronization ambient pay to inform
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the client to pay for the trip. An ambient pay enters the client wallet and moves an
ambient money to the driver wallet.
paid driver = paid®"s [out*" money. out* 0 wallet . out*3 driver. in32 c|*
money client = money™[open®® pay. out*3*wallet . out*’3s c.in* 6 driver.
in*%wallet. paid driver]*
wallet client = wallet™[money client| ... |money client]*
bye cab = bye’"* [outs c. in®"26 cab. out*"2 to]H
client fromto = (ve)c™[*(open’recall.call from c)|recall3[|*|
open™]oading.in®" cab.trip from to c|open™ paid.
out®3 cab. bye cab|wallet client]*
Once the ambient money enters the driver wallet, an ambient paid is released and
sent to the client telling him to get out of the cab. The client opens it, leaves the cab,
and sends the last synchronization ambient bye to the cab, instructing it to leave the
current location fo. The cab and the city are described by

driver = driver=[wallet™[money™[ |* | ... | money™[]*]**

cab = cab”[rec X.opencall.open*strip. open'*sbye. X | driver|*

city = city™[cab| ... |cab|siteT[client site; site;|client site; sitej| ... |H
|...|site].. JH*

In the discussion above we have supposed that only the timer A#; of the ambient call
expires, and this may produce the execution of the safety process recall. This was
made only for the sake of simplicity. In order to simulate other possible scenarios,
we can suppose that other timers may also expire:

e At - the loading ambient does not reach the ambient client, and a safety process
should be released in order to instruct cab to create another loading ambient;

e At - the pay ambient does not reach the ambient client, and a safety process
should be released in order to instruct cab to create another pay ambient;

* Aty - the trip ambient does not reach the ambient cab, and a safety process
should be released in order to instruct the client to create another trip ambient;

* Ang - the paid ambient does not reach the ambient client, and a safety process
should be released in order to instruct cab to create another paid ambient;

* Aty - the bye ambient does not reach the ambient cab, and a safety process
should be released in order to instruct the client to create another bye ambient;

 various other scenarios can be simulated by introducing several other timers over
capabilities and ambients.

1.5 Brane Calculi

Biological inspiration is predominant in the case of brane calculi [40]. The opera-
tions of the two basic brane calculi, namely pino, exo, phago (for the PEP fragment)
and mate, bud, drip (for the MBD fragment) are directly inspired by the biological
processes of endocytosis, exocytosis and mitosis. Since some proteins are embedded
in cell membranes, and can act on both sides of the membrane simultaneously, brane
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calculi use both sides of the membrane, emphasizing that computation happens also
on the membrane surface. We present here an overview of the PEP fragment of brane
calculi without replication. Cardelli motivates that the replication operator is used to
model the notion of a “multitude” of components of the same kind, which is in fact a
standard situation in biology. We do not consider the replicator operator because we
are not able to define a corresponding membrane system without knowing exactly
the initial membrane structure. More details on brane calculi can be found in [40].

1.5.1 Syntax

A membrane structure consists of a collection of nested membranes as shown in Ta-
ble 1.21. Membranes are formed of patches ¢, where a patch can be composed from
other patches p | 7. A patch ¢ consists of an action a followed, after its consump-
tion, by another patch o7; thus 0 = a.0. Actions often come in complementary
pairs which cause interaction between membranes. The names 7 are used to pair-up
actions and co-actions.

Table 1.21 Brane Calculi Syntax

Systems P,Q::=PoQ | o() | o(P)

Branes ©,1:=0| 0|1 | a.c

Actions  a,b ::=phago, | phago,(c) | exo, | exo, | pino(c)
| mate, | mate, | bud, | bud,(c) | drip(o)

We abbreviate a.0 as a, O(P) as (P), and 0( ) as ().

1.5.2 Operational Semantics

The structural congruence relation is a way of rearranging the system such that
the interacting parts come together; the structural congruence = is defined in Ta-
ble 1.22.

Table 1.22 Brane Calculi Structural Congruence

PoQ=,Q0P oclt=1| o0

Po(QoR) =y (PoQ)oR ol(t|p)=(o|1)]p
c|0=,0

P =, Q implies PoR=;, QoR o=pTimpliesc | p=p7T | p

P =, Qand 6 =, 7implies 6(P) =, 1(Q) 0 =, T implies a.0 = a.T
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Table 1.23 Brane Calculi Reduction Rules

pino(p).o | op(P) —p 0 | 0o(p ()OP) Pino
pino(p
ex0,.7 | To(ex0,.0 | 0p(P ) —p Poo | 0p \ 7| 1%(0 Exo
exon.T
exo,.0
0 (2, T P
phago,.c | 6o(P) o phago,(p).7 | ©(Q) —p T | T (p(o | op(P Phago
phago, (p
phagon @
—p
Go
matey,.o | 0o(P) omate,.T | To(Q Hbr\ro\oﬂoo (PoQ Mate
mate,.T
maten
0'0 b
bud,(p).7 | To(bud,.c | 6o(P)o Q) — p(c | 0o (P or|1:0 Bud
bud,(p).T

drip(p).c | 6o(P) =4 p()o 0 | 0o(P) Drip
drip(p).c
b -
P —}, Q implies PoR —j, QoR Par
P —, Q implies 6(P) —5 0(Q) Mem
P=, P and P' —;, Q' and Q' =;, Q implies P —; Q Struct

In what follows we explain the rules of Table 1.23. The action pino(o) creates
an empty bubble within the membrane where the pino action resides. The original
membrane buckles inwards and pinches off; the patch ¢ on the empty bubble is a pa-
rameter of pino. The exo action exo,, comes with a complementary co-action exo,;
they model the merging of two nested membranes which starts with the membranes
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touching at a point. In this process (which is a smooth and continuous process),
the subsystem P gets expelled to the outside, and all the residual patches of the
two membranes become contiguous. Actions mate,, and mate, synchronize to ob-
tain membrane fusion. Action bud,, permits splitting of an internal membrane, and
synchronizes with the coaction bud,. Action drip permits splitting off zero inter-
nal membranes. Actions bud and drip are equipped with a process o, that will be
associated to the new membrane created by the brane performing the action.

The phago action phago, comes with a complementary co-action phago,(p);
they model a membrane (the one with Q) “eating” another membrane (the one
with P). Again, the process has to be smooth and continuous, i.e., biologically im-
plementable. It proceeds by the O membrane wrapping around the P membrane
and joining itself on the other side. Thus an additional layer of membrane is cre-
ated around the eaten membrane: the patch on that membrane is specified by the
parameter p of the co-phago action (similar to the parameter of the pino action).

1.5.3 Computability and Decidability

According to [37], a fragment of PEP, namely, the calculus without the pino ac-
tion, is Turing powerful. The result is proved by showing how to model Random
Access Machines (RAM). A direct consequence of this result is the undecidability
of universal termination for PEP. Such an encoding is deterministic and enjoys the
following property: the RAM terminates if and only if its encoding terminates. As
a consequence, both the universal termination property (i.e., checking if the system
has a divergent computation) and the existential termination property (i.e., checking
if the system has a terminating computation) turn out to be undecidable for PEP.

In [37] it is shown that universal termination is a decidable property for the MBD
fragment; the proof is based on the theory of well-structured transition systems [85].
In [36] it is stated that the decidability of universal termination provides an expres-
siveness gap between MBD and PEP, as a deterministic encoding of Random Access
Machines can be provided in the second calculus, but not in the first calculus. Thus
it is impossible to provide an encoding of PEP in MBD that preserves the universal
termination property.

In [35] a non-deterministic encoding of RAMs in MBD is provided which pre-
serves the existence of a terminating computation. The encoding is non-deterministic
because it introduces additional computations which do not follow the expected be-
haviour of the modelled RAM. Since all the computations are infinite, given a RAM,
its modelling has a terminating computation if and only if the RAM terminates.
A direct consequence of this result is the undecidability of existential termination
for MBD.

The decidability of universal termination for MBD in [37] ensures that it is im-
possible to provide a deterministic encoding of RAMs in MBD. If it is required that
the RAM terminates if and only if all the computations of the encoding terminate, it
is also impossible to provide a (non-deterministic) encoding of RAMs in MBD.
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The computational power of MBD is increased if the interleaving semantics is
replaced with a maximal parallelism semantics as in membrane computing [130].
According to the maximal parallelism semantics, at each computational step a max-
imal set of independent reductions is simultaneously executed. Hence, all the mem-
branes that can evolve have to do so. Using such a semantics, in [35] a deterministic
encoding of RAMs in MBD with maximal parallelism is provided that preserves the
existence of a terminated computation (hence also the existence of a divergent com-
putation). In this case is obtained the undecidability of both existential and universal
termination for MBD with maximal parallelism. This result confirms the intuition
emerging from [89], where the interleaving (sequential) and the maximal parallelism
semantics of many variants of P systems are compared: in most cases, the computa-
tional power increases when moving from interleaving to maximal parallelism.



Chapter 2
Mobility in Membrane Computing

Abstract Membrane computing is part of natural computing, being a rule-based
formalism inspired by biological cells. The basic model of membrane computing is
usually called transition membrane systems. When membrane systems are consid-
ered as computing devices, two main research directions are considered: their com-
putational power in comparison with the classical notion of Turing computability,
and their efficiency in algorithmically solving hard problems (e.g., NP-problems)
in polynomial time. In this chapter we define mobile membrane systems which are
both powerful (equivalent to Turing machines) and efficient (algorithms have been
developed which provide efficient solutions to NP-complete problems).

2.1 Mobility in Cell Biology

The cell is the functional basic unit of life, and is often called the building block of
life [7]. The cells of living organisms are categorised into prokaryotic and eukaryotic
cells. Any organism contains either prokaryotic or eukaryotic cells. Prokaryotic are
very simple cells that are smaller than the more complex eukaryotic cells. Bacteria
are made up of one or more prokaryotic cells. The cell membrane in a prokaryotic
cell consists of a fluid phospholipid bilayer without carbohydrates. The prokaryotic
cell is incapable of endocytosis or exocytosis unlike the eukaryotic cell.

Eukaryotic cells are found inside plant and animal life and are more advanced
and larger, and differ fundamentally from their prokaryotic counter-parts by their
possession of membrane-bounded internal compartments. The emergence of an en-
domembrane system was a crucial stage in the prokaryote-to-eukaryote evolutionary
transition [76]. A feature that distinguishes prokaryote cells from eukaryote cells is
the presence in eukaryote cells of a cytoskeleton that maintains their structural in-
tegrity. Thus the cell can afford to have a membrane that consists of a fluid phospho-
lipid bilayer that includes carbohydrates. The increased fluidity of the outer mem-
brane allowed the development of two mechanisms, called endocytosis and exocyto-
sis. Endocytosis and exocytosis are complementary operation that allow substances
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to enter (endocytosis) or exit (exocytosis) the cell through membrane-bounded vesi-
cles. In endocytosis, the vesicle is formed by the invagination of a small segment
of the outer membrane that contains substances from outside the cell. In the reverse
process of exocytosis, the vesicle fuses with the outer cell membrane releasing its
content into the extracellular space.

The development of endocytosis and exocytosis prepared the way for all subse-
quent steps of eukaryotic evolution [100]. According to [76], several innovations
appeared during this evolution from prokaryote to eukaryote cells (see Figure 2.1
and Table 2.1).

Prokaryote Early eukaryote
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Fig. 2.1 Prokaryote to Eukaryote Evolutionary Transition

Table 2.1 Major Innovations in the Evolution of the Endomembrane System

Prokaryote | Early Eukaryote | Extant Eukaryote

Unfolded substrate exported | Folded substrate exported Multiple modes of endocytosis

Membrane translocation Vesicular transport Multiple modes of exocytosis
Limited modes of endocytosis | Tissue-specific pathways
Phagocytosis Lineage-specific pathways
Lysosomal degradation Secondary losses

Endocytosis of eukaryotic cells also enhances communication between cells [150],
a feature that enables eukaryote cells to form multicellular organisms. Cells sense
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the environment and communicate with each other through activation of signalling
receptors on the cell surface. Endocytosis regulates cell signalling by physically re-
ducing the number of signalling receptors available for activation. In some cases,
a reduction in the number of surface receptors does not attenuate the maximal sig-
nalling response, but instead shifts the dose response relationship so that a higher
concentration of ligand is required to trigger a response of the same magnitude. This
is of physiological importance in settings of limited ligand concentration. In this
way, endocytosis and cell signaling are intertwined in many biological processes,
such as cell motility and cell fate determination [150].

We use endocytosis and exocytosis as abstract operations in membrane comput-
ing, a new biologically inspired model of computation.

2.2 Membrane Computing

Membrane computing is part of natural computing, being a rule-based formalism
inspired by biological cells. The basic model of membrane computing is usually
referred to as transition membrane systems. In this model, objects are represented
using symbols from a given alphabet, and each symbol from this alphabet can ap-
pear inside a region in many different copies. That is, the content of a region is rep-
resented as a multiset over a given alphabet. Rules are essentially multiset rewriting
rules with some extra features: targets appear in the right hand side of the rules and
are used to specify where to move the produced objects.

Definition 2.1. A transition membrane system of degree n > 1 is a construct
H = (V’H’ T7C7H7W17"' )WI’H(Rl?pl)?" '7(Rn7pn)7i0)
where:

. nrepresents the number of membranes;

.V is an alphabet of symbols; its elements are called objects;

. T CV is the terminal (or output) alphabet;

.CCV,CNT = 0is the alphabet of catalysts;

. H is a finite set of labels for membranes;

. L C H x H describes the membrane structure, such that (i, j) € i denotes that the
membrane labelled by j is contained within the membrane labelled by i; we dis-
tinguish the external membrane (usually called the “skin” membrane) and several
internal membranes; a membrane without any other membrane inside it is said to
be elementary;

7.w; € V*, for each 1 <i < n is a multiset of objects assigned initially to mem-

brane i

8. R;, for all 1 <i < n, is a finite set of evolution rules which is associated with

membrane #; an evolution rule is a multiset rewriting rule of the form u — v, with

ueVtv=vorv=v38,v e ((Vx{here,our})U(V x{inj| 1 < j<n}))*

and § a special symbol not appearing in V;

AN AW
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9. pj, for all 1 <i < n, is a partial order relationship defined over the rules in R;
specifying a priority relation between these rules;
10. ip is the label of an elementary membrane of u which identifies the output region.

Ry ={ri:a—(a,in)}
U{r:b— (a,ina)}

Ry ={r3 :a— (b,out)(a, here)} A§ an example, we consider a mftmbrane system
with two nested membranes (the inner membrane
U{rs:b— (bout)} labelled by 2, the outer membrane labelled by 1),

two sets of evolution rules R, and R and two sym-
bols (a and b). Initially, membrane 1 contains the
multiset 52 a*, and membrane 2 contains the mul-
a b tiset a® b°.

Fig. 2.2 A Transition Membrane System

Therefore, a transition membrane system of degree n > 1 consists of a mem-
brane structure (U containing n membranes where each membrane i is assigned a
finite multiset of objects w; and a finite set of evolution rules R;, with an associated
priority relation p;. An evolution rule is a multiset rewriting rule which consumes
a multiset of objects from V and produces a multiset of pairs (a,t), with a € V and
t € {here,out,in} a target specifying where to move the objects after the applica-
tion of the rule. As well as this, an evolution rule can produce the special object &
to specify that, after the application of the rule, the membrane where the rule has
been applied has to be dissolved. After dissolving a membrane, all objects and mem-
branes previously contained in it become contained in the membrane containing it,
while the rules of the dissolved membrane are removed.

2.3 Mobile Membranes

Mobile membranes represent a formalism describing the movement of membranes
inside a spatial structure by applying rules from a given set. Mobile membranes
represent a variant of membrane computing [128]. Several systems of mobile mem-
branes are studied in [17], and their computational universality are proved by using
a small number of membranes [18]. The model is characterized by two essential
features:

e A spatial structure consisting of a hierarchy of membranes (which do not inter-
sect). The membranes produce a delimitation between regions. For each mem-
brane there is a unique associated region. To each membrane we associate a mul-
tiset of objects placed on its surface and a multiset of objects placed inside the
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corresponding region. A membrane without any other membranes inside is called
elementary, while a membrane containing other membranes is called composite.
e The general rules describing the evolution of the structure: endocytosis (mov-
ing an elementary membrane inside a neighbouring membrane) and exocytosis
(moving an elementary membrane outside the membrane where it is placed).
More specific rules are given by pinocytosis (creating an elementary membrane)
and phagocytosis (engulfing just one sibling elementary membrane). A move-
ment rule consists in fact of two steps: rewriting the objects that initiated the
movement to multisets of objects and changing the membrane structure.

The computations are performed in the following way: starting from an initial
structure, the system evolves by applying the rules in a nondeterministic and maxi-
mally parallel manner. A rule is applicable when all the involved objects and mem-
branes appearing in its left hand side are available. The maximally parallel way of
using the rules means that in each step we apply a maximal multiset of rules, namely
a multiset of rules such that no further rule can be added to the set. A halting con-
figuration is reached when no rule is applicable. The result is represented by the
number of objects associated to a specified membrane.

Let IN be the set of positive integers, and consider a finite alphabet V of sym-
bols. A multiset over V is a mapping u : V — IN. The empty multiset is repre-
sented by A. We use the string representation of multisets that is widely used in
the field of membrane systems. An example of such a representation is the multiset
u = aabca, where u(a) =3, u(b) = 1, u(c) = 1. Using such a representation, the
operations over multisets are defined as operations over strings. Given two multisets
u,v over V, for any a € V, we have (uWv)(a) = u(a) + v(a) as the multiset union,
and (u\v)(a) = max{0,u(a) —v(a)} as the multiset difference.

2.3.1 Simple Mobile Membranes

A first definition of mobile P systems is given in [133] with rules coming from mo-
bile ambients [42]. Inspired by the operations of endocytosis and exocytosis, namely
moving a membrane inside a neighbouring membrane (endocytosis) and moving a
membrane outside the membrane where it is placed (exocytosis), P systems with
mobile membranes are introduced in [108] as a variant of P systems with active
membranes [128]. We use the name simple mobile membrane system instead of P
systems with mobile membranes.

Definition 2.2. A simple mobile membrane system is a construct
Il = (V,H,‘U,Wh cee aanRa lO)
where:

1.n,V,H, U, w;, ip are as in Definition 2.1;
2. R is a finite set of developmental rules, of the following forms:

(@) [[a = V|m)k, forksm e Hya €V, v eV, local object evolution
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k k

These rules are called local because the evolution of an object a of mem-
brane m is possible only when membrane m is inside membrane k. By M, M,
and M3 we denote (possible empty) multisets of objects, elementary and com-
posite membranes.

M2 aM1 *>M2 VM]

If the restriction of nested membranes is not imposed, that is, the evolution of
the object a in membrane m is allowed irrespective of where membrane m is
placed, then we say that we have a global evolution rule, and write it simply
as [@ — v],;. By M and M, we denote (possible empty) multisets of objects,
elementary and composite membranes.

(®) [aln] 1m — [[Bln]m» for h,m € H, a,b € V; endocytosis

o@Dl )l @D
m m

An elementary membrane labelled 4 enters the adjacent membrane labelled m,
under the control of object a; the labels # and m remain unchanged during the
process; however the object a is modified to b during the operation; m is not
necessarily an elementary membrane. By M| we denote a (possibly empty)
multiset of objects, and by M, and M3 we denote (possibly empty) multisets
of objects, elementary and composite membranes.

©) [[aln)m — [B]n] Im» for h,m € H, a,b €V, exocytosis

w (o @) — @)
m

m

An elementary membrane labelled /4 is sent out of a membrane labelled m,
under the control of object a; the labels of the two membranes remain un-
changed, but the object a of membrane £ is modified during this operation;
membrane m is not necessarily elementary. By M| we denote a (possibly
empty) multiset of objects, and by M, and M3 we denote (possibly empty)
multisets of objects, elementary and composite membranes.

The rules are applied according to the following principles:

1. Rules are applied in parallel, non-deterministically choosing the rules, the mem-

branes, and the objects in such a way that the parallelism is maximal; this means
that in each step we apply a certain set of rules such that no further rule can be
added to the set.
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2. The membrane m from the rules of type (a) — (¢) is said to be passive, while the
membrane £ is said to be active. In any step of a computation, any object and
any active membrane can be involved in at most one rule. However, the passive
membranes can be used by several rules at the same time. In a rule [a — v],, of
type (a), object a is active, while membrane m is passive.

3. When a membrane is moved across another membrane, by endocytosis or exo-
cytosis, its whole contents (its objects) are moved; the inner objects evolve first
(if rules are applicable for them), and then any membrane is moved with the
contents as obtained after its internal evolution.

4. If a membrane exits the system (by exocytosis), then its internal evolution stops,
even if there are rules of type (a) which could be applied.

5. The objects and membranes which do not evolve at a given step are passed un-
changed to the next configuration of the system.

By using the rules in this way, we get transitions among the configurations of the
system. A sequence of transitions is a computation, and a computation is successful
if, starting from the initial configuration, it halts (it reaches a configuration where
no rule can be applied). The multiplicity vector of the multiset from a special mem-
brane called the output membrane is considered to be the result of the computation.
Thus, the result of a halting computation consists of all the vectors describing the
multiplicity of objects from the output membrane; a non-halting computation pro-
vides no output. The set of vectors of natural numbers produced in this way by a
system IT is denoted by Ps(IT). A computation can produce several vectors, all of
them considered in the set Ps(IT).

Hence a computation is structured as follows: it starts with an initial configuration
of the system (the initial membrane structure and the initial distribution of objects
within regions), then the computation proceeds, and when it stops the result is to be
found in a specific output membrane.

2.3.2 Enhanced Mobile Membranes

Enhanced mobile membranes were introduced in [16] for describing some biolog-
ical mechanisms of the immune system. The presentation of the immune system is
taken from [98], a book which is revised every few years to keep pace with the new
discoveries in this field. The cells of the immune system work together with differ-
ent proteins to seek out and destroy anything foreign or dangerous which enters our
body. It takes some time for the immune cell to be activated, but once this happens
very few hostile organisms have a chance. There are several types of immune cells,
each of them with its own strengths and weaknesses. Some seek out and engulf in-
vaders, while others destroy infected or mutated body cells. One type of immune
cells are the B cells which have the ability to release special proteins called anti-
bodies which mark intruders so that they may be destroyed by macrophages. The
immune system also has the ability to produce some cells able to remember ene-
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mies which it fought in the past. In this way, once the immune system recognizes an
invader it attacks more quickly and strongly against it.

Fig. 2.3 Immune System Mechanisms

Dendritic cells can engulf bacteria, viruses, and other cells. Once a dendritic
cells engulfs a bacterium, it dissolves this bacterium and places portions of bac-
terium proteins on its surface (see Figure 2.3). These surface markers serve as an
alarm to other immune cells, namely helper T cells, which then infer the form of
the invader. This mechanism makes the T cells sensitive to recognize the antigens
or other foreign agents which trigger a reaction of the immune system. Antigens are
often found on the surface of bacteria and viruses.

New rules are introduced following this biological example. We define a new
variant of mobile membranes, namely the enhanced mobile membranes, originally
introduced in [16]. The object a is the one indicating the membrane which initializes
the move in the rules of type (a) — (d).

Definition 2.3. An enhanced mobile membrane system is a construct
= (V,H,u,wi,...,ws,R ip), where:

1.n,V,H, U, wj, ip are as in Definition 2.1;
2. R is a finite set of developmental rules of the following forms:

@) [a]n] ]m = [[W]h]m» for h,m € H,a € V,w € V¥, endo

An elementary membrane labelled 4 enters the adjacent membrane labelled m,
under the control of object a; the labels 4 and m remain unchanged during this
process, however, the object a is modified to w during the operation; m is not
necessarily an elementary membrane.

®) [[a]n]m — [W]n[ Im»> for hm e H.a € V,w € V¥, exo
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w (o @) — @) )
m

m

An elementary membrane labelled / exits a membrane labelled m, under the
control of object a; the labels of the two membranes remain unchanged, but
the object a from membrane / is modified during this operation; membrane m
is not necessarily elementary. By M| we denote a (possibly empty) multiset of
objects, and by M, and M3 we denote (possibly empty) multisets of objects,
elementary and composite membranes.

©) [nlalm = [[1nW]m, for h,m e H.a € V,w € V¥, fendo

M3

An elementary membrane labelled /4 is engulfed by the adjacent membrane
labelled m, under the control of object a of m; the labels & and m remain
unchanged during this process, however, the object a is modified to w during
the operation; m is not necessarily an elementary membrane. By M| we denote
a (possibly empty) multiset of objects, and by M, and M3 we denote (possibly
empty) multisets of objects, elementary and composite membranes.

@ [a[ a]lm — [1n[W]m, for hym € H,a € V,w € V*, fexo
w (g, GO — wa(r,
m m

An elementary membrane labelled % is expelled by a membrane labelled m,
under the control of object a of m; the labels of the two membranes remain
unchanged, but the object a from membrane m is modified during this opera-
tion; membrane m is not necessarily elementary. By M| we denote a (possibly
empty) multiset of objects, and by M, and M3 we denote (possibly empty)
multisets of objects, elementary and composite membranes.

©) [U]n[V]m — [[u]pv])m, for hym € H,u,v € V¥, pendo

M3

An elementary membrane labelled / containing u enters the adjacent mem-
brane containing v; the objects do not evolve in the process. By M; we denote
a (possibly empty) multiset of objects, and by M, and M3 we denote (possibly
empty) multisets of objects, elementary and composite membranes.

®) v[ulplm — [w]n[v]m, for hym € H, u,v € V¥, pexo
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w (@) — m@D, i, )
m m

An elementary membrane labelled / containing # comes out of the membrane
labelled m containing v. The objects do not evolve in the process. By M| we
denote a (possibly empty) multiset of objects, and by M, and M3 we denote
(possibly empty) multisets of objects, elementary and composite membranes.
(@) [a]j[blnlk — [[W];[bln)k for h, j,k € H,a,b € V,w € V*; cevol

M4E/I3 ( a M, )] ( b M, )}JkHM4EW3 (WM] )] ( bM, )}Jk

An object @ in membrane m evolves into w when membranes & and m are
adjacent to each other inside membrane k. By My, M,, M3 and M4 we denote
(possibly empty) multisets of objects, elementary and composite membranes.

The rules of enhanced mobile membranes are applied according to the principles
of simple mobile membranes. Here endo and exo represent endocytosis and exocy-
tosis, fendo and fexo represent forced endocytosis and forced exocytosis, pendo
and pexo represent pure endocytosis and pure exocytosis, while cevol represents
contextual evolution. When we restrict |w| = 1 in rules (a) - (d), we call the opera-
tions rendo, rexo, r fendo and r fexo where r stands for “restricted”.

Example 2.1. In order to simulate the evolution presented in Figure 2.3, we need
first to encode all the components of the immune system into a membrane system.
This can be realized by associating a membrane to each component, and objects to
the signals, states and parts of molecules. For the steps done by the dendritic cells
presented in Figure 1 we use the following encodings:

¢ dendritic cell - [eat]|pc

An immature dendritic cell is willing to eat any bacterium it encounters, so we

translate it into a membrane labelled by DC which has inside an object eat used to

engulf the bacterium. Once the dendritic cell matures, the object eat is consumed.
* bacterium cell - [antigen]pacterium

A bacterium cell contains antigen so we simply represent it as a membrane la-
belled by bacterium containing a single object antigen which contains the infor-
mation of the bacterium.

° 1ymph node - [ ]lymph node
The lymph node is the place to which the mature dendritic cells migrate in order
to start the immune response, so we translate it into a membrane labelled by
lymph node.

Using the above membranes we can describe the membrane system as follows (here
skin stands for the body skin):
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Heat]DC[ ]lymph node]skin [antigen] bacterium

with the following rules which describe its evolution:

[antigen]baclerium[ }skin - Hantigen] bacterium]skin

A bacterium enters through the skin by performing an endocytosis rule in order
to infect the body. The bacterium contains an object antigen which represent its
signature.

[eat]DC[ ]bucterium - [eat[ ]bucterium}DC

Once an immature dendritic cell becomes sibling to a bacterium, it “eats” the bac-
terium by performing a forced endocytosis rule. Until this moment the bacterium
has controlled its own movement; in this step of the evolution the movement
becomes controlled by the dendritic cell which eats the bacterium.
Hantigen]bacterium]DC - [[antigen 6]bacterium}DC

Once the bacterium has entered the dendritic cell, an object & is created in order
to dissolve the membrane bacterium, and the content of the bacterium is released
into the dendritic cell.

[antigen]DC[ ]Zymph node — [[antigen]DC]lymph node

Once the dendritic cell contains antigen, it enters the lymph node in order to
activate a special class of T cells, namely the helper T cells.

Heat]DC]lymph node — H }DC]lymph node

Once the dendritic cell enters the lymph node it matures and the capacity to
engulf bacteria disappears, namely the eat object is consumed.

Using only these few rules we can simulate the way a bacterium is engulfed and

its content is displayed by the eater cell. The proteins produced by helper T cells
activate the B cells.

dendritic cell T lymphocyte T lymphocyte B lymphocyie

Fig. 2.4 Activation of T cells (a) and B cells (b)

For the process of activating the helper T cells and B cells we use the following

encodings:

helper T cell - [passive]heiper T ceir
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A helper T cell is initially passive, so we represent it as a membrane labelled
helper T cell in which the object passive is placed. When the cell is activated
the object passive is transformed into active.

* Bcell - [passivelp cen

A B cell is initially passive, so we represent it as a membrane labelled B cell in
which the object passive is placed. When the cell is activated the object passive
is transformed into active.

The activation of the helper T cells and B cells is conditioned by the presence in the
lymph node of the dendritic cells, and that is why we use the following contextual
evolution rules:

e [[antigen]DC[paSSive]helper T cell}lymph node —
Hantigen]DC [acrive]helper T cell]lymph node
Once the dendritic cell containing antigen enters the lymph node, it activates a
special class of T cells, namely the helper T cells. This is denoted by changing
the object passive to active in helper T cells.

i HpaSSinB cell [aCtive]helper T cell]lymph node —
[[active]g cell [acrive]helper T cell]lymph node
Once the helper T cells are activated, the B cells that are sibling with them are
the next cells which are activated.

The B cell searches for antigen matching its receptors. If it finds such antigen,
then inside the B cell a triggering signal is set off. Using the proteins produced by
helper T cells, the B cell starts to divide and produce clones of itself. During this
process, two new cell types are created: plasma cells which produce an antibody,
and memory cells which are used to “remember” specific intruders.

These examples motivate the introduction of the new class of mobile membranes;
more exactly, they motivate the new rules and the way they can be used in modelling
some biological systems.

2.3.3 Mutual Mobile Membranes

Mutual mobile membrane systems represent a variant of mobile membrane sys-
tems in which endocytosis and exocytosis work whenever the involved membranes
“agree” on the movement. This agreement is described by using dual objects a and @
in the involved membranes, with @ = a. The duality relation is distributive over a
multiset, namely u =ay ...a, foru=aj ...a,.

Definition 2.4. A mutual mobile membrane system is a construct
M= (V,H,u,wi,...,wn,R,ip), where:

1.n,V,H, U, w;, ip are as in Definition 2.1;
2. R is a finite set of developmental rules of the following forms:
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@) [wv]p [V mforhom € Huuc VT vy ww'eVH mendo

An elementary membrane labelled / enters the adjacent membrane labelled m
under the control of the multisets of objects uv and #v'. The labels 4 and m
remain unchanged during this process; however the multisets of objects uv
and &y’ are replaced with the multisets of objects w and w/, respectively. By M
and M, we denote (possibly empty) multisets of objects, elementary and com-
posite membranes.

() [0V [wv]p]m — [Wp[W']m for hym € Hyu,w e VY vy ww'e V¥, mexo

m h m

An elementary membrane labelled % exits a membrane labelled m, under the
control of the multisets of objects uv and #v'. The labels of the two membranes
remain unchanged, but the multisets of objects uv and v’ are replaced with the
multisets of objects w and w', respectively. By M| and M, we denote (possibly
empty) multisets of objects, elementary and composite membranes.

The rules of the mutual mobile membranes are applied according to the principles
of simple mobile membranes. Here mendo and mexo represent mutual endocytosis
and mutual exocytosis. A multiset # indicates the membrane which initializes the
move in the rules of type (a) — (b), while a multiset # indicates the membrane which
accepts the movement.

2.3.4 Mutual Mobile Membranes with Objects on Surface

Membrane fusion occurs when two separate membranes containing complementary
proteins merge into a single membrane. The process described in Figure 2.5 is per-
formed in several well-distinguished steps.

Initially, the two involved membranes mutually identify each other by means of
complementary proteins: v-SNARES and t-SNARES. Then SNARES located on the
vesicles (v-SNARES) and on the target membranes (t-SNARES) interact with one
another to form a stable complex that brings the two membranes very close. Finally,
the vesicle and target membranes distort and then fuse. Each vesicle must only fuse
with the correct target membrane in order to avoid an unwanted mixing of proteins.
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complex formation

fusi : e
very stable usion and dissociation

\ 7
U-SNAHE\ .
=

N
t-SNARE

Fig. 2.5 Vesicle Fusion Mediated by Complex Formation of Complementary SNARES

These biological facts provide the motivation for using objects and co-objects
for the pino, exo and phago rules as done in [20]. These rules are also related to the
formal approach defined in [45]. After presenting some technical notions, we define
systems of mutual mobile membranes with objects on surface.

Definition 2.5. A system of n mutual mobile membranes with objects on surface
(M30S,,) is a construct

= (V,u,uy,...,u,R,ip)
where:

1. n,V,ip are as in Definition 2.1;

2. u is a membrane hierarchical structure with n > 2 membranes;

3. uy,...,u, are multisets of proteins (represented by strings over V') bound to the n
membranes at the beginning of the computation; the membranes are bijectively
mapped to {1,...,n}; the skin membrane is labelled with 1 and u; = €;

4. R is a finite set of rules of the following forms:

(a) []auﬁv —m H ]cu]dv, fora,aeV,c,d,u,veV*

" —n M 12,
dv

auav

pino

An object a together with a complementary object @ model the creation of
an empty membrane within the membrane on which are objects a and a. We
should imagine that the original membrane buckles towards the inside, and
pinches off by breaking the connection between a and a@. The multiset of ob-
jects u on the newly created (empty) membrane is transferred from the initial
membrane. The objects a and a are modified during this step to the multisets ¢
and d, respectively. On the surface of the membrane appearing on the left hand
side of the rule there are some objects (other than auav) which are ignored;
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these objects are also not specified on the right hand side of the rule, being ran-
domly distributed between the two resulting membranes. By M| and M, we
denote (possibly empty) multisets of elementary and composite membranes.

M3

cudv

(b) [[ ]au]ﬁv —m [ ]L‘udw for aaa S V,C,d, u,v e Vv exo

An object a together with a complementary object @ model the merging of a
nested membrane with its surrounding membrane. We should imagine that the
connection between a and @ represent the point where the membranes connect
to each other. In this merging process (which is a smooth and continuous
process), the membrane having the multiset au on its surface gets expelled to
the outside, and all objects of the two membranes are united into a multiset on
the membrane which initially contained v. The objects a and @ are modified
during this evolution to the multisets ¢ and d, respectively. If the membrane
having on its surface the object a is composite, then its content is released near
the newly merged membrane after applying the rule. On the surface of the
membranes appearing on the left hand side of the rule there are some objects
(other than au and a@v) which are ignored; these objects are also not specified
on the right hand side of the rule, being moved onto the resulting membrane.
By M;, M, and M3 we denote (possibly empty) multisets of elementary and
composite membranes.

(C) [ ]au[ ]Ev —m [[[ ]cu]d}v, for a7a € V,c,d,u,v € v phago

M oau M, —m M M2
d

ayv 1%

An object a together with its complementary object @ model a membrane (the
one with @ on its surface) “eating” an elementary membrane (the one with a
on its surface). The membrane having a and v on its surface wraps around the
membrane having a and u on its surface. An additional membrane is created
around the eaten membrane; the objects a and @ are modified during this evo-
lution to the multisets ¢ and d (the multiset ¢ corresponds to a and remains
on the eaten membrane, while the multiset d corresponds to @ and is placed
on the newly created membrane). On the surface of the membranes appearing
on the left hand side of the rule there are some objects (other than au and av)
which are ignored; these objects are also not specified on the right hand side of
the rule. The objects appearing on the membrane initially having the object a
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on surface remain unchanged, while the objects appearing on the membrane
initially having the object @ on surface are randomly distributed between the
two resulting membranes (the ones with d and v). By M; and M, we denote
(possibly empty) multisets of elementary and composite membranes.

The rules of mutual mobile membranes with objects on surface are applied ac-
cording to the principles of simple mobile membranes.

2.4 Computability Power of Mobile Membranes

Several notions and notations from the field of formal languages that are used here
can be found in [80] and [142].

2.4.1 Preliminaries

For an alphabet V = {ay,...,a,}, we denote by V* the set of all strings over V; 4
denotes the empty string. V* is a monoid with A as its unit element. For a string
x € V*, |x|4 denotes the number of occurrences of symbol a in x. A multiset over V
is represented by a string over V (together with all its permutations), and each string
precisely identifies a multiset. For an alphabet V, the Parikh vector is yy : V* — N"
with yy (x) = (|x|q,, ..., |X|a,), for all x € V*. For a language L, the Parikh vector is
v (L) = {yy(x) | x € L}, while for a family FL of languages, the Parikh vector is
PsFL={yy(L)| L€ FL}.

Definition 2.6. A matrix grammar with appearance checking G = (N,T,S,M,F)
is a construct where N, T are disjoint alphabets of non-terminals and terminals,
S € N is the axiom, M is a finite set of matrices (A| — x1,...,A, — x,) of context-
free rules, and F is a set of occurrences of rules in M. For w,z € (NUT)*, we
write w =, z if there is a matrix m = (A — xj,...,A, — x,) in M and the strings
w; € (NUT)*, 1 <i<n+1,suchthatw=w;,z=w,,and forall i, | <i<n,either
(1) wi = wAW!, wip1 = wixpw!, for some wi, w! € (NUT)*, or (2) wi = wit1, A;
does not appear in w;, and the rule A; — x; appears in F. The language generated
by GisL(G) = {x e T*|S="x}.

Definition 2.7. A matrix grammar in the strong binary form G = (N, T,S,M,F) is
a construct where N = Ny UN, U {S,#}, with these three sets mutually disjoint, two
distinguished symbols B B?) € N,, and the matrices in M of one of the following
forms:

(1) (S — XA), with X € N, A € No;
2)(X—7Y,A —x), with X,Y € N, A€ N2, x € (N UT), |x] <25
(3) (X —Y,BY) —#), withX,Y € Ny, j = 1,2;
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4 (X —=2A,A—x),withX e N|,AEN,x€T",

x| <2.

If we ignore the empty string when comparing languages, then the rules of type (4)
are of the form (X — a,A — x), withX e Nj,ae T,A€ Ny, x € T*.

We denote by PsRE the family of Turing computable sets of vectors generated
by arbitrary grammars.

By NRCM(M,CF — A,ac) and NMAT,. we denote the families of sets of num-
bers computed by random context non-erasing matrix grammars with appearance
checking, and non-erasing matrix grammars with appearance checking, respectively.
These can also be looked at as the families of sets of numbers recognized by these
languages. It is known that NRCM (M,CF — A,ac) = NMAT,. C NRE (see [80]).

Definition 2.8 (Left Quotient). The left quotient of a language L by a letter a is
given by d,(L) = {x|ax € L}.

Definition 2.9 (Random Context Matrix Grammars ). A random context matrix
grammar is a construct G = (N, T,M,S,F) where N,T,S are as in a usual matrix
grammar and M is a finite set of triples ((A; — x1,42 — x2,...,Ay, — x,),0,R)
where A; — x; are context-free rules, 1 <i<n, Q,RCN, OQNR = 0. A matrix
can be applied to a string x = x; X x2X> ... X;x;41 in order to rewrite effectively the
symbols Xi,...,X; only if x1,...x;11 contains all symbols of Q and no symbols
of R. We denote by RCM (M, 3, max(ct,y)) the family of languages generated by
random context matrix grammars G = (N,T,S,M,F) with rules of type 3, with
B € {CF,CF — A}. If y=ac, then F is arbitrary, and if y is empty, then F = 0. If
o = ac, then R is arbitrary in ((rq,...,7,),0,R) € M and if « is empty, no forbidding
contexts are involved. max (o, y) = ac if at least one of a,y is ac. Thus, if no
appearance checking is used, and if no forbidding contexts are used, we have the
family RCM (M, B3,0).

Minsky introduced the concept of register machines in [125] by showing that the
power of Turing machines can be achieved by such abstract machines using a finite
number of registers for storing arbitrarily large non-negative integers. A register
machine runs a program consisting of labelled instructions which encode simple
operations for updating the content of the register.

Definition 2.10 (Register Machine). An n-register machine is M = (n, B, lo, I, 1),
where:

e n is the number of registers; B is a set of labels; /o and /; are the labels of the
initial and halting instructions;

* [is aset of labelled instructions of the form J; : (op(r),l;,l;), where op(r) is an
operation on register r of M, and I, [}, [; are labels from the set B.

* the machine is capable of the following instructions:

1. l;: (ADD(r),1;,I): Add one to the content of register r and proceed, in a non-
deterministic way, to instruction with label /; or to instruction with label /;; in
the deterministic variant, /; = [; and then the instruction is written in the form
li: (ADD(r),1;).
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2.1; : (SUB(r),l1},I): If register r is not empty, then subtract one from its con-
tents and go to instruction with label /;, otherwise proceed to instruction with
label [,.

3. 1, : halt: This instruction stops the machine and can only be assigned to the
final label /j,.

Theorem 2.1 ([146]). A 3-register machine can compute any partial recursive func-
tion of one variable. It starts with the argument in a counter, and (if it halts) leaves
the answer in a counter.

Definition 2.11 (EOL System). G = (V, T, ®, R) is a construct where V is the alpha-
bet, T C V is the terminal alphabet, @ € V* is the axiom, and R is a finite set of rules
of the form a — v with @ € V and v € V* such that for each a € V there is at least one
rulea — vinR. Forw|,wy € V¥ we say that wy = wy if w; =ay...a, wa =vy...vy,
for a; — v; € R, 1 <i < n. The generated language is L(G) = {x € T* | ® =" x}.

Definition 2.12 (ETOL System). G = (V,T,®,R;,...R,) is a construct such that
each (V,T,,R;) is an EOL system; each R; is called a table, 1 <i <n. The generated
language is defined as L(G) = {x € T* | ® =Rj, R, Wm = x}, with m > 0,
1 <ji <n, 1 <i<m. We denote by PsETOL the families of languages generated
by extended table OL grammars.

2.4.2 Simple Mobile Membranes

The computational power of simple mobile membranes is treated in [108].

The family of all sets Ps(IT) generated by systems of degree at most n using rules
o € {levol, gevol,endo,exo} is denoted by PsMM (o) If the number of membranes
is not bounded, this is denoted by PsMM, (levol,endo,exo). Here levol and gevol
represent local and global evolution, endo and exo represent endocytosis and exo-
cytosis. The number of membranes does not increase during the computation, but it
can decrease by sending membranes out of the skin.

The following result establishes a universality result using nine membranes and
the operations of endocytosis and exocytosis:

Theorem 2.2 ([108]). PsMMy(endo,exo) = PsRE.
A strengthening of the previous universality result is:

Corollary 2.1 ([108]). PsMM, (endo,exo) = PsMM,(endo,exo) =
PsMM,(gevol, endo,exo) = PsMM,,(levol,endo,exo) = PsRE, for all n > 9.

An improvement of Theorem 2.2 is:
Theorem 2.3 ([103]). PsM M (gevol,endo,exo) = PsRE.

We improve the previous result by decreasing the number of membranes to three.
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Theorem 2.4. PsMM5(levol,endo,exo) = PsRE.

Proof. Consider a matrix grammar G = (N,T,S,M,F) in the improved strong bi-
nary normal form (hence with N = N; UN, U{S;#}), having n; matrices of types (2)
and (4) (that is, not used in the appearance checking mode), and n, matrices of
type (3) (with appearance checking rules). Let B and B? be the two objects
in N, for which we have rules BY) — # in matrices of M. The matrices of the
form (X — Y,BU) — #) are labelled by n, with i € lab, for j € {1,2}, such
that laby, lab,, and laby = {1,...,n; } are mutually disjoint sets.
We construct a mobile membrane system IT = (V, H, 1, wi, wp, w3, R, 2) of degree
three, where:
VZNU{X,X,'J | X eN,1<i<n,0<j<n}
U{a,d |aeT}U{x|xe (NUT)*}
U{A,A;; |[A€eN,1<i<nm,0<j<n}
H=1{1,2,3}
u= {(172);(173)}
= XA, where (S — XA) is the initial matrix of G
wp=A, forall h € {1,3}

The set R of rules is constructed as follows:

(i) For each (nonterminal) matrix m; : (X — Y,A — x), X,Y € Nj, x € (N;UT)*,
A € N, with 1 <i < ny, we consider the rules:

[X]2[]3 — [[Xi0]2]3 (endo)
[A]2]3 — [Aj0]2[ ]3 (ex0)

X, :k—>sz+1] |1, k < i (levol)
[Ajx — Ajisi]2)1, k < j (levol)
[A iXi; — xY1]2]1, j =i (levol)
[A Jqu—>#] 11, j > i (Ievol)
[A X j H#] l1, j <i(levol)

Nk RN

[
[
[
[
[
[

In the initial configuration, we have the objects X and A corresponding to the
initial matrix in membrane 2. To simulate a matrix of the above type we start
by applying the endocytosis rule 1, thus replacing X with X; o, followed by the
exocytosis rule 2, thus replacing a single A € N, with A 9. No other A € N, can be
replaced until membrane 2 enters membrane 3. Rule 3 (for X) and rule 4 (for A)
are used to increment the second indices of X and A. This is done to check if the
first indices of X and A are the same, and in this case to rewrite A according to
the matrix m;. Once the first indices are equal, rule 5 is applied to complete the
simulation of matrix m;. If the first indices of X and A are not the same, rule 6
(if the first indices of X is lower than the first indices of A) or rule 7 (if the first
indices of X is bigger than the first indices of A) is applied, the computation is
blocked without producing any output. We now illustrate the evolution of the
configurations during one simulation of a type (2) matrix.



60 2 Mobility in Membrane Computing

COHEL e
2 3 2 3

1 \ Jl
aelmEE o
2 3 2 3 2 3

Jl

(ii) For a terminal matrix m; : (X — a,A —x),X € Nj,a€T,A € N,, x € T*, where
1 <i < ny, we use rules 1-7, where rule 5 is replaced by the rules:

8. [aiiXii — d'Y]i (levol)
9. [[@]2]1 — [al2[]1 (ex0)

Observe that simulation of a type (4) matrix follows similar steps, except that
we have an a in place of Y. During the finishing stages of a type (4) simulation,
we use rule 8 to replace g;; by @', and then to rewrite it to a when sending the
membrane 2 out of the skin membrane, namely membrane 1. We now illustrate
the evolution of the configurations during one simulation of a type (4) (terminal)

matrix.
COOHeT s
2 3 2 3
1 U Jl
DeloeEme
2 3 2 3 2 3
J1
9]
L L
2 3

1

(iti) For each matrix m] : (X — Y,B(k) —#),X,Y € N, where n; +1 < j<nj+ny,
j € laby, k= 1,2, we consider the rules:

[X}z[] [[ ]2]3, for i € laby, (endo)
1. [XB%) — #)5]5, k = 1,2 (levol)
2. [Xlols = [Y]o[ I3, k= 1,2 (ex0)

The simulation of matrices of type (3) begins with a rule of type 10. This is fol-
lowed by a rule 11 in case BW) exists, blocking membrane 2 inside membrane 3
and the computation stops without producing any output. If no BW) exists, then
rule 12 can be used to send out membrane 2, successfully completing the simula-
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tion. We now illustrate the evolution of the configurations during one simulation
of a type (3) matrix.

BRI E
2 3 2 3 2 3
1 1 1

2.4.3 Enhanced Mobile Membranes

The operations governing the mobility of enhanced mobile membranes are endo-
cytosis (endo), exocytosis (exo), enhanced endocytosis (fendo) and enhanced exo-
cytosis (fexo). The interplay between these four operations is quite powerful, and
the computational power of a Turing machine is obtained using twelve membranes
without using the context-free evolution of objects [107].

The family of all sets Ps(IT) generated by systems of degree at most n using
rules o C {exo,endo, fendo, fexo, pendo, pexo,rendo, rexo,rfendo,rfexo,cevol }
is denoted by PsEMM,, (). Here cevol represents contextual evolution. The main
results are the following.

Theorem 2.5 ([107]). PSEMM,;(endo, exo, fendo, fexo) = PsRE.
Theorem 2.6 ([107]). PsEMM3(cevol) = PsRE.

Theorem 2.7 ([107]). PsEMMj3(endo, exo) = PSEMM3(fendo, fexo).
We improve the result of Theorem 2.5 as follows:

Theorem 2.8. PsEMMoy(endo, exo, fendo, fexo) = PsRE.

Proof. Consider a matrix grammar G = (N,T,S,M,F) in the improved strong bi-
nary normal form (hence with N = N; UN, U{S;#}), having n| matrices my,...,my,,
of types (2) and (4) (that is, not used in the appearance checking mode), and n, ma-
trices of type (3) (with appearance checking rules). The initial matrix is mg, with
mp : (S — XA). Let B and B be the two objects in N, for which we have rules
BU) — # in matrices of M. The matrices of the form (X — Y,BY) — #) are la-
belled by m], 1 <i < ny with i € labj, for j € {1,2}, such that lab;, lab,, and
laby ={1,2,...,n; } are mutually disjoint sets.

We construct a mobile membrane system IT = (V,H, [, wy,...,wg,R,7) of de-
gree nine, where:

V=NUTU{X};,A); | X ENI,LAE N, 1 <i<n}

U{X;, A |0<i,j<nm}U{X X;| X eNy,je{1,2},1 <i<ny}
H=A{1,...,9}
w={(1,7):(1,8):(1,9):(1,2):(2,3):(2,4):2,5): (2,6)}
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w7 = XA, where (S — XA) is the initial matrix of G
wp=A,forallh e {1,...,9}\{7}
The set R of rules is constructed as follows:

(i) For each (nonterminal) matrix m; : (X — Y,A — x), X,Y € Nj, x € (N UT)*,
A € N, with 1 < i < ny, we consider the rules:

1. [X]7[]s — [[Xil7]s (endo)

2. [[Al1]s — [A;,17[ Js (ex0)

3. [Xk,]7[]9—> [[kal,l} ]9,k>0(61’1d0)
4. [[Ax jl7]o — [Ak—1,]7[ ]9, K > O (exo)
5. [1s[Xo.7 — [Xg,[]s]7 (fendo)

6. oo,lr — (4 o (Fendo

7. []g X()] ]g 7 (fendo)

8. [[Ao,jl7]o — [ ] []o (exo0)

9. [Xp,;[1s]7 — []s[Y]7 (fexo)

10. [Ag ;[ Jol7 — []o[x]7 (fexo)

‘We now illustrate the evolution of the configurations during one simulation of a
type (2) matrix, when i = j.

~
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In the initial configuration, we have the objects X, A corresponding to the initial
matrix in membrane 7. To simulate a matrix of type (2), we start by applying
the endocytosis rule 1, thus replacing X with X;;, followed by the exocytosis
rule 2, thus replacing a single A € N; with A; ;. Rule 3 (for X) and rule 4 (for A)
are used to decrement the first indices of X and A. This is done to check if the
indices of X and A are the same, and in this case to rewrite A according to the
matrix m;. By using fendo rules 5 and 6, membranes 8§ and 9 enter membrane 7
replacing Xo; and Ao,; with Xg,; and Ay ;, respectively. This is then followed
by rules 9 and 10, when membranes 8 and 9 exit membrane 7 by fexo rules
replacing X()z and A{) ; with Y and x, respectively. If i > j, then we obtain Ag ;
before X ;. In this case, we have a configuration where membrane 7 is inside
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(iii)
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membrane 9 containing Ag_j. Then rule 8 is used, replacing Ao ; with #, and an
infinite computation is obtained (rule 17). If j > i, then we obtain X ; before Ag ;.
In this case, we reach a configuration with X ;A ;, K > 0 in membrane 7, and
membrane 7 placed inside membrane 1. Rule 3 cannot be used now, and the only
possibility is to use rule 7, which leads to an infinite computation. Thus, if i = j,
then we can correctly simulate a matrix of type (2).

For each matrix m, : (X — Y,B®) —#),X,Y € Nj,A€Na, ni +1 < j <nj+ny,
j € laby, k= 1,2, we consider the rules:

11. [X]7[]2 = [[X]7]2. j = 1,2 (endo)

12 {1527 — (X[ ]2l j = 1,2 (fendo)

13. [1j+4[BY]; — [#{]j+4]7, j = 1,2 (fendo)

14, X[]j42)7 = [jeal¥lr. j = 1,2 (fexo)

15. [[Yjl7]2 = [Y]7[ ]2, j=1,2 (eXO)

The simulation of matrices of type (3) begins with a rule of type 11. Inside mem-
brane 2, rules 12 and 13 are used, and so membrane (j+ 2) enters membrane 7,
and membrane (j+4) enters membrane 7 if the symbol BU/) is present. In this
case, BU) is replaced with #. Otherwise, membrane (j+2) comes out of the
membrane 7 replacing Xi(j ) with Y;. Then membrane 7 exits membrane 2, by
replacing ¥; with ¥ thus successfully simulating a matrix of type (3). We now
illustrate (only the membranes appearing in the rules 11-15 and j = 1) the evo-

lution of the configurations during one simulation of a type (3) matrix.

Vs

[ s || || xVa s
7 )y \ ., ),
~ J1 L )
12]
[ Y;A GBI e [X.(j) A Ds] :
L 2 = )
~ J1 L h
15]
o)
7 2
|\ )1
For a terminal matrix m; : (X — a,A —x),X € Nj,a € T,A € N, x € T*, where
1<i<ng:
16. [[d']7]1 — lal7] |1 (ex0)
17. []s[#]7 — [#]]s]7 (fendo)
[#[]s]7 — []s[#]7 (fexo)

Observe that simulation of a matrix of type (4) is similar to that of a matrix of
type (2), except that we have an a’ in place of Y in rule 9. During the finishing
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stages of a matrix of type (4) simulation, we use rule 16 to replace a’ with a when
sending the membrane 7 out of the skin membrane. We now illustrate (only the
membranes appearing in the rules 1-8,16-17) the evolution of the configurations
during one simulation of a type (4) (terminal) matrix.

.60, A &0,
O G )OO, O,
O~ ros0

The family of all sets of numbers N(IT) which are obtained as a result of a halting
computation by a P system I'T with enhanced mobile membranes of degree at most n
using rules o C {exo,endo, fendo, fexo, pendo, pexo}, is denoted by NEMM,,(¢t).
In what follows we present the results obtained in [61].

Theorem 2.9. NEMMs(endo, exo, fendo, fexo) = NRE.

Proof. We only prove the assertion NRE C NEMM5s(endo, exo, fendo, fexo), and
infer the other inclusion from the Church-Turing thesis. The proof is based on the
observation that each set from NRE is the range of a recursive function. Thus, we
will prove that for each recursively enumerable function f : N — N, there is a IT
with five membranes satisfying the following condition: For any arbitrary x € N, the
system IT first “generates” a multiset of the form ¢* and halts if and only if f(x) is
defined, and, if so, the result of the computation is f(x).

In order to prove this assertion, we consider a register machine .# with three
registers, the last one being a special output register which is never decremented.
Let there be a program P consisting of & instructions /1, ... [, which computes f.
Let I, correspond to the instruction HALT and /; be the first instruction. The input
value x is expected to be in register 1 and the output value in register 3. Without loss
of generality, we can assume that all registers other than the first one are empty at
the beginning of a computation. We construct the membrane system

M= (v,{0,1,2,3,4},{(0,1);(0,2);(0,3); (0,4) },0,{ao}, {a1 },{Ko},0,R,3)
with V ={1;,1[,1 L;,L} | 1 <i<h} U{Kp,ao,a;,c}. The rules R are:

irbi s iy by

1. [Kob[ ]1 — [[K0]3]1 (endo)
([ ]3ao]1 — []3]aoc]y (fexo)
[[Kol3]1 — [l1]3] ]1 (ex0)
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Generation of ¢*, the initial contents of register 1: Membrane 3 with Ky enters
membrane 1, and comes out each time adding a ¢ to membrane 1. To termi-
nate, Ky is changed to [;.

2. [l]s[]1 = [[1j]s]1 (endo)

3ao]1 — [ ]3[aoc]i (fexo)

(]
3. [li3[]2 — [ [1]5]2 (endo)
[ 3a1]2 — []3]aic]z (fexo)
4. [li]3] 14 — [[ljc]3]4 (endo)
[[lj]a)a — [ H]4 (ex0)

Simulation of an increment instruction: /; : (inc(k),l;). An endo and fexo rule
given by rule 2 is used to increment counter 1: membrane 3 enters mem-
brane 1 changing the instruction label, and comes out after adding a ¢ to mem-
brane 1. There is a similar rule (rule 3) between membranes 2, 3 for incrementing
counter 2, with a; playing the role of a¢ for increment. To increment counter 3,
we use the rules (rule 4) between membranes 3 and 4.

5. []i[li]s = [[ ]1Li]3 (fendo)

[c]i]s = []1[]3 (ex0)

] [ ]3 — [ ]4[/]3 (fendo)

[WLi)s — [1[I']5 (fexo)

[Jal']s — [1a[l{']5 (fexo)

[JaLils — [

il3lla = [

|4[L}]3 (fexo)

[1/]3]4 (endo)
(1131 — 130 Js (ex0)
Simulation of a decrement instruction /; : (dec(1),1/,1!"). The simulation is ini-
tiated by rule 5: when membrane 1 enters membrane 3 by a fendo rule, /; is
replaced with L;. If there is a ¢ in membrane 1, then membrane 1 exits mem-
brane 3 using rule 6; in parallel, membrane 4 enters membrane 3 using a fendo
rule, replacing L; with Ll’». If there were no ¢’s in membrane 1, then membrane 1
will still be inside membrane 3, hence rule 7 is used, replacing L} with I, a
fexo rule. Membrane 4 exits membrane 3 irrespective of when membrane 1 exits
membrane 3. If the symbol L is present in membrane 3 after both membranes 1
and 4 exit it, then it means that there was a ¢ in membrane 1; this L; 1S now re-
placed with [/ using the endo, exo rules 10, 11. Rules for decrementing counter 2
are similar, with membrane 2 playing the role of membrane 1.

*

[
[
[
[
[
[

—_ =
e R

If ./ halts, then eventually we will have the instruction /;, in membrane 3 and
membranes 1, 2 will have the final contents of counters 1, 2. Using the rule
(]3] Ja — [[ ]34, the label I, is erased. If we assign 3 as the output membrane,
then its contents will be same as the contents of the output counter 3 at the end of a
halting computation. O

Theorem 2.10. NEMM,((fendo, fexo) = NRE.

Proof. The proof is done by simulating a matrix grammar G = (N, T,S,M, F) with
appearance checking in the strong binary normal form. We construct the P system
=(V,{0,1,1',2,2',3,4,5,6,7},1u,{XA},0,...,0,R,0)
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with p = {(7,0);(7,3);(7,4);(7,5);(7,1); (7,1);(7,2):(7,2');(7,6) }.

V=NUTU{X;;,Aij |0<i,j<n;,X €N, Ae N>}
U {X]/-,Xj/»/ | X eN,n+1<j<n+m}U{Z 1}

Here, XA in membrane 0 corresponds to the initial matrix (S — XA). Membrane 0
is the output membrane. Let there be n; matrices of types (2), (4) in G labelled

1,..

1.

2.

W

10.
11.

12.

.n1 and ny matrices of type (3) in G labelled ny + 1,...,ny + ny. The rules are

[XJo[ |3 — [Xi[ ]3]0 (fendo)

[A[ ]3]0 — [Ajj]o[ 3 (fexo)

[Xkilo[ ]a — [Xk 1i] Ja]o (fendo)

[Ak;[ ]alo = [Ax—1jlo[ J4, k > O (fexo)
[Xo,i]o ]s — [Y]]s]o (fendo)
[A0,;[]s]o — [x]o[ ]5 (fexo)

[Akj[] lo— [tlo[]s, k> 0 (fexo)
[Aoj[ JaJo — [W]L]o[ 4 (fexo)

Tlo[ ]+ — [¥[ ]a]o (fendo)

[T[]aJo = [T]o[ ]4 (fexo)

Simulation of a type (2) matrix m; : (X — Y,A — x). Rules 1 are used to remem-
ber the matrix m; to be simulated. If X, A belong to the same matrix, then we
obtain Xj; and A;;. Rules 2 are then used to check if both X, A belong to the same
matrix. If yes, then Ag; is generated in membrane O in the immediate next step
after Xp;. This is followed by rule 3, by which Xp; and A, are replaced. In case
rule 1 gives rise to X;; and A ;; with i # j, then an infinite computation is triggered
by rules 4, 5 and 6.

Fori e {l, 2} and a matrix m; : (X — Y,BY) — 1) of type (3),

[X]o[]i — [X;[]i]o (fendo)
[Xilol s — [X}[L]o (fendo)
[B( [Jilo = [t]o[]: (fexo)
X/ [Jirlo — [Y]o[ ] (fexo)
[Y[lilo — [Y]o[]; (fexo)
[T]ol ]i = [t[]io (fendo)
[t[]io — [1]o[]i (fexo)
Simulation of a type (3) matrix m; : (X — Y, B — t). The membrane labelled i

enters membrane 0 replacing X with X’. This is followed by two parallel rules:
membrane i’ entering membrane 0 replacing X} with X', and membrane i exiting

membrane 0 in the presence of B 1f B is present, an infinite computation
is triggered by rule 11. Membrane i’ exits membrane O replacing X} with Y.

If BY is absent, then membrane i will be inside membrane 0. In this case, it exits
membrane 0 replacing Y with Y.

Z]ol]s — [[6]o (fendo)

[Al]eJo — [T]o[]6,A € Na(fexo)

Simulation of a type (4) matrix m; : (X — A,A — x). This is done using the
rules 1-6, replacing X with a new symbol Z. After this, we check if membrane 0
contains any non-terminals, and if so, an infinite computation is triggered by
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rule 6. Otherwise, a halting computation is obtained, with membrane O containing
the output. O

Theorem 2.11. NEMMy(endo, exo, pendo) = NRE.

Proof. The proof is done by simulating a matrix grammar G = (N, T,S,M,F) with
appearance checking in the strong binary normal form. As in Theorem 2.10, let there
be n; matrices of types 2, 4 and n, matrices of type 3. We construct the P system
= (v,{0,1,2,3,4,5,6,7,8}, 1, wo,...,ws,R,0)

with 1 = {(8,0);(8,3);(8,4);(8,5);(8,6);(8,7);(6,1);(6,2)}

wo =XA, w = qQ, W2:B(1)3(2>,W3 =...=wg=0

V= NUTU{ ijs ,'j|0§i,j§l’l],X€N1,A€N2}

U{Xj|m+1<j<m}U{a,B}U{Zt}.

Membrane 0 is the output membrane and XA corresponds to the initial matrix

(S — XA). The rules are

L. [X]o[ |3 — [[Xii]o]3 (endo)
[[Alo]s — [Ajilo[]5 (ex0)
2. [Xilo[ J4 [[Xz 1]o]4 (endo)
[[Ajilola — [Aj-1xJo[ ]a for i, j > 0 (ex0)
3. [Xoilo[]s — [[¥]o]s (endo)
[[AoiJo]s — [x]o[ |5 (ex0)
4. A selols — [flolJs if j > 0 (exo)
[[Ao]ols — [flo[ ]4 (ex0)
5. [f]o[]s = [[T]o]s (endo)
[[]o]s — [f]o[]s5 (ex0)
Simulation of a type (2) matrix m; : (X — Y,A — x). Similar to Theorem 2.10.
6. [Xo[]6 — [[Xjlole (endO)
BNo[BY]2 — [[BY]2X;B¥]o (pendo)
0‘]1[]0 [[o]1]o (endo)
7. [[BW]a]o — [f]2[lo (exo)
[ochi]o = [B]i[]o (ex0)
8. [Xjlo[B]1 — [[X;]oB]1 (endo)

¢
[
[
[
[Xjlo
sz]o] — [Yo[ ]1 (ex0)
[
[
[
[

9. [Bl1l¥]o — [[B]1Y]o (pendo)
[B]1]o — [@]i[]o (ex0)
10. [Y]0]6—> [Y]()[] (CXO)
11 [[Bh]e = [t]1[]s (exo)
12. ([l — [} Js (ex0)
(¥ J6 — [[#]e for i = 1,2 (endo)
Simulation of a type (3) matrix m; : (X — ¥, B — ). Membrane 0 enters mem-

brane 6 replacing X with X;. This is followed by the pendo,endo rules 6, by
which membranes 1, 2 enter 0. Of course, membrane 2 enters only if there is
a BY) in membrane 0. The presence of a B in membrane 0 triggers an infi-
nite computation. Membrane 1 exits membrane O replacing o with 3. This is
followed by a pendo rule in 8, by which membrane O enters membrane 1. This
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helps in replacing X; with Y. Next, f is replaced with a by rule 9. If rule 10 is
used before rule 9, we get an infinite computation. Membrane 0 comes out using
rule 10, and another matrix can be simulated.

13. [Z]o[]7 = [[ ]o]7 (endo)
[[Alo]7 — [flo[]7,A € N (ex0)
Simulation of a type (4) matrix m; : (X — A,A — x). This is similar to Theo-
rem 2.10. ad

Theorem 2.12. NEMMjs( fendo, fexo, pendo) = NRE.
Theorem 2.13. NEMM|,(endo, exo, fendo) = NRE.

Exercise 2.1. Prove Theorems 2.12 and 2.13 using the techniques from Theo-
rems 2.9 and 2.10.

The following result can be observed from the above Theorems.

Theorem 2.14. NMAT C NEMs(endo, exo).

Theorem 2.15. For all n € N, we have
NEM,(rendo,rexo,rfendo,rfexo) C NMAT,. C NRE.

Proof. Consider the membrane system IT = (V,H, [l,w1,...,wy,iy). We construct a
random context matrix grammar G = (N, T,S,M, F) with appearance checking but
without A-rules, and use the result NRCM (M,CF — A,ac) = NMAT,. C NRE. In
our construction, F' = 0, the appearance checking comes from the forbidden sets R
used in the matrices.

LetVi={a;|acV},V/={d,|acV},V/'={a! |acV} for1 <i<n,and
H={(i,j)[1<i,j<n,i#j},and Q= {Ej.,(baE}‘(mNj,list»N},[isp N;’,listv'v 1< j<n}.
By list, w, and listw we denote strings of length at most n over the symbols 1,...,n,
with no repetition of symbols. Then, N = QU{C,E,U,Z,X}UZ(H)UV;UViUV/
for 1 < j <nis the set of non-terminals of G, and T =V U{Y }, is the set of terminal
symbols, where Y is a new symbol. £2(H) is the power set of all distinct pairs of
labels of membranes.

The idea is to construct a grammar that not only simulates I1, but also keeps
track of the membrane structure at each step. Let E; ¢ denote that membrane i is
elementary, and N ;;; denote that membrane j is non-elementary, and list is the
list of its children. One step of II is simulated by G in several steps: G selects
pairs of membranes one after the other in random fashion and checks if there is any
applicable rule between them; if so, the rule is used, else the next pair of membranes
is selected.

We start with the initial matrix

(S— CZE\p...Njig - .- Eqgwiw; .. .Wio,(b,(b)

where

1. Cis a symbol to choose randomly a pair (i, j) of membranes whose interaction
we are going to simulate,
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2. E;g, N i gives the status of membranes in the initial configuration,

w; is the content of membrane i in the initial configuration,

4. Z is a set that keeps track of the pairs of membranes that have interacted so far in
the simulation of a step of I'1. To simulate one step of I, we have to check if all
rules applicable to all pairs of membranes (i, j),i # j have indeed been applied.

w

The content of the output membrane w;, is kept at the tail of the string. Z is initial-
ized to . We randomly keep selecting pairs of membranes to simulate a rule for a
step of IT; this is continued until we have examined all possible pairs. The proof idea
is essentially to update the symbols E;g,N; ;i to reflect (i) whether i has been ac-
tive in a step : we replace E; p with E{m if i is elementary; (ii) if 7 is elementary and
some membrane k entered i, we replace E; ¢ with Ni/yl-(; (iii) if 7 is non-elementary
and some membrane k entered i, we replace one of M.listvNilJist with N/ listh> @iv)

L,
if i is non-elementary, and some membrane k left membrane i, we replaée one of
Ni,listvNi/,lisz with Ni’_lmi e The prime on a symbol just tells us that the correspond-
ing membrane has already been a part of a rule. In the case of Ei/,w’ this means we
can no longer utilize i, in the case of Nj"ﬁlm, since j is passive in the current step, j
can be part of more than one rule. Let k; be the number of symbols in membrane i
in the initial configuration. This number remains constant, since the rules do not
change the length of symbols evolving. We begin to write matrices that simulate IT
and keep track of the membrane structure at every step. Assume that we decide to
pick the pair of membranes (1,i) first for simulation. Then we have the following
matrices:
L ((C—Cii,Z—ZU{(1,i)},a1 — b}, E19 — E g, Nisiss — Ni,7listi’
Nj jigr — N,/',liszu{1})7mv{(1>i)}) if there is a rendo rule [a][ |; — [[b]1];, and
list" contains 1 and i (hence j is the parent of 1,i). Here we assume i is non-
elementary. In case i is elementary, a similar matrix with N; ;;; replaced with E; g
can be considered. In that case, we will have
((C—C1i,Z2—ZU{(1,i)},a1 — b/l E19— E{M,Em — Ni/f’

Nitisit = Njjigp_13),0,{(1,)})-
2. (€= Cii,Z—ZU{(L,i)},a1 — b}, Eip — Ej g, E10 — N 7,

Njjisr — N},lisz'—{i})’w’{(lvi)}) if there is a rfendo rule [a];[ i — [b] ]i]1s

and list’ contains 1 and i. Similarly, we can consider a matrix when membrane 1
is non-elementary.

3. ((C - Cl,iaZ —ZU {(lvi)}aal - b/lvEl,(D - Eivo)yNi,list - ]vi/,listf{l}’

N jisit — Nj/.’lm,I),(D, {(1,i)}) if there is a rexo rule [[a]]; — [b]1] ]; and j is the

parent of i; i.e, list' contains i.
4. ((C—C14i,Z2—2ZU{(1,i)},a; — bl,Ei g — Ei’w,N,-.l,-S, — Ni/.,li.vtf{l}’
N; jisr — Nj’.ylm,I),@, {(1,i)}) if there is a r fexo rule [a[ ]1]; — [ ]1[]; and j is the
parent of i; i.e, list' contains i.
5. We can consider rexo,rfexo when i is a child of 1. This is similar to the above

and we do not give details.
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Now we consider cases when any rule cannot be used for a pair of mem-
branes (1, 7). Recall that the number of objects in any membrane remains constant
and there are k; objects in membrane i. In the case when 1, i are adjacent, first
check all symbols in membrane 1 to check that they are not involved in any rule.
This is followed by checking all symbols of membrane i. A total of (k| +&;) - |R|
steps are required where R is the set of rules of I1. Assume 1, i are siblings, 1 is
elementary and i is non-elementary.

(€ —ClZ — Z2u{(L,i)},a1 — a),{N; iz, E1,.0,Nisisi },0) if List" contains
both 1 and i, and there is no endo rule involving a in membrane 1 between 1,1i.

Continue incrementing the superscript C' i ; to Cﬁl until we finish checking all
symbols of membranes 1 and i.

. ((Clll — Cﬁl,bl — b{),{N; sisr'» E1,0, Nijist },0) if list’ contains both 1 and i, and

there is no endo rule involving b in membrane 1 between 1,7, and [ < k;.

(€} — Y ai — a') AN i E1.0. Nijise},0) if list” contains both 1 and i,

and there is no fendo rule involving @ in membrane i between 1,i.

Once the superscript reaches k; + k;, we are done in checking. As (1,i) is
added to Z, we remember that this pair is checked already. Now, to make the
symbols of membranes 1,7 available for rules with other membranes, we unprime
them.

(" = Dija — a1).0,0)

((DU — Dl_y,-,a’{ — a1)7®,0)

Rules 6-10 consider the case when membranes 1,i are siblings, but cannot partic-
ipate in a rule with each other. We run through all elements in membranes 1,i to
make sure of this. A similar set of rules can be written when 1 is non-elementary
and i is elementary. If 1,i are siblings, and both are non-elementary, then we
cannot use them in any mutual rule. In this case, it is enough to have a matrix
that directly produces D1 ; checking the presence of Ny jis, N; ;i (0T their primed
versions) and N; ;i (or its primed version) such that / ist” contains both 1,i. An-
other possibility to consider is when 1,7 are such that one is a child of the other
and we cannot employ any rules between them. This is done in a similar manner
to rules 6-10. The third possibility is that 1,7 are not adjacent. Then we have

((C - Dl-,ivz —ZU {(17 l)})vwv {Nj,listaNl,lisz’71Vi,list” | i# l,i})

We check all the Ny, ji; symbols to ensure that 1,7 are not adjacent. Thus, we
need to put these in the forbidden symbols. Here /ist contains membranes 1,1,
while /ist’ contains membrane i; [ist” contains membrane 1.

The next pair of membranes will be chosen by replacing D;; with an appropriate
symbol (either D, or C, or C,{S as is the case); we must check that all double
primed symbols are replaced - this is achieved by placing V" UV in the forbidden
list.

The above rules represent the first choice of a pair of membranes to begin a

simulation. In general, for a pair of membranes r, s,

(a) For the case when a rule is applicable between the pair r, s, we will have a matrix
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((Di;j = Cr5,Z — ZU{(r,s)},rules as appropriate),0,{(r,s)} UV;"UV/")

or
((Gi,j = Cr5,Z — ZU{(r,5)},rules as appropriate),0,{(r,s)})

or
((C = Cy5,Z — ZU{(r,5) },rules as appropriate),d,{(r,s)})

The third matrix represents the case when we begin a round of simulation of I1. In
all matrices, we will choose rule depending on the current relationship between
r,s. The rules are based on the following guidelines:

e When r,s are siblings and not both are non-elementary: A matrix each for the
cases when there is a rendo, r fendo rule between r,s. Things to look out for:
replace a, or ay as is the case by b). or b, (the prime on the symbols is so
that they do not get used by another pair involving r or s); change the status
of r, s: () if we have E,¢, and if r is active in that step, indicate it by changing
it into E;‘@; update the parent information of r, and also the child list of the
former parent of r, s; similarly if s is active - this covers the case when r, s are
both elementary (ii) if r is passive and s is active, then we may have (a) Ny
(this indicates that so far nothing has entered r or left r) or (b) N; 1ise (this
indicates that something left r) or (c) N;,lim_v (this indicates that evérything
in w entered r previously in this step). Update these symbols appropriately: In

cases (a), (b) we get N/ ;... and in case (c), we get N, ;.- The case when s

is active and r is passive is similar. Update the parent j of r,s by deleting
from j’s list 7 or s: if we had N; j;s, it becomes N;Jmi{r} or le',list—{s}’ if we

! : ! ! s ! s
had Nj’lm, it becomes Nj’lmi{r} or Nj,lisz—{s} and if we had Nj.lmw, it becomes
! !/
N tist— 1w O N sy — (s

e When r is a parent of s and s is elementary: A matrix each for the cases of
r fexo, rexo. Updates to be done similarly to the above case.

e When s is a parent of r and r elementary: A matrix each for the cases of
rfexo, rexo. Updates to be done similarly to the above case.

(b) When there is no applicable rule between r, s:

Case (i): r,s are adjacent, and both are non-elementary. In this case, we have
a matrix which directly gives D,; Z is updated to contain (r,s). The permit-
ting context is either {N,.is, Ny i s Ny 1i } such that list” contains r,s, or is
{Ny.jist» Ny i } such that / ist’ contains r or list contains s. The permitting context
can also be a set consisting of primed versions of these symbols; the only point
to note is that we do not have a symbol o and its primed version ¢’ together. The
forbidding context contains (7, s).

Case (ii) r,s are adjacent but not both are non-elementary. We have a matrix of
one of the forms

(Cij— CiS,Z — ZU{(r,s)},rules as appropriate),A,{(r,s)})

or
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((Dij — C,{S,Z — ZU{(r,)},rules as appropriate),A,{(r,s)}UV/U V;’)

or
((C— CFI,S,Z — ZU{(r,$)},rules as appropriate),A,{(r,s)})

The last matrix represents the beginning of a round of simulation of IT. We are
checking all forms of adjacency : siblings, parent or child. Here we consider
A ={E;0,Nyis's Nj jisi } OF {Ny0,E; jjsy,Nj i } Where list” contains both r, s
or A= {E.g,N; iz} or {Es 0, N,y } Where list' contains r and list” contains s.
For brevity, we explain only these cases for A here: the case when the members
of A are primed also should be included - the only point to notice is that a symbol
and its prime are not both together in A. The rules are chosen by the following
guidelines: the permitting context A checks that r, s are indeed adjacent. For each
symbol a,, we check that there is no applicable rule with respect to s, and in-
crement the counter till k.. We have matrices for each of these, until we reach
counter k,. Note that since the number of rules in IT and the number of symbols
in membrane r are both finite, this can be done. Then we check for each symbol
of s that no rule is applicable till the counter reaches &, + k;. At this point, we
switch to D, and unprime the symbols of r, s, and finally D, is replaced with
some symbol that kick starts the simulation for another pair.

Case (iii) r, s are not adjacent. We check this is the case by having a matrix of the

form
((Cﬁj - Dr,saZ —ZU {(r,s)}),(l),{(r,s)} UB)

or
((Di,j = Dys,Z — ZU{(1,5)}),0,{(r,5)} UV//UV;’UB)

or
((C—=Dyps,Z = ZU{(1,9)}),0,{(r;5)} UB)

The last matrix represents the beginning of a round of simulation of I1. Let

/ / /
B= {Nr,list7Nr7li5t7Nr’li5tW7N9,list/aN

/
s,list’ Nv,list/y'*’

!/ !
Njtist"sNj jisgns N gisgns

where j is a membrane different from r,s, and list contains s, list' contains r,
and list” contains r,s. The matrix says it all; the absence of symbols of B, which
spans all possibilities of r,s being adjacent, is enough. We add (r,s) to Z, so that
we know that this pair has already been considered.

To terminate simulation of one step of I1, we do the following:
n
L ((Cpg = E)AZ 2] = (,) —n},0) or

n
((Dpg—E)AZ|1Z] = (,) =n},V, UV
At some point, we check that all pairs of membranes have been examined. This

is the case if the size of Z is (g)

—n.
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2. ((z—0),{E},0), ((d; — a;),{E},0) for all i,
3. ((E,/w - El}@)? {E},(D,(D),
In the presence of E, unprime all the primed symbols, replace Z with 0
4. (N} jigew = Njgisr): {E},0), where list" is list union w,
5. ((N},zm — Njist), {E},0) if list # 0, ((N;Ji_w —Ejo),{E},0)if list =0
Update the lists appropriately after a round of simulation
6. ((E — C),0, {primed symbols like a;, N} ;;, . E} g, N’ j;0})
Once all updates are completed, replace E with C to start the next round of sim-
ulation. The absence of primed symbols tells us that all updates are complete.

To terminate the simulation of G, we guess that IT has reached a halting configura-
tion and validate our guess.

1. ((C—U),0,0),
2. For i # ip and i is elementary: ((a; — X),W U{U},0) where W is the set of all
symbols E;g, N; s such that list contains i, and there are no rexo rules in IT
between a in membrane i and membrane j, and for all [ € list, there are no
rendo,r fendo rules in IT between a in membrane i and membrane /. This can be
checked in finite time: IT has a finite collection of rules, and the number of sym-
bols in the current sentential form of G is finite : (k; 4 - - +k;) +n+ 2. Compar-
ing each symbol a; with the rules of IT pertaining to the appropriate membrane /
in /ist and membrane j is enough to apply this matrix.

io is elementary: ((a;, — a),W U{U},0) where W is similar to above,

4. For i # iy and i is non-elementary: ((a; — X),W' U{U},0) where W’ is the set
of all symbols Nj s, Ny jis such that list” contains i, and there are no rfendo
rules in IT between a in membrane i and membranes in list”, there are no rfexo
rules between a in membrane i and membranes in list. As in rule 1, this can be
checked in finite time.

5. ip is non-elementary: ((a;, — a),W'U{U},0) where W’ is similar to above,

6. (U—X),0,Vi),

After all symbols a; are replaced with X or a, we replace U with X.
7. ((Nj,list - X)7 {X}avl U {U})’ ((Ej,(b - X)’ {X},Vl U {U})’
(2= X),{X},V,U{U})
After U has also been replaced, replace all the symbols N; ;; and E; 9, Z with X.

8. (X —=7Y),0,N\{X})

Replace all occurrences of X in the absence of all non-terminals different from X.

W

To terminate, we have to make sure that we have reached a halting computation.
For this, at some non-deterministic point of time, we replace C with U. Then for
all membranes other than the output, we replace the contents with symbols X after
making sure that they have no rule to participate in given the current configuration.
We replace symbols a;, of ip with a after ensuring the same. We are then left with
a string of the form XZN) jis ... E,0X ... Xw, where w is the contents of iy. Then
we also replace the symbols N; j;;, E;p,Z with X. Then the number of symbols X
we have is Kk =n+2+ (ki + - + k) — k;, which is finite. When we get a string of
the form X*w, made over X and V, we replace all occurrences of X with Y. Since
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the family MAT,. is closed under quotient by letters, we do the quotient operation K
times on L(G). Then we have N(d§ (L)) = N(IT).

Note that if our guess is incorrect, i.e, if we replace C with U before IT has
reached a halting configuration, we will not be able to proceed further, since the
remaining matrices will not be applicable. In this case, we do not obtain a terminal
string.

Note: In the above matrices, for ease of notation, we have kept the symbol Z in the
rules and updated it, in an algorithmic style. In pure grammar notation, this can be
thought of as replacing the current set with a larger set, and in the last step of a
n

simulation, replacing a set of size (2

) —n with 0. O
Theorem 2.16. For all n € N, we have
NEM, (rendo, rexo,rfendo,rfexo, pendo, pexo) C NMAT,. C NRE.

Proof. A minor change to the proof of Theorem 2.15 will do. The only extra book-
keeping that needs to be done is to keep track of a pendo, pexo rule that has
happened. After choosing a pair (r,s) of membranes, we check if there are any
pendo, pexo rules which could be simulated as follows:

1. If r,s are siblings: If there exist symbols in membranes r, s such that r is entering s
(pendo), then prime these symbols, prime the symbol E,.g, change N; ;s t0 Ny jis7
or E; ¢ to Ny 7, and continue as usual. The case of a pexo is similar.

2. In case we have chosen r,s and there are no pendo, pexo rules applicable to
them, after checking that there are no rendo,rexo,rfendo,rfexo rules applica-
ble to them, do a check for non-applicability of pendo, pexo rules. We have the
symbol D, after checking for non-applicability of rendo, rexo,r fendo,r fexo. In
case r, s are adjacent, this will look like

((Dm — En“alr/ — a’r",Nj,lm or Nj/}list — itSle),@,B)

where B = {b/,c! | there is a pendo rule involving a,b of membrane r and sym-
bol ¢ of membrane s}. Continue this process by replacing a double primed sym-
bol with a triple primed symbol, provided it is not part of a context that will
enable a pendo, pexo rule. E, is retained until this finishes. The exact descrip-
tion of B depends on the rules of IT. After replacing all symbols of r, s with triple
primed symbols, replace E,.; with the next choice of membranes. Similarly check

to ensure non-applicability of pexo rules. a

2.4.4 Mutual Mobile Membranes

The family of all sets Ps(I1) generated by systems of n mobile membranes using the
mutual endocytosis rule mendo and the mutual exocytosis rule mexo is denoted by
PsMM,,(mendo, mexo). We denote by PsRE the family of Turing computable sets
of vectors generated by arbitrary grammars.
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We prove that it is enough to consider only systems with three mobile membranes
together with the operations of mutual endocytosis and mutual exocytosis to get the
full computational power of a Turing machine. The proof is done in a similar manner
to the proof of the computational universality of enhanced mobile membranes [107].

Theorem 2.17. PsMM3(mendo,mexo) = PsRE.

Proof. Tt is proved in [90] that each recursively enumerable language can be gen-
erated by a matrix grammar in the strong binary normal form. We consider a
matrix grammar G = (N,T,S,M,F) in the strong binary normal form, having n;
matrices my,...,m,, of types (2) and (4), and np matrices of type (3) labelled
by m, ny+1 <i<ny+ny with i € labj, for j € {1,2}, such that lab;, lab,, and
laby ={1,2,...,n; } are mutually disjoint sets. The initial matrix is my : (S — XA).
We construct a system IT = (V,H, 1L, w,wp,w3,R,2) with three mutual mobile
membranes, where _
V=NuUTU{a,a B,8}
U{X(Si?A{)i | X eNLAEN,,1<i<m}
U{Xﬁ,Aﬁ | 0<i,j< }’ll}
(BB XY X eNyje {1,201 <i<n)}
H={1,23} w={(1,2);(1,3)} .
wi = 0; wy =0 00 023 B1aXA; w3 = o008 B, B,
where (S — XA) is the initial matrix and the set R is constructed as follows:

(i) For each (nonterminal) matrix m; : (X — Y,A — x), X,Y € Nj, x € (N UT)*,
A € N, with 1 <i < ny, we consider the rules:

L. [XBa2[Bls — [[XiiB)2B]3 (mendo)
[ABL2BJs — (4B a[Bls (mexo)

2. [XiBl2[Bl3 — [[Xk—1:B]2B]3, k > 0 (mendo)
[[A%;B2]Bl3 — [Ak-1;B2[Bl3, k > 0 (mexo)

3. [XuosBlalBls — (XA B12B: (mendo)
[[X0:A0;812B]3 — [YxB]2 [B]3 (mexo)

4. [[XxiAo;iBl2 é] — [#B]2[B]3. k > 0 (mexo)

5. XoisBla B3 — [#B12BJs, k > 0 (mendo)

By rule 1, membrane 2 enters membrane 3, replacing X € N; with Xj;. A symbol
A € N; is replaced with A j;, and membrane 2 comes out of membrane 3. The sub-
scripts represent the matrices m;(m j), 1 <1, j < nj corresponding to which X, A
have a rule. Next, rule 2 is used until X;; and A;; become Xo; and Ag;, respec-
tively. If i = j, then we have Xo; and Ap; simultaneously in membrane 2. Then
rule 3 is used, by which membrane 2 enters membrane 3 replacing Xo; and Ao;
with X, and A, j» While X(; and A}, ; are replaced with ¥ and x when membrane 2
exits membrane 3. If i > j, then we obtain Ag; before Xp;. In this case, we have
a configuration where membrane 2 is inside membrane 3 containing Ag;. Rule 2
cannot be used now, and the only possibility is to use rule 4, replacing X;; and Ao;
with #, which leads to an infinite computation (due to rule 12). If j > i, then we
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obtain Xo; before Ag;. In this case, we reach a configuration with Xo;Ay;, k > 0 in
membrane 2, and membrane 2 is in the skin membrane. Rule 2 cannot be used
now, and the only possibility is to use rule 5, replacing Xo; and Ay; with #, which
leads to an infinite computation. In this way, we correctly simulate a type (2) ma-
trix whenever i = j. We now illustrate the evolution of the configurations during
one simulation of a type (2) matrix, for i = j.

<) 5 e
2 3 2 5 2 3
: o Qip e
) s ) )

2 3 2 5 2 3
(. )l (. )l (. )1

For each matrix m, : (X — Y,BY) —#),X,Y € Ni, BY) € Ny, ny +1 <i<nj +ny,
i €labj, j=1,2, we consider the rules:

6. [XB;1a[B s — [[X” B;]2B }3 (mendo)

X B12B 15 — 1%B12[B s (mexo)
[B(j?ﬁj]z[li,}a — [[#B,12B 13 (mendo)
X" B,12[B 15 — [¥;B]2B,]5 (mendo)

o o

- [1¥;B;12B,)3 — [Y BiL2[B 3 (mexo)
Membrane 2 enters membrane 3 by rule 6, and creates an object Xi(J ) depending
on whether it has the symbol BU), Jj = 1,2 associated with it, and then exits with
the newly created object. Next, by rule 7, membrane 2 enters membrane 3 if the
object BU) is present, replacing it with #. If this rule is applied, membrane 2 ex-
its membrane 3 by applying rule 12. Regardless of the existence of object B{/),
membrane 2 enters membrane 3 replacing Xi(J ) with ¥ ;. Membrane 2 exits mem-
brane 3, replacing Y; with Y, successfully simulating a matrix of type (3). We now
illustrate the evolution of the configurations during one simulation of a type (3)
matrix.

-2 / 3 ! B‘] 9 ] J3 ! ﬁ'/ ) U 3
1 U Jl U 1
8]
[YAﬁj ][ B || [Y,»Aﬁj ] B;
2 /3 2 3

(. )1 |\ )1
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(iii) For a terminal matrix m; : (X - A,A —x), X E N, AE Ny, x € T*, 1 <i<njy.
We begin with rules 1-5 as before and simulate the matrix (X — Z,A — x) in
place of m;, where Z is a new symbol.

10. [(X]3[Za]2 — [/la[oc]3]2 (mendo)

11. [Aafa]s], — [a]3[#0] (mexo)

12. [#B]2[B]3 — [[#B]2]3 (mendo)
[#B]2B]3 — [#B]2[B]3 (mexo)

Now we use rule 10 to erase the symbol Z while membrane 3 enters membrane 2.
This is followed by rule 11 if there are any more symbols A € N, remaining, in
which case they are replaced with the trap symbol #. An infinite computation is
obtained if the symbol # is present in membrane 2. It is clear that if the compu-
tation proceeds correctly, then membrane 2 contains a multiset of terminal sym-
bols x € T*. In this way we can conclude that Ps(IT) equals Ps(L(G)). We now
illustrate the evolution of the configurations during one simulation of a type (4)
(terminal) matrix.

- B les) 5 )
2 3 2 h 2 3
|\ )1 (. Jl (. Jl
2,..2]
— 3,10 1 Al — 3 —
Lo Js Jellsms ), 5 || >{bons) [ 5 ]
2 3 2"k 2 3
(. )1 (. )l | /l

a

It is worth noting that three is the smallest number of membranes when using
effectively the movement of membranes given by endocytosis and exocytosis.

It is reasonable to investigate whether we can obtain new computability results
using parallel mechanisms instead of sequential mechanisms. For systems of mo-
bile membranes using mutual endocytosis and mutual exocytosis, we get the same
computation power, but the results can be obtained more efficiently using parallel
mechanisms. The following proof links parallel systems of mutual mobile mem-
branes to sequential register machines. The register machines work in a slow and
biologically unrealistic way; the results show that it is possible to get similar results
with parallel mechanisms (based on the Church-Turing thesis).

Considering the number of objects and reduction to a register machine, we prove
that the family NRE of all sets of natural numbers generated by arbitrary grammars
is the same as the family NMM3(mendo,mexo) of all sets of natural numbers gen-
erated by systems with three mobile membranes using mendo and mexo rules. This
is calculated by looking at the cardinality of the objects in a specified output mem-
brane of the mutual mobile membrane system at the end of a halting configuration.
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Theorem 2.18. NMM;3(mendo,mexo) = NRE.

Proof. In view of the Church-Turing thesis, only NRE C NMM3(mendo,mexo) has
to be proved. The proof is based on the observation that each set from NRE is the
range of a partial recursive function. Thus, we prove that for each partial recursive
function f : N — N, there is a mutual mobile membrane system IT with three mem-
branes satisfying the following condition: for any arbitrary x € N, the system first
“generates” a multiset of the form o} and halts if and only if f(x) is defined, and, if
s0, the result is f(x).

In order to prove the assertion, using similar arguments as in Ibarra et al [96],
we can assume that the output register is never decremented during computation.
This happens without loss of generality. Let there be a program P consisting of A
instructions Py, ..., P, which computes f. Let P, correspond to the instruction HALT
and P; be the first instruction. The input value x is expected to be in register 1 and
the output value in register 3.

We construct a mutual mobile membrane IT = (V,H, 1, wo, wr,wop, R, I):

V={s}u{o |1 <r<3}U{R.F |1 <k<h}U{B.B,7.7}

OB | 1<r<3) ~

H={0,I,op} u={(0,1);(0,0p)} wr=sBy wo=0 Wr)p:ﬁy

(i) Generation of the initial contents x of register 1:

L. [sBi[Blop — [[sBl1Blop (mendo)
[[B1Blop — [s01Bl1[Blop (mexo)
2. [[sBliBlop — [PBi[Bop (mexo)

Rule 1 can be used any number of times, generating a number x (07) as the initial
content of register 1. Rule 2 replaces s with the initial instruction P, and we are
ready for the simulation of the register machine.

(ii) Simulation of an add rule P, = (INC(r),j), 1 <r<3,1<i<h, 1< j<h

3. [PiB]I[E]op — [[P,'B][E]ﬂ, (mendo)
4. [[Piﬁ]lﬁ]op - [PJ'Orﬂ]l[ﬁ]op (mexo)
Membrane I enters membrane op using rule 3, and then exits it by replacing P,

with Pjo, (rule 4), thus simulating an add instruction.
(iii) Simulation of a subtract rule P, = (DEC(r), j, k), 1 <r<3,1<i<h, 1< jk<h

5. [[PBls ](17 [P;Brmi[mop (mexo)

6. [0:B:Bli[Blop — [[BliBlop (mendo), otherwise
[PiB-Bli1Blop — [[FiB1Blop (mendo)

7. [[Plﬁ] B]OP [ ] [B]op (mexo)
[

[Pléﬁ]lﬁ}t?p [Pkﬁ] [ }op (mexo)

To simulate a subtract instruction, we start with rule 3, with membrane / enter-
ing membrane op. Then rule 5 is used, by which P; is replaced with Pj’ﬂr, and
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membrane [ exits membrane op. The newly created object B, denotes the reg-
ister which has to be decreased. If there is an o, in membrane /, then by rule 6
the object o, is erased together with f3,, and membrane / enters membrane op.
This is followed by rule 7, where Pj’- is replaced with P; and membrane / is back
inside the skin membrane. If there are no o,’s in membrane /, then by applying
rule 6, P} together with j3, is replaced by F;. This is followed by rule 7, where P
is replaced with P, and membrane [ is inside the skin membrane, thus simulating
a subtract instruction.
(iv) Halting:

8. [V]op[Phﬂl - [[7]01777]1 (mendo)

To halt the computation, the halt instruction P, must be obtained. Once we ob-
tain P, in membrane /, membrane op enters membrane / and the computation
stops (rule 8). When the system halts, membrane / contains only 03’s, the con-
tent of register 3. a

This result reveals a different technique in proving the computational power of a
system with three mutual mobile membranes.

There are many families of languages included in RE. Although Theorem 2.18
is valid for all of them, these families can have particular sets of rules simulating
them. We exemplify this aspect by an effective construction of a system with three
mutual membranes able to simulate an ETOL system in the normal form.

In order to get the power of an ETOL system by using the operations of mutual
endocytosis and mutual exocytosis, we need only three membranes.

Proposition 2.1. PsETOL C PsMM;3(mendo, mexo).

Proof. In what follows, we use the following normal form: each language L € ETOL
can be generated by G = (V,T,®,R;,R,). Moreover, from [141], any derivation
starts with several steps of Rj, then R; is used exactly once, and the process is
iterated; the derivation ends by using R».

Let G = (V,T,®,R;,R,) be an ETOL system in the normal form. We construct
the mutual mobile membrane system

IT= (V' H,u,wo,wi,ws,R,0)
as follows: _ _
={f,a,o,B,BU{B:B;|i=1,2}UV UV, where Vi={a; |acV},i=1,2
H={0,1,2} u={(2,0:(2,1)} wo=wapip w=app,
Simulation of table R;, i = 1,2

L. [Bilo[Bil1 — [[BloB;]1 (mendo)

2. [[aBi]oBi1 — [W,Bl]_o Bil1, if a — w € R; (mexo)
3. [Bli[aB]o — [[B]1B]o (mendo)

4. [[aiPi ﬁ 11— [aBilo [ i1 (mexo)

5. [Bl1[aiBlo — [[B]1%Blo (mendo)
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6. [[Bialoa] — [Bic]o[e]i (mexo)
B

- [[Bre] [
[[B2et]oe]1 — [Bieo[e]i (mexo)
[[B2et]ox]1 — [o]o[@]1 (mexo)
7. [[B]1tBlo — [B]1[1Blo (mexo)
[Bl1[tBlo — [[B]11BJo (mendo)

In the initial configuration the string f3; @ is in membrane 0, where @ is the axiom,
and B; indicates that table 1 should be simulated first. The simulation begins with
rule 1: membrane O enters membrane 1. In membrane 1, the only applicable rule
is 2, by which the symbols a € V are replaced by w; corresponding to the rule
a — w € R;. Rules 1 and 2 can be repeated until all the symbols a € V have been
replaced according to a rule in Ry, thus obtaining only objects from the alphabet V.
In order to keep track of which table R; of rules is simulated, each rule of the form
a — w € R; is rewritten as a — w;.

If any symbol a € V is still present in membrane 0, i.e., if some symbol a € V has
been left out of the simulation, membrane 1 enters membrane 0O, replacing it with
the trap symbol T (rule 3), and this triggers a never ending computation (rule 7).
Otherwise, rules 1 and 4 are applied as long as required until all the symbols of V;
are replaced with the corresponding symbols of V. Next, if a symbol a; € V; has not
been replaced, membrane 1 enters membrane 0 and the computation stops, replacing
it with the trap symbol { (rule 5), and this triggers a never ending computation
(rule 7). Otherwise, we have three possible evolutions (rule 6):

(i) if By is in membrane 0, then it is replaced by f3;, and the computation continues
with the simulation of table i;
(ii) if B, is in membrane 0, then it is replaced by f;, and the computation continues
with the simulation of table 1;
(iii) if B, is in membrane 0, then it is deleted, and the computation stops.

It is clear that Ps(IT) contains all the vectors in Ps(L(G)). O

Corollary 2.2. PsEOL C PsMM3(mendo, mexo).

We can interpret the multiset of objects present in the output membrane as a
set of strings x such that the multiplicity of symbols in x is the same as the mul-
tiplicity of objects in the output membrane. In this way, the multiset of objects in
the output membrane generates a language. For a system IT, let L(IT) represent this
language (all strings computed by IT), and let LMM,, () represent the family of lan-
guages L(IT) generated by systems having < n membranes, using a set of operations
o C {mendo, mexo}. We get the following result.

Lemma 2.1. LMM3(mendo,mexo) — ETOL # 0.

Proof L={x € {a,b}*| |x|p = 2|"|“} ¢ ETOL [141]. We construct B
= ({a,b, 0,1, B, B1, B, By» B2, Bo}, B3, B3}, {0,...,23, [[n bin)i [in)2]o, R, 1)

With rules as given below to generate L.
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[[B 1 B J2. (mendo),

L[Bhi[BL— 1
[[6B]1B]2—[b"D BTi[B ]2, (mexo),
[[BliBl2—[B]i[B ]2 (mexo),

2. [Bli[Bl2—1[[apBi]By ]2, (mendo),

3.0[6Bi i Brla—= [T Bi]i [ By ]2, (mexo),
[TBi]i[Bi]a— [[TBi]i By ]2, (mendo),
[[Tﬂlll ﬁﬂzﬂﬁﬁj [ﬁ ]2, (mexo),

4. [[Bi]Bil2— [B2]i [ B ]2, (mexo),

(' Ba]i [By]a— [ 16 B2]1 Ba ], (mexo),
[[B2]1 B2lo = [B2]1 [ B2 ]2 (mexo)

5. [B2]i[ByJ2— [[B3]1 B3]z, (mendo),

6. [[b/B3]1_,B3]2—>[Tﬁ I1 [ B ]2, (mexo),
[TBsh [E% = 1[[18 ]1&3]2, (mendo),
[[TB3]i Bsla— [T Bs]i [B3 ]2, (mexo),

7. 1B )1 B3 ]2 — [ 1 [ ]2, (mexo),

8. [[B3]1B3]2—[B i [B 2. (mexo).

The system works as follows: Rule 1 is used to replace every b with 4'b’. Rule 2
can be used at any moment to replace § and B with fB; and Bl (guessing that all b’s
have been replaced) and also to create an object a. Rule 3 checks that every b has
been replaced with 4’5, and if not an infinite computation is obtained. If there is no b
then rule 4 replaces 3; and Bl with 3, and Bz, and then is used to replace every b’
with b. Rule 5 can be used at any moment to replace 8, and B, with B; and B,
(guessing that all b”’s have been replaced). Rule 6 checks that every b’ has been
replaced with b, and if not an infinite computation is obtained. The computation can
halt using rule 7, and can continue using rule 8. It is easy to see that membrane 1
contains strings of L at the end of a halting computation. a

Exercise 2.2. What is the minimum number of membranes used to get full compu-
tational power for the class of mutual mobile membranes, if instead of the mutual
endocytosis rule

(] [@V T — [ W] ]
we consider the enhanced endocytosis rule

V] [ T = [[W]sw]n?

Perform the proof using either matrix grammars or register machines.
Exercise 2.3. Consider other combinations of rules from the simple, enhanced and
mutual mobile membranes and find the minimal set of ingredients in order to obtain
the computational power of a Turing machine.

2.4.5 Mutual Mobile Membranes with Objects on Surface

We explore now the computational power of systems of mutual mobile membranes
with objects on surface using (pino,exo) and (phago,exo) as applicable pairs of
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rules. The power of these classes was already investigated in [105]; we improve
those results with respect to the number of membranes used in computation. A sum-
mary of the results (existing results, as well as new ones) is given in Table 2.2.

Table 2.2 Summary of Results

Operations  Number of membranes  Weights RE Ref.

Pino, exo 8 43 Yes  Theorem 6.1 [105]
Pino, exo 3 5.4 Yes Theorem 2.19
Phago, exo 9 52 Yes Theorem 6.2 [105]
Phago, exo 9 4,3 Yes Theorem 6.2 [105]
Phago, exo 4 5.4 Yes Theorem 2.20

In each of the combinations presented in Table 2.2, the rules pino and phago are
used to increase the number of membranes, while rule exo is used to decrease the
number of membranes. Thus we combine the rules pino and phago with exo just to
balance the number of membranes.

The result of a computation is considered to be the multiplicity vector of the
multiset representing the union of the multisets placed on all the membranes of a
system. Thus, the result of a halting computation consists of all the vectors describ-
ing the multiplicity of objects from all the membranes (a non-halting computation
provides no output). The number of objects on the right hand side of a rule is called
its weight. The family of all sets Ps(IT) generated by systems of mutual mobile
membranes with objects on surface using at any moment during a computation at
most n membranes, and any of the rules r| € {pino, phago} and r, € {exo} of weight
at most r, s respectively, is denoted by PsM>0S,,(r(r),r2(s)).

In what follows, we study the computational power of the (pino,exo) combina-
tion of operations, and prove their universality by using during the computation at
most three membranes.

Theorem 2.19. PsRE = PsM>OS,,(pino(r),exo(s)), for allm >3, r > 5, s > 4.

Proof. The inclusion of PsM30S,,(pino(r),exo(s)) into PsRE is assumed true by
invoking the Church-Turing thesis. This implies that we have to prove only the in-
clusion PsRE C PsM>0S;(pino(5), exo(4)). For this, we construct a system IT of
three mutual mobile membranes with objects on surface,
IT=(V,{(3,1);(3,2)},AX,AX,A,R).
The finite alphabet V' of objects is defined as follows:
v =1{B.B) U{Xa)_(vxl/?)T[/ﬂXO)7X(j)7Xl(j)7X[(j)7X[(j)lﬂX[(j)l
| X eNL,1<I<n+nm1<j<2}
The set of types of rules R is constructed as follows:

(i) For each (nonterminal) matrix m; : (X — Y,A — x), X,Y € N, x € (NUT)",
A €Ny, |x| <2, with 1 <[ < ny, we consider the rules:
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L. [ HAM}ZV —m HAl/Tluv (exo)

2. []XYuv —m [ Hx’Xl'u}X_]/v (pino)
(Ifm: (X -Y,A— ajon) thenx' = oo or X' = e,
and if m; : (X — Y,A — oy) then X' = )

3. [[awlzy —=m [, (€x0)

4. [Joraryy —m [ Jouly (pino)
5. H X/u X]v []x”x” (exo0)
6. [ggsn —n [l (pino)
7. [Tgulxo —n g (€50)

8. U —n L Ipulg, (pino)
9. [[lgy —n g (€50

We start the simulation of a type (2) matrix by using rule 1; A and A are replaced
by A; and A;, marking the beginning of the > simulation. This is followed by rule 2,
where X and X are replaced by x’, X/ and X/. Next, we apply rule 3 to replace A,
and A; by o, in order to prevent replacing more A’s from now on. In rule 4 we re-
place o and o’ by @, while rule 5 replaces X/ and X/ by X/’ and X/, respectively.
Rule 6 is used to replace X" and )7 by Y, thus successfully simulating a type (2)
matrix and returning to the initial membrane structure. In case the corresponding
symbol A € N, is not present (we cannot apply rule 1), rule 7 introduces two
symbols 3 and B which lead to an infinite computation (by using rules 8 and 9).
We now illustrate the evolution of the configurations during one simulation of a
type (2) matrix.

( N\ ( ) ( )
1 2
— —
- | o P
| X Jax |, | AAXX )| LAX JAX |,
3]
( N\ ( ) ( )
- (1L 4
R — ’ - — o
\ XKL X X | YYX[X] |
6]
( N\
X
( ')

(i) For each matrix m) : (X — Y,BU) — #), X, Y € N, A€ N, and BU) #eF,
where n1 +1 <[ <nji+ny, [ €labj, j=1,2, we consider the rules:
10. [ [Jxulxv —m []X(,)X(,)X( X (ex0)

11- []X(,)Xm [H ] (pino)
[HB(J) ] N, m Hlj[;x (exo)
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B [ yo i@, =m Upo (€x0)
1

14. []Bmmw —m [ [ Julyv (pino)

Rule 10 starts the simulation of a type (3) matrix by replacing X with X; W x ()

and X by X xx0) X /), thereby remembering the index [ of the matrix and the index j
of the possibly present symbol BUY). This is followed by rule 11 in which X (/)
and XU) are replaced by X() and BU), respectively. At this step we need to
check if the corresponding symbol BY) e Ns is present. If B is present, rule 12
replaces it and its co-object BU) with BB together with X(/). In this case, by
applying rule 11, we go to the configuration obtained before replacing B/). Re-

gardless of the presence of BY/), rule 13 is applied replacing X,’ ) and XU by BUY).
Rule 14 involves the creation of Y, thus successfully simulating a type (3) matrix
and returning to the initial membrane structure. We now illustrate the evolution
of the configurations during one simulation of a type (3) matrix.

-

X BWBG) h

(.

(iii) For a terminal matrix m; : (X — a,A —x), X € Nj,a € T, A€ Ny, x € T¥,
|x| <2, where 1 < < nj, we consider the rule

15. H)Fx/’/w —m [ [Julav (pino)

We now illustrate the evolution of the configurations during one simulation of a
type (4) (terminal) matrix.
( N\

( A (

O, ] |- 8
AX % AAXX xAzX A,X
L AX L XX oo )
'd )\ 'd N\ 4
— , —
- v =
| xXl”Xl” I | i Xl’ I | xx’X’X’ h
15]
'd ~\
a
L JA
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By replacing rule 6 with rule 15 in the sequence 1-9, we correctly simulate a
terminal matrix. The result of a correct simulation is the multiset of all symbols
present on the surfaces of all membranes. O

We also study the computational power of the (phago,exo) combination of op-
erations and prove their universality by using during the computation at most four
membranes. We initially consider a system of three membranes. Compared with
Theorem 2.19, the higher number of membranes is related to the (use of) phago
operation.

Theorem 2.20. PsRE = PsM>OS,,(phago(r),exo(s)), forallm >4, r > 5,5 > 4.

Proof. The inclusion of PsM>0S,,(phago(r),exo(s)) in PsRE is assumed true by
invoking the Church-Turing thesis. This implies that we have to prove only the in-
clusion PsRE C PsM>0S4(phago(5), exo(4)). For this we construct a system IT of
three mutual mobile membranes with objects on surface
= (V,{(3,1);(3,2)},AX,AX,A,R)
The finite alphabet V of objects is defined as
V= {ﬁ;ﬁ}U{X,)_(,XI,YIXI/,Y[,XU)7X(j)7X1(j>aX1(j),X;(j),,Xl(J)’
| X eNi,1<I<ni+ny,l S]SZ}
The set of types of rules R is constructed as follows:

(i) For each (nonterminal) matrix m; : (X — Y,A — x), X,Y € N, x € (N UT)¥,
A EN,, x| <2, with 1 <i<nj, we consider the rules:

L [aul]z, —m [[[]a,u]x]v (Phago)

2. [ [ }XM]XV [ ]AIX uv (exo)

3. []A[”[ }A/v —m [ [ Hx u]X,] (phago)
(Ifm: (X —Y,A— oqop)thenx' = ajon orx’' = a0,
andifm; : (X —Y,A— oy) thenx' = o)

4. [ HY,M]XIV m []7'X’uv (exo)

5. Heullary =m [[[aulg]v (Phago)

6. [l —m [ (ex0)

7. [xulIxv —m [[[15,]]v (Phago)

8. [ [Iulg, —m [z, (€x0)

9. [g,[lgy —m [[]pulply (Phago)

We start the simulation of a type (2) matrix by using rule 1; A and A are replaced
by A; and X, marking the beginning of the simulation. This is followed by rule 2
replacing X and X by A; and X, respectively. In rule 3, A; is replaced by x’ in
order to prevent replacing more A’s from now on, while A; is replaced by X;. This
is followed by rule 4 in which X; and X; are replaced by o and X/, respectively.
Rule 5 replaces o’ and o by o and X/ . Rule 6 involves the replacing of X, and )71’
by Y, thus successfully simulating a type (2) matrix and returning to the initial
membrane structure. If the corresponding symbol A € N, is not present (i.e., we
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cannot apply rule 1), rule 7 introduces two symbols 8 and B which lead to an
infinite computation (by using rules 8 and 9).

(ii) For each matrix m): (X — Y, BU) — #), X,Y € N|, A €N, and BU) s #eF,
where ny +1 <i<ny+m,i€labj, j=1,2, we consider the rules:

10- Uzl Jxe =m [T 0005 ]7___}v (phago)
11. [HX(J)H] —n HB(,) XDy (exo)

12. [J0) []Bm m [ [1]5.Jpx(]v (Phago)
13. [y, g, = [ [[elsols (phago)

14 [[gons, —n 1 ©x0)

Rule 10 starts the simulation of a type (3) matrix by first replacing X and X

by X, ) D' (j ) and )W thereby remembering the index / of the matrix and
the index j of the he possibly present symbol BU)_ This is followed by rule 11 in
which X() and X() are replaced by B() and X(/), respectively. At this step we
need to verify if the corresponding symbol BY) € Ny is present. If BY) is present,
rule 12 replaces it and its co-object B() with B8 together with X /). In this case,
by applying rule 11, we go to the configuration obtained before replacing BU).
Regardless of the presence of BU), rule 13 is applied; Xl(j ) and XU) are replaced
by BU). Rule 14 involves the creation of Y, successfully simulating a type (3)
matrix and returning to the initial membrane structure.

(iii) For a terminal matrix m; : (X — a,A - x), X € Nj,a € T,AE€ Ny, x € T*,
|x| <2 where 1 <i < nj, we consider the rule

15. [ HY;M]X,’V —m Hauv (exo)

By replacing rule 6 with rule 15 in the sequence 1-9, we correctly simulate a
terminal matrix. The result of a correct simulation is the multiset of all symbols
present on the surfaces of all membranes. a

Exercise 2.4. Perform the proofs of this subsection using register machines instead
of matrix grammars. Do the weights of the used operations differ?

2.5 Complexity of Mutual Mobile Membranes

Regarding the complexity aspects [126], polynomial time solutions to NP-complete
problems in the framework of membrane computing are presented comprehensively
in [131]. The authors of this survey use P systems with active membranes having as-
sociated electrical charges, membrane division and membrane creation. We present
solutions to NP-complete problems by using systems of mutual mobile membranes
that can perform only mobility and elementary division rules. In order to find such a
solution, mutual mobile membranes are treated as deciding devices that respect the
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following conditions: (1) all computations halt, (2) two additional objects yes and no
are used, (3) only one of the objects yes and no appears in the halting configuration.
The computation is accepting if the yes object is present in the halting configuration,
and rejecting if the no object is present in the halting configuration.

A family of mutual mobile membrane systems {IT} solves a decision problem if
there is a member of the family to recognize every instance of the problem. To en-
sure that the construction algorithm of each member of the family does not increase
the set of problems decided by the family, we require that the algorithm, is com-
putable within certain restricted resources (time/space). When the algorithm maps
an instance size to a membrane system that decides all instances of that length, then
the algorithm is called a uniformity condition. The notion of uniformity was first
introduced by Borodin [30] for boolean circuits. When the algorithm maps a sin-
gle instance to a membrane system that decides that instance, then the algorithm is
called a semi-uniformity condition. The notions of uniformity and semi-uniformity
were first applied to membrane systems in [132].

2.5.1 SAT Problem

The SAT problem checks the satisfiability of a propositional logic formula in con-
junctive normal form (CNF). Let {x;,x2,...,x,} be a set of propositional variables.
A formula in CNF is of the form ¢ = C;{ ACy A--- AC,, where each C;,;1 <i<m
is a disjunction of the form C; = y; Vy, V---Vy, (r < n), where each y; is either
a variable x; or its negation —xy. In this section, we propose a uniform polynomial
time solution to the SAT problem using the operations of mendo, mexo and ele-
mentary division (for any instance of SAT we construct a system of mutual mobile
membranes which solves it). Consider the formula ¢ = C;{ ACy A ...Cy,, over the
variables {xi,...,x,}. Consider a system of mutual mobile membranes having the
initial configuration

[[co Bls[Blkle dlilg""go]1[ar]o]2
and working over the alphabet:
V= {C,ELd,E,g,go,ﬁ,E,yes,no} U{aiathﬁ ‘ 1<i< l’l}
U{BLB; |1 <i<m}U{ci|0<i<n+2m+1}
In addition to mutual endocytosis and mutual exocytosis rules, we use elementary
division rules to generate all the possible assignments. An elementary division rule
has the form:
[alp — [u]p[V]p, forhe H,a €V, u,v eV (div)

where a copy of each object from membrane / is placed inside the newly created
membranes, except for object a which is replaced by the multisets of objects « and v.
If w is the multiset of objects from % except the a object, then the rule is illustrated as:

e
h h h
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The system of mutual mobile membranes solving the SAT problem uses the rules:

(i) [ailo = [ti aiv1]olf; @it1]o, for 1 <i<n—1 (div)
[an]o — [tn Bilo[fn Bilo (div)
lgli — [1[ 1 (div)
[g0]1 — [Bi]1[Bi]1 (div)

The first two rules create 2" membranes labelled by O containing all the possible
assignments over variables {xj,...,x, }. In each membrane labelled by 0 is placed
also a symbol B; . The next two rules create 2" membranes labelled by 1 each
containing an object ;. The symbols fB; and B; are used to determine in two
steps which assignments are true for C;.
(i) [tj Bilo[Bi]r — [Izj BiloBi]1 (mendo)
[[t; BiloBil1 — [tj Bix1]o[Bi+1]1, 1 <i<m—1,1 < j < n(mexo)
(if clause C; contains the literal x;)
[£j Bilo[Bilr — [[f; BiloBi]1 (mendo)
([fi BiloBili — [f; Bix1]o[Bix1]1, 1 <i<m—1,1 < j < n (mexo)
(if clause C; contains the literal —x;)
(1 Bulo[Bm]1 = [[j Bm]oBm]1 (mendo)
Htj ﬁm]Oﬂm]l - [tj E]O[ﬁm]l’ 1< ] < n (mexo)
(if clause G, contains the literal x;)
[ Bulo [Bm]l = [[fj ﬁm]Oﬁm]l (mendo)
[/ Bm]OBm]l — [fj o [ﬁm]l» 1 < j < n (mexo)
(if clause C;, contains the literal —x;)
If some assignments satisfy the clause C;, 1 < i < m, then the objects f; from
the corresponding membranes 0 are replaced by B;1;. The assignments from the
membranes containing ;1 satisfy the clauses Cy,...,C;, the object B;; | marking
the fact that in the next step the clause C; is checked. If there exist assignments
which satisfy all the clauses, then the membranes containing these assignments
contain an object ¢ after n+ 2m steps.
(iii) [ci Bls[Blk — [[ci+1 BlsBlk (mendo)
[lci BliBlx — [cis1 BlsBlk. 0 < i < n+2m (mexo)
[[ent2mt1 BlsBlx — [d Bls[B]k (mexo)
[entam+1 Bli[Blk — [lentamt ﬁ]Jﬁ]K (mendo)
These rules trace the number of steps performed. If this number is greater than
n+2m+1, then an object d is created, which will subsequently create an ob-
ject no; n+2m+-1 is determined by: generating space (n steps), verifying assign-
ments (2m steps), creating a yes object (1 step). An extra step can be performed,
such that membrane J containing the object ¢, 2,41 becomes sibling with mem-
brane K, thus increasing the number of steps needed to create d to n+2m—+ 2.
(iv) [elo[c]L — [[ves]L]o (mendo)
[d];[d]L — [[ro]s]L (mendo)
A yes object is created whenever membrane L enters some membrane O in the
(2m 4+ n+ 1)-th step. If no membrane 0 contains an object ¢, then a no object
is created, in step (2m+n+2) or (2m+n+ 3), whenever membrane J enters
membrane L. By applying one of these two rules, the other one cannot by applied
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anymore, so at the end of the computation the system contains either an object yes
or an object no.

The number of membranes in the initial configuration is 6, and the number of objects
is n+ 6. The size of the working alphabet is 4n + 4m + 13. The number of rules in
the above system: n + 2 rules of type (i), 4nm rules of type (i), n+ 2m + 3 rules
of type (iif), and 2 rules of type (iv). Hence, the size of the constructed system of
mutual mobile membranes is &'(mn).

Example 2.2. Consider the SAT problem with ¢ =C} AC, AC3 and X = {x1,x2,x3},
Cy =x1 V-3, G = —x1 V—xp and C3 = x,. In this case, n = 3, m =3 and

[lco Bs[Blk e d]L[g*gol1[a1)o])2

Graphically this is illustrated as:

DD E)

K

2

The evolution of the system is described by the following steps, where [w]? stands
for n membranes [w];. The working space is created in n = 3 steps leading from the
initial configuration 1 to configuration 4:

1. [[co Bl [Bllc d]L[g*g0]1[ai]o]2

2. [[le1 BlsBlkle dli[g*Bili [t azlo[f1 az)ol2

3. [[e2 Blu[Blle d]LlgBi]{n 12 asloltr f2 aslolfi 12 aslo[fi f2 aslol

4. ([[es BluBlkle dILIBi [t 2213 Bilo[ty 12 f5 Bilolts f2 13 Biloltr £ £3 Bilo

[fi 2213 BiJolfi 22 f3 Bilolfy f2 13 Bilolfi f2 /3 Bilol2
Graphically the working space is described by the following picture:

[11113;[3] [tlglfJ [fljﬁczlfzJ [h]ézlfs] [fgzlfsJ [flgl}%] [flljgclth [fl%fs

0 0 0 0 0 0 0 0

L)) ) (s ) (m ){n (s ] {a
2\ J

The next two stepsimarkithe solutions of C; by replacing 1 by fB,:
5. {lea Bls[Blkle dl[Bili[Bilry 2 13 Bilo]1[Bi[r1 72 f Biloa[Bi[r1 f2 23 Bilols

(Bt £2.f5 Bilol1 [Br [fl 5] f3 Bilol1[Bilf1 f2 f5 Biloli[f1 12 13 Bilo[f1 f2 13 Bilo)2
6. [[[es BlsBlxle d]L[Bi3[Ba101t 12 13 Bololty 12 f5 Baloltr f2 13 Balolty f2 f3 Balo

[fi 12 13 Balol[fi 1o f5 Balolfi 2 13 Bilolfi f2 13 Bilo)2

The new configuration is graphically represented by:
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7. [[es Bls[Blx[c
8. [[[c7 BlsBlklc

9. [[es Bs[B]k[c

2 Mobility in Membrane Computing

2\ J

The next two steps mark the solutions of C; by replacing 3, by Bs:

dILIBi (B3 [Baltr f2 13 Balohi[Baltr £ f3 Balohi[Balfi 22 f3 Baloh
[Ba[f1 fo 3 Baloli 1. fz B ﬁz] [11 t f3 B2lolfi 12 13 Bilo[f1 f2 13 Bilo)2
dIL[Bi3BLBs [ fo 13 Balolty fo f3 B3lolfi 12 f3 Bslo
[f1 2 /5 Bslolti 1213 BaJo[t1 12 f3 Balolf1 22 13 Bilolf1 f2 13 Bilo)2

The new configuration is graphically represented by:

0713 ﬁ cd
K L
[Illfzztz] [1122]”3] [ﬁ%%] [ﬁ]%fs] [fl%ls] [fl?;f3] [fll}lzls [fl%fs
0 0 0 0 0 0 0 0
HDHHBDHD 06
2\ J

The next two steps mark the solutions of C3 by replacing 33 by ¢:

d|LBi 3[BT (B33 [Bsf1 12 f3 Bslol[t1 /2 13 BaJolts f2 f3 Balo
i 2 3 Belolti 13 132] [fl ) f3 Ba2lolf1 2 13 Bilo[f1 f2 13 Bilo)2
0. [[fes BlsBlklc dIL[Bi} B3 (Bs]t /1 12 f3 €loltr fo 13 Bslolta fo f3 B3lo
U1 f2 f3 Bslolt 22 83 Bolo[ts 12 f3 B2lo[f1 2 13 Bilolf1 f2 23 Bilol2
The new configuration is graphically illustrated below, where we have placed the
membrane labelled by L near the membrane labelled by O containing the symbol ¢
to illustrate that an interaction is possible:

C9B B cd

K
o) L) (i) (2] L8 (st )
t1ht3 thf tnhts ) | tfafs fllzls flf213 f1f2f3

] 1)
]

=

B)E

2\ J

In the next step, an object yes is created and placed in membrane L, marking the
fact that there exists an assignment such that the formula (C; A C; A C3) holds.
The number of steps needed to create an object yesisn+2m+1=34+6+1=10.
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11. [[e10 Bl Bk (B3B3 B 111 12 f3 ves dLlo[t1 f2 13 Bsloltr £ f3 Bslo
[f1 f2 f3 Bslolti 12 13 Balo[t1 12 f3 B2lolf1 2 13 Bilolf1 f2 13 Bilo)2

The new configuration is graphically illustrated as below:

By B
Sihts ) \f12f3
0 0

=

3

D&

2\

J

An object d used to create an object no is created after performing the steps:

12. [[[e10 BlsBlx BT [Bal7 Bsl 111 12 f3 Dves d]ilolr1 fo 13 Bslolt1 f2 f5 Bslo
[f1 2 15 Bslolts 2 13 Baolty 12 f3 Balolf1 12 13 Bilolf1 f2 13 Bilo)2

13. [[d B/ [BIx[BI]T[Ba]i[Bs]i1f1 12 f3 Ives d]iloltn f2 13 Bsloltn 2 f5 Bslo
[fi 2 f3 Bslolti 213 Bololts 22 f3 Balo[f1 22 13 Bilo[f1 f2 13 Bilo)2
The new configuration is graphically illustrated below, where we place the mem-
brane labelled by J near the membrane 0 containing membrane L to illustrate that
an interaction between membranes J and L is not possible, and so the computa-

tion stops after n+2m+ 3 = 12 steps.

Bi Bs
fihts ) \f1fafs

0 0

By

J(5) (5]

2\

J

The fact that the computation ends in n+2m+-3 steps is given by the fact that n+-
2m is an odd number, and thus we had to perform an extra step before generating d
from ¢, 421 1. If instead n+42m is an even number, then d is created after n+2m+2

steps.

Exercise 2.5. Solve the SAT problem using other classes of mobile membranes.

2.5.2 2Q0BF Problem

In this section, we propose a polynomial time solution for solving satisfiability of
2QBF using mutual mobile membranes using the operations mendo, mexo and div.
A quantified boolean formula is said to be in 2QBF if it is of the form ¢ = VX3Yy
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or 3XVY y where y is in CNF and X, Y partition the variables of y. By v is denoted
the quantifier free part of ¢. For 2QBF formulae of the form IXVY v, satisfiability
simplifies to the SAT problem 3IXy’ where v’ is the CNF obtained from y by
removing all occurrences of universal literals. Hence we deal only with 2QBF of the
Sform ¢ =VX3Yy.

Consider the formula ¢ = VX3Y y where ¢ = (C; ACy -+ ACy,). Y is a proposi-
tional logic formula in CNF. Let X = {x,...,x} and ¥ = {xg11,...,X%,}, XNY =0,
and each C; be a clause (disjunction of literals x; or —x;). Consider a system of mu-
tual mobile membranes having the initial configuration

[[d co Bls[Bkd]Lg" " goli[ar]o)2
and working over the alphabet:
V= {b,C,d,g,z,z,no,yes,&go,mﬁ,ﬁ,ﬁ}u{ai,t,;fi | 1<i< n}

Ui, fi | 1 <i < I U{BsBi |1 <i <m}

Uf{ci|0<i< n+2m+4k+4}U{d,,dl’,dl”,dl’”,i |1<i< k}U{dk }
In addition to mutual endocytosis and mutual exocytosis rules, we use elementary
division rules to generate all the possible assignments. The system of mutual mobile
membranes solving the 2QBF problem uses the rules:

(@) [aio — [ti air1]olfi air1]o, for 1 <i<n—1(div)
[an]o — [tn Bilo[fn Bilo (div)
(gl — (L[] (@iv)
[go]1 — [Bi]1[Bi]1 (div)
The first two rules generate 2" membranes labelled by 0 containing all the pos-
sible assignments over variables {xj,...,x,}. In each membrane labelled by 0 is
placed also a symbol B; . The next two rules generate 2" membranes labelled
by 1 each containing an object [31 The symbols 3; and B] are used in mobility,
where the membranes containing the object B are the ones that move. These
objects are used to determine in two steps which assignments are true for Cj.

(i) [t; Bilo[Bil1 — [[z; BiloBi]1 (mendo)
([ BiloBil1 — [t; Bir1lo[Bix1]1, 1 <i<m—1,0< j <n(mexo)
(if clause C; contains the literal x;)
/7 BilolBili — [[fj BiloBi]1 (mendo)
[[f7 BiloBil1 = [fj Bi+1lo[Bi+1]1, 1 <i<m—1,0 < j < n (mexo)
(if clause C; contains the literal —x;)
[tj Bmlo[Bml1 — [[t; Bm]oBm]1 (mendo)
[[tj BuloBm]1 — [tj clo[Bu]1, 0 < j < n (mexo)
(if clause G, contains the literal x;)
[fi Bulo[Bnlt — [[£j Bu]oBm]1 (mendo)
[Lf; BuloBult — Lf; clolBul1. 0 < j < n (mexo)
(if clause C,, contains the literal —x;)
If some assignments satisfy the clause C;, 1 < i < n, then the objects ; from
the corresponding membranes O are replaced by ;. The object B;+; marks
the fact that the assignment satisfies clauses Cy,...,C; and that in the next step
the clause C; is checked. If there exist assignments which verify all the clauses,
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(iii)

(iv)

v)

(vi)

then the membranes containing these assignments contain an object ¢ after n+2m
steps. _

[ci Bls[Blk — [[ci+1 B]sB]k (mendo)

([ei BlsBlk — [civ1 Bls[Blk, 0 <i<n+2m—1 (mexo)

[len+2m BlsBlk — [cntam Bls[Blx (mexo)

[CnJerd]J[é]L - [[Cn+2n1d]ld]L (mendo)

([ens2md)sd]L — [cnvam+3]s[d1]L (mexo)

These rules trace the number of steps performed. If this number is greater than
n+ 2m, then an object d is created in membrane L that marks the end of check-
ing . If there are solutions for y, the corresponding membranes contain the
object c. The number n + 2m + 3 is determined by: generating space (n steps),
verifying assignments (2m steps), creating a d; object (2 steps) and eventually
one step to perform the third rule if necessary.

[dilL — [d/]L [d”]L, for 1 S i <k (div)

A, — [52 AL A for 1 < i< k—1 (div)

}L - [ﬁ on—k d///] [ 2" kd///} (div)

d'lp — [d"[d]"]L, for 1 <i<k—1 (div)

]
e — [d1L[d]L (div)

~ \»Q'\‘

<

!

]L N [d///] [d///]L (le)

d"|1[d")L — [[di1]L]r, for 1 < i< k—1 (mendo)

ticlolfilL — [[tic]ofi]L, for 1 < i <k (mendo)

[ficlolfile — [[ficlo L. for 1 < i < k (mendo)

Next, after finding the solutions of v, the V part of the formula over variables
X1,...,X is checked. This amounts to checking if all the 2¥ combinations of
ti, fi,1 <i < k contain an object c. If so, then ¢ is true, and any last n — k sym-
bols will suffice for a solution. In order to check that all the 2¢ combinations
are in membranes containing a ¢ object, membrane L is divided and a mem-
brane structure is created in 3k steps. First, d; is replaced with df,d] in two
membranes. This is followed by the division of the membrane containing d} into
two new membranes in which this object is replaced by a multiset containing 7,
respectively f. The membrane containing d| is used to obtain two new mem-
branes that are sent inside the membranes containing 77, respectively fi, in order
to continue the construction until membranes containing 7, respectively f;, are
obtained. In parallel, the membranes O containing an object ¢, enter the newly
created structure.

[fedy"|[d}"] — [[b 2] .Z]L (mendo)

Urd!)L[d]"] — [[b 2]1Z)1 (mendo)

If at the end of the construction from step (iv) there exists an elementary mem-
brane L containing an object 7 or fi, it means that not all possible assignments
over the variables x,...,x; are solutions, so the object b is created which will
subsequently create an object no.

[[z]2Z]L — [Z]L[z]1 (mexo)

[z 1] — [z0]L[z 1)1 (mexo)

[[dezfi]L — [z@]Lzf1]1 (mexo)

~

»Q\‘
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If there exists a membrane L containing an object z together with the object no,
then in k steps it reaches membrane 2, in order to deliver the answer inside mem-
brane J.

(vii) [ci Bls[Blk — [[ci+1 BlsB]k (mendo)
[[ci BlsBlk — [civ1 Blu[Blk, n+2m+3 <i < n+2m+4k+3 (mexo)
In parallel, the counter in membrane J evolves until it reaches n + 2m + 4k + 4.
The extra 4k + 1 steps from n+2m+ 3 to n+ 2m+ 4k +4 is determined by: gen-
erating the structure starting from membrane L and movement of membranes 0
containing a ¢ object inside membranes L containing 7 or f; (3k steps), creat-
ing a no object (1 step), and moving the membrane L containing an object z to
membrane 2 (k steps). _

(viii) [[chi2mrarra BliBlk — [cntomrak+a B @]s[Blx (mexo)
[Cu+2m+ak+4 O[O0 b] — [[no];@], (mendo)
[Blk — [a]k[a]k (div)
[Cntomtakra 07 [0]x — [[yes] o]k (mendo)
In case all the 2% assignments do not contain an object ¢, a membrane L contain-
ing an object b and an object z reaches membrane 2. Membrane J with the counter
value n+ m+ 4k + 4 exits membrane K, and in the next step enters membrane L
containing a b object and creates an object no inside J, deleting the one in K.
In case all the 2¥ assignments contain an object ¢, then there is no membrane L
containing a b object that will ever reach membrane 2. In this case, a yes object
is created in membrane J by allowing it to enter membrane K after a determined
period of time. The maximum number of steps needed to obtain a no object is
n+2m+ 4k + 6, while to obtain a yes object is n+2m+ 4k +7.

The number of membranes in the initial configuration is 6, and the number of
objects is n+ 6. The size of the working alphabet is 4n+4m+ 11k + 18. The number
of rules in the above system is: n+ 2 rules of type (i), 2(n+ 1)(2m — 1) rules of type
(ii), 2(n 4 2m) + 3 rules of type (iii), 6k rules of type (iv), 2 rules of type (v), 3 of
type (vi), 4k + 1 rules of type (vii) and 4 rules of type (viii). Hence, the size of the
constructed system of mutual mobile membranes is &'(mn).

Example 2.3. Consider the 2QBF problem with ¢ =VX3Y(C; ACy), X = {x1,x2},
Y ={x3},C; =1 Vxp, C; = x; V3. In this case, n =3, m =2, k =2 and

([co d Bls[Blx[d]L[g>8ol1lar]o]2
Graphically this is illustrated as:

(o0 () (D) () ()

K

2

The evolution of the system is described by the following steps. The working space
is generated in n = 3 steps leading from the initial configuration 1 to configuration 4:

1. [[co d BBl [d]L[g*g0)1[a1]o)

8ol
2. [[[er d BlsBkld]L[g*Bili [0 azlolfi az)ol2
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3~ (le2d Bls[Blkd]LlgBi]i 2 asloltr f> aslolfi 12 aslolfr f2 aslo)a

4. [[les d BlsBlkldL[Bili [ 12 13 Bilolt 12 f3 Bilo[tn f213 Baloltr f2 f5 Bulo
[f1 2213 Bilo[f1 22 f3 Bulolf1 f2 13 Bilolf1 f2 f3 Bilo]2
Graphically the working space is described by the following picture:

—_\
=|
—/

2\

The next two steps mark the solutions of C; by replacing B; by f3;:
5. [[ea d Bl [Blk[d]LIB1[Bilts t2 13 Bilo)i [Biltr 22 f5 Bilol [Bilfi 2 f5 Biloht
Bilfi f> f3 Bilohs Bilfita 3 Bilol1[Bilfi f213 Bilolilty f2 f5 Bilolt £2 13 Bilo)e
6. [[les d BliBlk[d]L[Bi]T[BalS 11 12 13 Balo[tr 12 3 Balolfi 12 f3 Balolfi f2 f3 Balo
[fi 213 Balolfi f2 13 Baloltr f2 13 Biloltr f2 f3 Bilol2

The new configuration is graphically represented by:

2\

The next two steps mark the solutions of C; by replacing 3, by c:

7. ([cs d Bls[BIx [d]L[Bi1 (B2 [Balty 22 13 Baloli [Baltr 12 f3 Baloh [Balf1 22 13 Balols
(Balf1 f2 13 Bololi[fit2 £ Balolfi 2 f5 Balolty f2 13 Bilolt f2 f5 Bulolz

8. [[[e7 d BlsBlx[d]LIBi]T B[ 02 15 clofty 12 f3 clo[fi 12 13 clo[fi f2 13 clo

[fi 12 f3 Balolfi f2 f3 Baloltr f2 13 Biloltr f2 f3 Bilo)2

The new configuration is graphically represented by:

( N\
[0or) 5 J(7)
K

(Ltﬂczls] (Llll;fs] (Lfl.zlls] [tlfzfs] (Lflzm] (L ] [fl.;zh] (Lfl%fS
| L] 1][ () (s 2][ BB
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10.

11.

12.

13.

14.

15.

16.

17.

2 Mobility in Membrane Computing

In the next step, an object d; is generated. The number of steps needed to create
this objectis n+2m+3 =3+4+3 = 10.

Nlez d Bl [Blk[d]L[Bi (B2 [11 22 13 clofts 12 f3 clolfi 22 13 cloLfi 2 13 clo

fita f3 Blolfi o fs ﬂz]o[fl 213 Bilo

[le7 d BlydLBlk[Bi 2 [Bal8[t1 t2 13 clolty 12 f5 clolfi 2 13 clolfi fo 13 clo
fi s Bl fafs ﬁz]o][tl f213 Bilolt f2 f3 Bilol2
0
0

1 f> f3 Bilol2

[e10 Bl ] [Blk (B3 [BalS[t1 12 15 clolty 12 f3 clolfi 12 13 clolfi fa 13 clo
[f112 13 Balolf1 f2 f3 Balolts f2 13 Bilolts f2 f3 Bilo]2

The new configuration is graphically illustrated as below:

()]
) (o) [0 () () () () (i)
A EHEE[E

2\ J

=

[
L

In what follows we check the V part of the formula, namely whether all assign-
ments over variables x, ..., x; appear in the existing solutions (the membranes 0
containing an object ¢). We need 3k = 3 2 = 6 steps to see if there exists a com-
bination that is missing from the membranes containing an object ¢, in order to
create an object no._

[[le1 BlsBl& (B (B0 |Lldy L[t 123 clolrr 12 f5 clolfi 213 clolfi f2 13 clo
fitz f3 Bololfi £ f3 Balolty f213 Bulolty f2 f5 Bilol2

Jo
[e12 Bl Bl& B B2 a7 2L [ a2l L)Lt 12 15 cloltr 12 £ clo
fitats clo[fi f2 13 clo [fl t f3 B2lolfi f2 f3 Belolt f2 13 Bilolt1 f2 f3 Bilo)2
lle13 BBk (B2 (BaS[n 213 Biloltr f2 15 BilolLfi 12 f3 Balolfi f2 5 Balo
nzdin ot C] [fl 12 f3 ol 2ol lfi 12 13 ol fi fo 13 cloli)a
[014 BBk BI2B1S1 213 Bilolts fo £5 Bilolfi 2 f5 Balolfi £ f5 Balo
SLld]Ll ta 13 cloft 12 f3 clo)e

ALl Sl ta clolfi 213 clo]L)

[fe1s BlsBlx [ﬁl]%[l}z}?[fl J213 Biloltr f2 f3 Bilo[ /1
n'n’d)lf dﬁ”] (512t 12 15 o[ty 22 f3 clole
AP AD [d313f1 t2 13 clolfi f2 13 cloli]a
[c16 BBk (B3 [B21S 11 f2 13 Bilolts f2 f3 Bilolfi 12 f3 Balolfi f2 f3 Balo
2" dy I 1 1 ol 12 £y ol &Y [ 1E]

(7262 i 12 5 clolu [l dY [ fo 13 cloldd )

Since not all assignments for the variables x| and x; are present in the mem-
branes containing a ¢ object, then the answer provided is no. This is achieved
by an elementary membrane containing an object #; or f, entering a membrane
containing the object ¢4’ in 1 step. The membrane containing the object b is sent,

[

[

[

[

[fr

[

it [
[fi

[ fitz f3 Balolf1 f2 3 B2lo
[

[

[

[fy
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in k steps to membrane 2 (skin membrane). The new configuration is graphically

illustrated as below:

_
'z

EEPEE | [ PEEE
L L L L L L L L

—2 -2 =2 -2
4" I3 4" 2 4" I3 da"

> .
C C
t1t2t3 tltzfz nfltzfs n.f1f2f3
L L

(¥

MMM (&) [k
HOODOBOE

2\ 1

<,
I\.)

—‘/ﬁo

N

18. [[017 BlsBlx[Bi13B218[ f2 13 Bilolts f2 /5 Bilolfy 12 f5 Balolfy f2 f3 Balo

'z dy [t 1 13 cloft 12 f clo]L[Z[P Z]L]L[@]L
TR [f o 13 ol dY 11 fo 1z clolildd 2]

7 [tzzdé"[fl htscloti 2 f3 clo)eFelb 2o dy )L
TR [f o 13 ol dY [ fo 13 clolidd 4]

20.
W [m 'z R d C] 1112 f3 clolLlzE)Lld} ] ).

(A2 [fi 1213 ol [ 3 [y f2 13 clolLld" T3

The new configuration is graphically illustrated as below:

[
i
[
19. HC Bls[Blk B [B21S 1ty £2 13 Biloltr 2 £5 Bulolfi 2 £3 Balolfr f2 3 Balo
i
(A
[[[e19 ﬁ]fm [ﬁl] [B21STt1 f2 13 Bilolty f2 fs Bilolfi 12 f3 Balolf1 £ f3 Balo
[b

)
;
KL
'z

NEE@®|[ ™ PEPBE@
L L L L L L L L

52 4" 2 d/// 52 4"

C c c
(o) i (i) ]| [
0 0 D 0 b 0

L

1]1221f3
W!z )

wmm

—/
=)
=

—/

2\ 1

J

If a membrane L contains a b object and has reached membrane 2, then an object
no is created inside membrane J. If not, an extra step is performed in order to
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have a yes object in membrane J. The maximum number of steps performed for
an no object is n+2m+ 4k +5 = 21. For a positive answer the number of steps
needed is 21 + 1 =22.

21. [[e19 Barly [B] BiRB18[t1 f2 13 Bilo[ty f2 f3 Bilolfi 2 f3 B2lolf1 £2 f5 Balo

[b ZO‘] iz d [ 13 C] 1112 f3 clolLlE]Lld} ] ).
AN f2_f3 ole [ d'lfi f2 13 ol [dT 4
22. [[ax @]k [B1 ] [[32] [t1 213 Bilolt1 f2 f3 Bilolfi 12 f5 B2lolf1 f2 f3 Belo
[[no ]J 072 R dy [ 1 f3 clolt 12 f3 clolL[FLdy 3 )L
[fi

AR dy fi 1 13 clolu [ a3 [y f2 15 clolild)}

Exercise 2.6. Solve the 2QBF problem using other classes of mobile membranes.

2.5.3 Bin Packing Problem

The Bin Packing problem can be stated as follows: given a finite set A, a weight
function g : A — N, and two constants b € N and ¢ € N, decide whether or not there
exists a partition of A into b subsets such that the weight of each subset does not
exceed c.
Consider A = {ay,...,a,}, and a system of mutual mobile membranes having
the initial configuration -
HH]M[OCE()}][E]K[dn_Ieh e [d"‘le]b[al ..anC10-- 'Cb,Oﬁl,O .. ~ﬁb,0ﬁ]0]L
and working over the alphabet
V={a, o, 04,B,B,n0,yes,e,dyU{y |1<i<n—1}U{d;|1<i<b-2}
U{w;i | 1 <i<b}U{a;i|1<i<n}U{e;|1<i<2bn+2c+3}
U{l//,'J-,ﬁi,j,xi,j,yhj,zi,j |1 <i<b,1<j<n}
U{cij | 1 <i<b,0<j<2bn+2c+1}
In addition to mutual endocytosis and mutual exocytosis rules, elementary division
rules are used to generate all the possible subsets. The system of mutual mobile
membranes solving the bin packing problem uses the rules:

(i) If b =2 we have the rules:
[ailo — [x1,i]o[x2.i]o, for 1 <i < n (div)
d]j— ][]}, for 1 <j<2(div)
le]; = [Bjolj[Bjol, for 1 < j <2 (div)
If b > 2 we have the rules:
[ai]o — [x1,i]o[y1,i]o, for 1 <i < n (div)
jilo = Xj+1olyj+t,ilo. for 1 < j<b—3and 1 <i<n(div)
b—2.il0 = [xp—1,i]o[xp.ilo, for 1 <i < n (div)

[d)j — []jld1];, for 1 < j < b (div)

[di]j — []jldi+1]j. for 1 <k <b—3and 1< j<b(div)
[dp—2]; — []j[]j, for 1 < j < b (div)

F]/ [Bjoljler] (div)

Q

ki — [B}O] [€k+1b,f0r1<k<b 3and 1 < j < b (div)
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[ep—2]j = [Bjol[Bjolj, for 1 < j < b (div)
Different sets of rules are needed, depending on the number of bins (2 or more).
The rules containing the objects a, x or y are used to create b" membranes la-
belled by 0 containing all the possible subsets over {ai,...,a,}. In x;;, the bin
is denoted by j, while i denotes the variable placed in bin j. The objects x;; are
used to introduce objects that represent the weight of the object ;. In each mem-
brane are placed also the objects m, 1 < j < b, that are used to count the weight
of each bin. The next rules create, for each 1 < j < b, b" membranes labelled by
J each containing an object f3; .

(1]) [ﬁjﬁ,’]j[xj')iﬁj’[}o — [[ﬁj7i+1}jxj7,~ﬁj7,-+1}o, for 0 <i<n-— 1and 1 < ] < b (mendo)
[1BjiljxjiBjilo — [Bjiljlzji Wf(”")ﬂj,i}o, for 1 <i<nand 1< j<b(mexo)
Hﬁj ,'] 'ﬁj ,']0 — [[3] i] [ﬁj ,']0, for ] <i<nand1 < j<b (mexo)
These rules are used to replace x;; by z;; A< ) If x j,i 18 not present in a mem-
brane 0, then that membrane just 1ncrements the second index associated to 3.
After applying these rules, each membrane O contains a number of objects w;
equal to the weight contained in the bin j, and also objects z; ; used to remember
which objects are contained in each bin.

(iii) [Bjn]j[wj Bjnlo = [[BjnlBj.nlo (mendo)
[[BjnljcjiBjnlo — [Bjnljlcji+1 Bjnlo, for 0 <iand 1 < j < b (mexo)
These rules are used to calculate the weights of each bin j, by using the ob-
jects ¢; o that appear in all 0 membranes.

(iv) [a e[k — [[o eir1]s0]k for 0 <i < (b+1)n+2c—1 (mendo)
[ ei]lse)x — [eceivi]s[@]k, for 0 < i< (b+1)n+2c— 1 (mexo)
HOC e,-];ﬁ];( — [OC eH]}J[OCeiH}K, fori= (b—|— 1)n+2c— 1 (mexo)
The above rules are used in parallel to calculate the number of steps performed.
The number (b + 1)n+ 2c¢ is determined by: generating space ((b — 1)n steps),
replacing x;; by corresponding weight (2n steps) and calculating weights (2¢
steps).

W) [ e siyniacli@k = [ eriynracliloepiiynrac]k (mexo)
If b =2 we have the rules
[ ey 1ynracls — [vilslynls (div)
%]y — Vs Js [ Y1), for 1 < i <n—2 (div)
[Ya—1]7 — [Bls[Bls (div)
If b > 2 we have the rules
[0t (o 1ynt2cls = [lswils (div)
Wilr = i sl for 1 < j<b—-3and 1 <i<n—1(div)
Wip—2ls — [¥ils[¥ls, for 1 <i<n—1(div)
%y = [Hals[Wir1a]s, for 1 < i <n—2 (div)
[Wn, lr— [ Iy [‘Vn1+l]l,f0r1<]<b 3 (div)
[Wp—2]s — [Bls[B]s (div)
For b > 2 we have the rules
[Blslex.jBlo — [[Jo s+ if jx > ¢ (mendo)
After an extra step needed to prepare the membrane J for division, 5" mem-
branes J are created ((b — 1)n steps) to check which membranes respect the
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weight condition. All membranes 0 that do not respect the condition are blocked
inside the J/ membranes. In this way by choosing any membrane that is not placed
inside a J membrane, we obtain a solution to the problem.

vi) [aeilk[@)m — [[o eir1]x @) pm for (b+1)n+2¢ <i< 2bn+2c+2 (mendo)
[[a ei]x 0ty — [0 eiy1]x [0, for (b4 1)n+2¢ <i < 2bn+2c+2 (mexo)
[ eil k] — [BBlx[0u]a, for i = 2bn+2c +2 or i = 2bn+2c + 3 (mexo)
[Blx[Blo — [ves[ Jo]x (mendo)
(1] — [B]m[B]m (mendo)
[Blk[Blm — [[no] ]y (mendo)
The above rules are used in parallel to calculate the number of steps performed.
The number 2bn + 2¢ + 2 is determined by: generating space ((b — 1)n steps),
replacing x;; by corresponding weight (2n steps), calculating weights (2c steps),
generating J membranes ((b — 1)n steps), preparing division of J (1 step), block-
ing all membranes O that do not satisfy conditions (1 step). If there still exists a
membrane 0 that is not inside a membrane J, then the object yes is created in-
side membrane K. Otherwise, after one more step, the no object is created inside
membrane K. The computation stops after 2bn +2c¢ + 5 steps, with the answer
placed inside membrane K.

The number of membranes in the initial configuration is b+ 5, and the number of
objects is nb +n+2b+ 3. The size of the working alphabet is 7bn+3b +2n+2c +
2b%n + 2bc +9. The number of rules in the above system is: n + 4 rules of type (i)
if b=2or3bn—"Tn+4bif b > 2, 3bn — b rules of type (ii), 2cb rules of type (iii),
2(b+1)n+4crules of type (iv), and n+ 1 rules of type (v) if b=2 orbn+bc—n+b
if b > 2. Hence, the size of the constructed system of mutual mobile membranes is
max{0(bn), O (bc)}.

Example 2.4. Consider the bin packing problem with A = {a;,a3,a3}, g(a1) = 1,
glay) =3, g(az) =2,b=3and ¢ = 3. In this case, n = b =c = 3 and

[[@]m[aeo)s[0] k [d*e] 1 [d%e]a[d?e]sarazazcr oea,0e3,0B1.0 Bro B30BlolL
Graphically this is illustrated as:

o) () (o) () (o)

J
[ a1axazc10¢2,0¢3.0B1.0 Bro Br.oB ]
0

Q
—

The evolution of the system is described by the following steps. The working space
is created in 2n = 2 * 3 = 6 steps leading from the initial configuration 1 to configu-
ration 7.

L. [[@]u[oeo)s[e]k[d?e]1 [d*e]2[d?e]3[arazasct oca,0c3,0B1.0 Bao B3.oBlolL
2. [[@ulleer]s@lk(d ¢y [did ey [d elaldid elald el3]dvd )3
[x1,1a2a3¢1,0¢2,0¢3,0B1,0 Bo.0 B3.0Blo[y1,1a2a3¢1,0¢2,0¢3.0B1.0 B2.0 B3.0BlolL
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3. [[@]mloeas[@]kleli[di e]1d e]ile]a]d el2[d el3[e]s[d e]s]d e]3

[

[x1,121.2a3¢1,0¢2.0¢3.0B1,0 B2.0 B3.0Blo[x1,131 2a3¢1,0¢2,0¢30B1.0 B2.0 B3.0Bo

[x2.1@2a5¢1 0¢2.0¢3.0B1.0 Bro ﬂ3 Bs.0B]o [x3,1612a301,062,00370[3170 B2.0 B3.0BlolL

4. [[o]m [[0‘@3}10‘] [Biolilei]ife]{ldi eli[Brolalerl2[el3ld1 el3[Bs ols[er]slel3[dr el3
briix1 2x1,3¢1,02,063,0B1,0 B2.o B3.0BJolx1,1x1.21.3¢1,0¢2,0¢3,0B1,0 B2,0 B3.0Blo

[r1,1x2 0a3¢1,0¢2,0¢3,0B1,0 B2,0 B3,0Blo[x1,1x3 2a3¢1,0¢2,0¢3,0B1,0 B2,0 B3,0Bo

[x271x12a301‘062,063,0@@@ﬁ] 2,131 2a3¢1,0¢2,0¢3,0B1,0 B2,0 B3,0Blo

F[Cs 1X1,2a3¢1,0¢2,0¢3,0B1,0 B2,0 B3,0Blo[x3,1y1, 2!1361,062,003,0131,0 B2.0 B3.0BlolL

@)y [ocea]s[@]k [Bro] ler]ile][Baold[er]3le]3[Bs ol e ]3[e]3

5.

[x1,1x1.2%1 3¢1,0€2,0¢3,0B1,0 B2o B3.0Blolx1,1x1 2%2,3¢1,0¢2.0¢3.0B1.0 B0 B3.0Bo

Jo ]
[x1,101 23 3¢1,0¢2,0¢3.0B1.0 B2.o B3.0Blolx1,1%2.2x1 3¢1,0¢2,0¢3.0B1.0 B2.0 B3.0Blo
[x1,1%2,213¢1,0€2,0¢3.0B1,0 B0 B3.0Blox1,163.2x1 3¢1,0¢2,0¢3,0B1,0 B2.0 B3.0Blo
Jo ]
Jo

[¥1.103.2913¢1.0¢2.0¢3.0B1.0 Bro Ba.oBlo[x2.1x12x1 3¢1.0¢2.0¢3.0B1.0 Boo Bs.0Blo

2,101 231,3¢1,0€2,0¢3,0B1,0 B2,0 B3.0Blolx2.1022a3¢1,0¢2,0¢3 0@ @ @m
[r2,1x3 2a3¢1,0¢2,0¢3,0B1,0 B2,0 B3.0Blo[x3,1x1 2x13¢1,0¢2,0¢3,0B1.0 B2.0 B3.0Blo

[x3.1x1 21.3¢1,0€2,0¢3.0P1,0 B2.0 B3.0Bo[x3,1x22a3¢1 0¢2,0¢3,0B1.0 B2.0 B3.08]o

[x3, 1X3.,2a3€1,062,063,031—,0 ﬁTO ﬁ?,om(ﬂz o1 1
15[B3,003"le1l3 -
be1,1x1,222 3¢1,002,0¢3,0B1,0 B0 B3.oBlo
[

. [@ulloces) Ik [Br.o)ler 3 B2 e
i

X1,1X1,2X1,3€1,0€2,0€3 Oﬁl 0 ﬁZ 0 ﬁ3 0

[e

Blo

[x1,1x1,2x3,3¢1,0¢2,0¢3,0B1.0 B2.0 B3.0B]
B]

X1,1%2,2%1,3¢1,0¢2,0¢3,0B1,0 B2,0 B3,0Bo

[x1,102,0%2 3¢1,0¢2,0¢3,0B1,0 B2,0 B30

[x1,1202,2x3 3¢1,0¢2,0¢3,0B1,0 B2,0 B3,0Bo

[x1,13 201 3¢1,0€2,0¢3.0B1.0 B0 B3.0Blolx1.1332%2.3¢1.0¢2.0¢3.0B1.0 B0 B3.0Bo

1,103 2x3,3¢1,0€2,0¢3,0B1,0 B2,0 B3,0Bo[x2,1x1,231 3¢1,0¢2,0¢3,0B1,0 B2,0 B3,0Blo

]
]
]
]
]
[x2,1x1 2%2.3¢1,0€2,0¢3,0B1,0 B2,0 B3,0Blo[x2,1x1 2x3 3¢1,0¢2,0¢3,0B1.,0 B2.0 B3,0B]o
]
]
]
]
]

0
0
0
0
0
[2,1202,2%1,3¢1,0€2,0¢3,0B1.0 B2,0 B3.0Blo[x2,1%2.21,3¢1,0¢2,0¢3,0B1.0 B2.0 B3.0B]o
0
0
0
0
0
7

[¥2.163.2%1 3¢1.0¢2.0¢3.0B1.0 Br.o B3.0Blo[x2.1x3 291 3¢1.0¢2.0¢3.0B1.0 B0 B3.0BJo

[x3,1x1 2%1,3¢1,0€2,0¢3,0B1,0 B2,0 B3.0Blo[x3,1x1 2x2,3¢1,0¢2,0¢3,0B1.,0 B2,0 B3,0B]o

[x3,1012x3,3¢1,0€2,0¢3,0B1,0 B2,0 B3,0BJo[x3,1%2,2%1 3¢1,0¢2,0¢3,0B1,0 B2,0 B3,0Blo
[x3,1x2,291,3¢1,0€2,0¢3,0B1,0 B2,0 B3,0BJo[x3,1%3,2x1 3¢1,0¢2,0¢3,0B1,0 B2,0 B3,0Blo
[x3,1x3 2y1,3¢1,0¢2,0¢3,0B1,0 B2.0 B3,0B]olL

7. [[@]m[oces)s [k [Brol} [B2.0)3" [B3.0)3
[

X1,1X1,2%1,3¢1,0€2,063,0B1,0 B2,0 B3,0Blolx1,1x1 222.3¢1,0¢2,0¢3,0B1,0 B20 B3.0Blo
0
0
0
0
0
0
0
0

0

[x1,1x1 2%3 3¢1,0€2,0¢3,0B1,0 B2,0 B3,0Blo[x1,1x2,2%1 3¢1,0¢2,0¢3,0B1,0 B2,o B3.0B

[x1,1%2,2x%2 3¢1,0€2,0¢3.0B1,0 B2.0 B3.0Blo[x1,1%2.2x3 3¢1,0¢2,0¢3.0B1.0 B0 B3.0B

[x1,123 2%1,3¢1,0¢2,0¢3,0B1,0 B2,0 B3,0Bo[x1,103 2x2 3¢1,0¢2,0¢3,0B1.,0 B2.o B3.0B

}
}
}
}
[ ,1X3,2X3.3€1,0€2,0€3, Oﬁl 0 ﬁZ 0 ﬁ'& Oﬁ]
}
}
}
}
}

0

0

0

0 S A A
Bro B2 B3 .oBlolxz,1x1 2x1,3¢1,0¢2,0¢3,0B1.0 Boo B3.0B
0
0
0
0
0

[x2,1x1 2x2.3¢1,0¢2,0¢3.0B1,0 B2,0 B3.0B

[x2,1x1.2X3 3¢1,0¢2,0¢3.0B1,0 B2,0 B3,08

2,102,221 3¢1,0€2,0¢3,0B1,0 B2,0 B3,0BJo[x2,1%2,2%2 3¢1,0¢2,0¢3,0B1.0 B2,0 B3,0B
[x2,1%2,2%3 3¢1,0€2,0¢3,0B1,0 B2.0 B3,0Bo[x2,1x32x1 3¢1,0¢2,0¢3,0B1,0 B2,0 B3.0B

[x2,1x3,2x2,3¢1,0€2,0¢3,0B1,0 B2,0 B3,0BJo[x2,1x3.2x3 3¢1,0¢2,0¢3,0B1,0 P20 B3,0B
[x3.1x1 21 3¢1,0€2,0¢3,0B1,0 B2,0 B3.0Blo[x3.1x1 2%2.3¢1,0¢2,0¢3.0B1,0 B0 B3.0B
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[x3,11,2%3.3¢1,0€2,0¢3,0B1,0 B0 B3.0BJo¥3,132,2%1 3¢1.0¢2,0¢3.0B1.0 B0 B3.0Bo

lo
[x3.1%2 262 3¢1,0€2,0¢3.0P1,0 B2,0 B3.0Bo[x3,1%2.2x3 3¢1,0¢2,0¢3.0B1,0 B2.0 B3,08]o
Jo

3, 103,221,3¢1,0¢2,003,0B1,0 B2.0 B3, 0Blo[x3,143202,3¢1,002,0¢3,0B1.0 B2.o B3.0Blo
[x3,163,2%3 3¢1,0¢2,0¢3,0B1,0 B2,0 B3,0Blo]L
Graphically the working space is described by the following picture, where for

membranes labelled by 1, 2 and 3 we draw only two representatives:

[aea] [ 7] ] [131,0 ][ Bio ] [ﬁz.o ][ B2o ] [ Bs.o J[ Bs.o ]

J K 1 1 2 2 3 3

e W e W e W W &
Bio B0 Bso Bro B2o Bso Bio Bro Bso Bio Bro Bso Bio Bro Bso
€1,0€2,0€3,0 €1,0€2,0€3,0 €1,0€2,0€3,0 €1,0€2,0€3,0 €1,0€2,0€3,0

& X11X12X13 & X11%12023 G X11X12%33 5 X11%22X13 5 X11%22%23

((——— — \ ( — — ) N N —_—
BioBroBso Bio Boo Bo | [ BroBro Bro B1o B0 B30 Bio B0 B30
€1,0¢20€3,0 €1,0€20€3.,0 €1,0€20€3,0 €1,0€20€3.0 Ci0cr 0030

5 X1,1X%20%33 G X1,1X%32%13 & X1,1X%32%23 5 X1,1X32%33 5 X21X12%13

——————\ N \ e Y
Bio B0 B3 ﬂmﬁzoﬁ%o B1.0 B0 B30 Bio B0 B30 Bio B0 B30
€1,0€2,0€3.,0 €1,0€2,0€3.,0 €1,0€2,0€3.,0 €1,0€20€3.0 ci, 062 0020

| xaxipns L xaxionss ) | xaxoxis ) xavens | xaxoxs

e AW E—————n\ N
Bi.o B2o B30 Bi.o B2o B3o 31 0 Bro Bso Bio B2o B30 ﬁ1 0BroBso
€1,0€2,0¢3.,0 €1,0€2,0€3,0 €1,0€20€3,0 €1,0€20€3,0 €1,0€20¢3,0

| xaxapxis )| xaxapxs )| xaxens ) xsaxions ) xsaxioxns

\ e Y/ —\ ~

/31 0 Boo Bao Bi.o B2 Bso Bi.o B2o B30 Bl 0B20 B0 | [ BroBro
€1,0¢20€3,0 €1,0€20€3.,0 €1,0€20€3,0 ci,0C) 003 0 oy 0cs 0

& X31%12%33 & X31%20X13 & x3a%20%3 ) | X¥31%00%33 5 X31%32X13

e ——— —
BioBoBso || BroBaoBso _
€1,0€2,0€3,0 €1,0€2,0€3,0 o

| xaxsp03 & X3,1%32%33

L | J

In what follows we replace x;; by Z.,;,‘wg(a"), such that in each membrane we
obtain a number of objects w; equal to the weight of the objects contained in the
bin j. The objects z;; are used to remember which objects are contained in each
membrane 0.

8. [[a]m[[cxer] 0]k o
[[B1]1[B2]a[Bs 1]3%1,1x1 2%1 3¢1.0¢2,0¢3.0B1,1 Bt B3.1Blo
[[B11]1[B21]2[Bs,1]5%1,131 232 3¢1 0¢2,0¢3.0B1,1 Bt B3,1Bo
[[Bial1[B2.1]2[Bs.1]3x1.1%1 223 3¢1.0¢2.0¢3.0B1.1 B2.1 B3.1Blo
[[Bial1[B2.1]2Bs.1]3x1.1%2.2x1 3¢1.0¢2.0¢3.0B1.1 B2.1 B3,1Blo
[[Bi1]1[B2.1]2[Bs.1]3%1.1x2. 262 3¢1.0¢2.0¢3.0B1.1 B2.1 B3.1Blo
[[Bial1[B2.1]2[Bs.1]3x1.1%2. 223 3¢1.0¢2.0¢3.0B1.1 B2.1 B3.1Blo
[[Bi1]11B21]2[B3.1]3x .1x3,2x17301,002,063,0@ﬁ_.@ﬁ]o
[[Bia]1[B21)2[B3,1]3x1,103 220 3¢1,0¢2,0¢3,0B1,1 Ba.t B3,1Blo
[[Bi1]1[B2,1]2[B3,1]3x1,1x32x3 3¢1,0¢2,0¢3,0B1,1 B2.1 B3,1B]o
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Bi.1]1[B21
Al1[B21
11[321
Al1[B21
1lﬁ2]
Li1[B21

"’\

Bs.1]3%2.1%1 2X1 3¢1.0¢2,0¢3.0B1.1
Bs.1]3%2.1x1 2X¥2.3¢1,0€2,0¢3.0B1.1
B3.1]3%2,1X1 23 3¢1,0€2,0¢3.0B1.1 13

0
0
0
0
0
0
0
0

18]
18]
18]
18]
]
]
18]
]
Jo
]
]
]
]
]
]
]
]
]

‘ u

B
B3.1]3%2,1%2,2X1 3¢1,0€2,0¢3.0B1.1 ﬁ_
Bs,1]3%2,1%2,2%2.3¢1,0€2,0¢3.0B1,1 Bot 13
B3.1]3%2,1%2,23 3¢1,0€2,0¢3.0B1.1 ﬁz 1 B3
1)1 1B21]2[Bs 1]3%2,1%3 21 3¢1,0¢2.0¢3,0B1,1 Ba.1 B3

Bial1[Ba1)2[Bs.1]3%2,1%3 2x2 3¢1.0¢2,0¢3.0B1.1 Bt 13

11[B2.1]2(B5.1]
11[B21]2(B3 1]
11(B2.1]2(B5.1]
11[B21]2(B3.1]
N1[B21]2(B3 1]
11[B21]2(B3.1]
l1[B21]2(B3 1]
11[B2.1]2(B5.1]
111B21]2[Bs 1133213 2%3 3¢1.0¢2.0¢3.0B1,1 Bt B3t
J1(B2.1]2(B5.1]
l1[B21]2(B3 1]
11[B2,112(B3.1]
11[B2.1]2[B3.1]
l1[B21]2(B3 1]
11(B2.1]2(B5.1]
l1[B21]2(B3 1]
J1[B2,1]2(B3.1]
11[B2,12]

!“\"‘\‘“\“\

1
1,
1,
1,

Bial1[Ba1)2[Bs.1]3%3.1%1 2%1 3¢1.0¢2,0¢3.0B1.1 Bt B3t

1)1 1B2a]2(Bs 11333, 1x1 23%2,3¢1,0¢2.0¢3,0B1,1 Bt B3t
Bs,1]3%3,1x1 23 3¢1,0¢2,0¢3.0B1,1 Bot Ba.n
B3.1]3%3,1%2.2%1 3¢1,0¢2,0¢3.0B1.1 Bt B3 B
Bs.1]3%3,1%2,2%2.3¢1,0¢2,0¢3.0B1.1 Bt B3.1 B
B3.1]3%3,1%2,2%3 3¢1,0¢2,0¢3.0B1.1 B2.1 B3.1 B

0
0
0
0
0
0
B3,1]3x3,1%32X1 3¢1,0¢2,0¢3,0B1,1 B2,1 B3.1Bo
L1 B2 (B3 1333163 230 3¢1.0¢2.0¢3.0B1,1 Bat B3 Blo

[B2.1]2[B3.1]3x3, 1%3.2X3.31,0€20€3 0B11 B BsaBlolr
v [oes]s [k [Bra )3 (B )3 [Bs 13

W1Z1,1X12%1.3¢1,0¢2,0¢3.0B1.1 B2t B3.1 B

‘mummmmmmmmmm

Ba.1

1,1
1,1

Ba.1
Al1B2
111[321

[
B
[
B
B
B
B
[
B
[
B
B,

1B,

B

B
[Bi1l1[B2.1
1B,

%ﬁ

W1Z1,1X12%2,3¢1,0¢2,0¢3,0B1.1 B2,1 B3.1 B
W1Z1,1%2,2%1,3€1,0€2,0¢3.0B1.1 B2.1 B3.1 B

(=)

W1Z21,1X1,2%3 3¢1,0¢2,0¢3,0B1,1 B2,1 B3.18

0
W121,1%2,2X2,3¢1,0€2,0¢3,0B1,1 B2,1 3.1
W121,163,2%1,3¢1,0€2,0¢3,0P1,1 B2,1 P31

W121,1X32%3 3¢1,0€2,0¢3,0B1,1 B2.1 B3,1 B

W1Z1,1%2,2%33¢1,0¢2,0¢3,0B1.1 B2,1 B3.1B]o

W121,1%3,2%2,3¢1,0€2,0¢3,0B1,1 B2,1 B3,1Blo

Bu1 B Bs,1Blolwazz,1x1.2x1,3¢1,062,0¢3,0B1,1 B2.1 3,1 Bo
W222,1X1,2%2,3¢1,0€2,0¢3,0P1,1 B2,1 B3,1Blo[w2z2,1x12x33¢1,0¢2,0¢3,0B1,1 2,1 B3,1Bo

Jol ]
Jol ]
Jol ]
Jol ]
Jol ]
Jol ]
W222,1%2,2X1,3¢1,0€2,0¢3,0B1,1 B2,1 B3,1BJo[Waz2,1022%2,3¢1,0¢2,0¢3,0B1,1 B2,1 B3,1Blo
Jol ]
Jol ]
Jol ]
Jol ]
Jol ]
Jol ]

W222,1%2,0%33¢1,0¢2,0¢3,0B1,1 Bt B3,1Blo[w222,1%3 231 3¢1,0¢2,0¢3.0B1,1 B2t B31Bo

W222,1X32%3 3¢1,0¢2,0¢3,081.1 B2.1 B3.1B]o

W222,1%3,2%2,3¢1,0€2,0¢3,0P1,1 B2,1 P31
W323,1X12%1,3¢1,0¢2,0¢3,0B1.1 B2,1 B3.1 B

W3231X1,2%2,3¢1,0¢2,0¢3,0B1.1 B2,1 B3.1Blo

W323,1%2,2%1,3¢1,0¢2,0¢3,0B1,1 B2,1 B3,1 8o

W323,1X1,2%3,3¢1,0€2,0¢3,0P1,1 B2,1 P31
W323.1X22X23€1,0€2,0¢3.0P1,1 B2.1 B3.18

W323,1%2,2%3,3¢1,0€2,0¢3,0P1,1 B2.1 B3,1Bo
W323,163,2%1,3¢1,0€2,0¢3,0P1,1 B2,1 B3,1Blo[wszs1x32x2,3¢1 02,003,011 B2,1 B3,1Bo
w323,1%3.2%3 3¢1,0¢2,0¢3.0B1.1 B2.1 B3.18]olL

By applying in a similar way the set of rules (ii) for 2 < i < 3, after 4 steps we
obtain the configuration.

[ ] [ocera] [k (B 317 [B23]3 [B35]3

[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[[B1
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[

13.

wiz 1 121,221,3¢1,0¢2,0¢3,0B1,3 B2.3 B3,3Bo

[
WS
[wiw
[
[
[

211 121,222,3¢1,0¢2,0¢3.0B81,3 B2.3 B3.3B]o
3

]

wiw3zi 121 223.5¢1.0¢2.0¢3.0B1.3 B2.3 B33Blo
]
]

1
4
1
4.,
1
W?Wzm 122,221,3¢1,0¢2,0¢3,081,3 B2.3 B3.3Blo

WIW3Z1,122222,3¢€1,0¢2,0¢3,0B1.3 B2.3 B3,3Bo
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waw3z11222233¢1.0¢2.0¢3.0B1.3 B3 B3.3Bo

1
3w3z1 123,221,3¢1,0€2,0¢3,0B1.3 B2.3 B3 3Bo

w
w
W|W3W2Z1 143,222,3€1,0€2,0€3 Oﬁl 3 132 3 B3 3[3]

W1W3Z1 123,223,3¢1,0€2,0¢3,081,3 B2.3 B3 3Bo

szlzz 121,221,3¢1,0¢2,0¢3,0B1.3 B2.3 B3.3B]o

wzwlzz 121222,3¢1,0€2,0¢3,0B1.3 B2.3 B3.3Blo

W2W1W3ZZ 121,223,3¢1,0¢2,0¢3,0B1,3 B2.3 B3.3Blo
W322,122,221,3¢1,0¢2,0¢3,0B1.3 B2.3 B3.3Bo

s

>
wg’zz 122,222,3€1,0¢2,0¢3,0B1.3 B2,3 B3,3Bo
4
wy

WawIw322123221,3¢1,0¢2,0¢3.0B1.3 B2.3 B3.3Bo

[
[
[
[
[
[
[
(w3
[
[
[
[W2W3wlzz 123,222,3¢1,0¢2,0¢3,0B1,3 B2.3 B3.3B]o
[
[
[
[
[
[
[
[
[
[

W3Z2 122,223,3€1,0€2,0C3 OBI 3 .32 3 ﬁ3 3B]

W2W3Z2 143,223,3€1,0€2,0C3 OBI 3 ﬁZ 3 ﬁ3 3[3]

W3W123 121,221,3¢1,0¢2,0¢3,0B1.3 B2,3 B3,3Bo

sz W2Z3 121,222,3¢1,0¢2,0¢3.0B1,3 B2.3 B3 3Blo

w3w1z3 121223,3¢1,0¢2,0¢3.0P1.3 B2.3 B3.3Blo
W3W3W123 122,221,3¢1,0¢2,0¢3,0B1,3 B2.3 B3 3Blo
W3W323,122,2223¢1,0¢2,0¢3.0B1.3 Ba3 B3 3Blo
WIW323,122,223,3¢1,0¢2,0¢3.0B1.3 B2.3 B3.3BJo
w‘;‘wm 123221,3¢1,0¢2,0¢3.0P1 3 B2.3 B3.3B]o
W3w223 123.222.3¢1,0¢2.0¢3.0B1.3 B2.3 B3.3Bo

W3Z3 123,223,3€1,0€2,0¢3,0B1.3 [32 3 B33BlolL

By applying in a similar way the set of rules (iii) for 1 <i < 3, after 6 steps we
obtain the next configuration, in which the second index of ¢;,, objects equals
the number of w; objects.

[ m[ocers]s[@]k[Bra]T B35 B

19. 3

<1,1%21,221,3€1,6€2,0C3 Oﬁl 3 [}23 ﬁ3 3ﬁ
<1,121,223,3€1,4€2,0C3 2[31 3 [}23 ﬁ3 3ﬁ

21,121 2223¢14¢22¢3.0B13 B23 B3 3Blo
21,1222215¢13¢23¢3.0B13 B23 B3 3Blo
211222233¢11¢23¢32B1.3 P23 B33Blo

21,122,222,3¢1,1¢2,5¢3,0P813 P23 B33B

21,123,221,3¢1,3¢2,0¢3 313 P23 B3 38

[ ]

[ Jol ]
[ Jol ]
[ Jol ]
[ B3 B3 3Blolz1123.222,3¢1,1¢22¢33B1.3 B2.3 B3,3Blo
[21.123.223.3¢1,1¢2.0¢3.5B1 3 B3 B33Blolz21212213¢1,5¢2,1¢30B1.3 P23 B3,3Blo
[22.121.222.3¢13¢2.3¢3.0B1 3 B3 B33Blolz2,1212233¢13¢2,1¢32B1.3 B23 B3 3Blo
[22.1220213¢1 2¢24¢3.0B1 3 B23 B3.3Blolz2,122.222.3¢10¢2,6¢3.0B1.3 P23 B33Blo
22122023 3¢1002.4¢3.2B1 3 B23 B33Blolz2,123221,3¢1 202,133 3 Ba.3 B33Blo
[22.1232223¢1.0¢23¢33B1 3 B3 B33Blolz2,123.223,3¢1,0¢2,1¢3,5B1.3 B2.3 B3,3Blo
[23.1212215¢1 5¢2.0¢3.1B1 3 B3 B33Blolz3121222,3¢1 32203113 P23 B3,3Blo
[23.1212233¢13¢2.0¢33B1 3 B3 B33Blolz3122,0213¢12¢2,3¢3,1 1.3 Ba3 B3 3Blo
[23.122022,5¢10¢2.5¢3.1B1 3 B3 B3.3Blo] ]
[23,123221,3€1,2€2,0C3 4[31 3 B23 B33Blolzs1z3.2223¢1002,2¢34B1.3 P23 B3 3Blo
[ Jo]

3.3Blo]L

23,122,223,3¢1,0¢2,3¢3 31,3 B2.3 B33Blo

'@

23.123.223.3¢1,0€2.0¢3.6B13 B3
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29.

Graphically the working space is described by the following picture:

4 N\
[06618][ a ][ﬁlﬁ]"'[ﬁl%][ﬁ23]"‘[32,3][ﬁl}]'“[ﬁ?j]
J K 1 1 3
e p—— g

Bi3 B3 B3 Bi3 B2 B33 ﬁ1,3 B [33,3 ﬁ1 3 B3 Bas [31 3B B
€1,6€20€3,0 i 422630 €1.4€20¢33 €3023¢36 R Rt
21,121,221 3 Z]JZI,ZZZS ZI.IZ],ZZ3,3 21,122, 2Z1,3 21 IZZ 2Z2,3

o—— 4\ 4\ 4\ 7 0" %
e Y a————— Y e — Y e N e ———

Bis B3 Bas Bi3 B2 B33 Bi3 B2 B33 Bi3 B3 B33 Bi3 B3 B3

ERVER TN racroca s ey R Crseidsg
| 2222333 ) | ziazpzisy )| ziazmpezs ) zazmezss )| 2azipas
e ——— — —\ e

Bis B3 B33 Bi3 B2 B33 Bi3 B3 B Bis B2 B33 Bi3 Bas B3

C13€23C30 ci3C21€33 €12€24C30 €1,0€2,6¢3,0 Ci 062 463 2
| zazipzes )| maziazms )| 2ampns )| zazpns | 2i22233
—\ N N e Y e —

BisBosBis | [ BisBosBia | [ BisBosBis | [ BrsBos Bos Bi3 B2 B3
ciaca1c33 023633 €1,0021¢3,3 €1,5€20¢3,1 C13022¢3,1
22,123,221 3 22,123,223 22,123,273 3 23,121,221,3 23,121,222,3

()\ J G J (}L J (JL J ()L J
N N ———\ N 3
Bl?ﬁZ?ﬁ%:ﬁ B13ﬁ23ﬂ'§3 ﬁl?ﬁZ}ﬁ?% ﬁ]%ﬁ23ﬁ33 ﬁ|3ﬂ23ﬁ3'§
C1320¢33 Ci2023¢3,1 €1,0€25¢3.1 €1,0023¢33 C12020C34
(} 23,121,213 3 ) G Z%,lZz,zle J L 13, 1Z2,2223 ) G 73,122, ZZ"ﬁs ) L Z% 133,221,3 )
(— — — \ (— —\
Bi3 B2 B Bi3 B3 Bss _
C1,0€2,3C3 4 €1,0€2,0€3,6 a
| zaz32225 )| maz:oz33
|\ J

The next steps are used to create a yes object inside membrane K. We present
only the final configuration:

(B34 [B1?[B1313 [B2313" B335

(21,121,221 3¢1,6¢2,0¢3.0B1.3 B3 B3 alols[[z1.121 22251 4¢22¢3.0B1 3 Bo3 Baslols

21121223 3¢14¢2,0632B1 3 B3 B3 alolsllz1122022 361 1€2,5¢30B1 3 Ba3 B3 3lols

21122223.3¢1.1€2,3¢32B1.3 2.3 B3 3Blolz1.123 2213¢13¢20033B15 Bas B3 3Blo
21,123222,3¢1,1€22¢33P1 3 B3 BasBlol[z1123.223,3¢1,1¢2,0¢3,5B1.3 Ba3 B3slols

(20,121 2213¢1,5¢2,1¢3,0B1.3 B23 B33lols[z2,121 222 3¢1 3¢2.3¢3.0B1 3 Bo3 B3 3Blo

[
[
[
[
|
(22121223 3¢13¢2,1¢32B13 B3 B3 3Blollz2,122.221 3¢12¢2.4¢3.0B13 B3 B3 3lols
[
[
[
[
[
[
[

[22122222,3¢1,0¢2,6¢3,0B13 B3 B3 3l0)s([22.122.223 3¢10¢2.4¢3 21 3 B2.3 B3.3)0)s

lo

22,123221,3¢1,2¢2,1¢33P1.3 B2.3 B3 3Bol22.123.222.3¢1,0¢2,3¢33B1.3 B2.3 B3 3Blo

[[z3,121,221,3¢1,5¢2,0¢3,1B1.3 B2.3 B3.3)ols
lo

[22,1232233¢1,0¢2,1¢3,5B1,3 B23 B3.3)o

IV
23,121,222,3¢13¢2,263,1B1.3 Bo3 B33Blolz3121223,3¢1,3¢2,0¢33B1.3 P23 B3 3B

33,122,221,3€1,2€2.3C3, 1B1 3 BZ ?ﬁ] [[23 122,222,3€1,0€2,5€C3, 1B1 3 [323 ﬁ3 3] ]J

23,122,223,3C1,0€2,3C3, 3% Bz_ Bs.3Blol[z3.123.221 3¢1.2¢2,0¢3.4P1.3 Br.3 B3 alols

[z31232223¢1,0022¢34B13 B23 B3 3l0]s([23.123 223 3¢1.0¢2.0¢3,6B1.3 B2.3 B3 3)0]s

[ves[z1,122,2213¢1,3¢2,3¢3,0B1.3 B3 B3 3JoBlk]L

Exercise 2.7. Solve the Bin Packing problem using other classes of mobile mem-
branes.
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2.5.4 Subset Sum Problem

The problem can be enounced as follows: given a finite set, A, a weight function,
g A — N, and a constant s, determine whether or not there exists a non-empty
subset B of A such that g(B) =
Consider A = {ay,...,a,}, and a system of mutual mobile membranes having
the initial configuration
[[e]n[ex eo)s[@]x[d" " do]i[ar co Bolo)2
and working over the alphabet
V = {no,yes,d,dy,b,ot, 0,0, B,BYU{B;,Bi | 0<i<n}
Uai,xi,yi |1 <i<n}U{y|l1<i<n-1}
U{ei |0<i<dn+2s+1}U{c;|0<i<g(A)}
In addition to mutual endocytosis and mutual exocytosis rules, elementary division
rules are used to generate all the possible subsets. The system of mutual mobile
membranes solving the Subset problem uses the rules:

()] [at]O - [xlal+l]0[ai+l]0s for 1 <i<n—1(div)

[an)o = [xuBlo[Blo (div)
[d]y — [Li[]1 (div)
[do]1 — [B]1[B]1 (div)
The first two rules generate 2" membranes labelled by 0 containing all the possi-
ble subsets over variables {xi,...,x,}. In each membrane labelled by 0 is placed
also a symbol 3 . The next two rules generate 2" membranes labelled by 1 each
containing an object B. The symbols B and f are used in mobility, where the
membranes containing the object 3 are the ones that move.

(i) [Blo[Bl: — [1B1JoBi]1 (mendo)
BlolBs — [[Bet]oBi 1|1, for 1 < <1 (mendo)
[[xiBiloBili — [ys 5 BJo[Bi]1. for 1 < i < n (mexo)
[[BiloBil1 — [Bilo[Bi]1. for 1 <i < n (mexo)
These rules are used to replace x; by y; b8 ("i),_for 1 <i < n. If x; is not present
in a membrane 0, then the indexes of B and B are incremented. After applying
these rules, each membrane 0 contains a number of objects b equal to the weight
of the contained subset of A, and also objects y; used to remember which objects
are contained in this membrane.

@iii) [b Bulo[Bult — [[BuloBa]1 (mendo)
[[ci BaloBu]1 — [civ1 Balo[Bul1, for 0 < i (mexo)
These rules are used to calculate the weights of the subsets B of A, by using the
objects cp that appear in all 0 membranes. For each b present in a membrane 0,
the subscript of ¢, present in the same membrane, is incremented.

@iv) [OZ ei}‘][a]]( — H(X ei+1]/a]1<, for 0 <i < 3n+2s—1 (mendo)
HOC e,‘]]a][( — [Ot e,~+1}1[&]g, for 0 <i < 3n+2s—1 (mexo)
[ ei]lsa]x — [o eiv1]s[c eivi]k, fori =3n+2s— 1 (mexo)
These rules are used in parallel to calculate the number of steps performed. The
counting stops after 3n + 2s steps, a number determined by: generating space (n
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steps), replacing x; by corresponding weight (2n steps) and calculating weights
(2s steps).
(V) ([0 e3n425]7 0k — [0 €3p425]7[0t€3,125]k (MeEXO)
[0 e3nia5]r — [n]snls (div)
(%7 = [Yirals[¥ia]s, for 1 <i <n—2 (div)
[Ya—1]s — [Bolu[Bols (div)
[¢iBolo[Bols — [[Jo]s» for 0 < i, i # s (mendo)
An extra step, needed to prepare the membrane J for division, is performed if
needed. If membrane J contains an object 3,425, and is placed near membrane K,
then 2" membranes are generated (n steps) in order to check which membranes
contain the object c¢;. All membranes O that do not respect the condition are
blocked inside a J membrane. In this way by choosing any membrane that it
is not placed inside a J/ membrane, we obtain a solution to the problem.
vi) [a eilg[@)m — [[o eir1]x &) for 3n+2s < i < 4n+ 25 (mendo)
[[o ei]k 0y — [0 eiy1]k [0 pm, for 3n+4-2s < i < 4n+ 25 (mexo)
[[o ei]k 0y — [BoBolx[01]m, for i = 4n+2s or i = 4n+ 25+ 1 (mexo)
[Bo]x[Bolo_— [ves] Jo]x (mendo)
[ea]m — [Bola[Bolm (div)
[Bol [Bolm — [[no]k]m (mendo)
The above rules are used in parallel to calculate the number of steps performed.
The number 4n 4 25 4 1 is determined by: generating space (n steps), replac-
ing x; by corresponding weight (2n steps),calculating weights (2s steps), gener-
ating the J membranes (n — 1 steps), preparing division of J (1 step), blocking
all membranes 0 that do not satisfy conditions (1 step). If there still exists a
membrane 0 that is not inside a membrane J, then the object yes is created in-
side membrane K. Otherwise, after one more step, the no object is created inside
membrane K. The computation stops after 4n + 2s + 3 steps, with the answer
placed inside membrane K.

The number of membranes in the initial configuration is 6, and the number of objects
is n+ 7. The size of the working alphabet is 10n + 4s + 12. The number of rules in
the above system is: n+ 2 rules of type (i), 3n rules of type (ii), 2(s +n — 1) rules
of type (iii), 3n+ 2s rules of type (iv), n+ 2 rules of type (v) and 2n+ 5 rules of
type (vi). Hence, the size of the constructed system is & (n).

Example 2.5. Consider the Subset problem with A = {a;,az,a3}, s =2, g(a1) =1,
g(az) =2 and g(az) = 1. In this case, n = 3, s = 2, and the initial configuration of
the system of mutual mobile membranes
[[o]nx eols[@]k [d*do]i a1 co Boo]
Graphically this is illustrated as:

[PEEEE=]

The evolution of the system is described by the following steps. The working space
is generated in n = 3 steps leading from the initial configuration 1 to configuration 4:




108 2 Mobility in Membrane Computing

L [[a]m] ok 0

2. [[@m[ex er] @k [d do]T[x1 a2 co Bololaz co Bolol2

3. [[@]m[or e2]s [k [do] 7 [x1 x2 a3 co Bololx1 a3 co Bolofx2 a3 co Bololas co Bolo]

4. [[0ml[ox es] ]k [B]} [x1 x2 x3 co BBolofx1 x2 co BBololx1 x3 co BPololx1 co BBolo

[x2 x3 co BBololx2 co BBololxs co BBololco BBolo2

Graphically the working space is described by the following picture:

( )

Bl
Bea)i e

In the next steps we replace x; by y; and b%(%). We use y; to mark the fact that
in the membrane O containing it there is a subset containing a;. The multiset of
objects b¢(@) is used to denote the weight of object a;. o

5. [[o]a[o ea] s [0 [[x1 X2 x3 co B BoloBu]1[[x1 x2 co Bi BoloBi]1[[x1 x3 co Bi BoloBii

[&]am[x1 co Bi]oPi]i[[x2 x3 co Bi BoloBili[[x2 co Bi BoloBils

[x3 co B1 BoloBi HCO Bi BoloBi]1)2

6. [[a]m[[ot es], 0k [B1]}[b y1 x2 x3 co i Polo[b y1 x2 co i Polo[b y1 X3 co Bi Polo

b y1 co B Bolo[x2 x3 co Br Bolo[x2 co Bi Bolo[x3 co Bio[co Bi Bolo]2

[a]m(ox el [@]k[[by1 %2 x3 co Bz BoloB2]1[[b y1 X2 co B2 PoloB2]i

F) y1 %3 co B2 BoloB2l1[[b y1 co Bz BoloB]1[[x2 x3 co B2 BoloBeli

[

)

E
L

2\

7.

x2 o B2 BoloB2)i [[x3 co B2 BoloBl1llco B2 ﬂo]oﬁz] P

Imllece7] ok [ﬁz} (6% y1 y2 %3 o B2 Bololb® y1 2 co B2 Bolo[b y1 x3 co B2 Bolo
b y1 co B2 Bolo[b* y2 x3 co B2 Bolo[b? y2 co Bz Bololx3 co B2 Bololco B2 Bolol2
[@]u[cx es] s [ [[b y1 x2 x3 co B3 BoloBs]i [[b y1 X2 co B3 PoloBsi
[b y1 x3 co B3 BoloB3]1[[b y1 co B3 BoloB3]1[[x2 x3 co B3 BoloBs)i
[x2 co B3 BoloBsi HX3 co B3 BoloB3]1[[co B3 BoloBs]1)2
10. [[a]m [ el o]k [53] [b* y1y2 y3 co B3 Bolo[b® y1 y2 co B3 Bolo[b* y1y3 co B3 Bolo

b y1 co B3 Bolo[b? y2 y3 co B3 Bolo[b? y2 co B3 Bololb y3 co B3 Bololco B3 Bolo)
Graphically the working space is described by the following picture:

[
[
[
[
[
[
[
8. [
[
9.1
[
[
[
[

Vs

[Co B3 ﬁo] [b co Ps ﬁo] Eﬂzmy [2‘53 ﬂo] bCoyEa ﬁo]

0 0 0 0

U] ) o) it

T EHOEEE
2\ J
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In what follows we calculate the weight of each membrane 0 by using the ob-
ject co, until we reach c; since s = 2. . .
11. [[@]m]e erols [@k [B3]1[[6% v1 y2 ¥3 co B3 BoloBs]i[[B* y1 v2 co B3 BoloBsli
[[by1 3 co B3 BoJoBsli[[y1 co Bs BoloBsli[[b* y2 y3 co Bs BoloBs)i
[[by2 co B3 BoloBs]1[[y Y3 Co B3 BoloBs]1[co Bslo ]
12. [[a]p[[e 611]106] [Bs]3[b° y1 2 y3 c1 B3 Bolo[b? y1 2 ¢1 B3 Bolo[b y1 y3 c1 B3 Bolo
[y c1 B3 Bolo[b? y2.y3 c1 B3 Bololb y2 c1 B3 Bolo[ys 1 B3 Bololco B3 Bolol
13. [[@m o era] s [a]& [Bs 13 [[B% y1 v2 ¥3 co Bs BoloBs]i[[b Y1 y2 o Bs BoloBs]
(V1 33 o B BoloBs)1 1 o B Bolol[b y2 y3 co B3 BoloBs)i
[[y2 co B3 BoloBs]1[ys < ﬁs Bololco B3 Bolo]2
14. [[@]a[[er e13] @]k [B3]F 6% y1 y2 y3 2 Bs Bolo[b y1 y2 2 Bs Bololyi y3 c2 B3 oo
V1 c1 B3 Bolo[b y2 y3 2 B3 Boloy2 2 B3 Bololys ¢1 B3 Bololco B3 Polol2
Graphically the working space is described by the following picture:

(& - |
[Co Bs ﬁo] [61 Bs ﬁo] [C [y3; ﬁo] [Cl [;z [30]
=) () [
0 [0) [0)

2\

Now we divide membrane J, after performing an extra step that moves mem-
brane J out of membrane K, in order to check if the index of ¢; from the 0 mem-
branes equals s. In parallel, if there still exist membranes O containing b objects,
then the subscript of ¢; is increased. o o

15. [[o]uex ersls[a ens] [Bs ([0 vi 2 v3 €2 Bs BoloBsli[[v1 y2 e2 B3 BoloBsli
[v1y3 c2 Bs Bololy1 ¢1 B3 Bolol[y2 ¥3 2 Bs BoloB3]1[y2 2 B3 Bololys ¢1 B3 Bolo
[co B3 Bolol2

16. [[a)m[@[ar eralk]m [71)7[Bs]3 [ y1 y2 ¥3 €3 Bs Bololy1 y2 ¢3 B3 Bolo[y1 ¥3 2 B3 Polo
1 c1 Bs ﬁo] V2y3¢3 ﬁ3 Bolo[y2 2 B3 Bololys 1 B3 Bololco B3 Bolol2

17. [[@lu[p]jlo ers]k [Bs)] 1 y2 ¥3 3 Bs BoloBsli[y1 ¥2 ¢3 B3 Bololy1 3 €2 B3 Bolo
[v1 c1 B3 Bolo[y2 y3 €3 B3 Bolo[y2 2 B3 Bolo[y3 c1 B3 Bolo[co B3 Bolo]2

18. [[@[or er6]k]m[Bol§[Bs]S 1 v2 ¥3 ca B3 Bololvi ¥2 ¢3 B3 Bolo[y1 ¥3 c2 B3 Bolo
1 1 B3 Pololy2 y3 €3 B3 Pololy2 c2 B3 Polo[y3 c1 B3 Pololco B3 Polo]2

19. [[eu]m[BoBol ik [Bol 3 [Bs 13 [[y1 y2 3 BsJols[[y1 y2 BalolsIyi y3 c2 B3 Bolo
[[v1 BsJols[[y2 ¥3 Bslols[y2 2 B3 Bolol[y3 Bslols[[B3lo]s]2

The next steps are used to generate a yes object inside membrane K. We present
only the final configuration obtained after 4n+2s+3 = 12+4 43 = 19 steps:

20. [[B1]34[Bo yes[y1 y3 c2 B3lolx [Bol3 [Bs )3 [[y1 y2 v3 B3lols([y1 y2 B3lols
(1 Bslols[[y2 y3 Bslols[y2 c2 B3 Bolol[ys Bslols[[Bslols]2
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Exercise 2.8. Solve the Subset Sum problem using other classes of mobile mem-
branes.

2.5.5 Knapsack Problem (0/1)

The decision Knapsack problem can be stated as follows: Given a knapsack of ca-
pacity k € N, a set A of n elements, a weight function g : A — N, a value function
r:A — N, and a constant / € N, decide whether or not there exists a subset of A
such that its weight does not exceed k and its value is greater than or equal than /.
Consider A = {ay,...,a,}, and a system of mutual mobile membranes having
the initial configuration
[[Walmlox eo)s [0k [d" o)y [d"~ do]alar bo co Bolo]s
and working over the alphabet _
V = {yes,no,d,dy,b,c,p,o, o, B,B,y, y}
U{aiaxiathiamv GiYi | 1<i< n}U{Bi’ﬁi | 0<i< n}
U{bi,ci |0 <i<n-+max{k,l}}U{e;|0<i<3n+2max{k,l}}
In addition to mutual endocytosis and mutual exocytosis rules, elementary division
rules are used to generate all the possible subsets. The system of mutual mobile
membranes solving the Knapsack problem uses the rules:

(1) [az]O - [xlzlal+1]0[al+l]0’ for 1 <i<n-—1(div)
{an]o = [z BW]o[BVY]o (div)
[
[

d [1j[1;, for 1 < j<2(div)

do]1 — [BLi[B]: (div)

dol2 — [W]2[w]2 (div)

The first two rules generate 2" membranes labelled by O containing all the pos-
sible subsets over variables {xi,...,x,}. When an object x; appears in a mem-

brane 0, there appears also an object z;. The objects x; and z; are used to intro-
duce objects that represent the weight and value, respectively, of each object a;
from a subset of A. In each membrane are placed also two symbols 8 and V. The
next two rules generate 2" membranes labelled by 1 each containing an object 3
and 2" membranes labelled by 2 each containing an object y. The symbols 3, E,
v, and ¥ are used in the mobility of membranes 1 and 2.

(i) [B]1[Blo — [[Bi]1Bi]o (mendo)
(Bili[Bilo — Hﬁz+1]1ﬁz+1]o, for 1 <i<n—1 (mendo)
(1B 1xBilo — [B1ly: b Blo. for 1 < i < n (mexo)
[[Bi]1Bilo — [Bil1[Bilo, for 1 < i < n (mexo)
These rules are used to replace x; by y; b8 (@) for 1 < i< n. If x; is not present
in a membrane 0, then the indexes of B and f are incremented. After applying
these rules, each membrane O contains a number of objects b equal to the weight
of the contained subset of A, and also objects y; used to remember which objects
are contained in this membrane.

(i) [w]2[¥]o — [[w1]2¥i]o (mendo)




2.5 Complexity of Mutual Mobile Membranes 111

(iv)

v)

(vi)

(vii)

(viii)

[Wil2[Wilo — [[is1 ] Wirtlo, for 1 <i < n—1 (mendo)
[[wil2zWilo — [yila[e" )], for 1 < i < n (mexo)

[[wil2Wilo — [wil2[Wi]o, for 1 <i < n (mexo)

In parallel with the rules (i), these rules are used to replace z; by @) for
1 <i < n. If z; is not present in a membrane 0, then the indexes of y and Y are
incremented. After applying these rules, each membrane 0 contains a number of
objects ¢ equal to the value of the contained subset of A.

(Bal1[b BaJo — [[Bn]1Bulo (mendo)

[[Bal1bi Balo — [Bul1[bix1 Buo, for 0 < i (mexo)

These rules are used to calculate the weights of the subsets B of A, by using the
objects by that appear in all 0 membranes. If an object b is present, then the index
of b;, placed in the same membrane as b, is incremented.

[Wnl2[e Walo — [[Wa]2Wn]o (mendo)

[[Wnl2¢i Walo — [Wal2[cit1 Walo, for 0 < i (mexo)

In parallel with the rules (iv), these rules are used to calculate the value of the
subsets B of A, by using the objects co that appear in all 0 membranes. If an
object c is present, then the index of c¢;, placed in the same membrane as c, is
incremented.

[O( el} [ ]K — HOC e[+1]]a][( (mendo)

[ ei]lse)x — [e eiv1]s[]k, for 0 < i < 3n+2max{k,l} — 1 (mexo)

We use these rules in parallel to calculate the number of steps performed. The
counting stops after 3n + 2max{k,l} steps, a number determined by: generating
space (n steps), replacing x; by the corresponding weight (2n steps) and calculat-
ing weights and values (2max{k,[} steps).

[O( €3n-+2max{k, l}] [ }K - [[OC €3n+2max{k, 1}]]05]1( (mendo)

([0 €31 2max{k1}7 Ok — [0 €301 2max(k1})s[@]k (mexo)

[ €3 omariy)s — [Vils[n]s (div)

[%ls = Vierls Y]y, for 1 <i<n—2(div)

(Y117 = [Bals[Bals (div)

[0k — [@1]k[@1]k (div)

(@il — [@is1lk @ik, for 1 <i<n—2(div)

[@n—1]k = [Wnlk [Wnlk (div)

[Bu]s1biBnlo — [[ ]7]o, for k < i (mendo)

[Walk[ciWalo — [[ |k]o, for 0 < i < I (mendo)

One or two extra steps, needed to prepare the membranes J and K for division, are
performed if needed. If membrane J contains two objects o and 3n+ 2max{k,l},
and is placed near membrane K containing an object ¢, then 2" membranes J are
generated to check which membranes respect the weight condition, and 2" mem-
branes K are generated to check which membranes respect the value condition.
All membranes 0 that do not respect the conditions are blocked inside a J or K
membrane. In this way by choosing any membrane that is not placed inside a J
or K membrane, we obtain a solution to the problem.

(Valm[Wn]k — [WaWn|k]s (mendo)

(Vi [k st — [BoBol[Boli (mexo)

[Bolo[Bolsr — [ves[ Jo]m (mendo)
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[Bolx — [Bolx[Bolxk (div)

[Bo]k[Bols — [[no]u]x (mendo)

The computation stops after 2 more steps (maximum 4n+2max{k,l}+ 5 steps
in total). If there still exists a membrane O that is not blocked inside a J or K
membrane, then the yes object is created inside membrane M. Otherwise, after
one more step, the no object is created inside membrane M.

The number of membranes in the initial configuration is 7, and the number of objects
is 2n+9. The size of the working alphabet is 14n + 3max{k,l} + 15. The number
of rules in the above system is: n + 4 rules of type (i), 3n rules of type (ii), 3n rules
of type (iii), k+n — 1 rules of type (iv), I +n — 1 rules of type (v), 3n+ 2max{k,1}
rules of type (vi), 4n+ 2max{k,l} + 2 rules of type (vii) and 5 rules of type (viii).
Hence, the size of the constructed system is max{&'(n), &' (max{k,1})}.

Example 2.6. Consider the Knapsack problem with A = {aj,az,a3}, gla;) = 1,
glar) =2, g(az) =1, k=2, r(a1) =2, r(az) =1, r(a3) = 3 and [ = 3. In this
case, n =3,k =2,1 =3, and the initial configuration of the system is

[[Ws]mlox eols (@] [d>do]1 [d>do]2[ar bo co Polo]s
Graphically this is illustrated as:

() () () e () )

J

3

The evolution of the system is described by the following steps. The working space
is generated in n = 3 steps leading from the initial configuration 1 to configuration 4:

[[W3]m[ex eols[@]k [d>do]1[d>do)2[ar bo co Bolo)s

(Wm0 e1] @k [d doli[d dol3[x1z1a2 bo co Boolaz bo co Bolol3

[W3lmla e2]s [0k [do] T [do]3 [x121x222a3 bo co Polo[x121a3 bo co oo

[x2z2a3 bo co Bololas bo co Bolo]s _ B

4. [[W3]u o es]so]k [B]} W3 [x121%220x323 bo co B WPoJo[x121%222 o co B Wholo
[x121x323 bo co BYBolo[x121 bo co BYBolo[x222x323 bo co BYBolo[x222b0c0 BYPolo
[x3z3 bo co B WPBololbo co B ¥Polols

Graphically the working space is described by the following picture:

[
(OO
) )

2 2 2 2 2

b()BCoW b()BC()IT/ b()BC()W b()BC oY b()BC oy b()EC()W b()BCOW b()BC oy
X1 X X3 X1X2 X1X3 X2X3 X1X2X3
2190 2 2390 212290 21230 2223 12223

2
2
0 0 0 0 0 0

DnnnnanE

;U 1 1 1 1 1 )
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In the next steps we replace x; by y; and b%(%). We use y; to mark the fact that
in the membrane O containing it there is a subset containing a;. The multiset of
objects b8(@) is used to denote the weight of object a;. In parallel we replace z;
by ¢” (@) The multiset of objects ¢” (@) is used to denote the value of object a;.

- [yl eals @k l[Bi]1 [yiloxi210222x323 bo co B Wilo

2x121%222 bo co Bi Wi Polol[Bi]1 [wi]ax121x323 bo co B WiPolo

b c?y1by o Br Wiolo[x222x323 bo co Br WiPolo
x222 bo co Bi WiPololx3z3 bo co [31 W1 Bolo[bo co Br WiBolols

[[B]1[y1]

[[Bi]1 [wi]2x121 o co Bi Wi Polo[[B1]1 [wil2x222x323 b co Bi WiBolo
[Bi]1[w1]2x222 bo co Br Wi Polo[[Bi]1[wi]2x3z3 bo co Bi Wifolo
[[Bili[w1]2bo co B Wﬁo]oh -

N[ WImllec es] @k [Bil} [wil3[b c2yixazaxszs bo co Bi Wiolo
{ y1x222 b co Bi WiPololb ¢2y1x323 bo co Bi WiPolo

[

7. [[W3lmlex esls [ Ik [[B2]1 [Wa)2b c2y1x222x323 bo co ﬁz w2lo
[B2)1[walab c2x2z2 bo co Ba WaPolol[Ba)i [W2lab c*x3z3 by co B2 WaPolo
[Ba]1[wa]2b ¢ bo co Ba WaPolo[[B2)1 [Walaxazaxsz3 by co B2 WaPolo
[Bal1[w2]2x2z2 bo co B2 W2 Polol[B2]1[wa]2x3z3 bo co B2 W2 Polo
[B2]1[w2]2bo co B %ﬁo}ob _

8. [%] [[o e7],0)k [Bo]} vl [b% Ay1y2x323 bo co B2 WaPolo

o

=

b* y1y2 by co Br ll'zﬁo] b c?y1x323 by co B2 W2 Polo
b *y1bo co B2 WaPolo[b*c y2x323 bo co B2 W2Polo

[
[
[
[
[
[
bt
{ b%c y5 by co B> WaPolo[xaz bo <, B> W Bolo[bo co B> W2 olols
[
[
[
[
[
[
[

[W3]mlores)s o ] [1B3]1[w3]2b° 2 y1y2x323 by <o 133 W3Polo

[B3]1 [ws)2b? y1ya b o Bs WsPolo[[B3]1 [Wslab cyix3z3 by co Bs WaPolo

[B3]1[ws]ab cyibo co B3 WaPolo[[Bs]i [walabc yaxazs bo co Bs WaPolo

[B3]1[ws]2b%c y2 bo co B3 W3 Bolol[Bs]1 [wa]2x323 bo co B3 W3 Polo

[B3]1[ws]2bo co B3 ll/350] I3

3 3] (e eo], 0]k [B3]5 [wal8 [b* Oy1y2y3 bo co B3 lllsﬁo] (b3 ¢y1y2 bo co B W3 Bolo
y1y3 bo co B3 W3Bolo[b c2y1bo co Bs WaPolo[b>c* yay3 bo co B3 W3Bolo

b y2 by co B3 WaPololb ¢*y3 bo co Bs W3 Pololbo o B3 W3loPols

Graphically the working space is described by the following picture:

|\

JLe )L

)Ce

s ) s

» ) )

1

1

1

DO
2 2 2 2 2 2 2

[boﬁst()%] [0[3360%] [boﬁgcoll/%] [0,33001//3] [0[3360%] [0[3300%] [0[33;21113] [oy[lf;g%l/]
§ Bo s b By b*cBo § b S b’ By s b’ 532430 ]\ b* 8By
1[ 1[ e e S ]

In what follows we begin to calculate, for 2 x max{k,l} =2*xmax{2,3} =2+3 =
6 steps, the weight and value of each membrane O by using the objects by and cg.
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810] [ Jx[B3]1 [wal2[[B3]1 [ws]2b? Csy1y2y3 bo co B3 W3 Polo

3126 c*y1y2 bo co B3 W3 Polo[[Bs]i [ll/3]2b c*y1y3 bo co B3 W3Polo

3]2¢ Y1bo co Bs WaPolol[Bs]1 [wsl2b>c® y2y3 bo co Bs WaPolo

3)2b y2 bo co ﬁz llfsﬁo} Hﬁ3] [w3]ac?ys by co B3 1/’3/30] [bo co Bs WaBolo]s
ulleen]sa@lx B3l [wsl§[b° cyiyays b c1 BsWaPololb? cy1ya b c1 B3 W3 oo

yiyzbici B3 llfsﬁo] e y1b1 ¢1 B3 W3 Polo[b?c? yay3 b1 c1 B3 W3olo

2 by ¢1 B3 W3 Pololc? e by c1 B3 Wﬁo]o[bo co B3 W3Bolo)s

Walmlo enals[a]k [Bs]3 wal3[[Bs] 1 [wslab? ¢*y1yays b c1 B3 W3Bolo

311 [wal2b ¢ y1ya b1 c1 B3 WaBolo [[133] [ws)2c*y1ys bi c1 B3 W3Bolo

w3l2y1bi 1 B3 W3 Polol[Bs]1 [walab ¢ yays bi 1 B3 WaPolo

3]132 b1 1 B3 W3Bolo [[%]20 y3 b1 c1 B3 W3Bololbo co B3 WaPolols
slmlleeers] g [Bs ]S [wal5 b7 *yiyays by ¢ B3 w3 Bolo[b ¢ y1y2 ba c2 B3 W3 oo

y1y3 ba 2 B3 W3 Polo[yib1 2 Bs W3 Polo[b ¢ y2y3 b2 2 B3 W3 Polo

2 by 1 B3 W3 Pololc 3 by 2 B3 W3 Pololbo co Bs W3Polols

sluloeras (@] (B3I [ws 5 [1Bs]i [wslob y1yays ba 2 B3 WPolo

311 [wsl2 y1y2 b2 €2 Bs WaPolol[wslac?yiys b2 c2 B3 WaPolo[yibi c2 B3 W3 Polo

311 [wsl2c y2y3 b2 2 Bs WaPololy2 b2 ¢1 B3 W3Polo

3123 b1 2 B l//%ﬁo] [bo o B3 leBo] I3

Walmle eisl @k [Bs]§ [wal3 b y1yays bs e Bs WaBololyiya b3 c3 B3 Wafolo

[02y1y3 b 3 B33 Bolo[yibi c2 B3 WaBolole yays b3 3 Bs W3 Boloy2 ba c1 B3 W3 Bolo

[v3 b1 ¢3 B3 W3 olo[bo co B3 W3 Polols

Graphically the working space is described by the following picture:

[ L&) ] V3 [ W3 ] L&) ]
Z[b()ﬁ3coll/3]

2 2
Bo

L £
0 0[1!3362 %}L zﬁacn %} O[blﬁm %] O[bal?;zs %]
Lo JCs S0 S0 e e s )]

3\ ] ] J

EEE
S

S
E|

3IM

=SS IS
'5\<<-:
=

s|

—_ —_
& W

'\<

)
%)

Z
z%%g

—_
=)

Y3

2[ L& ]2[ V3 ]2[ Y3 ]
R e

Bo bcBy
0 0
| 1[

—

Now we divide membranes J and K, after performing an extra step that moves
membrane J out of membrane K, in order to check if the index of b; from the 0
membranes is lower than k, and if the index of ¢; from the 0 membranes is greater
or equal to /. In parallel, if there still exist membranes 0 containing objects b or c,
then the subscript of b; or cl, respectively, is increased. L

17. [[W3]m[ecers)s[@lk [Bs]] (s 13 [Bs)i [wsloc?y1yays bses Bs WaPoloy1y2 b3 ¢3 Bs W3 Bolo

[[ws]2¢ y1y3 b2 3 Bs WaPolo[v1b1 2 Bs WaPolol[ws]2y2ys b3 c3 B3 W3Polo

[v2 b2 c1 133 %ﬁo] [y3 by ¢3 B3 W3 Polo[bo co B3 W3Polo]s

[Walu 13 [e1 )% [Bs1§ w3 [c2y 1233 ba ca B3 W3Bolo[y1y2 b3 c3 B3 WaPolo

18|
[e y1y3 b2 ca B3 WaBololyibi 2 Bs WaBolo[y2ys b3 ca B3 WaBolo
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[v2 b2 c1 133 Wzﬁo] [y3 by 3 B3 W3 Polo[bo co B3 W3 Polols _
19. [[Walu[1]5102)% B [wsl[[walac y1y2ys ba ca B3 W3PBololy1yz b3 c3 Bs W3 Poo
[[w3]2y1y3 ba ca B3 W Pololyibi 2 Bs WsPololy2ys bs ca B3 W3Polo

[v2 b2 ¢ B% l/f3l30] [ys b 3 B3 w3Bololbo co B3 W3 Polol3
20. [[wa]u (B3] [ws] % [Bs]8 [wsl§[c yivays ba cs Bs WsPololyiy2 b3 c3 B3 WaPolo

[y1y3 ba ¢s B3 WaPololyibi c2 B3 WaPololy2ys bs ca Bs W3Polo

[v2 b2 c1 B3 W3Bololys b1 ¢3 Bs W3 Bolo[bo co B3 W3Polo]s

The next steps are used to generate a yes object in membrane M. We present only
the final configuration obtained after 4n+2max{k,l} +5=4%3+2%34+5=23
steps

4. (IBs)3wal i [Bolz [Bs I3 [wsI3[le y1v2ys s WBololu[[viv2 e W3Polols

Deslyiys b2 s Bs WaloBolu [[y161 B3 Bololk [[y2ys ca W3 olols

[[y2 b2 BsBololx [ys br c3 Bs W3 Polo[[bo B3Bolo]x 3

Exercise 2.9. Solve the Knapsack problem using other classes of mobile mem-
branes.

2.5.6 2-Partition Problem

The problem can be enounced as follows: given a finite set A, a weight function
g : A — N, decide whether or not there exists a partition of A into two subsets such
that they have the same weight.
Consider A = {ay,...,a,}, and a system of mutual mobile membranes having
the initial configuration
([ [ex eo) s [0k [@" " do)1[d" ' doa[ar bo co Bolo]s
and working over the alphabet
V = {yes,no,b,c,d,dy, o, 0,0, B,B, v, ¥}
U{ai, xi, i,z ti, Wi, W; | 1 <i < n}
ULB: B | 0 < i <n}U{erbi | 0< i< g(A)}Ufe;|0<i<dn+gla)+1}
In addition to mutual endocytosis and mutual exocytosis rules, elementary division
rules are used to generate all the possible subsets. The system of mutual mobile
membranes solving the 2-partition problem uses the rules:

(@) [ailo = [xiais1]olziaiy1]o, for 1 <i <n—1 (div)
[an)o — [xuB Wo[zxB Yo (div)
[
[
[

&.

= 11[], for 1 < j <2 (div)

do)i — (B [Bl: (div)

dol2 — [W]2[w]2 (div)

The first two rules generate 2" membranes labelled by 0 containing all the possi-
ble subsets over variables {xi,...,x,}. The complementary subset is formed over
variables {z1,...,z,}, in a such a manner that x; and z; do not exist at the same
time inside a membrane, and the total number of x; and z; from each membrane
after the generation stage is n. The objects x; and z; are used to introduce objects
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(ii)

(iii)

(iv)

v)

(vi)

(vii)

that represent the weight of the objects a;. In each membrane are placed also
two symbols B and ¥ . The next two rules generate 2" membranes labelled by 1
each containing an object 3 and 2" membranes labelled by 2 each containing an
object . The symbols 3, B, v and ¥ are used in the mobility of membranes 1
and 2. o

[B]1 (Blo — [1Bi]1Blo (mendo)

[,Bt] [ﬁt]O - [[ﬁl+1]1ﬁl+1]0’ for1<i<n-—1 (mendo)

[[Bi1xiBilo — [Bil1lyi b bslai ﬁt] for 1 <i < n(mexo)

[[Bil1Bilo — [Bil1[Bi]o, for 1 < i < n (mexo)

These rules are used to replace x; by y; b8 (“i), for 1 <i<n.If x; is not present
in a membrane 0, then the indexes of 3 and B are incremented. After applying
these rules, each membrane O contains a number of objects b equal to the weight
of one partition of A, and also objects y; used to remember which objects from
the first partition are contained in this membrane.

[w]2[v]o — [[v1]2¥1]o (mendo)

[vil2[Wilo — [[Wi+1]2Wis]o, for 1 < i <n—1 (mendo)

[[Wi]2z:Wilo — [Wil2[tics“) 7)o, for 1 < i < n (mexo)

[[wil2Wilo — [wil2[Wi]o, for 1 < i < n (mexo)

In parallel with (ii), these rules are used to replace z; by #; ¢$(), for 1 <i < n.
If z; is not present in a membrane 0, then the indexes of y and Y are incremented.
After applying these rules, each membrane 0 contains a number of objects ¢ equal
to the weight of the other partition of A, and also objects #; used to remember
which objects from the other partition are contained in this membrane.

[Bu]1 16 Bulo — [[Bn]1Bnlo (mendo)

[[Bal1bi Balo — [Bu]1[bix1 Buo, for 0 < i (mexo)

These rules are used to calculate the weights of the first partition of A, by using
the objects bg that appear in all 0 membranes. If an object b is present, then the
index of b;, placed in the same membrane as b, is incremented.

[Wnl2[e Walo — [[Wa]2Wn]o (mendo)

[[Wnl2¢i Walo — [Wal2[cit1 Walo, for 0 < i (mexo)

In parallel with the rules (iv), these rules are used to calculate the weights of the
other partition of A, by using the objects cq that appear in all 0 membranes. If
an object c is present, then the index of c¢;, placed in the same membrane as c, is
incremented.

[OC e,-}J[H]K — HOC e[+1]]a][( (mendo)

HOC ei]]a]]( — [Ot e,~+1}1[&];(, for 0 <i<3n+g(A)—1 (mexo)

[ ei]ls]x — [exeiv1]i]o eiri]k, fori=3n+g(A) — 1 (mexo)

We use these rules in parallel to calculate the number of steps performed. The
weight of the set A is given by g(A) = Y ,c4 g(a). The counting stops after 3n +
g(A) + 1 steps, a number determined by: generating space (n steps), replacing x;
and z; by corresponding weights (2n steps) and calculating weights (g(A) steps).
[l €31 g(a)]s @k — [0 €34 g(a))s [ €301 g(a)]k (mex0)

(@ e3n14(a)]s — [1]sIn]s (div)

(%l — [V+1] [Yig1]s. for 1 <i<n—2(div)

(Y1l — [Bals[Bals (div)
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[Buls[BaWabic;lo — [[1s]o. for i # j (mendo)

One extra step, to prepare the membrane J for division, is performed if needed.
We generate 2" membranes J to check which membranes respect the weight
condition. If membrane J contains an object €3, ,(4), and is placed near mem-
brane K, then 2" membranes are generated (n steps) in order to check in 2 steps
which membranes contain ¢; and b;.

o eil k[0 — ([0 eiy1]x 0]y for 3n+g(A) <i < 4n+g(A) (mendo)

[[o ei]k 0y — [0 eiy1]k [0 pm, for 3n+g(A) <i < 4n+g(A) (mexo)

[[a ei]k o]y — [BoBolk [01]m, for i = 4n+g(A) or i = 4n+g(A) + 1 (mexo)
[Bolx [Bolo — [ves] Jo]x (mendo)

L)t — [Bola[Bol (div)

[Bolx [Bolsr — [[no]x]u (mendo)

The above rules are used in parallel to calculate the number of steps performed.
The number 4n+ g(A) + 1 is determined by: generating space (n steps), replac-
ing x; and z; by corresponding weights (2n steps) and calculating weights (g(A)
steps), generating J membranes (n — 1 steps), preparing division of J (1 step),
blocking all membranes O that do not satisfy conditions (1 step). If there still
exists a membrane O that is not inside a membrane J, then the object yes is cre-
ated inside membrane K. Otherwise, after one more step, the no object is created
inside membrane K. The computation stops after maximum 4n + g(A) + 3 steps,
with the answer placed inside membrane K.

The number of membranes in the initial configuration is 6, and the number of objects
is 2n+5. The size of the working alphabet is 13n + 3g(A) + 15. The number of
rules in the above system is: n + 4 rules of type (i), 3n rules of type (ii), 3n rules
of type (iii), 2g(A) rules of type (iv), 2g(A) rules of type (v), 3n+ g(A) rules of
type (vi), n+2 rules of type (vii) and 2n+ 5 rules of type (viii). Hence, the size of
the constructed system of mutual mobile membranes is max{&'(n), 0 (g(A))}.

Example 2.7. Consider the 2-partition problem with A = {a;,a2,a3}, g(a1) = 1,
g(ap) =3 and g(az) = 2. In this case, n = 3, g(A) = 6, and the initial configura-
tion of the system of mutual mobile membranes
([ [ex o) [0] k[d*do] 1 [d*do)a[a1bo co Bolo)s
Graphically this is illustrated as:

(D) (D [ ) )

J

The evolution of the system is described by the following steps. The working space
is generated in n = 3 steps leading from the initial configuration 1 to configuration 4.

L [[@]mo eo]s [W]K[dde] [d*do][arbo co Polo]s

2. [[a]m[e er] 0k [d dO] [d do)3[x1a2 bo co Bololz1a2 bo co Bolol3

3. [[a]mee ea] [0k [do); [do]g[x1xza3 bo co Polo[x122a3 bo co Polo
[z1x2a3 bo co Bololz122a3 bo co Bolo]3

iy
=
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4. (@ ([ e3]sa][B] (w15 12023 bo co B W Pololvivazs bo co B W Bolo
[x122x3 bo o B W Pololx12223 bo co B W PBolo[z1x2x3 bo co B W Polo

[21x223 bo co B W Pololz122x3 bo co B W Pololz12223 bo co B W Polol3
Graphically the working space is described by the following picture:

Nrﬁ

v ] 14 J v ] 4 v J
2190 2223 0 2123 2122 lezzz
l[ﬁJ[ﬂJﬁ]ﬁJﬂ ﬁ]ﬁ][ﬂ]

L 1 1

N/
<
;/
<
_/
<
;/
;/

J/

3

We notice from this image that each partition appears twice, but this does not
increase the number of steps performed. In the next steps we replace x; by y; and
b8(@) We use y; to mark the fact that in the membrane O containing it there is a
subset containing a;. The multiset of objects b8 (@) s used to denote the weight
of object a;. In parallel we replace z; by ;. We use ¢; to mark the fact that in the
membrane 0 containing it there is a subset containing a;.

5. ([l eas [k [[Bi]1 [ ]2x122x3 bo co B Wi Polo
[Bi)1[w1]ax1x223 bo co B WiBolo[[Bi]1 [wil2x122x3 bo co Br wiPolo
[Bi]1[wi]2x12223 bo co Bi wiPolol[Bi]1[wi]2z1x2x3 bo co Bi WiPolo
[Bi]1[w1]221%223 bo co Bi Wi Polo[[Bil1[wi]2z122x3 bo co Bi WiPolo
[Bil1[w1]2212223 bo g Bi llflﬁo] I3 -

6. [l es] @)k [Bi]S w1 ]3[b yixaxs bo co Bi Wi Polo[b yix2z3 bo co Bi WiBolo
by1z2x3 by co i WiPolo[b y12223 bo co Bi WiPololc tixaxs by co Bi Wiolo

¢ t1x223 bo co B W1 Polo[c t1z2x3 bo co Bi WiPololc 112223 bo co B1 WiPolol3

7. [[almo ecls [0k [[B2]1 [Walab y1x2x3 bo co B2 W2 Polo
[B2]1 [w2l2b y1x223 bo co B2 WaPolol[B2]1 [Wal2by1z2x3 bo co B2 WaPolo
[B2l1[wa)2b y12223 bo co Bo WaPolo[B2]1 [Walac tixaxs bo co B2 W2 Polo
[Bo]1[w2]ac tixazz bo co Bo W2 Polo[[Bo]1[wa]2c tizaxs bo co B2 W2 Polo
[Bo]1[w2]ac t12223 bo co B2 W2 olo]s _ _
8. [[@mllox e7)sak [Bo]] [wal3[b* y1y2x3 bo co Bo WaPolo[b* y1y223 bo co B2 W2Polo
3

b c’y1tax3 bo co Ba %ﬁo]o[b Syitazz bo co o Wﬁo]o[b% t1y2x3 bo co B2 W2Bolo
b ¢ t1y223 by co B2 WaPololc* titaxs bo co By WaPololc* 111223 bo co B2 WaPolols
oploes]y [ 1k [[Bs]1 [ws]2b* y1yaxs bo co B3 W%Bo]
y3)2b* Y1233 bo co B3 W3Bolol[Bs]1 (w326 c3y1t2x3 by co B3 WaBolo
Wslab ¢ yitaz3 bo co B3 W3 Pool[Bs]1 [walab? e t1yaxs bo co B3 W3 Polo
3}2b ¢ 11223 bo o B3 W3 Polo[[Bs]1 [wa]ac? titax3 bo co B3 WaPolo
w3)ac* tihzs by co B3 W3 Bolol3
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10. [[@]u[[x eo] sk [B3]} [ws]3[p° y1y2y3 bo co B3 W3 Bolo[b*c? y1yats bo co By W3Polo

[

[b3 3y1tay3 bo co B3 W3Polo [b ¢ y112f3 bo co B3 W3 Polo[b ¢ t1y2y3 bo co B3 WaPolo
[b3c3 t1yats by o B WaPolo[b>c* titays bo co B3 W3 Polo[c® titats by co B3 W3 Polo]s
Graphically the working space is described by the following picture:
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Y1y213 yiy3h2

bol33coll/z 0 3COW3 boﬂwcovlz boBs 3601113
Y1y2y3 y2y3ti Yiiat3 yanis Y3tz 13
b°Bo b 2By J{ BPSBo J\ b0 cBo J\ b PBo J\ B Bo )| b Bo
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11.

12.

13.

14.

15.

16.

In what follows we calculate in g(A) = 143+ 2 = 6 steps, the weights of the
subsets (over {y,y2,y3}) and complementary subsets (over {t;,,,3}) from each
membrane 0 by using the objects by and cg.

[[a]m|a 610] [0k [B3]1 [ws)2[[B3]16° y1y2y3 bo co 133 %ﬂo]

(B3] [1113]219 ¢ y1y2t3 bo co B3 W3 Boo[[Bs)1 [%]217 c2y1t2y3 bo co B3 W3 Polo

[B3]1 [wslac*yitats bo co B3 WsPolol[Bs]1 [walab*t1y2y3 bo co B3 W3Polo

B3 [Wzbzc t1yat3 bo co B3 W Polo[[Bs]1[ws]ab ¢ 1itay3 bo co Bs W3 Polo
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Graphically the working space is described by the following picture:
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Now we divide membrane J, after performing an extra step that moves mem-
brane J out of membrane K, in order to check whether the indexes of b; and c;
from the O membranes are equal or not. In parallel, if there still exist membranes 0
containing objects b or c, then the subscript of b; or ¢;, respectively, is increased.
17. [[@mor ers)slor ers]k[Bs]3 [wal3[[Bs]167 y1y2ys b3 co Bs WaPolo .
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The next step is used to generate a yes object in membrane M. The computation

stops after 4n+g(A)+2 4%346+42 =20 steps. o

2. [[Bolis [Bs]} (@ [Bs1i [ws131b y1y2ysBol lslolyyats ol 1o lyirays bs e3 Bs WaPolo

[vitats Bol 17lo[t1y2y3 Bol 1]olves Boltiyats b3 c3 B3 Walolk

[t122y3 Bol 17lo[c titats Bo[ 171o]3

20.

Exercise 2.10. Solve the 2-Partition problem using other classes of mobile mem-
branes.
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2.6 Decidability Results

In [11] we investigate the problem of reaching a configuration from another configu-
ration in a special class of systems of mobile membranes. We prove that reachability
can be decided by reducing it to the reachability problem of a version of pure and
public ambient calculus without the capability open. The relationship between mo-
bile ambients and mobile membranes is presented in Section 3.3.

Reachability is the problem of deciding whether a system may reach a given
configuration during its execution. This is one of the most critical properties in the
verification of systems; most of the safety properties of computing systems can be
reduced to the problem of checking whether a system may reach an “unintended
state”.

In what follows we investigate the problem of reaching a certain configuration
in systems of mobile membranes starting from a given configuration. We prove that
reachability in systems of mobile membranes can be decided by reducing it to the
reachability problem of a version of pure and public ambient calculus from which
the open capability has been removed. It is proven in [28] that reachability for this
fragment of ambient calculus is decidable by reducing it to marking reachability
for Petri nets, which is proven to be decidable in [115]. The reachability problem
is investigated in [82] for other classes of P systems, namely for extensions of PB
systems with volatile membranes.

When working with Petri nets, reachability is a property of general interest.
Given a net with initial marking @p, we say that the marking ® is reachable if
there exists a sequence of firings wy — @; — ... ®, = w of the net. The reachability
problems is decidable in Petri nets, even if they tend to have a very large complexity
in practice. A good survey of the known decidability issues for Petri nets is given
in [83].

2.6.1 Mobile Membranes with Replication

Since we use reduction to mobile ambients, we construct a class of systems of mo-
bile membranes in which replication from mobile ambients is expressed explicitly
by duplicating objects or membranes in systems of mobile membranes.

Definition 2.13. A system of n mobile membranes with replication rules is a struc-
ture
[1=(VUV,HUH,u,wi,...,w,,R), where:

1. n > 1 represents the initial degree of the system;

2. VUV is an alphabet (its elements are called objects), where VNV = 0;

3. HUH is a finite set of labels for membranes, where H NH = 0;

4. u C H x H describes the membrane structure, such that (i, j) € u denotes that
the membrane labelled by j is contained in the membrane labelled by i; we distin-
guish the external membrane (usually called the “skin” membrane) and several
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internal membranes; a membrane without any other membrane inside it is said to
be elementary;

5. wi,wa,...,w, are multisets of objects from V UV placed in the n membranes of
the system;

6. R is a finite set of developmental rules, of the following forms:

a. lal—al ally, forh€e H,al€eV,aleV; replication rule
The objects a| are used to create new objects a| without being consumed.

b. [@l al—al], forhe H,aleV,aleV; consumption rule
The objects a| are consumed.

c. [al—afl ally, forh€ H,aleV,aleV,; replication rule
The objects al are used to create new objects a without being consumed.

d. [al at—allp, forh€ H,al€V,aleV; consumption rule
The objects a are consumed.

e.[allnl]la—1[[]n]a fora,h € H,aleV; endocytosis

An elementary membrane labelled / (containing an object a|) enters the ad-
jacent membrane labelled a. The labels & and a remain unchanged during this
process; however the object a| is consumed during the operation. Membrane a
is not necessarily elementary.

f.{[allnla—[]n]]as fora,h € HaaleV; exocytosis
An elementary membrane labelled 4 (containing an object aT) is sent out of
a membrane labelled a. The labels of the two membranes remain unchanged;
the object a] of membrane 4 is consumed during the operation. Membrane a
is not necessarily elementary.

g [lz=lsllnforhe H he H division rules
An elementary membrane labelled 7 is divided into two membranes labelled
by  and & and having the same objects.

V NV = 0 states that objects from V can participate only in the rules of type (a) —
(d). Similarly, H N H = 0 states that membranes having labels from the set H can
participate only in rules of type (g).

The rules are applied using the following principles:

1. In biological systems molecules are divided into classes of different types. We
make the same decision here and split the objects into four classes: a | - ob-
jects which control the endocytosis, a T - objects which control the exocytosis,
and @ |, a T - objects which produce new objects of the first two classes without
being consumed.

2. All the rules are applied in parallel, non-deterministically choosing the rules, the
membranes, and the objects in such a way that the parallelism is maximal; this
means that in each step we apply a set of rules such that no further rule, no further
membranes and objects can evolve at the same time.

3. A membrane a from each rule of type (e) and (f) is said to be passive, while
membrane 4 is said to be active. In any step of a computation, any object and any
active membrane can be involved in at most one rule, but the passive membranes
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are not considered involved in the use of rules (hence they can be used by several
rules at the same time).
4. When a membrane is moved across another membrane, by endocytosis or exo-
cytosis, its whole content (its objects) is moved.
If a membrane is divided, then its content is replicated in the two new copies.
6. The skin membrane can never be divided.

9]

According to these rules, we get transitions among the configurations of the sys-
tem. For two systems of mobile membranes M and N, we say that M reduces to N
if there is a sequence of rules applicable in the system of mobile membranes M in
order to obtain the system of mobile membranes N.

In what follows we prove that the problem of reaching a configuration starting
from a certain configuration is decidable for the systems of mobile membranes from
Definition 2.13.

Theorem 2.21. For two arbitrary systems of mobile membranes with replication
rules My and M>, it is decidable whether My reduces to M.

The main steps of the proof are as follows:

1. systems of mobile membranes are reduced to pure and public mobile ambients
without the capability open;

2. the reachability problem for two arbitrary systems of mobile membranes is ex-
pressed as the reachability problem for the corresponding mobile ambients.

3. the reachability problem is decidable for a fragment of pure and public mobile
ambients without the capability open.

The rest of this section is devoted to the proof of Theorem 2.21.

2.6.2 From Mobile Membranes to Mobile Ambients

We use the following translation steps:

. any object a| is translated into a capability in a;

. any object a is translated into a capability out a;

. any object @] is translated into a replication !in a

. any object @ is translated into a replication lour a

. amembrane £ is translated into an ambient &

. an elementary membrane 7 is translated into a replication !4[ | while all the ob-
jects inside membrane h are translated into capabilities in ambient 4 using the
above steps.

AN N AW =

A correspondence exists between the rules of the systems of mobile membranes and
the reduction rules of the mobile ambients as follows:

e rule (¢) corresponds to rule (In);
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e rule (d) corresponds to rule (Out);
e rules (a),(b), (e) correspond to instances of rule (Repl).

The rule (Repl) from mobile ambients has the form A =,,,!A | A. If we start
with a system of mobile membranes M, we denote by .7 (M) the mobile ambient
obtained using the above translation steps. For example, starting from the system of
mobile membranes M = [m| m1],[ | we obtain 7 (M) = n[in m | out m] | m[].

Proposition 2.2. For two systems of mobile membranes M and N, M reduces to N
by applying one rule if and only if 7 (M) reduces to 7 (N) by applying only one
reduction rule.

T T and T T
T (M) »amb T (N) T (M)——>amb T (N)

Proof (Sketch). Since M reduces to N by applying one rule, then one of the rules of
type (a),.. ., (e) is applied. We treat only the case when a rule of type (a) is applied,
the others being treated in a similar manner.

Ifarulea|— a| a] is applied, only one object from the system of mobile mem-
branes M is used (namely @) to create a new object a|, thus obtaining the system
of mobile membranes N. By translating the system of mobile membranes M into
Z (M), we have that a| is translated into !in a. By applying the reduction rule corre-
sponding to (a) (namely the rule (Repl)) to lin a, we have that lin a =, ina | lina,
and so a new capability in a is created. We observe that 7 (@] al) =lina | ina,
which means that the obtained mobile ambient is .7 (N) (in fact it is structurally
congruent to .7 (N)). O

According to Proposition 2.2 the reachability problem for systems of mobile mem-
branes can be reduced to a similar problem for mobile ambients.

2.6.3 From Mobile Ambients to Petri Nets

After translating the systems of mobile membranes into a fragment of mobile am-
bients, we present the algorithm used in [28] to translate this fragment of mobile
ambients into a fragment of Petri nets which is known to be decidable from [115].
The fragment of mobile ambients used here is a subset of the fragment of mobile
ambients used in [28] and the difference is provided by the extrarule !A =,,,,!A | !A
used in [28].

We observe that applying a reduction rule over a process either increases the
number of ambients or leaves it unchanged. The only reduction rule which increases
the number of ambients when applied is the rule (Repl), while the other reduction



2.6 Decidability Results 125

rules leave the number of ambients unchanged. If we reach process B starting from
process A, then the number of ambients of process B is known. Therefore, we can
use this information to know how many times the reduction rule (Repl) is applied
to replicate ambients. A similar argument does not hold for capabilities as they can
be consumed by the reduction rules (In) and (Out).

An ambient context 4 is a process in which some holes may occur (denoted
by 0J). Using the ambient contexts, we split a process into two parts: one is a context
containing ambients, whereas the other is a process without ambients. In order to
uniquely identify all the occurrences of replication, ambient, capability or hole [J
within an ambient context or a process, we introduce a labelling system. Using a
countable set of labels, we say that a process A or an ambient context € is well-
labelled if any label occurs at most once in A or ¢ . We denote by Amb(%’) the
multiset of ambients occurring in an ambient context €’. We say that two processes
are label-free-equivalent if after removing all the labels from the two processes, they
are structurally congruent.

2.6.3.1 I) Labelled Transition System.

For the reachability problem A =* B, we denote by %4 a well-labelled ambient con-
text, and by 64 a mapping from the set of holes in % to some labelled processes
without replicable ambients such that 64(%)) is well-labelled, and 64(%,) = A
where labels are ignored.

A labelled transition system L4 p describes all possible reductions for a con-
text @4 : this includes reductions of replications and capabilities contained in %4 and
in the processes associated with the holes of the context. The states of the labelled
transition system L4 p are associative-commutative equivalent classes of ambient
contexts and, for simplicity, we often identify a state as one of the representatives of
its class.

We define a mapping 0, , which extends the mapping 6,. Initially, L4 p contains
(the equivalence class of) €y asa unique state, and we have 6 ap = 64. We present
in what follows the construction steps of 6 ABe where cap stands for in or out:

1. For any ambient context ¢ from L4 5 and for any labelled capability cap™n in €,
if this capability can be executed using one of the rules (In) or (Out) leading to
some ambient context ¢”, then a state 6” and a transition from % to €” labelled
by cap”n are added to Ly .

2. For any ambient context ¢ from L4 p and for any labelled replication ! in ¢
such that the reduction rule (Repl) is applied, we define the ambient context €”
as follows: €” is identical to & except that the subcontext ! %, in ¢ is replaced
by "€, | v(%,) in ¢’; the mapping y relabels %, with fresh labels, such that ¢’
is well-labelled. If Amb(€¢") C Amb(B), then state " and a transition from ¢
to ¢” labelled by !" is added to L, . Additionally, we define OiA,B as an extension

of 6, , such that for all 0" in €, we have:

(i) 9£A3(7<Dw/)) and 6y, AﬁB(DW/) are label-free-equivalent,
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(ii) labels in 6] (y(O")) are fresh in the currently built transition system Ly,
(iii) 6], (y(O"")) is well-labelled.

Finally, we set 6y, , to be GiA .

3. For any ambient context ¢ from Ly g, for any labelled hole (0" in € and for any
capability cap”n in the process 6y, ,(CJ"), we consider the ambient context %,
identical to € except that (0" in € has been replaced by (" | cap”n in 6,,. If
the capability cap”n can be consumed in %, using one of the rules (In) or (Out)
leading to an ambient context 4, then state 4’ and a transition from % to ¢’
labelled by cap"n are added to transition system Ly p.

4. For any ambient context 4" from L4 g and for any labelled hole (J" in ¢ associ-
ated by 6y, , with a process of the form A, if a replication "’ can be reduced
in process GLA,B(%) using rule (Repl), then a transition from % to itself labelled

by " is added to Ly g for any replication ™" in 6 Az

In the second step, the reduction of a replication contained in the ambient context by
means of the rule (Repl) is done only when the number of ambients in the resulting
process is smaller than the number of ambients in the target process B, namely
Amb(€¢") C Amb(B). This requirement is crucial as it implies that the transition
system Ly p has only finitely many states.

As an example, we give in Figure 2.6 the labelled transition system associated
with the process n[!'in m.">out m] | m[ ] (we omit in this process unnecessary
labels). We use the labelled replications !' and !? to distinguish between different
replication operators which appear in this process.

1
! . |

ok
out m )

Fig. 2.6 A Labelled Transition System for the Process n[!!in m.">out m] | m[]

We observe that the labelled transitions in Ly p for replications and capabilities
of an ambient context correspond to the reductions performed over processes. As
shown in steps 3 and 4, the transitions applied for any capabilities or replications as-
sociated with the holes are independent of the fact that they are effectively available
to perform a transition (at this point).

2.6.3.2 II) From Processes Without Ambients to Petri Nets.

In what follows we show how to build a Petri net from a labelled process with-
out ambients. We denote by & (E) the set of all multisets which can be built with
elements from the set E.
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We recall that a Petri net is given by a 5-tuple (2, &;, 7, Pre, Post), where

e is afinite set of places;

o P C Z;is aset of initial places;

e 7 is a finite set of transitions;

* Pre,Post: 7 — & (&) are mappings from transitions to multisets of places.

We say that an ambient-free process is rooted if it is of the form cap*n.A’ or
of the form !"A’. We define the Petri net PN,/ associated with a rooted process A’
as follows: the places of PN are precisely the rooted subprocesses of A’, and A’
itself is the unique initial place; the transitions are defined as the set of all capa-
bilities in*n, our n and replications !" occurring in A’. Finally, Pre and Post are
defined for all transitions as follows:

o Pre(cap¥n) = {cap”n} and Post(cap¥'n) = 0 if cap”n is a place in PNy.

o Pre(cap¥n) = {cap”n.(Ay |...| Ax)} and Post(cap™n) = {A; |...| Ay} if
cap¥n.(Ay |...| Ay)isaplacein PNy (A |...| Ay being rooted processes).

o Pre(M)={!"A’'} and Post(!") = {I"A’,A'} if 1A’ is a place in PNy

For !'in m.\?out m, we obtain the Petri net given in Figure 2.7.

i
“m L — L, > .
1t - - iInm/ = 1< == =loutm
-~ . J S ]

I. 2 1 5 2 - 1
"in moutm in m!"out m “out m out m

Fig. 2.7 A Petri Net for the Process !'in m.">out m

We denote by PNgw the Petri net PN(6L, ,((J")), that is, the Petri net corre-
sponding to the rooted ambient-free process associated with (1" by 6, ,. In what
follows we show how to combine the transition system L4 g and the Petri nets PNow
into one single Petri net.

2.6.3.3 III) Combining the Transition Systems and Petri Nets.

We first turn the labelled transition system L4 p into a Petri net
PN; = (:@L, @;‘, <7L,PI'6L,P0SZ‘L), where

* P is asetof states of Ly p;

« 2} is a singleton set containing the state corresponding to the ambient context
% of A;

* 7 is the set of transitions of the form (s,/,s’), with

— sand s’ states from Ly p,
— atransition / from s to s” in Ly p;
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e Pre(t) = s and Post(t) = {s'} for all transitions t = (s,1,s5).

We define a Petri net PNy p = (P4 B, 97’/‘; 5> .8, Prea g, Posta g) by

* places (initial places) of PNy p are the union of places (initial places) of PNy and
of each of the Petri nets PNw (for LI occurring in one of the states of Ly p);

* transitions of PN, p are precisely the transitions of PNy ;

* the mappings Prey g and Posts g are defined for all transitions t = (a, f,b) as:

(i) Prea p(t) = {a} and Posty (1) = {b} if f does not occur as a transition in
any PNqw (for " occurring in one of the states of Ly p),

(ii) if fisatransition of PNgw, then Prey p(t) = {a}UPregw(f) and Posta p(t) =
{b} U Postow(f), where Precw and Postw are the mappings Pre and Post
of PNgw, respectively.

2.6.4 Deciding Reachability

We recall that for a Petri net PN = (£, %", .7, Pre, Post), a marking m is a mul-
tiset from &(P). A transition ¢ is enabled by a marking m if Pre(t) C m. Ex-
ecuting an enabled transition ¢ for a marking m gives a marking m’ defined as
m' = (m\ Pre(t)) U Post(t) (where \ stands for the multiset difference). A mark-
ing m’ is reachable from m if there exists a sequence my, ..., m; of markings such
that mg = m, my, = m’ and for each m;,m; 1, there exists an enabled transition for m;
whose execution gives m; 1.

Theorem 2.22 ([115]). For all Petri nets P, for all markings m,m’ of P, one can
decide whether m' is reachable from m.

For the reachability problem A =* B over ambients, we consider the Petri
net PNy p and the initial marking m, defined as my = 3”12 - Figure 2.8 depicts the

initial marking for process n[!'in m.\>out m] | m[] as a combination of the labelled
transition system of Figure 2.6 and the Petri net of Figure 2.7.

It should be noticed that for any marking m reachable from my4, m contains ex-
actly one occurrence of a place from 7. Roughly speaking, to any reachable mark-
ing corresponds exactly one ambient context. Moreover, the execution of one tran-
sition in the Petri net PNy g simulates a reduction from =>,,,;.

We define now the set .#p of markings of PNy g corresponding to B. Intuitively,
a marking m belongs to .#p if m contains exactly one occurrence ¢ of a place
from &7, (that is, representing some ambient context) and in the context ¢, the holes
can be replaced with processes without ambients to obtain B. Each of the processes
without replication must correspond to a marking of the sub-Petri net associated
with the hole it fills up. .# is defined as the set of markings m for PN, p satistying:

(i) there exists exactly one ambient context 6, in m;
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'1- '2 . '2
1 m.! out m nm.!“out m
1
1
1
1 ‘ 1
1 L [b. b
P ELEE ) ~ - ~_ = —

Fig. 2.8 The Petri Net for the Labelled Process n[!'in m.>out m] | m[]

(ii) (%) and B are label-free-equivalent, for any substitution o, from holes ("

occurring in %, to processes without ambients defined as 6,,(0,,) =P |...| P
for {Py,...,P.} the multiset corresponding to the restriction of m to the places
Of PN, ows

(iii) for all holes (J" occurring in a state of the transition system L4 g but not in €,
the restriction of m to places of PN is precisely the set of initial places of PNw.

We adapt the results presented in [28] to our restricted fragment of mobile ambients.

Proposition 2.3. For a Petri net PNy p, there are only finitely many markings cor-
responding to a process B, and the set .#g can be computed.

The translation correctness is ensured by the following result.

Proposition 2.4. For all processes A,B we have that A =, B if and only if there
exists a marking from g such that mg is reachable from my in PNy p.

Using Proposition 2.4 and Theorem 2.22, we can decide whether an ambient A can
be reduced to an ambient B.

Theorem 2.23. For two arbitrary ambients A and B from our restricted fragment, it
is decidable whether A reduces to B.



Chapter 3
Encodings

Abstract The difference between the two research areas (process algebra and mem-
brane computing) is the fact that process algebra represents a tool for the high-level
description of interactions, communications, and synchronizations between a col-
lection of independent agents or processes, providing also algebraic laws that allow
process descriptions to be manipulated and analyzed, and permit formal reasoning
about equivalences between processes (e.g., using bisimulation), while membrane
computing uses techniques from languages, automata, complexity, and dynamical
systems. In this chapter we establish several links between these two fields in order
to be able to use techniques from one area in the other one. We consider our encod-
ings as the first efforts towards bridging the gap between process calculi and mobile
membranes.

3.1 DrintotDrn

In order to compare the expressive power of tDr we use a method of embed-
dings among languages introduced in [148]. The method is based on a tuple com-
posed of a set of process expressions &, a partial operation over & (in process
calculi we choose the parallel composition operator) and an observational equiva-
lence. To compare two formalisms by looking at their sets of syntactic expressions
(languages) L; and L,, we are required to identify the corresponding algebraic
languages (2, |;~) respectively (Z'; | /;z/). The method was refined in [81]
by defining several constraints for the coder and decoder functions; the resulting
method is called modular embedding. The coder translates an expression of the
first language into an expression of the second language. The decoder translates
back the observational outcomes of the second language into observables of the first
language. We adapt this method and use it to show that tD7m is more expressive
than the underlining Drr. The method was shown to be useful [147] first in proving
some negative results (languages not-embedded) for a set of concurrent program-
ming languages. The study was based on properties like compositionality of the
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observational equivalence, interference freedom or composition with hiding of the
languages. Later in [148] some more complicated positive results were given in the
context of the same set of concurrent programming languages.

Embeddings have also been used to compare the expressivity of some timed coor-
dination languages in [97]. Using modular embedding in [33], the authors compare
the expressive power of three classes of quite different coordination languages. Em-
beddings are extended to architectural embeddings in [29] in order to be able to
compare coordination architectures.

3.1.1 Algebraic Languages

In our case, for the message passing calculi Dr and tDr the first two components
are simple to identify. & and £’ are the sets of syntactic terms denoting process
expressions defined by the syntax of each calculus. The second component of the
algebraic language represents a set of operations over the set of process expres-
sions 2. We confine our presentation to D7 and consequently we take as the sole
operation over & the parallel composition of processes (we do not have summa-
tion). Not so simple is the choice of the semantic equivalence relation ~ over 2.

The observational equivalence of the algebraic language is defined as the kernel"
of a function &. Such a function & could be the interpretation of the process ex-
pressions of our calculi. &; : L; — Obs; maps each term of the language L; to its
interpretation Obs;(which is sometimes called the observational outcome); i ranges
over the calculi of our interest. For example the interpretation defined for Turing
machines may return the language accepted by the machine and the interpretation
for sequential processes may return a relation between the input and the output of
the processes. We denote the set of process expressions of D and ¢tDr by Lpz, and
respectively by L;pz.

We give first a coding function €o : Lpy — L,pr which is a mapping from Lp,
to L;pr. We say that o is a language embedding if it is homomorphic with respect
to the operations defined over the two sets of process expressions (i.e. the parallel
composition operators).

VP,Q € Lpy we have €o(P|Q) = Co(P)| €o(Q).
In order to have a language embedding with interesting distinguishing power, %o
must preserve semantic distinction and such an embedding is called a sound embed-
ding. The soundness is formally defined as:

VP,Q € Lpy we have P 2 Q = €o(P) £ €o(Q).
This is equivalent [147] to the existence of a mapping

D ﬁtDTC(LtDTE) - ﬁDn(LDn),
called a decoder for which the following is true:
VP € Lpgz we have Z(0pr(€0(P))) = Opz(P).

For a clearer intuition we give the diagram of Figure 3.1 using general notations.

! The kernel of a function f : X — Y is defined as the equivalence relation ~ over the domain X of
the function and satisfies: Va,b € X, a ~ b iff f(a) = f(b).
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L14>L2
0\ %

ﬁ] (L1)<—D ﬁz(Lz)

Fig. 3.1 A Sound Embedding of L; into L,

Informally, to say that a language L is embedded in a language L, we should
map each process expression from L into a corresponding process expression of L,
through the coder € 0. Furthermore, the interpretation of the mapped expression of
L, should behave the same as the interpretation of the process expression of L.

3.1.2 Barbed Bisimulations

The semantic interpretation for the family of z-like calculi is usually given through
the operational semantics (i.e., the transition systems generated by the reduction
rules or the LTS generated by the labelled transitions). Besides transitions, for every
n-like calculus we can give a set of barbs. Thus, as observational equivalence we can
use the barbed equivalence generated by the barbed bisimulation. The observational
outcome of each process is the sets of barbs and the sequence of transitions. In an
LTS framework we would have worked with traces of a process.

Two processes are equivalent if an observer cannot distinguish differences in
their behaviours. Following the presentation of barbed bisimulation in [123, 143],
we specify first which actions are observable, and which are considered as internal
actions. To simplify the presentation we choose as observable only communication
along the located channel names, without considering the transmitted messages.
In tDm we have synchronous communication on fixed located channels. In conse-
quence, the observable actions can be both input and output communication. We
consider as unobservable actions the movement action go, application of the time-
stepping function @4, and internal interaction of processes. Intuitively an observer
of process P is a process Q which runs in parallel with P.

For example, in order to observe if a process P communicates on the input chan-
nel a? at location k, the observer waits for an output communication along the same
channel a! at the same location k. In D7 there are mainly four observation coordi-
nates: one involves the name of the communication channel (Milner and Sangiorgi’s
barbed bisimulation), another is given by locations, the third is given by type envi-
ronment, and the fourth is given by timers. Here it suffices to give only the classical
strong barbed bisimulation [123] for tDx. We define first the notion of barb. Barbs
are sometimes called commitment predicates and define the possibility of a process
to immediately communicate on a specific channel.
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Definition 3.1. A barb predicate |, where y € {a?,a!} with a being any channel
name, is defined inductively by the following system of rules.
a®"'!(V).(P,R) o a®"2(X:T).(P,R) lw
Ply Plyanda#p P,
PO |y (va:AP |, *Ply
We denote by u the names of the input or output channels (e.g. if 4 = a? then
u=a.

Definition 3.2. A barbed bisimulation .¥ is a symmetric binary relation over pro-
cesses which for each (P, Q) € . and for any barb |, implies

1.if P |y, then Q | ;
2.if P— P, then Q — @', and (P',Q') € &~

Two processes are barbed bisimilar, denoted P ~p Q, if and only if (P,Q) € .¥ for
some barbed bisimulation .7 .

The barbs and the barbed bisimulation are naturally applied to located pro-
cesses N. A general notion of barbs is given in [92] in terms of acceptances
S1A7...5,A,, where s; is a sequence of actions from the set of actions Act and
A; C Act. However we want to look at actions separately, not at sequences s; of
actions. In consequence we adopt a presentation based on the notion of barbs intro-
duced by Milner and Sangiorgi [123]. Note that, despite the fact that in tDx we do
not have a summation operator, a process P may satisfy more than one barb because
of the parallel composition operator. Thus, if P |, and Q |, with u # u’, then both
statements P|Q |, and P|Q |}, hold.

The barbed bisimulation by itself does not offer satisfactory properties. In order
to obtain a barbed equivalence (barbed congruence), the bisimulation is closed un-
der all static (respectively normal) contexts [143]. A context could be viewed as a
process running in parallel with our equated processes. In the paper cited above it
is shown that in the setting of the m-calculus, the barbed equivalence and barbed
congruence coincide with the labelled early bisimilarity, respectively congruence
relation on the class of image-finite processes [151]. We denote the barbed equiva-
lence by ~p. Thus, we have the semantic interpretations for Dz and tDr given their
corresponding reduction rules together with the observation predicates (the barbs);
we denote them by ~B7 respectively ~P7.

3.1.3 Coding Function

The definition of the coding function uses the syntax of the Dr calculus which
we omit here (however it can be deduced from Definition 3.3). For a simpler pre-
sentation we choose a restricted form of D which does not take into account the
matching process expression. The coding function is applied to each syntactic con-
struct of D, regardless of whether it is a type expression or a process expression.
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Some entities (like locations) remain unchanged by % o. Other entities (like channel
names) are changed into timed entities of zD7. As expressed in [81], the coder must
be defined in a compositional way, and the decoder definition should be element-
wise. The compositionality of the coder is not hard to obtain, and it is rather natural
in the definition below.

Definition 3.3. The coding function €0 : Lp; — L;p, is defined in a compositional
way for processes and types. We use o for any of the channel capabilities r/w of Dr.
For all expressions E € Lp;.

res: {a(€o(T))}eo if E=res: {a(T)}, a channel type

gok (¢o(P),ER) if E = gok.P, movement process
=1{v).(€o(P),ER if E=al(v).P, output process

Go(E) = “?(X.%o( )).(€o(P),ER) if E=a?(X:T).P, input process
Co(P)|€o(Q) if E=P|0, interaction
(va:%o(A))€o(P) if E=(va:A)P, restriction

*&o(P) ifE="P, replication

stop if E = stop , termination

where ER € L;p; always generates a runtime error in D7, and it is defined as
H[er=!(v)]]r with T"(1,v) &£: wobj(I"(I,er)).

We do not use located processes in the definition above. The extension of %o to
tagged located processes requires changing the type environments by adding oo as
timer value to channel types.

The element-wise property of the decoder is not so natural. The definition of a
decoder applied to all the observational outcomes of the executions of a process is
not so intuitive. The observable behaviour is defined via the operational semantics
of the calculi. In our case we use a semantics based on a reduction relation and barbs
(or commitment predicates). The set of observables of a process P is a powerset (i.e.,
the elements are sets of barbs). Moreover, the elements of the reduction relation are
the corresponding reduction rules. Instead of defining a decoder, we test whether
the reaction rules of 1D can simulate the reaction rules of Dx. This is equivalent
to the constraint imposed on the decoder to be defined element-wise. Moreover,
the barbs of one process must correspond to the barbs of the mapped process (the
coded process). The barbs are equivalent to the observational outcome of a process
expression.

3.1.4 Expressiveness and Faithfulness

Theorem 3.1. tDrt can express any process described in Dr.

Proof. This means that our timed distributed 7-calculus is more expressive than
the underlying Dr. We follow the steps of the method described above. We use the
coding function %o to translate a process expression of D7 into a process expression
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of tDr. Then we prove that this coding function agrees with the dynamics given by
the operational semantics (i.e., the processes have the same behaviour). Moreover,

we prove that through the barbed bisimulation ~p we get the same set of barbs for
the two processes (i.e., the processes have the same observational outcome).

By applying %o, we get only timers with the value eo. Consequently the appli-
cation of the cleanup function y has no result. Precisely, y cannot decrease the
value o of the type timers, and thus the types are not removed anymore from the
type environments of the processes.

We look at the behaviour of the time-stepping function ¢, by examining first the
expressions of its definition which depend on the timer value ¢. Since the values of
the timers are oo, the timers are always greater than 1 (eo — 1 = o), and we have
no expired timers. The processes of form a”?(X : T).(R, Q) or a*!{v).(R, Q) remain
unchanged after the application of the time-stepping function. The other cases in the
definition of ¢4 follow. If we have P = gok.(R,Q) and I' (k) <: loc{go}, then ¢,
returns k[[R]]r. This is the case when the location k has the go capability, and as a
consequence, the rule Rr-IDLE of D7 behaves as R;--GO of Dr. For the remaining
expressions of the definition of ¢4, the rule R--IDLE should raise a runtime error
as it happens in Dr. This is achieved by defining an appropriate ER process instead
of the second process Q of the pair (R,Q). An example of such a process is given
when we have defined ©o. It is easy to see that all the other reduction rules of Dx
have the same behaviour as the corresponding rules of tDr. The rule R--COM of Drt
behaves as rule Rp-COM1 of tDr. Furthermore, rule R--COM?2 of D is not appli-
cable anymore because the capability ro() is not used (the coder %o does not use it
in the translation of expressions from D7 into expressions in D).

A careful look should also be given to the corresponding error systems. For the
error rules of D7 the reader should check [93]. We should get an error in tD7 when-
ever we have an error in D7, as well as the other way around. It is easy to see that
the error rules Er-GO”, Er-SUBC” and Er--SND” of D1 behave like the rules Er-GO,
Er-SUBC and Er-SND of tDrm. Looking at the rules Er-RCV and Er-COM, the con-
ditions involving the function roobj are not valid anymore, and so they behave as
the error rules Er-RCV” and Er-COMM” of Dr.

We still have to prove that the process expression of D respects the same set
of barbs as the process expression of tDr resulting from the codification. In Def-
inition 3.1 of a simple barb predicate we choose to observe only the name of the
communication channels. The definition of the barbed bisimulation for the syntax
of Dr is similar (we have the same choice of barbs since we do not have other
actions that could be regarded as observable).

We consider the remaining process expressions from the definition of the coding
function €o. The process gok.P and its codification gok.(€o(P), ER) are unobserv-
able. The interaction between two processes running in parallel is unobservable in
both formalisms. The output expression a!(v).P of D, as well as the output codifi-
cation a”!(v).(¢'o(P),ER) of tDm have the same barb |,. Similarly, both the input
expression of Dr and the codification of zDx have the same barb. a

We have shown that the embedding of D into tDrx is faithful with respect to
the observational equivalences generated by the simple barbed bisimulations of the
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calculi. Using a general notation, faithful means that, for all a,b € L we have that
a~b<& Co(a) ~ €o(b). According to [147], faithfulness implies the soundness
of the language embedding.

Corollary 3.1 (Faithfulness).

VP,Q € Lpg, P ~B™ Q = €o(P) ~P* €0(Q).

It is easy to see that tDm cannot be embedded into Dt because we can give a
counterexample of a tD7 process which cannot have a corresponding process in D7t
with the same behaviour because D7 cannot manage the time aspects.

3.2 Pure Mobile Ambients into r-calculus

Although both the m-calculus and the calculus of mobile ambients are Turing-
complete [42, 121] and they have almost the same field of application (mobile
computations), it is widely believed (see [77]) that the m-calculus does not directly
model phenomena such as the distribution of processes within different localities,
their migrations, or their failures. At the same time the m-calculus provides a solid
and useful foundation for concurrent programming languages [86, 135] and it is also
supplied with a set of comprehensive techniques and tools for verification and anal-
ysis [84, 152]. Therefore, it is worthwhile to take those advantages of the -calculus
that could be useful for manipulation, implementation, verification, etc. of mobile
ambients.

In a number of papers (see [42, 48, 111, 155]) it has been demonstrated that the
calculus of mobile ambients can be used for simulating 7-calculus computations.
On the other hand, Fournet, Levy and Schmitt [88] have translated mobile ambients
into the distributed join-calculus. The atomic steps of mobile ambient computation
are decomposed into several elementary steps, each involving only local synchro-
nization. By combining this translation with the encoding of the distributed join
calculus into the join calculus [87] and then with the encoding of the join calculus
into the asynchronous m-calculus [86] one could obtain the translation of mobile
ambients into the asynchronous r-calculus. But to the best of our knowledge no
efforts have been made to trace this chain of encodings from the beginning to the
end. An attempt to build a straightforward translation from mobile ambients into a
subset of the synchronous 7 calculus has been undertaken by Brodo, Degano and
Priami [32]. In order to imitate the spatial structure of mobile ambients we impose
some very rigid restrictions on the structural congruence rules of the m-calculus. It
may be said that in [32] the encoding of mobile ambients into the m-calculus has
been achieved on the purely syntactic level.
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3.2.1 Main Idea

In what follows we also try to assess the capability of the 7-calculus to encode mo-
bile ambients. The topic is interesting because mobile ambients can be considered
a higher-order calculus of fundamental character. Moreover, an encoding of mobile
ambients into the m-calculus appears challenging, in particular because distributed
conformance changes must be effectuated over varying numbers of encoded agents
and capabilities (as encoded ambients migrate or open up). The main objective of
our research is to build such a straightforward translation from the calculus of mo-
bile ambients to the m-calculus which preserves the behavioural properties of the
processes. This translation coupled with that of [42, 48, 155] may form a basis for
the development of a uniform theory of mobile computations.

As the starting point we present a rather simple variant of the straightforward
encoding of mobile ambients into the 7w-calculus to demonstrate the practicability
of our expectancies. A key idea of the encoding is based on the separation of the
spatial structure of mobile ambients from their operational semantics. The opera-
tional semantics of mobile ambients is given by a universal m-process Ruler which
plays the role of an interpreter routine. Each mobile ambient A is encoded into a
n-calculus term Structure, which simulates the spatial structure of A by means of
channels. Each step of the encoding is explained in some detail. We also provide an
operational correspondence between the two calculi [73].

To emphasize the key ideas of our encoding we confine ourselves to its most
simple (sequential) variant which assumes the use of the unique Ruler for the whole
system. As it can be readily seen from the description this encoding can be im-
proved in such a way that it becomes both distributed and compositional. This can
be achieved by supplying every m-process Node corresponding to an ambient with
its own interpreter Ruler.

In what follows we define a relationship between MA-processes and 7-processes.
This relationship may be thought of as a non-deterministic encoding of pure am-
bients into m-processes: with every MA-process A it associates a set [[A]] of 7-
processes. In the next section we prove the operational correspondence of the en-
coding by demonstrating that each 7-process from [[A]] corresponds to the behaviour
of A. The only purpose of considering [[-] as a relation is to simplify the proofs.
When using our translation in applications, one may take a single (minimum-size)
m-process from [A] as a true image of A.

A specific feature of pure ambient calculus is that an MA-process A has a spatial
tree-like structure which serves a dual function. On the one hand, mobile ambients
control the run of processes in A by bounding the scope of actions. On the other
hand, the mobile ambients of A are acted upon by the spatial structure of A. A
similar idea of decomposing the ambient process into a tree and actions is used
in [110] to define the normal semantics for mobile ambients. When translating A
into a m-process we separate these functions of mobile ambients. An ambient A
is translated into a m-process Procs = Structures|Ruler|Environment which is a
composition of three m-processes Structures, Ruler and Environment. The process
Structurey is designed according to the following principles.
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. The mobile ambients and capabilities from A are represented by individual sub-

processes Amb; and Act;; we will call these 7-calculus terms nodes. The spatial
structure of A is maintained by means of specific tree-wire subprocesses TW;, that
are used for communication between nodes that represent ambients and actions.
Thus, we have

Structure, = Amb | . ‘AmbN‘ACtl | . |ACZM|TW1 ‘ e |TWL
where Amb;, Act;, and TWj represent generic notations for ambients, capabilities,
and tree-wire structure.
Each subprocess Amb; is associated with some mobile ambient n[P] in A. It keeps
the name n of the ambient and provides communication between the ambient and
its upper and lower contexts.

. Each subprocess Act; is associated with some action of the form in n.P, out n.P

or open n.P in A. It keeps the type of capability (in, out or open) and the name n
and also provides communication between the action and its upper and lower
context.

A subprocess TW; is a set of wires arranged in a tree-like structure. TW, delivers
requests from its leaf nodes to the root and sends back replies from the root to the
leaves. A tree-wire subprocess is intended to provide message exchange between
the nodes and to accumulate consumed capabilities and dissolved ambients of A.

. When a capability is consumed or an ambient is dissolved, a corresponding node

becomes passive. A passive node becomes a wire and adds itself to some tree-
wire. Thus, the wires of Structure, take account of computation steps generated
by A. Since there are many different ways to derive the same mobile ambient
term A, it may be encoded into a whole set of 7m-calculus terms which have the
same nodes and differ only in the structure of their tree-wires.

The subprocess Ruler does not depend on A. It is a universal 7-process intended
for simulating the operational semantics of mobile ambients. Here the Ruler is pre-
sented as a central handler. It is also possible to have Ruler acting as a virtual ma-
chine at each location; in this way the encoding becomes distributed. An execution
of Ruler conforms to the following scenario.

1.

2.

Ruler selects from Structure, an arbitrary triple of nodes Act, Amb;, and Amb;,
and collects the information about their types, names and links.

If (1) the type of Act is in, (2) Act is linked with Amb;,, (3) Act stores the
same name as Amb;,, and (4) Amb;, and Amb;, are linked with the same node
in Structurey, then the subprocess Act \Amb,-l |Ambl~2 corresponds to a mobile am-
bient pattern n[in m.P|Q]|m[R]. In this case Ruler simulates the implementation
of an entry instruction by switching the link of Amb;, to Amb;, and converting
the node Act into a wire. This changes the entry-pattern n[in m.P|Q]|m[R] into
m[n[P|Q][R].

If (1) the type of Act is out, (2) Act is linked with Amb;,, (3) Act keeps the
same name as Amb;,, and (4) Amb;, is linked with Amb;,, then Act|Amb; |Amb;,
corresponds to a pattern m[n[out m.P|Q]|R]. In this case Ruler simulates the im-
plementation of an exit instruction by converting the node Act into a wire, and
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directing the link of Amb;, to the same destination to which the link of Amb;, is
directed. This changes the exit-pattern m[n[out m.P|Q]|R into m[R]|n[P|Q)].

4. If (1) the type of Act is open, (2) Act keeps the same name as Amb;, and (3)
both Act and Amb;, are linked with Amb;,, then Act|Amb; |Amb;, corresponds to
a pattern m[open n.P|n[Q]]. In this case Ruler simulates the implementation of
an open instruction by converting both Act and Amb;, into wires. This changes
the open-pattern m[open n.P|n[Q]] into m[P|Q)].

5. If none of the above cases holds, then Ruler tries another triple of nodes Act’, Amb j,
and Amb j, from Structurey.

The subprocess Environment plays the role of a virtual external environment of mo-
bile ambients. It bounds every MA-process and can not be dissolved. When Ruler
simulates an open operation, it can select Environment for Amb;, .

Now we are ready to present the formal description of the processes involved in
Structurey, Ruler and Environment and define the encoding relation between pure
mobile ambients and 7-processes.

3.2.2 Tree-Wire Processes

A spatial structure of mobile ambients is represented by specific -processes which
are called free-wires. A tree-wire is a parallel composition of some basic processes
which are called wires. A wire serves the message passing from one agent to another
and back. By setting up an appropriate correspondence on the names of agents one
can compose wires into any tree-like communication structure.

For x # y, we define a wire process by W (x,y) = ! (vu) x(v). ¥(u). u(z). v(¢).
A wire has two parameters x and y. The parameter x is a name of a channel for
communication with low-level components of the system, whereas y is a name of a
channel for communication with its top-level component. The wire W (x,y) receives
arequest x(v) from one of the low-level components, re-addresses it to the top-level
component y{u), then receives a reply u(¢) via a private channel u, and finally re-
addresses this reply ¥(t) to the low-level component. It should be noticed that it may
be the case that several low-level components try to communicate at the same time
with a top-level component via W (x,y). Then the top-level component can serve all
the low-level components one by one. To avoid broadcasting a new private channel
u is selected every time.

A tree-wire process TW; ;, where I is a set of names and k is a name with k ¢ I,
is any process which is composed of basic wires TWyx = W (x1,y1)|... |W (X, Ym)
in such a way that this parallel composition has a tree-like communication structure
and provides message exchange between the set of leaf nodes 7 and the root k.

Definition 3.4. The set of tree-wires is the minimal set of 7-processes satisfying the
following requirements.

1. Every wire Wy is a tree-wire TW/,, ,.
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2. If Wy is a wire, TWj . is a tree-wire and y ¢ 1, then the term (vx) (W, ,|TW; ) is
a tree-wire TWj .

3.1If TWyy, and TW;,, are tree-wires such that /NJ = 0, then the term TWI.y|TW],y
is a tree-wire TWyuy y.

When dealing with a tree-wire TWy,,, where I = {x1,x2,...,x,}, we use the short-
hand notation (vI)(P|TW;y) for (vxi) (vx2)...(vx,) (P|TWyk).

Proposition 3.1. If TW; , is a tree-wire, then'y ¢ I and fn(TW;,) =I1U{y}.
When appending a tree-wire to a tree-wire we get again a tree-wire.

Proposition 3.2. Let TWj, y, and TWj, 5, be a pair of tree-wires such that Iy NI = 0,
i € b, y» € I. Then (vy2) (TWy, y,|TWy,.y,) is a tree-wire TWy, y,, where Iz =
(I = {»}) VL.

A tree-wire delivers requests from its leaf nodes to the root and replies from the root
to leaf nodes.

Proposition 3.3. Let TW; , be a tree-wire and x € 1. Then the w-process
(V) %(v). v(z). 2| TWy, |y(w). )
has a deterministic terminating run
(vw) X(v). v(2). 2| TWyy|y(u). u(t) —* t|TWy,

3.2.3 Ambients and Actions

The main difficulty of encoding pure ambient processes into 7-processes is that of
simulating the consumption of capabilities, dissolving the boundaries of ambients,
and changing the structure accordingly. In an MA-process, when an action in n.P,
out n.P or open n.P is executed, the corresponding capability just disappears from
the process (it is consumed). The same effect manifests itself when the boundary
of an ambient named m[(Q)] is dissolved. But when simulating actions and ambients
as individual z-subprocesses of Structure, it is not possible just to reduce the con-
sumed capabilities or dissolved ambients to inactive processes 0 since in this case we
lose the links between the processes in Structure,. The simplest way to make such
processes inactive while preserving a tree-like structure of links between the remain-
ing processes is to convert consumed capabilities and dissolved ambients into wires
and use them merely to maintain links between the active processes. In this case the
process Structurey corresponding to an MA-process A will depend not only on the
spatial structure of A, but also on the way A is computed (the history of A). That is
why instead of using a deterministic encoding which maps every MA-process into a
single m-process we introduce an encoding relation |= which associates every MA-
process A with a set of m-processes [A]]. Each process Structure, from [A] keeps
along with the spatial structure of A the possible history of A, i.e. the way the MA-
process A can be computed from the other processes. This history is represented by
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wires which keep track of consumed capabilities and dissolved ambients. The his-
tory of A does not influence the functionality of Structurey; its only purpose is to
maintain the links between active nodes of Structurey.

Definition 3.5. The formal description of a m-process Node(a,n,u,d,s,1) is
Node(a,n,u,d,s,l) = Reply(d,s,l)|Main(a,n,u,d,s,l)

Reply(d,s,1) = d(y)-y=1 (1)
(d(u). (1) Wau , (2)
(1) Reply(d,s,1) ) (3)
Main(a,n,u,d,s,l) = (vv) (vw) (vk) 4)
5(v). v(x). (5)
a(w). w(l,). (6)
Xa,n,lu,d1,). v(y,z). (7)
=1 (8)
(). . )
d(k). k(w). (10)
5(I). Main(a,n,z,d,s,l) ) (11)

The m-processes Act and Amb associated with actions cap n.P, cap € {in,out,open},
and ambients n[P] in MA-process A have a similar arrangement. An action rep-
resented by a capability cap n is encoded into Node(cap,n,up,down, s, ,label),
where up and down are names of channels used for communication with upper
and lower contexts of the action, s, is a channel name shared by all action-
type nodes of Structures for communications with Ruler, and label is an in-
dividual label of the action in A. An ambient n is encoded into the m-process
Node(amb,n,up,down, sy, label), where up, down and label have the same mean-
ing as above, amb is the key word for distinguishing ambients from capabilities,
and s, is a channel name shared by all ambient-type nodes of Structures for com-
munications with Ruler.

The n-process Node(a,n,u,d,s,l) is a recursive process composed of two sub-
processes Reply(d,s,l) and Main(a,n,u,d,s,l). The subprocess Reply serves the
dual function of providing communication with the lower context of a node (which
is a set of nodes) and also of converting (if necessary) the node into a wire. The
subprocess Main keeps the information about the node (its type, name and context)
and communicates with Ruler.

3.2.4 Simulating the Operational Semantics of Pure Ambients

The m-process Structurey represents only the spatial structure of MA process A. The
behaviour of A is simulated by a universal w-process Ruler which does not depend
on A. This process has two parameters s, and s, as channel names for receiving
submissions from nodes corresponding to actions and ambients. The received sub-
missions indicate the readiness of the nodes to participate in the simulation of some
MA operation (entering, exiting or opening).
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Definition 3.6. The formal description of a m-process Ruler is as follows.

Ruler(sact,Samp) = (vVxo) (vx1) (vxz) (vy) (12)
Sact(VO)' Samb(vl)' samb(VZ)- (13)
Vo (xo).xo(te, Ry ley e, deyul,). (14)
V(1) X1 (ta, 110,15 lay Ua, 1, da,1 ula ). (15)

%) <X2>.)C2 (ta,Zana.Qv la,27 ua,27da,27 ula.2)-
[te=inAne=ngoANule =1g1 ANuly = uly 2] (16)
(
) (lc,uc>.V1 <y, da,2>.V2 <y, ua72> R (17)
[te=out Anc =nga Nule =lg1 Nulg 1 = 142) (18)
(
v0<lC7uC>'vl <y7 ua72>-v2<y7 ua72> 3 ( )
[te =0open Anc=ng1 ANule =2 ANulgy =1;2]  (20)
( V0<lc‘auc>'vl <la,lauu,l>~v2<ya Mu,2> y ( )
VO<Y7MC>~VI <y7 ua,1>'v2<))7ua,2> ) ( )
)

)-Sact (20)- Samb(21)- Samp(22). Ruler(Sact Samp) (23)

Environment:

The environment is considered as a top-most ambient encompassing MA-process A.
But unlike conventional ambients it cannot be dissolved and no ambient can exit
from it. The environment plays the role of an upper context for unguarded actions
and ambients; it can also participate in the simulation of open operations as Amb.
Moreover, for the sake of uniformity it is convenient to compose an environment
out of two ambient-type processes. Only one of these processes can actually partic-
ipate in simulation of some MA-operation. The other is just a dummy which gives
Ruler a possibility to operate while at least one active action-type node remains in
Structurey.

Definition 3.7. The formal description of a m-process Environment is
Environment(env, T ,d,Samp) = Top(en, T,d,sump) |
(vd") Top(env, T,d' sump) (
vv) (V1) (vu) (vw) (2
(v). v(x). (2
(env, T, L u,d,w). (2
v(y,2). 5{I). Top(emv, T ,d,s) (

Top(emv, T,d,s) = (
s
X

NSNS NN
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3.2.5 The Intended Meaning of the Encoding Constructions

We present here some details about our encoding. First we briefly explain the in-
tended meaning of some fragments of Reply and Main from the formal description
of Node(a,n,u,d,s,l):

()Reply(d,s,I) can receive via the channel d either a request from the lower context
of the node, or an instruction from Main which changes the whole node into a
wire. In the former case y is evaluated as a private channel name for emitting at y
the label / of the node. In the latter case the main process evaluates y as the label
[ (see line (9)) which does not match any private name. Therefore, after receiving
the label [ from Main the process Reply is reduced to the line (2), whereas after
receiving a request from the lower context of the node it is reduced to the line (3).

(2)After receiving the label / of the node from the main subprocess of the node,
Reply receives an updated channel name for communication with the upper con-
text of the node (see line (9)), sends a synchronization message to Ruler indi-
cating thus the completion of the instruction processing, and evolves into a wire
which connects the lower and the upper contexts of the node. This may happen
when the node becomes passive since the corresponding capability is consumed
or the ambient boundary is dissolved.

(3)If Reply receives a request from the lower context of the node it considers the
value of y as a private name of a channel and sends via this channel the label / of
the node. As a consequence, the label of the node becomes available to its lower
context. Afterwards Reply reverts to the original state.

(4)The subprocess Main(a,n,u,d,s,l) uses the following private names:

e vasaname of a channel for receiving acknowledgments and instructions from
Ruler,

e w as a name of a channel for receiving the label of a node that precedes our
node in Structurey,

e k as an arbitrary fresh name different from the label of the node to switch
Reply to the line (3).

(5)Main begins with sending a message to Ruler to indicate the readiness of the
node to participate in the simulation of some MA operation. Ruler will consider
this message as a private name of a channel for communication with the node. If
Ruler selects the node for simulating MA operation it sends via v another private
name (see lines (14),(15)). This name will be used as a channel for sending to
Ruler additional information: the name, the type and the environment of the node.

(6)The node sends a request to its upper context to know the label of the preceding
node in Structure,. The upper context replies via w and evaluates [, to the label
of the predecessor (see lines (1), (3) and Proposition 3).

(7)The node sends to Ruler its type, name and label, the channel names for com-
munication with the upper and lower context, and the label of its predecessor
in Structures. After processing this information Ruler replies via v to the node
and informs it about its new status (active or passive) and its new upper context
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(see lines (17), (19), (21) and (22)). If the node does not match a pattern for
simulating an MA operation or corresponds to a component of MA which is not
consumed or dissolved along the operation, then Ruler emits at v some private
name which does not match /. The node considers this private name as an in-
struction to remain active. Otherwise Ruler evaluates y as the label / of the node
and this is considered as an instruction to alter the node into a wire. In both cases
Ruler evaluates z as a name of a new channel for communication with the upper
context of the node (since the context of the node may also be changed as a result
of simulation of MA operation).

(8)Main checks the instruction.

(9)If the node becomes passive due to the consumption of a capability or dissolution
of an ambient, then Reply is instructed to become a wire and receives an updated
channel name for communication with its upper context. In this case the main
subprocess of the node is reduced to 0.

(10) Otherwise the subprocess Reply is informed that the node remains active. The
input action k(w') is used just for the sake of uniformity.

(11) Afterwards the main subprocess sends to Ruler a synchronization message
which indicates completion of the instruction processing, updates its upper con-
text and reverts to the original state.

The intended meaning of the lines in the definition of Ruler(sqer, Samp) is as follows.
(12) The subprocess Ruler uses the following private names:

® Xxp,x1,x> for communication with the nodes selected for simulating MA oper-
ations, and
e y for instructing the selected nodes to remain active.

(13) Ruler non-deterministically selects three nodes representing an action and a
pair of ambients in an MA-process that can participate in the simulation of MA
operation. Selection is put into effect by receiving requests via public chan-
nels sqe; and s, (see line (5)). The first selected node is an action-type node
since the request from this node is received via the channel s,.; which is shared
by action-type nodes only. Two others are ambient-type nodes. The requests in-
clude private channel names for communication with the selected nodes.

(14) Using this private channel, Ruler sends a fresh channel name x to the action-
type node. The node considers this message as an inquiry about its characteristics
(type t., name n,, label /., channel names u.,d. for communication with up-
per and lower contexts, label ul. of the preceding node). It delivers the required
names to Ruler via the private channel xg (see line (7)).

(15) As in the case of actions (see line (14)), Ruler asks the selected ambient-type
nodes to provide the information on the names n, 1 and n, >, labels I, 1 and I, >,
channel names for communication with lower contexts d, 1 and d, >, and labels
of the preceding nodes ul,; and ul, > of these nodes.

(16) From this point Ruler begins to check which operation on MA can be exe-
cuted by means of the capability represented by the selected action-type node
on the ambients represented by the selected ambient-type nodes. There are three
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conditions to ensure that Ruler simulates the application of the entering reduc-
tion step to the MA process. First, the selected action-type node labelled with /.
should represent an action which has the capability to enter (. = in) into the
ambient named n, > (n. = n,42); secondly, it lies on the top level in the ambient
named 7,1 (ul. = l,1); and finally, the ambients named n, | and n, are siblings
(ulu,l = ulu,Z)-

(17) The entering reduction step is simulated by changing the communication net in
the -process Structures which represents the spatial structure of MA-process A.
Since the capability represented by the selected action-type node is consumed,
Ruler sends to this node its label /. via the private channel. After receiving this
message the node evolves into a wire (see lines (7), (8), (9), (1), (2)). Since the
ambient named n,; enters the sibling ambient named n, 7, the corresponding
ambient-type node has to change its upper context. Ruler sends to this node the
channel name d,, for communication with its new upper context which is the
node corresponding to the ambient named n,>. The upper context of the node
corresponding to the ambient named n, > remains the same, and Ruler acknowl-
edges this by communicating back the value u,>. A private name y which does
not match the labels [, 1 and /, 5 is sent to the ambient-type nodes as an instruc-
tion to remain active (see lines (7), (8), (10), (11), (1), (3)).

(18) If the selected nodes do not match an entry-pattern, then Ruler checks for an
exit-pattern. There are three conditions to ensure that Ruler simulates the applica-
tion of an exiting reduction step to the MA process. First, the selected action-type
node labelled with /. should represent an action which has the capability to exit
(tc = out) from the ambient named n,> (n. = ny2); secondly, it lies on the top
level in the ambient named n, 1 (4l = I 1); and finally, the ambient named n, 1
lies on the top level of the ambient named n,> (ul,1 = l42).

(19) Since the capability represented by the selected action-type node is consumed,
Ruler sends to this node its label /. to evolve the node into a wire (see lines (7),
(8), (9), (1), (2)). Since the ambient named n, 1 is transformed into a sibling of
the ambient named n, >, it changes the upper context from u, 1 to u,>. The upper
context of the node corresponding to the ambient named 7, > remains the same.
Ruler sends a private name y which does not match the labels /, | and I, to
instruct the ambient-type nodes to remain active (see lines (7), (8), (10), (11),
(1), 3)).

(20) If the selected nodes do not match an exit-pattern, then Ruler checks for an
open-pattern. If the selected action-type node labelled with [, represents an action
which has the capability to dissolve the boundary (¢, = open) of the ambient
named n,1 (1. = ng,1), lies on the top level in the ambient named n,> (ul. =
la), and the ambient named n,; also lies on the top level of the ambient n, >
(ulg1 = la2), then Ruler simulates the application of an opening reduction step
to the MA process.

(21) To simulate an opening MA-operation, Ruler sends /. to the action-type node
and [, ; to the ambient-type node named 7, to evolve these nodes into wires (see
lines (7), (8), (9), (1), (2)) since the capability is consumed and the boundary of
the ambient is dissolved. Ruler sends a private name y which does not match the
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label /, > to instruct the ambient-type node named 7, > to remain active (see lines
(D), (8), (10), (11), (1), (3)).

(22) If the selected nodes do not match any pattern, then Ruler informs them via
private channels to remain active and to keep their channels for communication
with upper contexts unchanged.

(23) After this Ruler waits till the nodes which participated in this round of simula-
tion send their synchronization messages (the labels) to indicate that instructions
sent to them (see lines (17), (19), (21), or (22)) are performed (see lines (2) and
(11)), reverts to the initial state and tries another triple of nodes.

Finally, we comment briefly on the intended meaning of Environment.

(24) The environment is composed of two processes Top. They have the same func-
tionality, but only the first one has a global name for communication with its
lower context (top-level actions and ambients encompassed by the environment).
Nevertheless both processes can communicate with Ruler via the channel s,
shared by ambient-type nodes. The name T is an arbitrary name which is differ-
ent from any free name in an ambient encompassed by the environment.

(25) A process Top uses the following private names:

e vasaname of a channel for receiving acknowledgments and instructions from
Ruler,

e [ u,w as dummy names that are used only for the sake of uniformity in com-
munications with Ruler (they stand for the label, upper context and label of
the predecessor of the node that are of no importance for the environment).

(26) The environment processes begin with sending to Ruler their requests for par-
ticipation in the simulation of MA operations. When participation is granted Top
receives a private channel name for communication with Ruler (see line (15)).

(27) Using this channel Top sends to Ruler the information about its type (a keyword
env), name (it should be different from any name in Structure,), channel names
for communication with its upper context (since it does not exist any private
name is possible) and lower context (d), the label of the preceding node (it does
not exist also and Top uses any private name for this purpose).

(28) Like any other node participating in the simulation of MA operation as seen in
line (7), Top receives a pair of names (y and z) which are interpreted as instruc-
tions for changing its status and updating its context. But since the environment
cannot be dissolved and it has no upper context, these names do not affect its
functionality. This input is used only for the sake of uniformity which gives Ruler
the possibility not to distinguish Top as a specific node. Therefore, Top just ac-
knowledges the receipt of these names by sending a synchronization message to
Ruler and reverts to the original state.



148 3 Encodings

3.2.6 Encoding of Pure Ambients into m-processes

The encoding of pure ambients in 7-processes is defined in terms of two rela-
tions = and =. We use |=¢ for constructing Structures corresponding to MA-
process A and |= for constructing the ultimate 7-process out of Structures, Ruler
and Environment.

Definition 3.8. The encoding relation |=¢ is defined inductively by the following
axioms and rules. In every pair [P,k] to the right of ¢ the second component k
stands for the free channel name used in the 7w-process P for communication with
its upper context.

Axioms:

Axl (Simple Inactivity) 0 |=¢ [0,k], where k € N

Ax2 (Tree-wire) 0 =0 [(VI) TWy i, k], where I C N, ke N ;
Rules:

R1 (Add tree-wire) Ao [P.A]

Ao [(vI) Wim|P),m]
where k € I, fn(P)NI C {k}, m ¢ fn(P)UI,

Ai o [PLk], As o [Pyyk]

A1|A2 ':0 [P1|P27k] ’

Ao [P .

(va)Al=o [(vn) Pk|’
A o [PA]

capn. A= [(v k) (vI)(Node(cap,n,m,k,sqc,1)|P),m] °
where cap € {in,out,open}, I,m ¢ fn(P)U{n};

R2 (Composition)

R3 (Restriction)

R4 (Replication) % :

R5 (Action)

. Ao [Pk
R6 (Ambient) o= TV v 1) (Noig([amll,n,m,k,samhl)|P)7m] ’

where I,m & fn(P)U{n}.

The encoding relation |= is defined by the single rule
RO (MA —to — 1)

A o [Structurey k|
A= (v X) (Structurea|Ruler(Sact , Samp )|Environment (env, Tk, Samp))

where vX stands for the prefix
(v in) (v out) (v open) (v amb) (v env) (V saet) (V Samp) (Vv T) (V k),
and T is any name from .4/ — fn(A).

Proposition 3.4.

1. Let A, B be two MA-processes such that A =, B, and A |= P. Then there exists a
derivation B |= Q such that P =, Q.

2. IfA =P, then fn(A) = fn(P).
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3.2.7 Operational Correspondence

In this section we will demonstrate that the encoding of pure ambients into the -
calculus is complete and sound. By completeness we mean that any m-process P
associated with an MA-process A through the encoding relation A |= P admits only
those m-calculus reductions P —7% P’ that can be interpreted in terms of pure ambient
reductions A —, A’ such that A’ = P'. Soundness means that any reduction A —, A’
corresponds to some chain of 7-calculus reductions P —} P’ of P such that A’ = P'.
Thus, we may speak of a homomorphic embedding of pure mobile ambients into
the m-calculus.

Theorem 3.2 (Completeness). Let Ag,A| be MA-processes and Py be a m-process
such that Ag —, Ay and Ay |= Py. Then there exists a chain of -calculus reduction
steps

Py —3 P —% P

such that A} = Py.

The proof follows straightforwardly from the description of processes Main,
Reply, Ruler, and Top and Proposition 3.3. The only non-deterministic steps in the
reduction Py —}, Py are three communications steps when Ruler selects nodes repre-
senting a capability and a pair of ambients for simulating a reduction step Ay —4 Aj.
Afterwards the reduction of Py is completely deterministic until all communication
actions in the bodies of subprocesses Ruler, Main and Reply are executed to an end.

Theorem 3.3 (Soundness). Let Ay be an MA-process and Py be a m-process such
that Ay |= Py. Let Py —3; P be a chain of m-calculus reduction steps. Then there exist
an integer N, 0 < N <2, a sequence of m-calculus terms P{,P\,P},P,,...,P,,P, and
a sequence of pure ambient terms A1,As, ..., A, such that the following conditions
hold

1.P <N P 5 Py
2. The chain of m-calculus reductions Py —5 P —3 P, can be partitioned as follows:

3 p/ * 3 pl * 3 3 pl * 3—N N p/ *
PBy=gPi=gPr—y Py Ph—y =3 B = B =y " P—op B By
such that

a. A; |E P foreveryi, 0 <i<n;
b. for every i, 0 <i < n, either A; =4 Ajr1 or Aj —4 Ajr1.

The intended meaning of this theorem is as follows. Suppose that a w-process Py
encodes an MA-process Ao, and it can be reduced to a w-process P. Then either P
encodes an MA-process A,, or P is in an “intermediate” form and it can be further
reduced to a m-process P, which encodes A,. In the latter case, the reduction of P
to B, is a composition of

* N non-deterministic reduction steps P %17}’ P,é, where 0 < N < 2; these steps
complete, if necessary, a non-deterministic selection of nodes representing an
action and ambients in an MA-process (see Subsection 3.2.5.(13)), and
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* a finite number of deterministic reduction steps P, —% P, corresponding to
the interaction between the Ruler and the selected process Node (see Subsec-
tion 3.2.5.(14)-(23)).

When reduction of P to P, is completed, the whole chain of m-calculus reductions
Py —} P —} P, becomes a step-by-step simulation of some mobile ambient com-
putation Ag —, Ap.

The proof of this theorem is by induction on the number of non-deterministic
steps — in a reduction of Py. Each triple of non-deterministic steps in such a re-
duction is followed by a chain of deterministic reduction steps that either simulate
the execution of some MA-reduction step if the selected nodes in a mw-process P,
comply with one of the MA-reduction rules, or restore P; otherwise.

‘We may note that our translation has diverging reductions whenever the selected
nodes do not conform to any MA-reduction rule. In this case we may obtain an
infinite chain P <3 P/ =i P =3 Pt P 3

Proposition 3.5. If A is an MA-process and P is a w-process such that A |= P, then
we can see that P is a localized w-calculus term.

3.2.8 Further Extensions

The encoding makes it possible to analyze some properties of mobile ambients by
means of static analysis and the congruence-checking machinery developed for the
n-calculus. The fact that we restrict ourselves to localized and sum-free 7-terms
substantially alleviates the analysis. Moreover, our encoding does not involve any
sophisticated structures that can affect the precision of such analysis.

The encoding can be extended to a full ambient calculus, adding a communica-
tion channel per ambient. This implies a “merging” of channels when an ambient is
opened; we may use the same mechanism: the Ruler randomly selects an input and
an output, checks if they belong to the same ambient, and performs communication.
On the other hand, it is worth noticing that our encoding is slightly more general
in the sense that the target language is even simpler. We can use the asynchronous
m-calculus, which is even simpler than the synchronous 7m-calculus, by using the
standard encoding [95].

It can readily be imagined that the encoding could be made more advanced by
combining every m-process Node corresponding to an ambient with its own inter-
preter Ruler. In this case a distributed interaction between the components of a
system can be achieved, and the encoding becomes compositional. To study the
behavioural properties of mobile ambients that are preserved by such an advanced
encoding would be our next step. The ultimate aim is to build a fully abstract trans-
lation which preserves behavioural equalities between processes, such as reduction
barbed congruence [117, 144]. If such a translation should be obtained, it provides
a sound basis for a uniform framework of the theory of mobile computations.
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3.3 Safe Mobile Ambients into Mutual Mobile Membranes

Membrane systems [127, 128] and mobile ambients [42] have similar structures and
common concepts. Both have a hierarchical structure representing locations, and are
used to model various aspects of biological systems. Mobile ambients are suitable
to represent the movement of ambients through ambients and the communication
which takes place inside the boundaries of ambients. Membrane systems are suit-
able to represent the movement of objects and membranes through membranes. We
consider these new computing models used in describing various biological phe-
nomena [40, 65], and encode the ambients into membrane systems [12, 19]. We
present such an encoding, and use it to describe the sodium-potassium exchange
pump [14]. We provide an operational correspondence between safe ambients and
their encodings, as well as various related properties of membrane systems [14].

3.3.1 Main Idea

In what follows we describe a relationship between ambients and membrane sys-
tems. This relationship is mainly provided by an encoding of safe mobile ambients
into systems of mutual mobile membranes. We use the following translation steps:

every safe process 0 is replaced by the empty multiset A ;
every ambient n is translated into a membrane labelled by n;
every capability cap n is translated both into an object “cap n”” and into a mem-
brane labelled by “cap n”, both placed in the same region;

e every path of capabilities is translated into a nested structure of membranes (e.g.,
in m. out n is translated into in m [ ouf n [ |5z » lin m);

inm |outn D
out n

e an object dlock is placed near the membrane structure after all the translation is
done; the additional object dlock prevents the consumption of capability objects
in a membrane system which corresponds to a mobile ambient from the set Z,,,,,.

inm

A feature of pure safe ambients is that they have a spatial tree-like structure. The
nodes in this structure are represented by ambients and capabilities. When translat-
ing a pure safe ambient into a membrane system we obtain the same tree structure
by means of membranes: every node is a membrane having the same label as the
corresponding ambient or capability. Let us consider the following mobile ambient
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inm inm

Translating it into a mobile membrane system, we obtain

dlock[inm []inm []l ]n [Em[]ﬁm]m

s o ()| 17 O
inm t inm
n m

Remark 3.1. Whenever we encode a path of capabilities, we wish to preserve the or-
der in which the capabilities are consumed. This order is preserved by the translation
given above, even it requires lots of resources. Another solution is to encode every
capability only into an object, and to preserve the order of the objects by adding
extra objects and rules into the system. This can be done by introducing objects able
to enchain a certain sequence of rules: for instance, if we have in n. in m... then in
the corresponding membrane system we have the rules:

inn—innx, mnx—inmy,

Cardelli and Gordon in [42] use the following structure
p|succ[openopl] | open q.open p.P | op|in succ.in p.in succ.
(q[ out succ.out succ.out p| | open op)]

Starting from such a structure, we look for a translation such that the capabilities’
order is preserved. For every consumed pair of capabilities in safe ambients, there
is a change in the ambient structure. We simulate this with the help of some special
developmental rules in membrane systems. An object one is used to ensure that
no more than one pair (capability, co-capability) is consumed at every tick of the
universal clock. Using rules for moving a membrane as in [104, 108], we define the
following developmental rules:

a) [inmdlock one |, [inm], — [in*min.m dlock |, [ in.m |

If a membrane n (containing the objects in m, dlock, one) and a membrane m
(containing an object in m) are placed in the same region, then the objects in m
and one are replaced by the objects in,m and in*m; the object in m is replaced
by the object in,m. The object in*m is used to control the process of introducing
membrane 7 into membrane m, and the objects in.m, in,m are used to dissolve
the membranes in m and in m.

capsm [ }cap m = [ 0 ]cup m

If an object cap.m and the membrane labelled by cap m are placed in the same
region, then the object cap.m is consumed and the membrane labelled by cap m
is dissolved (this is denoted by the symbol 6). This rule simulates the consump-
tion of a capability cap m in ambients.

b

~
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©) [in*mn [Im = [[In]m [[-cap* 1,
If an elementary membrane n (containing an object in*m) and a membrane la-
belled by m (which does not contain star objects — this is denoted by |[ﬁwp* )
are placed in the same membrane, then the membrane n enters the membrane
labelled by m and the object in*m is consumed in this process. The | operator is
used to denote the fact that the rule can be applied only if the conditions on the
right hand side are initially satisfied.

d) [out m [ out m dlock one |, |,y — [ out.m [ out*m out,m dlock |, |
If a membrane m contains both an object ouf m and a membrane n (having the
objects out m, dlock, one), then the objects out m and one are replaced by out.m,
out*m; moreover, out m is replaced by the object ouf,.m. The object out*m is
used to control the process of extracting membrane n from membrane m, and
the objects out,m, out,m are used to dissolve the membranes our m and ouf m,
respectively.

e) [[out™m n Jm = [1n [Im
If a membrane m contains an elementary membrane n which has an object out*m,
then membrane n is extracted from the membrane labelled by m, and object
out*m is consumed in this process.

f) [open m],, open m dlock one — [ & |yopen.m open,m dlock
If a membrane m and the objects open m, dlock, one are placed inside the same
region, then membrane m is dissolved, the object open m is consumed, and the
objects open m and one are replaced by the objects open.m and open,m.

@ (U [ a— [U° lowt"n inn UYL [ -capr ),
We denote by U* an arbitrary non-empty multiset of star objects placed in mem-
brane n. If a membrane n contains a multiset of star objects U* and a membrane ¢
which does not contain star objects (this is denoted by |[ —~cap*],)» then a copy of
set U™ and two new objects in*n and out*n are created inside membrane ¢. The
existence of a multiset U™ of star objects indicates that membrane n can be used
by rules c), e) to enter/exit into/from another membrane. In order to move, mem-
brane n must be elementary; to accomplish this, the objects out*n, in*n and a
copy of the multiset U* are created inside membrane ¢ such that membrane ¢ can
be extracted. After membrane n completes its movement (this is denoted by the
fact that the membrane labelled by n does not contain star objects), membrane ¢
is introduced back into membrane .

h) dlock [ ], — dlock [ dlock | | [ -dtock],
If an object dlock and a membrane n (which does not already contain an ob-
ject dlock, i.e., [ ~dlock |,) are placed inside the same region, and there is no
object n placed in that region (denoted by —n), then a new object dlock is placed
inside membrane n. This rule specifies the fact that object dlock can only pass
through membranes corresponding to translated ambients; this makes impossible
the consumption of capability objects from the translated structures from Z,.

i) [dlock], —[]n
The object dlock created by an application of rule # and located inside membrane
n is removed.

j) [dlock), — [ dlock one ],
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If a membrane n contains an object d/ock, then an additional object one is created
in membrane 7.

k) one — [ 0]
An object one is consumed; the last two rules ensure that at most one object one
exists in the membrane system at any moment.

Remark 3.2. Whenever we get the membrane system

leCk[ianinmmnHWn[‘”””Houtn}t]n[Em[]ﬁm]m

" _ )
mmnm out n
dlock Dinm Dmn ﬁm O
inm
m
out n
\§ t _Jn

after applying in a maximally parallel manner the developmental rules from the set
defined above, we obtain either the membrane system [ [ ], [ ] ]m or [ s [ [ ]n Jm-
The order in which the pairs of objects corresponding to translated capabilities are
consumed in the membrane encoding should be the same as the order in which the
pairs of capabilities are consumed in the encoded ambient. However in the example
above this order cannot be established; the non-star objects can be consumed by two
rules applied in parallel. For this reason we have imposed the following priorities
between the developmental rules defined above:
b) >0),e), g) >a),d), H) > k) >h),1),j)

According to these priorities, the membrane system
dlock [in m [ linmout n [ |oz o [out n[Jout n ]t In [inm [ ]z, m _
evolves only to the membrane system [ [ |, [ ]; ] if the objects in m and in m are
consumed before the objects out n and ouf n by a rule from the set given above.
The applied rules are the ones defined in what follows. After each evolution step we
represent graphically the membrane system obtained.

ri ¢ dlock [, — dlock [ dlock |, — type k) — a copy of the object dlock is created
inside the membrane n, which does not contain a dlock object;

~

in mdlock out n

leCk O mm Dout n E m D
inm
m
out n

(. t _n
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ry @ dlock [, — dlock [ dlock |, — type k) — a copy of the object dlock is created
inside the membrane ¢, which does not contain a dlock object;

r3: [dlock], — [ dlock one ], — type j) — an object one is created in the mem-
brane n which contains a dlock object;

m mdlock one out n

dlock O D()ut n ﬁ m D
dlock inm I
out n
out n

(. t Jn

rq: [inmdlock one), [inm], — [in*m in.m dlock ], [ inm |, — type a) — the
objects in m, one in membrane n are replaced by the objects in.m, in*m, and the
object in m in membrane m is replaced by the object in.m

m m inym dlock out n

dlock O Dout n E*m D
dlock inm -
out n
outn

(. t _n

rs: inam [ Jinm — [ 8 |linm — type b) — in the presence of an object in.m the
membrane labelled by in m is dissolved; the object in,m signals the fact that the
object in m has been consumed;

16 inum [ |5 ,, — [ 8 ]5,, — type b) — in the presence of an object in.m the
membrane labelled by in m is dissolved; the object in.m signals the fact that the
object i in m has been consumed;

~N
in*m dlock out n

dlock DW n
dlock I
out n
out n

(. t Jn

rr: [in*m [, |n — [in*m [ in*m out™n in*n |, |, — type g) — in the presence of
star objects in membrane n (which is not an elementary one), a copy of all the
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star objects from membrane n and two new objects out*n, in*n are created in the
nested membrane 7;

rg . [in*m [ gz p Jn — [0 m [in*m out*n in*n |55 , |n — type g) — in the presence
of star objects in membrane n (which is not an elementary one), a copy of all the
star objects from membrane n and two new objects out*n, in*n are created in the
nested membrane out n;

~
in*m dlock out n

dlock out n

in‘m dlock -

O.Mt*n out n

in*n

outn
g t Jn

ro i [in*mout™nin*n||own i — [iIn*mout*nin*n [ in*mout™*nin*nin*t out™t | oy n )
— type g) — in the presence of star objects in membrane ¢ (which is not an
elementary one), a copy of all the star objects from membrane ¢ and two new
objects out*t, in*t are created in the nested membrane out n;

r10 : [ [out* n gz n In — [1n [ Jour n — type €) — the membrane out n, being elemen-
tary and containing the object out*n, is extracted from membrane n;

in*m dlock out n

dlock
m*in n*m in*t dlock
out™n o_ua*n out™t out n
n-n inn out n
t n m
ri1 s [ [out™t Jous n )t = [t [ Jour n — type €) — the membrane out n, being elementary

and containing the object out™t, is extracted from membrane ¢;

ri2 : [in*m g n [ Im — [ [ o n Im — type ¢) — the membrane ouf n, being elemen-
tary and containing an object in*m, is introduced into membrane m which does
not contain any star objects;

4 - N
in*m dlock out n

in“fm in*t
out*n

dlock out n

N . m
in*mout*nin*n

in‘n
dlock .
[ j i) 5 n
t J

&

n

ri3 2 [[out™n |ous n ln — [1n [ Jour n — type €) — the membrane out n, being elemen-
tary and containing an object out*n, is extracted from membrane n;
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ria: [[out*n]; |n — [ ]n [ ]: — type €) — the membrane ¢, being elementary and
containing an object out*n, is extracted from membrane n;

[ in*m dlock out n j in“m in*t
n .k
inn

dlock outn

in*m dlock

. out n

in*n e

inn our n

t m

ris: [in*m ] |m — [ [ ]n ]Jm — type ¢) — the membrane n, being elementary and
containing an object in*m, is introduced into membrane m which does not contain
any star objects;

rig: [in*m); [ lm — [ [ )¢ Jm — type ¢) — the membrane ¢, being elementary and
containing an object in*m, is introduced into membrane m which does not contain
any star objects;

r17 2 [ m our n [ Im = [ [ ou n ]m — type ¢) — the membrane out n, being elemen-
tary and containing an object in*m, is introduced into membrane m which does
not contain any star objects;

- ~
[ dlock oTi n ]
dlock T Joun
dlock
. out n .
mn mn
A out n
9 Y

rig: [in*n]; []n — [[ ] |[n» — type ¢) — the membrane ¢, being elementary and
containing an object in*n, is introduced into membrane n which does not contain
any star objects;

719 2 [in*1 ] our n [ 1n — [ [ Jour n ]n — type ¢) — the membrane out n, being elementary
and containing an object in*n, is introduced into membrane n which does not
contain any star objects;

0 : [in*n gz n [ 10 — [ [ |a » ]n — type ¢) — the membrane ouf n, being elementary
and containing an object in*n, is introduced into membrane n which does not
contain any star objects;

dlock out n it

dloc out
e

out n
t out
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ro1 2 [0t Jour n [ ]t = [ [ Jour n ] — type ¢) — the membrane out n, being elementary
and containing an object in*t, is introduced into membrane ¢ which does not
contain any star objects;

r [ dlock ), — [ dlock one ], — type j) — an object one is created in membrane ¢
which contains a dlock object;

dlock out n

dlock
one
outn outn out n

t

dlock

rp3 : [out n [ out n dlock one ), |, — [outin | out*n out.n dlock |, |, — type d) —
objects one, out n are replaced in membrane ¢ by objects out*n, out,n, and object
ouf n in membrane 7 is replaced by object ouf.n;

dlock out.n

dlock
out*n
outn outyn out n

t

dlock

n
m

24 2 outint [ Jous n — [ O Jowr n — type b) — in the presence of an object out.n the
membrane labelled by out n is dissolved; the object out..n signals the fact that the
object out n has been consumed;

ras : outin [ |gzin — | O |om » — type b) — in the presence of an object out.n the
membrane labelled by ouf n is dissolved; the object ouf .n signals the fact that the
object out n has been consumed,

dlock
dlock
! n
rag: [ [out*n]; |n — [ 1¢[ ]n — type €) — the membrane ¢, being elementary and

containing an object out*n, is extracted from membrane #;
a7+ | dlock ], — [ ] — type i) — the object dlock from membrane # is consumed,;
g [dlock], — []; — type i) — the object dlock from membrane ¢ is consumed;

Nalle)
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The rules are applied in the order presented above, with the additional remark
that the tuples of rules (rs,7¢), (r7,78), (r9,710), (r11,712)> (r13,714), (115,716,717,
(rlg,rlg,rzo), (r21,r22), (}"24, }"25), (}’26, r27,r28) can be applied in any order or in par-
allel. The computation stops when, after introducing all the possible objects dlock
by applying rules of form ), none of the sequences of rules j),a) or j),d) or j), f)
can be applied.

Remark 3.3. At a certain moment, the membrane out n of the example above con-
tains the objects in*m, out*n, in*n, in*t, out*t. In order to avoid an unexpected return
of membrane our n into membrane ¢, we restrict the use of the object in*t by im-
posing the lack of star objects in the target membrane. This is enough to distinguish
membrane ¢ (having star objects) from membrane m which has no such star objects.
It is worth noting that the membrane system
dlock [in m [ ]inmout n [ Joz o [out n[Jout n ]t In [inm [ ]z, m

evolves to the membrane system [ |, [ [ ], ] if the objects out n and ouf n are con-

sumed before the objects in m and in m.

3.3.2 Translation

We denote membrane systems by M, M’,M;, N,N’, and the labels of the membranes
by n,m,....

Definition 3.9. The set .# of membrane configurations M is defined by
M= 10| M| (va)M | My My
where by O we denote a finite multiset of objects.

We can write O or M| M, omitting the surrounding membrane, because all the
membrane structures are placed inside a skin membrane. Similar to the restriction
operator presented in [44], we consider in [13] an operator (vn)M for the restriction
of a name 7 to a membrane configuration M.

In order to give a formal encoding of pure safe ambients into simple mobile
membranes, we define the following function:

Definition 3.10. A translation .7 : & — .# is given by 7 (A) = dlock Z1(A),
where 7 . o — M is

cap nHCap n ifA:capn

cap n[ 71(A1) leapn ifA=capn.A;

[%(A])]n ifAZi’l[Al]
J1(A) =4 [ if A=nl]

(vn) J1 (A1) if A= (vn)A,

J1(A1) 71(A2) ifA=A; | A

A ifA=0
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A membrane structure can be represented in a natural way as a Venn diagram.
This makes clear the fact that the order of membrane structures and objects placed
in the same region in a large membrane structure is irrelevant; what matters is the
relationships between membranes and objects. A rule of the forma [b], — b [a ],
has the same meaning as any of the rules [b ], a — [a], b, a[b], — [a]. b,
and [b ], a — b [ a],. Inspired by [40], we formally define the notion of structural
congruence which clarifies this aspect, and reduces the number of rules written for
a membrane system.

3.3.3 Properties Preserved Through Translation

Definition 3.11. The structural congruence =, over .# is the smallest congru-
ence relation satisfying:

MN=Zpen NM M (NM') = (MN) M

MA=pem M (vo)(vin)M =0 (vin)(va)M,

(vim)M =pem (vn)M{n/m}, where n is not a membrane name in M;

(vn)(N M) =pmem M (vn)N where n is not a membrane name in M;

n # mimplies (va)[ M |,y Zmem [ (V)M |

The restriction operator can float outward to extend the scope of a membrane
name, and can float inward to restrict the scope of a membrane name.

We deal with multisets of objects, and multisets of membranes. For example, we
have [ ], [ |m Zmem [1m [1n> 0 m [ 10 Zmem [ |0 in m and in*n out*m =0, out*m in*n.

Proposition 3.6. The structural congruence has the following properties:
M =pem M;
M =0 N implies N =0 M;
M =,0m N and N =0, M implies M =0, M';
M =,0m N implies M M' =0y N M';
M =0 N implies M' M =0y M' N;
M = em N implies [M |, =pmem [N |u;
M =,em N implies (vi)M =0 (VR)N.

Proposition 3.7. Structurally congruent ambients are translated into structurally
congruent membrane systems; moreover, structurally congruent translated mem-
brane systems correspond to structurally congruent ambients:

A= Biff T (A) Zpem 7 (B).
S _
T T and T T
T (A) Zmem T (B) T(A) = Zmem - T (B)
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Proof. We prove that if A =, B then J (A) =em 7 (B).

If A=A | Ay and A =, B, then B = A, | A;. Through 7 are obtained
T (A) =dlock 71(A1) F1(A2) and T (B) = dlock T (A;) 7 (Ar). From the defi-
nition of =y, it results that .7 (A) =em -7 (B).

Aq |A2 =amb As ‘ Ay
T T
dlock % (A]) <71 (Az)  =mem dlock % (Az) % (A])

IfA=A | (A2 ‘ A3) and A =, B, then B = (Al |A2) |A3. Through T are ob-
tained J (A) =dlock 71 (A1) (Z1(A2) Z1(A3)) and T (B) =dlock(T1 (A1) T1(Az))
1 (A3). From the definition of =, it results that 7 (A) =pem 7 (B).

A | (AZ |A3) =amb (Al |A2) ‘ Aj
T 7

dlock Fi (A1) (Fi(A2) Fi(A3)) = Zmem -+ dlock(Ti (A1) Ti(A2)) T (As)

IfA=A; |0 and A =, B, then B = A;. Through .7 are obtained .7 (A) =
dlock 71(A1) A and J (B) = dlock 71(A1). From the definition of =, it results
that 7 (A) =pem 7 (B).

Ay ‘ 0 =amb A
T T

dlock %(Al) A Smem - dlock ,%(A])

If A= (vn)(vm)A| and A =, B, then B = (vm)(vn)A;. Through 7 are ob-
tained .7 (A) = dlock(vn)(vm).71 (A1) and .7 (B) = dlock(vm)(vn) Z1(A). From
the definition of =, it results that .7 (A) =em 7 (B).

(Vl’l) (vm)Al =amb (Vm) (Vn)Al
g T
dlock(vn)(vm) .71 (Ar)  Zmem dlock(vm)(vn)J1(A))

IfA=(vn)A;,n ¢ fn(A;) and A =4, B, then B = (vm)A;{m/n}. Through .7
are obtained 7 (A) = dlock(vn)Zi(A;) and 7 (B) = dlock(vm)Ji(A1){m/n}.
From the definition of =, it results that .7 (A) =em 7 (B).
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(vn)A, - (vm)As )
T T
dlock(vn). 71 (A1)  Smem dlock(vin) 71 (Ay){m/n}

IfA=(vn)(A||Az),n¢ fn(A;) and A =, B, then B=A| | (vn)A,. Through .7
are obtained .7 (A) = dlock(vn).71 (A1) (A2) and 7 (B) =dlock 71 (A1) (vn) 71 (A2).
From the definition of =,,,,, it results that .7 (A) =, 7 (B).

(Vl’l)(A] ‘AZ) =amb A] | (Vn)A2
T T
dlock(vn) Z1(Ar) “Zmem - dlock T (A1) (vn) T (Ay)

If A = (vi)m|Ay], n # m and A =, B, then B = m[(vn)A,]. Through 7 are
obtained .7 (A) = dlock(vn)[.71(A})]m and 7 (B) = dlock[(vn) 71 (A1)]m. From the
definition of =, it results that 7 (A) =em 7 (B).

(vn)m[Ai]) Zamb m[(vn)A;]
T T
dlock(vn)[ 71 (A1)]  Zmem dlock[(vn) 1 (A1)]m

Exercise 3.1. Prove the other implication in Proposition 3.7.

In [46] the authors put together the concept of “behaviour” of a biological sys-
tem and the concept of “observer”. “Biological System” represents a mathematical
model of a biological system; such a system evolves by passing from one configu-
ration to another, and producing in this way a “behaviour”. An “Observer” is placed
outside the biological system, and watches its behaviour.

Observer

lzkNOl)servmion

Biological

System

Fig. 3.2 Observer



3.3 Safe Mobile Ambients into Mutual Mobile Membranes 163

Similar to protein observation defined in [79], we introduce a relation called
barbed bisimulation which equates systems if they are indistinguishable under cer-
tain observations. In membrane systems the observer has the possibility of watching
only the top-level membranes at any step of the computation, where the set of top-
level membranes T'L is defined as follows:

ifM=0,thenTL(M) =0

ifM =[N ],, then TL(M) = {n};

if M = (vn)N, then TL(M) = TL(N)\{n};

if M = M| My, then TL(M) = TL(M,)UTL(M,).

For the case M = (vn)N we have that TL(M) = TL(N)\{n} because an observer
does not have the power to observe the membranes with restricted names.

From now on, we work with a subclass of .#, namely the systems obtained from
the translation of safe ambients. Representing by r one of the rules a),...,k) from
our particular set of developmental rules, we use M — N to denote the transfor-
mation of a membrane system M into a membrane system N by applying a rule r.
Similar to [22] where a structural operational semantics for a particular class of P
systems was defined, we can define the corresponding relation =,.,. Considering
two membrane systems M and N with only one object dlock, we say that M =>,.,, N
if there is a sequence of rules ry,...,r; such that M O 5 N. The operational
semantics of the membrane systems is defined in terms of the transformation rela-
tion — by the following rules:

(DRule) M = N for each developmental rule a), ... k)

r

! r !

(Res) — M 2 M. (comp) M2 M__

(vi)M — (va)M MN — M'N

r / _ 1 1T 1 Af —

(Amb) —M = M. (gryc) M Zmen MM 2 NN Zpen N

(M — [M], M — N

The key ingredient of barbed bisimulation is the notion of barb. A barb is a pred-

icate which describes the observed elements of a certain structure.

Definition 3.12. A barb |"*" is defined inductively by the following rules:

M """ n ifne TL(M)
M- M ™ ny--ny ifn,-ETL(Mj)lgi,jgk
(V)M e ifk+n

We write M ||"™" n if either M |"™" n or M =},
Formally, we have:
ot
M "M p éf}M Zmem (Viy) ... (vimy))[ My |, Ma, and n & {my,...,m;}.
M |mem p “/ either M [mempor M =, M and M | n.

The following result reflects a relationship between structural congruence and barb
predicates.

M’ and M’ |¢™ .

Proposition 3.8. Structurally congruent membrane systems have the same top level
membranes. If M =y N, then M | n iff N | n, for alln € TL(M,N).
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Proof. M | n means that M =,,,.,, (vmy)...(vm;)[ My ],, M, where n is a label
different from my,...,m;. From M =0, (Vvimy)...(vim;)[ My ], My and M =01 N,
we get N =pem (Vi) ... (vm;) [ M1 |, Mo, which means that N | n. O

The set of membrane labels ML is defined as follows:

if M = O, then ML(M) = 0;

if M =[N ], then ML(M) = ML(N)U{n};

if M = (vn)N, then ML(M) = ML(N);

if M = My My, then ML(M) = ML(M;) UML(M,).
If a system contains a top level membrane after applying a number of computation
steps, then a structurally congruent membrane system contains the same top level
membrane after applying the same number of computation steps.

Proposition 3.9. If M =,,.,, N, then M | n iff N |} n for alln € ML(M,N).

Proof. We prove only the first implication, the other being treated similarly by
switching M and N.

If M )™ n, then either M | n or M =\, M' and M" |"*" n. The first case
was studied in the previous proposition, so only the second case is presented. If
M =, M and M =, N, then exists N with N =} N and M’ =, N
From M’ =,,.,, N' and M’ |"™ n we have that N’ |"®" n, which together with
N = N implies that N |"*" n, O

mem

Exercise 3.2. Prove the other implication from Proposition 3.9.

Proposition 3.10. An ambient contains a top ambient labelled by n if and only if the
translated membrane system contains a top level membrane labelled by n.
Formally, A |“" n iff 7 (A) |"™™ n for alln € TL(.T (A)).

Proof. We prove only the first implication, the other being treated similarly.

If A |“" n, then we have Ay, A, such that A = (vimy)...(vm;)n[A; ] | Ay, where
né¢ {my,...,m}. From A = (vmj)...(vm;)n[A; ] | A, and the definition of the
translation function we have that .7 (A) = (vmy) ... (vm;)dlock | T1(A1) |0 T1(A2),
which means that 7 (A) |"" n. O

Exercise 3.3. Prove the other implication from Proposition 3.10.

Proposition 3.11. An ambient eventually contains a top ambient n if and only if the
translated membrane system, after applying the same number of steps, eventually
contains a top level membrane n.

Formally, A 9" n iff 7 (A) |}™™ n for all n € ML(T (A)).

Proof. We prove only the first implication, the other being treated similarly.
If A %" n, then either A |“"* nor A =", B and B |“" n. The first case was

amb

studied in the previous proposition, so only the second case is presented. If A :>;Lmb B

then 7 (A) =,,, 7 (B). From B | n then according to the previous proposition
we have that 7 (B) |""™ n. From 7 (B) |"" n and 7 (A) =\.,,, 7 (B), we get that

mem

T (A) §mem n. 0
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We consider that two membrane configurations are similar if they behave in the
same way when they are placed in the same (arbitrary) context. We define a contex-
tual bisimulation as in [109].

Considering a pair (M;N) of membrane systems, we construct all the possible
context pairs (Gpem (M ); Gnem(N)) using the following recursive definition:

(Cinem(M); Cinem(N)) = (M5N) | ([ Conem(M) |3 [ Conem(N) 1n) |
(V) Gonem(M); (V1) Cpem(N)) | (Conem (M) M'; Gpem(N) M') |
(M/ Cgmem(M);M/ %mem(N»-
We define a contextual equivalence ~,,,, over membrane systems by
M ~pom N aef for all n and for all the pairs (Gnem(M); Cmem(N)),
Gmem (M) " n iff Cpem(N) 4" n

Proposition 3.12. If M =,,,.;, N then M ~,,;o,, N.

Proof. Consider an arbitrary pair (€em(M); G nem(N)), and a name n such that
Gmem (M) "™ n. We show that Gpem (N) " 1. Cem(M) =mem Gmem(N) is proved
by induction on the size of €pem (M) and Gpem (N). According to Proposition 3.9 we
have that €ue, (M) {J" n implies Gpem (N) 1™ n; the other implication is proved
by switching M and N. a

Proposition 3.13. If 71 (A) ~yem J1(B) then A >4, B.
g
T T
J1(A) =mem T1(B)

Proof. 71(A) ~mem 71(B) means that for all n and for all pairs (€pem(71(A));
Gmem(71(B))) we have that Gpem (71 (A)) I 0 iff Cem (1 (B)) 4™ n. For all
the contexts, the pair (€mp»(A); Camp(B)) is translated into a pair (7 (Cump(A));
T (€amp(B))). By applying the translation function in the second pair, we obtain the

pair (Gnem(71(A)); Cmem (71 (B))), where G e corresponds to 6, by translation.
We have Guem(71(A)) V™" n < T (Comp(A)) I 1
(

) Prop 3.11 @
Similarly e (71 (B)) V""" n < T (Comp(B)) ™" n

amb( ) llamb n
Prop.3.11
f0[2:> amb( ) llamb
It follows that €, (A) 19" n < € (B) 114" n which implies A ~,,;, B. 0

Remark 3.4. A ~,,,;, B does not necessarily imply that .7} (A) ~em 71 (B), because
the translated contexts from mobile ambients do not represent all the contexts from
membrane systems (the set of contexts in membrane systems is larger than the
set of translated contexts). A ~,,,, B implies that for all n € ML(Z (A | B)) and
for all €, We have Coump(A) 1" n = Gy (B) 19 n. According to Proposi-
tion 3.11, we have .7 (Gymp(A)) V™" n < T (Cymp(B)) 4™ n. We should check
that Gem(71(A)) 1™ n < Gnem(Z1(B)) ™™ n for all the contexts (not only for
a particular set) in order to have .7 (A) ~uem 71(B), and in general this cannot be
done.
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We define deadlock for a membrane system. Deadlock is a predicate

true  if M € Dem

dealeCkmem(M) = {false if M ¢ Dnem

where Ppen, is a set of membrane systems in which, after introducing all the possible
objects dlock by applying rules of form /), none of the sequences of rules j),a)
or j),d) or j), f) can be applied.

The next result relates the two notions of deadlock (in ambients and in membrane
systems) through the defined translation function.

Proposition 3.14. A € D, iff T (A) € Dinem-
Furthermore deadlockgy,(A) = deadlockyem (T (A)).

Proof. T (A) € Dyem means that after applying all the possible rules of type k),
none of the rules of type a), d) or f) can be applied. This is equivalent to the fact
that no object corresponding to a translated capability is consumed, and from the
definition of the object dlock this means that the translated ambient is a deadlock,
S0A € Dyp-

We demonstrate the other implication by checking all the rules from the definition
of Db, and we proceed using structural induction.

If A =0 then .7 (A) = dlock. No rule of the type &), a), d) or f) can be applied
which means that 7 (A) € Dyem.

If A= cap n.A; then J(A) = dlock cap n [ F1(A1) Jcap n- Note that no rule of
the type h), a), d) or f) can be applied which means that .7 (A) € Diem-

If A=n[A], A1 € Dy, and TA(A;) = 0 then we have A} = A| | ... | A}
where each Al = cap n;. A}, for all i € {1,... k}. This means that .7 (A) =
dlock [ cap ni| Z1(AY) Jeap n, - --cap ni[ T1(A}) leap n; |n- Only one rule of type h)
can be applied; in the resulting configuration we cannot apply a rule of type a), d)
or f), which means that .7 (A) € Dem.

If A=n[A ], A1 € Dump, TA(A1) £ 0, open m | Ay =gp Al together with
out n ¢ TC(A})), for all m € TA(A;) then we have that A} = A} | ... | A}, where
each Al = cap n;. A} or A} =n;[A' | foralli € {1,...,k}, and it results that .7 (A) =
dlock [cap ni, [ (A Neap n, ---cap L (A eap o |71 (A% . - L3 (A7 o Lo
After applying all the possible rules of type /), and using the fact that the membrane
systems %(A_’]-’l )i A (A’j/t ) do not contain the object our n and 71 (A1) € Dem, in
the resulting configuration we cannot apply a rule of type a), d) or f), which means
that 7 (A) € Drem-

If A=A | A, A1,A2 € Dump, open m & TC(A;), open k | A;j =gy AY,
in m ¢ TC(A}) for all k € TA(A;), for all m € TA(A;), i # j, i,j = 1,2 then
we have that A = A} | ... | A}, where each A} = cap n;.A] or A; = n;[ A} | for
all i € {1,...,k}, and it results that .7 (A) = dlock cap ni[Fi(A})]cap ny, -
cap ”is[yl(AZ)]cap i, [ (A’j’1 )],1_/1 ['%(A/J(t)]ﬂj,' After applying all possible rules
of type h), using the fact that the membrane system 7,(A7 ), d = {1,...,t}, does
not contain objects in nj,, ¢ = {1,...,t}, ¢ #d, and if cap n; = open n;_ then n; #
nj, forall d € {1...t}, and Fi(A;) € Diem, i = 1,2, in the resulting configuration
we cannot apply a rule of type a), d) or f), which means that .7 (A) € Zyem. O
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3.3.4 Operational Correspondence

Proposition 3.15. If A and B are two ambients and M is a membrane system such

that A =4, B and M = 7 (A), then there exists a chain of transitions M a5k N
such that ry, ..., ry are developmental rules, and N = 7 (B).

—> . B

T T

v

r Iy
M, %N

Proof. Since A =, B, then one of the requirements In, Out or Open is fulfilled
for ambients A’ and B’ which are included in A and B respectively. We treat all the
possible cases:

1.A'=n[inm] | m[in m] and B' = m[n| | ], where n is an ambient which
contains only the capability in m. Then according to the definition of the translation
function .7, M contains the membrane structure

Linm [Jinm o [inm [ 1z 5 Im:
and applying some rules of form /) we obtain the following structure:
[inmdlock [ |inm|n [inm ]z, Im-
Using the rules

r1 : [dlock ), — [ dlock one ],

ry: [inmdlock onel, [ inm), — [in*m in.m dlock |, [in.m],

r3 ﬂ*m Hinm_> [s]inm

rainam [z, = [0 ],

s ¢ i mlal T — [ Il
and some rules of the form i) there exists the following sequence of transitions

k i
M H)* M5 .Ms 5 M H)* N, where My, ..., Mg are intermediary configurations,
and the membrane structure N contains the membrane structure [ [ |, |- Once the
objects dlock and one are created near object in m, these transitions are the only
deterministic steps which can be performed. We can notice that 1 (B') = [ [ |1 |m-
Hence, according to the definition of translation function .7 and transition rela-
tion —, we reach the conclusion that the membrane structure M admits the required
sequence of transitions leading to the membrane structure N, and 7 (B) = N.

2. A" = m| out mn|our m]| and B' = m[ ] n[ |, where n is an ambient which
contains only the capability our m. Then according to the definition of the translation
function .7, M contains the membrane structure

[out m [ J5z [ out m [ Jous mn I,
and applying some rules of form /) we obtain the following structure:
[out m [ |5 m| dlock out m [ |ou mln |m-

~N

Using the rules
ri : [dlock ), — [ dlock one ],
ry : [out m [ out m dlock onely | — [ out.m [ out*m out,ml,]m
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r3 D out.m []r)ut m [ 0 ]out m

r4:W*m[]mm_) [5]mm

rs:[Lout™my |m — [lm [In,
and some rules of the form i) there exists the following sequence of transitions

k i
M —2* M .Ms 5, Mg —)>* N, where My, ..., M; are intermediary configurations,
and the membrane structure N contains the membrane structure | |, [ ],. Once the
objects dlock and one are created near object out m, these transitions are the only
steps which can be performed. We can notice that 7 (B’) = [ || |»- Hence, ac-
cording to the definition of translation function .7 and transition relation i>, we
reach the conclusion that the membrane structure M admits the required sequence
of transitions leading to the membrane structure N, and .7 (B) = N.

3.A' =m[n[A| open n]openn]and B =m|A; |, where n is an ambient con-
taining the ambient structure A;. Then according to the definition of the translation
function .7, M contains the membrane structure

([ 73 (A1) 2R n [ Joger n In 0pen n [Lapen n I
and applying some rules of form /) we obtain the following structure:
[[ Z1(A1) 52 1 [ Japen n ]n dlock open n [Jopen n In
Using the rules

r1 : [dlock )y, — [ dlock one |,

1y : [open nl, open n dlock one — [ 8 |, open,n open.n dlock

r3 iopengn [ ]open n— [ 0 ]open n

r4 - open,n | Jopen n — [ 8 Jopen n
and some rules of the form i) there exists the following sequence of transitions

k i
M —3* M5 My B M —)>* N, where My, ..., Ms are intermediary configurations,
and the membrane structure N contains the membrane structure [ 71 (A1) ],». Once
the objects dlock and one are created near object open m, these transitions are the
only steps which can be performed. We can notice that 7, (B') = [ 71 (A1) |,n- Hence,
according to the definition of translation function .7 and transition relation i>, we
reach the conclusion that the membrane structure M admits the required sequence
of transitions leading to the membrane structure N, and .7 (B) = N.

4.A' =n[inm...] | m[inm] and B' = m[n[]], where n is an ambient which
contains the capability in m and another capabilities or ambients. We treat only the
case with A’ =n[inm¢t[]] | m[inm] and B'=m[n[t[]]], where 7 is an empty
ambient and give some ideas on how to treat the cases with a more nested structure
for n. Then according to the definition of the translation function .7/, M contains the
membrane structure

Linm [Jinm [Jo ] [inm [ 1 ]ms
and applying some rules of form /) we obtain the following structure:
Linm dlock [ Jinm [ n [inm [ J5 ,)m-
Using the rules

ri :[dlock |, — [dlock one ],

ry: [inmdlock one ), [inm), — [in*m in.m dlock |, [ in.m |,

r3 ingm Hinm_> [a]mm
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r4:in*m[]ﬁm_)[5]'7m
rs:[in*m[]; ], — [in*m [ in*m out*n in*n ], 1,
re: [[our™nli ] — [ []s
rp s [in*m ]y [Jn = [ I
rg s [in*m i [Jw = [ [ ]m

ro: Lin*n s [ — [ [ o
and some rules of the form i) there exists the following sequence of transitions
k i

M H)* M, 4, ..My LA Mo H)* N, where M\, ... ,Mjq are intermediary configura-
tions, and the membrane structure N contains the membrane structure [ [ [ ]; ], |m-
Once the objects dlock and one are created near object in m, these transitions are the
only steps which can be performed. We can notice that 71 (B') = [ [ [ |; ] |m- Hence,
according to the definition of translation function .7 and transition relation —, we
reach the conclusion that the membrane structure M admits the required sequence
of transitions leading to the membrane structure N, and .7 (B) = N.

If the number of membranes nested in the ambient n is more than one or we have
more capabilities, the number of rules applied increases, but the result is the same:
the membrane # is transformed into an elementary membrane, it is introduced in m,
where it regains the same nested structure, all this process being controlled by the
objects created by the sequence of rules applied. The process stops when all the star
objects are consumed and there is only one dlock object in the membrane system.

5.A" =m[n[out m..]ouf m] and B = m[ | n[ ], where n is an ambient which
contains the capability out m and other capabilities or ambients. We treat only the
case with A’ = m[n[out mt[]ouf m]] | m[] and B' = n[t][]|]m[], where t is an
empty ambient and give some ideas on how to treat the cases with a more nested
structure for n. Then according to the definition of the translation function .7, M
contains the membrane structure

[[out m [ Jous m [ 11 |n out m [ Jozz 1 Im:
and applying some rules of form /) we obtain the following structure:
[[dlock out m [ |ous m [ 1s ]n out m [ J5zz i Jm-
Using the rules

r1 : [dlock ), — [ dlock one |,

ry o [ [ out m dlock one |, out m |, — | [ out*m out.m dlock |, out.m |

r3 :out.m []out m = [ 0 ]out m

ra 0wt [ Loz — | 8 Jou m

rs: [out*m [ ], |n — [out*m [ out*m out*n in*n); |,

re [ [our™n]i]n — [ [

[ Lout™m ] lm = [1n [ Im

e [Lout'm ) Jn— [ i [

ro: [in*n s [ — [ [ o
and some rules of the form i) there exists the following sequence of transitions

k i
M —2* M, N ..My A Mo —Z* N, where M,...,Mjy are intermediary configura-
tions, and the membrane structure N contains the membrane structure [ ], [ [ ] ]a-
Once the objects dlock and one are created near object out m, these transitions are
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the only steps which can be performed. We can notice that 1 (B') = [ ] [ [ ] |-
Hence, according to the definition of translation function .7 and transition relation
., we reach the conclusion that the membrane structure M admits the required
sequence of transitions leading to the membrane structure N, and .7 (B) = N.

If the number of membranes nested in the ambient z is more than one or we have
more capabilities, the number of rules applied increases, but the result is the same:
the membrane 7 is transformed into an elementary membrane, it is extracted from
m, then it regains the same nested structure, all this process being controlled by the
objects created by the sequence of rules applied. The process stops when all the star
objects are consumed. a

Proposition 3.16. Let M and N be two membrane systems with only one dlock ob-
Ject, and an ambient A such that M = 7 (A). If there is a sequence of transitions

M 5 N, then there exists an ambient B with A =*»Band N = 7 (B). The
number of pairs of non-star objects consumed in membrane systems is equal to the

number of pairs of capabilities consumed in ambients.

¥
) amb B

Proof. We proceed by structural induction. Since M does not contain any star object,
the first rule which consumes a translated capability object has one of the following
forms:

e [inmdlock one ), [in m],, — [in*m in.m dlock ], [ in.m |,
o [ [ out m dlock one ), out m |, — [ [ out*m out.m dlock |, out.m |,
* [openr m]yopen m dlock one — [ 0 |y dlock open,m open,m.

We treat all the possible cases:

1. If the first rule applied is

[ in m dlock one |, [in m|,, — [ in*m in.m dlock ], | in.m ],
where the membrane n contains only the capability object in m and the correspond-
ing membrane labelled in m, then M contains the membrane structure
Linm [Jinm ]n [inm [ ]z, m

According to the definition of 7, M can be written as My M’ or M| M’ ], where
M =[inm| |iwmln|inm|[]s, ln and M, represents a membrane structure in
which M’ is placed inside a nested structure of translated ambients. If A is a mobile
ambient encoded by M = M; M’, then according to the definition of .7 it contains
two ambients A’ =n[inm] | m[inm]and A suchthat A=A, | A', Z1(A") =M’,
and ] (A1) = M,.If A is a mobile ambient encoded by M = M, [ M’ |, then according
to the definition of .7 it contains two ambients A’ =n[inm] | m[inm] and A; such
that A ZAz[A/ ], %(A/) = M/, and %(Az) =M.

The application of the rule defined above to the membrane system M changes
only the membrane system M’. The newly created objects in*m, in,m and in.m
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control the moving of membrane n into membrane m, and are consumed by the
following rules:

. l._l’l*”"l[]inm*> [S]iﬂm
o in*M[]mm_)[S]ﬁm
L [in*m]n []m_) [ []l’l]m

After the application of these rules, M’ evolves to N’ = [ [ ], |- The inductive
hypothesis expresses that N’ encodes an ambient B'. After obtaining N’, N has the
structure N = My N’ if M = My M’ and it encodes the mobile ambient B=A; | B/,
or N has the structure N = Mp[ N’ ] if M = M,[ M’ ] and it encodes the mobile am-
bient B = A,[B’]. The transition from M’ to N’ represents also the transition from M
to N.

It should be noticed that by consuming the capability in m we have A" =, B’
So the transition from M to N with the consumption of only one non-star object is
simulated by the transition of A to B.

2. If the first rule applied is

[in m dlock one ), [in ml,, — [ in*m in.m dlock |, [ in.m |,
where the membrane n contains the object in m, the corresponding membrane la-
belled in m and another nested membrane [ |;, then M contains the membrane struc-
ture
Linm [Jinm [1i ]n [inm [ ]z Im-

The cases in which the ambient n contains more capabilities or/and more nested
ambients are treated using structural induction on the membrane structure. Ac-
cording to the definition of &, M can be written as M; M’ or M[M'], where
M =[inm[)inm[)]n[inm][]s ,, Im and M, represents a membrane structure in
which M’ is placed inside a nested structure of translated ambients. If A is a mobile
ambient encoded by M = M; M’, then according to the definition of .7 it contains
two ambients A’ =n[inmt[]] | m[inm]and A suchthatA=A; |A’, Z1(A") =M’,
and 7 (A) = M. If A is a mobile ambient encoded by M = M,[ M’ |, then accord-
ing to the definition of .7 it contains two ambients A’ = n[in mt[]] | m[in m |
and A such that A = A, (A" ], Z1(A") =M, and F7(Az) = M;.

The application of the rule defined above to the membrane system M changes
only the membrane system M’. The newly created objects in*m, in,m and in.m
control the moving of membrane #n into membrane m, and are consumed by the
following rules:

° ln*m[]inm_) [S]inm

¢ m.m []Tm - [S]inm

o [in'm [ ]u[]m— [IW*m[in*min*nout*nl; |, [ |m
* [low™n]i ] — [1n (]

o [in'mly [Im— [[In]m

o Lin'ml [ =[] I

© [in'nli [ =[]

After the application of these rules, M’ evolves to N’ = [ [ [ ]; ]x ]m- The inductive

hypothesis expresses that N encodes an ambient B'. After obtaining N’, N has the
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structure N = My N’ if M = My M’ and it encodes the mobile ambient B=A; | B/,
or N has the structure N = Mp[ N’ ] if M = M,[ M’ ] and it encodes the mobile am-
bient B = A,[B’]. The transition from M’ to N’ represents also the transition from M
to N.

It should be noticed that by consuming the capability in m we have A" =, B’
So the transition from M to N with the consumption of only one non-star object is
simulated by the transition of A to B.

3. If the first rule applied is

[ [ out m dlock one |, out m|,, — [ [ out*m out.m dlock |, out.m |,
where the membrane n contains only the object out m and the corresponding mem-
brane labelled out m, then M contains the membrane structure

[ [out m [ Jous m]n out m [ iz i Jm-

According to the definition of .7, M can be written as M; M’ or My M ! ], where
M' =[] out m | Jou m]n 0uf m | |z m |m and My represents a membrane structure in
which M’ is placed inside a nested structure of translated ambients. If A is a mobile
ambient encoded by M = M| M’, then according to the definition of .7 it contains
two ambients A’ = m[ n[ out m | ouf m] and A| suchthat A=A, | A', Z1(A") =M,
and 7] (A1) = M;. If A is a mobile ambient encoded by M = M, [ M’ ], then according
to the definition of .7 it contains two ambients A’ = m[ n[ out m | our m | and A,
such that A =Ay[ A’ ], Z1(A") =M, and 1 (Ay) = M,.

The application of the rule defined above to the membrane system M changes
only the membrane system M’. The newly created objects in*m, in,m and in,m are
consumed by the following rules:

* O_W*m Hautm - [6]0L¢tm
* Oul*m[]mm—’[MMm
o [[outmlylm — []n [Im-

After the application of these rules, M’ evolves to N’ = [ ],, [ |- The inductive
hypothesis expresses that N encodes an ambient B'. After obtaining N’, N has the
structure N = My N' if M = M; M’ and it encodes the mobile ambient B=A; | B/,
or N has the structure N = M| N’ | if M = M| M’ | and it encodes the mobile am-
bient B = A,[B’]. The transition from M’ to N’ represents also the transition from M
to N.

It should be noticed that by consuming the capability out m we have A’ =, B.
So the transition from M to N with the consumption of only one non-star object is
simulated by the transition of A to B.

4. If the first rule applied is

[ [ out m dlock one |, out m),, — [ [ out*m out,m dlock |, out.m |y,
where the membrane n contains only the object out m, the corresponding membrane
labelled our m and another nested membrane | ];, then M contains the membrane
structure
[[out m [ Jous m |n out m [ gz mlm-

The cases in which the ambient n contains more capabilities or/and more nested
ambients are treated using structural induction on the membrane structure. Ac-
cording to the definition of .7, M can be written as My M' or My[ M’ ], where
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M’ = [[out m[)out m |n 0ut m [ |z m)m and M, represents a membrane structure in
which M’ is placed inside a nested structure of translated ambients. If A is a mobile
ambient encoded by M = M; M’, then according to the definition of .7 it contains
two ambients A’ = m| n[ out m | ouf m] and Ay suchthat A=A, | A’, 71(A") =M/,
and 7 (A) = M. If A is a mobile ambient encoded by M = M,[ M’ |, then accord-
ing to the definition of .7 it contains two ambients A’ = m[ n[ out m | out m ] and A
such that A = Ay[ A’ ], Z1(A") = M, and F1(Ay) = M,.

The application of the rule defined above to the membrane system M changes
only the membrane system M’. The newly created objects in*m, in,m and in,m
determine the application of the following rules:

* 07141‘*"” [Jour m = [0 lows m
* outim Houtm - [6}0utm

o [out*m]]; |n — [out™m [ out*m out*n in*n, |,
* [low™n]i]o— [1n [
* [Louw™m]y]mw— []n[In
* [low™m]]m— i []m
© [in'nli [Jn =[]
After the application of these rules, M’ evolves to N' = [ []; ] [ ]m- The inductive

hypothesis expresses that N’ encodes an ambient B’. After obtaining N, N has the
structure N = My N’ if M = My M’ and it encodes the mobile ambient B=A; | B/,
or N has the structure N = Mp[ N’ ] if M = M,[ M’ ] and it encodes the mobile am-
bient B = A,[B']. The transition from M’ to N’ represents also the transition from M
to N.

It should be noticed that by consuming the capability our m we have A’ =, B
So the transition from M to N with the consumption of only one non-star object is
simulated by the transition of A to B.

5. If the first rule applied is

[open m |yopen m dlock one — [ 8 |, dlock open..m open, m,
where the membrane m contains the object opern m, the corresponding membrane la-
belled open m and the membrane structure M;, whereas membrane open m contains
the membrane structure M,, then M contains the membrane structure
(52 m [ Jogen i Ml 0pen m [ M Jopen .

According to the definition of .7, M can be written as M3 M’ or My[ M' ], where
M’ = [open m [ |open m Mi|m open m [ My Jopen m and My represents a membrane
structure in which M’ is placed inside a nested structure of translated ambients. We
denote with the word path a path of capabilities encoded in the membrane struc-
ture M, with length greater or equal to zero and with the word nest the mobile
structure contained in membrane m; we have .7 (nest) = M3 and 7 (path) = M.
If A is a mobile ambient encoded by M = M3 M’, then according to the definition
of . it contains two ambients A’ = m[ nest openi m ]| open m.path and Az such
thatA = A3 | A', 71(A") =M, and 71 (A3) = M;. If A is a mobile ambient encoded
by M = My[ M’ ], then according to the definition of .7 it contains two ambients
A’ = m| nest open m) | open m.path and A4 such that A = A4[ A" |, 1 (A') =M,
and <71 (A4) = M4.
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The application of the rule defined above to the membrane system M changes
only the membrane system M’. The newly created objects open,m and open,m are
consumed by the following rules:

* open.m [ openm — [ 6 lopen m
* open,m Hmmﬁ [S]W'n

After the application of these rules, M’ evolves to N' = M; M;. The inductive
hypothesis expresses that N encodes an ambient B'. After obtaining N’, N has the
structure N = M3 N if M = M3 M’ and it encodes the mobile ambient B=A; | B/,
or N has the structure N = My[ N’ ] if M = My[ M’ ] and it encodes the mobile am-
bient B = A4[B’]. The transition from M’ to N’ represents also the transition from M
to N.

It should be noticed that by consuming the capability open m we have A’ = ., B'.
So the transition from M to N with the consumption of only one non-star object is
simulated by the transition of A to B.

6. If the first rule applied is

[in m dlock one |, [in m|,, — [ in*m in.m dlock ], | in.m |,
where the membrane n contains the object in m, the corresponding membrane la-
belled in m and another nested membrane structure |...[ ] .Jy,» then M contains
the membrane structure
Linm [Jinm [ [y --Jo o Linm [Tz D

We suppose that for membrane n with depth less than or equal to s the proposi-
tion is true. We prove the result for depth s+ 1. According to the definition of .7, M
can be written as My M' or My[ M' |, where M' = [inm [ Jinm [---[ Jo, -0 In
[inm [ ,, lm and M, represents a membrane structure in which M’ is placed in-
side a nested structure of translated ambients. If A is a mobile ambient encoded
by M = M; M’, then according to the definition of .7 it contains two ambients

Iny1 -

A =nlinmun]...t;1[]]] | m[]and A such that A=A, | A', Z1(A") =M, and
J1(A1) = M;. If A is a mobile ambient encoded by M = M,[ M’ |, then according
to the definition of .7 it contains two ambients A’ = n[in m t;[...11[]]] | m[]

and A; such that A = Ay [A' ], Z1(A’) =M, and ] (A2) = M;.

The application of the rule defined above to the membrane system M changes
only the membrane system M’. The newly created objects in*m, in.m and in,m
determine the application of other rules. After applying all the rules such that the
object in m is consumed and no star objects exist in the membrane system, the only
membrane structures modified by the application of these rules is M’ which evolves
to N =[[[...[ls. In ]n Im and My or M, remains the same. We know, from the
inductive hypothesis, that an ambient B” = m[ n[#{[...1,[ ] ]]] is encoded into the
structure N” = [ [[...[ ] | |n ]m, and that B” =t,, [ ] is encoded into the structure
N" =[], According to the definition of .7 there exists an ambient B’ with the
structure m[ n[t;[...t;+1[]]]] such that 7 (B") = N'. After obtaining N’, N has the
structure N = My N’ if M = My M’ and it encodes the mobile ambient B=A; | B/,
or N has the structure N = My[ N’ | if M = Mp[ M’ ] and it encodes the mobile
ambient B = Ay[ B’ ]. The transition from M’ to N’ represents also the transition
from M to N.
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It should be noticed that by consuming the capability in m we have A’ =, B'.
So the transition from M to N with the consumption of only one non-star object is
simulated by the transition of A to B.

7. If the first rule applied is

[ [ out m dlock one |, out m ,, — [ [ out*m out,m dlock |, out.m |y,
where the membrane n contains only the object out m, the corresponding membrane
labelled out m and another nested membrane [...[ ], ., ...];, then M contains the
membrane structure
[Lout m [Jour m [---[Jigsy - -1, ]n 0uf m [ oz sy)m-

We suppose that for membrane n with the depth less than or equal to s the propo-
sition is true. We prove the result for depth s+ 1. According to the definition of .7, M
can be written as My M’ or My[ M |, where M’ = [ [out m [ Jour m [.--[ ]ty -~ J0i]n
out m | |5z mJm and M, represents a membrane structure in which M’ is placed in-
side a nested structure of translated ambients. If A is a mobile ambient encoded
by M = M; M’, then according to the definition of .7 it contains two ambients

A" =m[n[our mt[...t;11[]]]] and A such that A=A, | A', Z1(A’) =M, and
J1(A1) = M,. If A is a mobile ambient encoded by M = M,[M'], then according to
the definition of .7 it contains two ambients A’ = m[ n[out mt,[...t,11[]]]] and A»

such that A =A,[ A’ ], Z1(A") =M, and 1 (Ay) = M,.

The application of the rule defined above to the membrane system M changes
only the membrane system M’. The newly created objects out*m, out.m and ouf,m
determine the application of other rules. After applying all the rules such that the
object out m is consumed and no star objects exist in the membrane system, the only
membrane structures modified by the application of these rules is M" which evolves
toN' = []n[[--[ls ]y ]n and My or M, remains the same. We know, from the
inductive hypothesis, that an ambient B” = m[ | n[¢[...1,[ ] ] ] is encoded into the
structure N” = [ ], [ [...[ ]z, |y, ]n. and that B” =1, {[] is encoded into the structure
N" =], According to the definition of .7 there exists an ambient B’ with the
structure m| |n[f[...t41[ ] ] ] such that 7 (B’) = N'. After obtaining N’, N has the
structure N = M N’ if M = M; M’ and it encodes the mobile ambient B=A; | B/,
or N has the structure N = Mp[ N' | if M = Mp[ M’ ] and it encodes the mobile
ambient B = A,[ B’ ]. The transition from M’ to N’ represents also the transition
from M to N.

It should be noticed that by consuming the capability out m we have A’ =, B'.
So the transition from M to N with the consumption of only one non-star object is
simulated by the transition of A to B.

All the sequences of rules from all the cases above are determined uniquely by
the star objects and by the priorities imposed. a

Remark 3.5. M2 ... 5 N , and both M and N contain only one dlock object, then
the number of steps which transform ambient A into ambient B is the number of pairs
of non-star objects consumed during the computation in the membrane evolution.
The order in which the reductions take place in ambients is the order in which the
pairs of non-star objects are consumed in the membrane systems.
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Considering together the previous two propositions, we have in [12] the follow-
ing result.

Theorem 3.4 (Operational correspondence).

1. If A= 4up B, then T (A) =pem 7 (B).
_
T T
T(A)%pn T (B)

2. If T(A) =mem M, then there exists B such that A = 4, B and M = 7 (B).

> B

T T

~

T(A) —>pem M

3.4 Branes into Mobile Membranes with Objects on Surface

Some work has been done trying to relate membrane systems and brane calculi [35,
37, 47, 105, 106]. Inspired by brane calculi, a model of membrane systems having
objects attached to the membranes has been introduced in [45]. In [31], a class
of membrane systems containing both free floating objects and objects attached to
membranes have been proposed. We are continuing this research line, and simulate
a fragment of brane calculi by using systems of mutual membranes with objects on
surface.

“At the first sight, the role of objects placed on membranes is different in mem-
brane and brane systems: in membrane computing, the focus is on the evolution
of objects themselves, while in brane calculi the objects (“proteins”) mainly control
the evolution of membranes” [129]. By defining an encoding of the PEP fragment of
brane calculi into systems of mutual membranes with objects on surface, we show
that the difference between the two models is not significant. Another difference
regarding the semantics of the two formalisms is expressed in [35]: “whereas brane
calculi are usually equipped with an interleaving, sequential semantics (each com-
putational step consists of the execution of a single instruction), the usual semantics
in membrane computing is based on maximal parallelism (a computational step is
composed of a maximal set of independent interactions).”



3.4 Branes into Mobile Membranes with Objects on Surface 177

3.4.1 Translation

Definition 3.13. A translation % : & — . is given by

[17(0) ifP=o()
Z(P) = { [Z2(R)] 7) it P=0(R)
%Q)%() ifP=Q|R

where .7 : &2 — A is defined as:

o if o = phago,, or 0 = exo,, or 0 = exo,
phago, S(p) if 6 = phago,(p)
__ ) pino S(p) if o = pino(p)
=\ (a) #(p) io=ap
#(1) #(p) ifo=1]|p
A ifo=0

The rules of systems of mutual membranes with objects on surface are in Table 3.1.

Table 3.1 Pino/Exo/Phago Rules of M20S

[stphagon-o100) s pmago, (0).212) —m [ Is(alo0)Isto)]s(tl7)
H ]S(exo,, olop) ]S (exon.T|79) —m ] S(o|op|T|1)

]S(pmo ).0log) —m [H ]S (olop)

3.4.2 Preservation of Properties Through Translation

The next proposition states that two PEP systems which are structurally equivalent
are translated into two systems of mutual membranes with objects on surface which
are structurally equivalent.

Proposition 3.17. If P =, Q then Z(P) =, Z(0).
P =b
7 I
To(P) =m = 7(Q)

Proof. We proceed by structural induction.

If P= P oP, where P and P> are two brane systems, then from the definition
of =, we have that Q = P, o P|. Using the definition of 3 and P = Pj o P, we have
that % (P) = 2 (P1) 7 (P,). From Q = P, o P; and the definition of .75 we have that
%(Q) = S (P) Z(Py). From the definition of =,, we get % (P) =,, Z(0).
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If P = P o (P,oP3) where Pj, P, and P; are three brane systems, then from the
definition of =, we have that Q = (P, o P») o P5. Using the definition of % and P =
Po (Pz OP3) we have that %(P) = ,%(P])(%(Pz)%(P3)). From Q = (Pl OP2) oP;
and the definition of .75 we have that %(Q) = (%(P1)%(P,))-Z2(P3). From the
definition of =, we get % (P) =, Z(0).

Let P = Py o Py and Q = P, o P3 such that P; =, P». From the definition of =, it
results that P =;, Q. Using the definition of .75 we have that % (P) = % (P) % (P;)
and %(Q) = % (P,) % (P;3). Using the structural induction, from P; =, P, it results
that % (P;) =, Z2(P,). From the definition of =,, we get % (P) =, %(0).

Let P=p(P;) and Q = 7(P,) such that P, =, P, and p =, 7. From the definition
of =, it results that P =, Q. Using the definition of 9 we have that % (P) =
[Z2(P1)].#(p) and F2(Q) = [Z2(P2)] #(r)- Using the structural induction, from P =,
P, it results that %5 (Py) =, J2(P,) and from p =, 7 it results that S(p) =, S(7).
From the definition of =,, we get % (P) =, %5(0).

In what follows we prove that indeed from p =, 7 it results that S(p) =,, S(7).
We proceed also by structural induction.

If p = p; | p2 where p; and p, are two combinations of brane actions, then
from the definition of =;, we have that T = p, | p;. Using the definition of . and
p =pi1 | p2 we have that #(p) = .7 (p1)-Z(p2). From T = p; | p; and the definition
of . we have that there exist v such that . (7) = (1) (11 ). From the definition
of =, we get S(p) = S(7).

If p =p1 | (p2 | p3) where py, p; and p3 are three combinations of brane actions,
then from the definition of =, we have that 7= (p; | p2) | p3. Using the definition of
& and p = p; | (p2 | p3) we have that .7 (p) = . (p1) (L (p2)-L(p3)). From 7 =
(p1 | p2) | p3 and the definition of . we have that .7 (1) = (. (p1)-7(p2))-Z(p3)-
From the definition of =,, we get S(p) =,, S(7).

If p = p; | 0 where p; is a combination of brane actions, then from the definition
of =, we have that 7 = p;. Using the definition of .# and p = p; | 0 we have
that #(p) = . (p1)A. From T = p; and the definition of .¥ we have that .’(7) =
#(11). From the definition of =, we get S(p) =5, S(7).

Let p = p1 | p3 and T = p, | p3 such that p; =, p,. From the definition of =, it
results that p =, 7. Using the definition of . we have that . (p) = . (p1)-(p3)
and .7 (1) = .7 (p2)-7(p3). Using the structural induction, from p; =5 p; it results
that .7 (p1) = -7 (p2). From the definition of =,, we get S(p) =, S(7).

Let p = a.p; and T = a.p; such that p; =, p>. From the definition of = it
results that p =;, 7. Using the definition of . we have that . (p) = .“(a).7(p1)
and .7 (1) = % (a)-#(p2). Using the structural induction, from p; =, py it results
that .7 (p1) = - (p2). From the definition of =, we get S(p) =, S(7).

Proposition 3.18. If 9 (P) =, M then there exists Q such that M = 7 (Q).
P 0
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Proof. If P = P; o P, where P| and P, are two brane systems, then from the defini-
tion of .% we have that %5 (P) = % (P;) Z5(P;). From the definition of =,, we get
D (P) =y M, where M = %5(P2).Z(Py). For this M there exists Q with Q = P,o P
such that M = %5 (Q).

If P = P o (P,oP3) where P, P, and P; are three brane systems, then from the
definition of % we have that % (P) = % (P,)(%(P,) Z(P3)). From the definition
of =, we get %(P) =, M, where M = (% (P) % (P,)) Z(P;). For this M there
exists Q with Q = (P o P,) o P; such that M = Z5(Q).

If P = P, oP3, where P; and P; are two brane systems, then from the defini-
tion of % we have that % (P) = % (P;) % (P;). From the definition of =, we get
D (P) =n M, where M = S5 (Py) 5 (Ps) for A(P1) = Z2(P,). For this M there
exists Q with Q = P, o Py such that M = % (Q).

If P=p(P;), where P; is a brane system and p is a combination of brane actions,
then from the definition of 7 we have that 75 (P) = [Z5(P1)] #(p)- From the defini-
tion of =, we get % (P) =,, M, where M = [%(Pz)]_y(f) for % (P)) =p Z(P;) and
L (p) = Z (7). For this M there exists Q with Q = ¢(P,) such that M = % (Q).

Remark 3.6. In Proposition 3.18 it is possible that P #, Q. If P = phago,. exo,( ),
then by translation M = % = [ | phagonexon, =m [ |exopphago,=N- It is possible to have
0 = exo,.phago,( ) or Q = exo, | phago,( ) such that N = Z(Q), but P %, 0.

Proposition 3.19. If P —, Q then %5(P) —u Z(Q).

P

b
! !

Z5(P) m 72(Q)

Proof. We proceed by structural induction.

If P = pino(p).o | op(P1), where P is a brane system and pino(p).c | op is a
combination of brane actions, then from the definition of —;, we have that 0 = o |
oo(p( ) oPy). Using the definition of % and P = pino(p).o | op(P;) we have that
%(P) = ['%(Pl)]Y(pim)(p).dGo)' From Q=0 | G()(p( ) OPl) and the definition of
> we have that 75(Q) = [[Z(P1)].#(p)] #(|0,)- From the definition of —,, we get
F5(P) —m 7(Q).

If P =ex0,.7 | 10(exo,.0 | 6o(P1) o Py), where P;, P, are two brane systems and
ex0,.7 | 10, ex0,.0 | 0y are combinations of brane actions, then from the definition
of —j, we have that Q = Pioo | 0p | T | T(P2). Using the definition of % and
P =exo0,.7 | To(€x0n.(7 | Go(Pl) OPQ) we have that %(P) = [[%(Pl)]y@mn.owo)

D (P2)] 7 (@x0,.1|7,)- From Q = Pio o | 0p | T | To(P2) and the definition of 75 we
have that %(0Q) = %2 (P1)[%(P2)] #(6|0y|1],)- From the definition of —,, we get

If P = phagoy,.o | 6o(Py) o phago,(p).T | T(P2), where Py, P, are two brane
systems and phago,.c | 0y, phago,(p).T | T are combinations of brane actions,
then from the definition of —, we have that Q = 7| 19(p(0 | 0o(P1)) o P»). Using
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the definition of .% and P = phago,.c | 6o(Py) o phago,(p).T | T0(Q2) we have
that 75(P) = [Z2(P1)].#(phagon.ol00) [ 72(P2)] 7 (phaga, (p).2|,)- FTOmM @ =T | To(p (0 |
00(P1)) o P2) and the definition of 7 we have that 73(Q) = [[[72(P1)].#(s0y)].7 (p)
(P2)] 5 (1|z,)- From the definition of —,, we get %(P) —u Z2(Q).

Let P = P, o P3 and Q = P, o P3 such that P; —, P». From the definition of — it
results that P —, Q. Using the definition of .% we have that % (P) = % (P1) % (P3)
and % (Q) = J2(P,) 7 (Ps). Using the structural induction, from P; —, P, it results
that %5 (Py) —m Z5(P,). From the definition of —,, we get % (P) —., Z2(0).

Let P=o(P) and Q = o(P;) such that P, —, P,. From the definition of — it
results that P —, Q. Using the definition of .7 we have that 75 (P) = [Z2(P1)] #(q)
and % (Q) = [%(Pz)]iy((;). Using the structural induction, from P; —, P it results
that %5 (Py) —m Z5(P,). From the definition of —,, we get % (P) —,, Z2(Q).

Let P —}, Q such that P =, P/, P' — Q' and Q =, Q'. Using the definition of %
we have that % (P) = 2 (P') and %(Q) = Z5(Q'). Using the structural induction,
from P; —;, P, it results that %5 (Py) — Z5(P2). From the definition of —,, we get

Proposition 3.20. If 9 (P) —,, M then there exists Q such that M = Z(Q).

P (0
D D
F(P)———mM

Proof. If P = pino(p).o | op(P;), where P; is a brane system and pino(p).o | 0 is
a combination of brane actions, then from the definition of .7 we have that % (P) =
[72(P1)] 7 (pino(p).o|oy)- From the definition of —,, we get 73 (P) —,, M, where M =
[[Z2(P1)].7(p)].#(0]0y)- For this M there exists Q with Q = 61(p1(Py)) with S(o1) =
S(o | 0p) and S(p1) = S(p) such that M = Z(Q).

If P =ex0,.7 | T9(ex0,.0 | 06p(Py) o P), where P;, P, are two brane systems and
ex0,.T | T, ex0,.0 | 0p are combinations of brane actions, then from the defini-
tion of 7 we have that 73(P) = [[22(P1)] #(exop.0/00) 72(P2)] 7 (ex0,,.1|1)- From the
definition of —,, we get 73(P) —, M, where M = 75(P1)[Z(P2)] 7(6|ay|1)o)- FOT
this M there exists Q with Q = Py o 01(P,) and S(01) = S(o | 0p | T | T0) such that
M= 7(0).

If P = phago,.o | 0p(P) o phago,(p).T | 19(Q2), where Py, P; are two brane sys-
tems and phago,.o | 6y, phago,(p).T | To are combinations of brane actions, then
from the definition of .7, we have that 7 (P) = [72(P1)] # (phago,.o|op)
(% (P)] 7 (phago, (p).t|zy)- From the definition of —,, we get P (P) —m M, where

= [[[%(P)].7(6|op)).7(p) Z2(P2)].7(z|ry)- For this M there exists Q with O =
71(pi(01(P1)) o P2) and S(71) = S(7 | ), S(p1) = S(p), S(01) = S(0 | 0p) such
that M = %(Q).

If P = P, o Py where P|, P; are two brane systems, then from the definition of %
we have % (P) = 25 (P;) 2 (P3). From the definition of —,, we get % (P) —,, M,
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where M = Z5(Py) % (P3) for %5(P1) —p Z2(P5). For this M there exists Q with
0O = P, o P; such that M = 5 (Q).

If P = o(P;) where P; is a brane system, then from the definition of .75 we have
P (P) = [Z2(P1)] #(s)- From the definition of —, we get 7 (P) —, M, where
M = [P%(P)] (o) for Z2(P1) —m F5(P2). For this M there exists Q with Q = 61 (P)
and S(o1) = S(0o) such that M = % (Q).

If P =, P’ where P’ is a brane system, then from the definition of % we have
that % (P) = 5 (P'). From the definition of —,, we get F5(P) —,, M, where M =
D (Q) for % (P') —m F5(Q'). For this M there exists Q with Q =, Q' such that
M= %(Q).

The next remark is a consequence of the fact that we translate a formalism with
an interleaving semantics into a formalism with a parallel semantics.

Remark 3.7. In Proposition 3.20 it is possible that P 4, Q. Consider the process
P = @x0,,.ex0,(ex0,.phago,( )). By translation M = [[ ]exo, phagon|exo, eva,» Such that
M =, [ | phagonexa, - We observe that there exists Q = phago,.exo,( ) such that N =

J(Q), but P/, 0.

The PEP calculus may be extended as in [40] to contain also molecules inside the
membranes. A new reduction simulates the exchanging of molecules simultaneously
between the interior and exterior of a membrane. In this case the translation can be
easily extended by introducing objects in membranes as in [31] and an antiport
evolution rule in the definition of —,.

3.5 Mobile Membranes with Objects on Surface into Petri Nets

Systems biology is an emerging field which arises from the interaction of biology,
mathematics and computer science. In order to cope with ensembles and quanti-
ties in biology, new formal approaches are required. Biologists increasingly recog-
nize that mathematics and computational methods have become powerful enough
to model the complexity of biological entities and systems. In this sense, “mathe-
matics is biology’s next microscope, only better”’[75]. In biology, new ensemble be-
haviours emerge from the interactions of biological elements, and new formalisms
are required to cope with these properties. In this sense, “biology is mathematics’
next physics, only better”’[75]. Formal models are used for many purposes, and each
purpose influences the degree of detail. If we provide greater detail, the number
of systems to which our model applies will decrease. Moreover, a formal model
should have three properties, and each of these properties trades off against the
other two [113]: generality (the number of systems and situations to which the
model correctly applies), realism (the degree to which the model mimics the real
world), power and precision (collection of revealed properties, and the accuracy of
the models’ predictions).

In what follows we use two formalisms: mobile membranes (more realism, being
inspired by cell biology) and coloured Petri nets (power and precision provided
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also by complex software tools). A relation can be established between these two
formalisms by providing an encoding of mobile membranes into coloured Petri nets.
By considering the endocytic pathway for low-density lipoprotein degradation, we
show how mobile membranes can be used to model such a biological phenomenon,
while coloured Petri nets can be used to analyze and automatically verify some
behavioural properties of the pathway.

There exist already some formal approaches to describe the endocytic pathway
for low-density lipoprotein (LDL) degradation. In [35] is presented a model of the
LDL degradation pathway in brane calculi and in symport-antiport membrane sys-
tems. Another paper investigating such a pathway is [136], where the LDL degrada-
tion pathway is modelled using bioambients, and then static analysis techniques are
applied. However, none of the previous descriptions of the pathway is translated into
a formalism having a software tool able to automatically check complex behavioural
properties.

Some connections between membrane systems and Petri nets are presented for
the first time in [78] and [137]. In [101, 102], a direct structural relationship between
these two formalisms is established by defining a new class of Petri nets called Petri
nets with localities. This new class of Petri nets has been used to show how max-
imal evolutions from membrane systems are faithfully reflected in the maximally
concurrent step sequence semantics of their corresponding Petri nets with localities.

3.5.1 Coloured Petri Nets

Coloured Petri nets (CPN) represent a graphical language used to describe systems
in which communication, synchronization and resource sharing play an important
role [99]. The CPN model contains places (drawn as ellipses or circles), transitions
(drawn as rectangular boxes), a number of directed arcs connecting places and tran-
sitions, and finally some textual inscriptions located near the places, transitions and
arcs.

The places are used to represent the state of the modelled system, and this state
is given by the number of tokens of all the places. Such a state is called a marking of
the CPN model. By convention, we write the names of the places inside the ellipses.
The names have no formal meaning, but they have a practical importance for the
readability of a CPN model, just like the use of mnemonic names in traditional
programming.

The arc expressions on the input arcs of a transition determine when the transition
is enabled, i.e., activated by a certain marking. A transition is enabled whenever
it is possible to find a binding of the variables that appear in the surrounding arc
expressions of the transition such that the arc expression of each input arc evaluates
to a multiset of tokens that is present in the corresponding input place. When a
transition occurs with a given binding, it removes from each input place the multiset
of tokens to which the corresponding input arc expression evaluates. Analogously, it
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adds to each output place the multiset of tokens to which the corresponding output
arc expression evaluates.

Coloured Petri nets also have a mathematical representation with a well defined
syntax and semantics. This formal representation is the framework for the study of
different behavioural properties. We denote by EXPR the set of expressions pro-
vided by the inscription language (which is ML in the case of CPN Tools), and
by Typele] we denote the type of an expression e € EXPR, i.e., the type of the
values obtained when evaluating e. The set of free variables in an expression e is
denoted Varle], and the type of a variable x is denoted T'ype|[x]. We denote the set
of variables by X; the set of expressions e € EXPR such that Var[e] C X is de-
noted by EXPRy. The set of all multisets over S, i.e., the multiset type over S is
denoted Syss. The following definition differs from that presented in [99] in that si-
multaneous parallel arcs from the same place to the same transition are not allowed
(it is enough to have only one arc).

Definition 3.14. A non-hierarchical Coloured Petri Net is a nine tuple
CPN = (R T,A,X,X,C, G7E,]), where

. P is a finite set of places;

. T is a finite set of transitions 7 such that PNT = 0;

LA C(PxT)U(T x P) is a set of directed arcs;

. X is a finite set of non-empty colour sets;

. X is a finite set of typed variables such that T'ype|[x] € X for all x € X;

. C: P — X is acolour set function that assigns a colour set to each place;

.G : T — EXPRy is a guard function that assigns a guard to each transition ¢
such that Type[G(t)] = Bool,

8. E: A — EXPRY is an arc expression function that assigns a guard to each arc
a such that Type|E (a)] = C(p)us, where p is the place connected to the arc a;
9.1: P — EXPRy is an initialization function that assigns an initialization expres-

sion to each place p such that Type[I(p)] = C(p)us.

~N N WD =

A distribution of tokens over the places of a net is called a marking. A set U of
transitions is called enabled at a marking m if all its transitions are enabled at m
(each transition requires a number of tokens that cannot be shared with any other
transition). We use the notation m[U)m' to express that m enables the set U of tran-
sitions, and the marking m’ results from m after applying all the transitions of U.

3.5.2 Mobile Membranes as Coloured Petri Nets

We denote by IT = (Mp,R) a system of mobile membranes with a set R of rules
having an initial membrane configuration My = (w?,...,w%, 1), where w? denotes
the initial multiset of objects placed on membrane i, and u the initial membrane
structure. We consider that the system has at any point of evolution at most k > 0

membranes. Given such a system of mobile membranes, the corresponding coloured
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Petri net is denoted by CPNi; = (P, T,A,2,X,C,G,E,I), where the components are
defined as follows:

o

[¢]

o

o

P={1,...,k}U{structure}, where structure is a place that contains the structure

of the corresponding membrane system, namely the pairs (i, j);

T = U tr, where each #; represents a distinct transition for a rule of R; since
1 <k<s

the rules over mobile membranes contains no explicit label for membranes, it
means that:

e a pino rule can be instantiated at most k times in each step;
!

e a phago rule can be instantiated at most ' times in each step;

21(k—2)!
k!
21(k—2)!
resents the number of membranes from the left hand side of an exo rule, and

k!

21(k—2)!

e an exo rule can be instantiated at most times in each step; 2 rep-

represents all the possible combinations of membranes;

k! k!
2k—2)! B =)
the numbers of pino, phago and exo rules from R.

Thus s = 51 *k+ 59 * , where s1, s> and s3 represent

A contains input arcs (P x T') and output arcs (T x P); for a rule r and its associ-
ated transition ¢, we build the arcs as follows:

e the input arcs are from the places that represent the membranes appearing in
the left hand side of the evolution rule r, and from the place structure, to the
transition ¢;

e the output arcs are from the transition ¢ to the places that represent the mem-
branes appearing in the right hand side of the evolution rule r and to the place
structure;

Y = UUL, where U is the colour set containing all the objects from O, and
L={1,...,k} x{1,...,k} is a colour set containing the membrane structure;

X = {x,y,2,...} is a set of variables used when modifying the content of place
structure;

(o) = {U, if pe{l,... k}

L, if p = structure

[x =], if ¢ is a transition simulating a phago rule; it checks if
G(1) = both membranes from the left hand side of a phago rule
have the same parent;
true, otherwise.

For a rule r and its associated transition ¢, we build E as follows:
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e we place the multiset of objects # on an input arc from a place that represents
a membrane appearing in the left hand side of the evolution rule r (being
marked with a multiset of objects u) to the transition 7;

e we place all the pairs (i, j) describing the membrane structure appearing in the
left hand side of the evolution rule r on the input arc from the place structure
to the transition 7;

e we place the multiset of objects v on an output arc from a transition ¢ to a place
that represents a membrane appearing in the right hand side of the evolution
rule r (being marked with a multiset of objects v);

e we place all the pairs (i, j) describing the membrane structure appearing in the
right hand side of the evolution rule r on the output arc from the transition ¢
to the place structure;

wh, ifpe{l,... .k}
{G, )i, je{l,....k},(i,j) e u}, if p = structure.

We formally prove the relationship between the dynamics of the mobile mem-
brane I1 and that of the corresponding coloured Petri net CPNyy.

o I(p)=

Theorem 3.5. If M and M’ are two membrane configurations of I, then
ME M ifand only if ¢(M)[y(R)))¢(M"),
where
i 1l pl i € P;
¢(M)(i):{w .fo?’a places i € and
W, i=structure.
l[/(R) = U u/(r,-) with l[/(ri) =1.

ri€R

Proof. The function ¢ represents a bijection between the multisets of objects of IT
and the markings of CPNj7 based on the corresponding links between objects and
tokens, and between membranes and places, respectively. Let (w1, ..., wg, i) be the
multisets of objects from the membrane configuration M, together with its struc-
ture (. Similarly, for a set of rules R’ = {ry,...,r;} of IT, the function v is a bijec-
tion constructing the set y(R') = {r,...,#} of transitions of CPNyy from the set R
of rules.

A membrane configuration M) can evolve to a membrane configuration M, by
applying an evolution rule r from R’ if and only if, given the marking ¢ (M), we
can obtain the marking ¢ (M) by firing a transition ¢ in CPNpy, where w(R')(¢) =r.
Overall, this is a direct consequence of the fact that y and ¢ are bijections. a

From the construction above it results that the initial configuration of IT corresponds
through ¢ to the initial marking of CPNy7. Moreover, according to Theorem 3.5 it
results that the computation of IT coincides with the evolution of the CPNpy.
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3.5.3 LDL Degradation Pathway in Mobile Membranes

LDL is one of several complexes carrying cholesterol through the bloodstream. An
LDL particle is a lipoprotein complex that contains one thousand or more choles-
terol molecules in the form of cholesteryl esters. A monolayer of phospholipid sur-
rounds the cholesterol and contains a single molecule of a large protein apolipopro-
tein B (known as apoB). In a receptor-mediated endocytosis, a cell engulfs a particle
of low-density lipoprotein from the outside. To do this, the cell uses receptors that
specifically recognize and bind to the LDL particle. The receptors are clustered
together. By this mechanism cells acquire from the bloodstream the cholesterol re-
quired for the membrane synthesis that occurs during cell growth.

~ LDL particle
LDL receptor @ 1

N ==

£

s

12

Fig. 3.3 Endocytic Pathway for Low-Density Lipoprotein

The degradation of LDL particles is realized in five steps (see Figure 3.3):

1. Cell-surface LDL receptors bind to an apoB protein of an LDL particle forming
a receptor-ligand complex.

2. Clathrin-coated pits containing receptor-LDL complexes are pinched off.

3. After the vesicle coat is shed, the uncoated endocytic vesicle (early endosome)
fuses with the late endosome. The acidic pH in this compartment causes a con-
formational change in the LDL receptor that leads to freeing the bound LDL
particle.

4. The late endosome fuses with the lysosome, and the proteins and lipids of the
free LDL particle are broken down into their constituent parts by enzymes in the
lysosome.
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5. The LDL receptor recycles to the cell surface where at the neutral pH of the
exterior medium the receptor undergoes a conformational change so that it can
bind another LDL particle.

In what follows we show how to model the LDL degradation pathway in terms of
mobile membranes with objects on surface, by simulating the five steps presented
in Figure 3.3. We describe an LDL particle in membrane systems as [ |, poB cho TE€P-
resenting the monolayer of phospholipid that contains a single apoB protein and
cholesterol cho. The cell engulfing the LDL particle is described as

H ]lyso || [ ]late aux}recep receps where

o | ]m.ep recep T€Presents the cell containing on its surface two receptors recep able
to recognize an apoB protein; we do not use clathrin and other receptors of the
cell since we are not interested in their evolution;

e [ ]iyso represents the lysosome;

® [ ]iare aux Tepresents the late endosome, and aux is an auxiliary object in creating
new membranes by pino and phago rules.

This means that the initial configuration of the system is

Ml = [ ]apoB cho H [ [ ]Iysa aux” [ }late aux]recep recep
The steps depicted in Figure 3.3 are simulated using the following rules:

L. [Japo || [ Irecep recep = [[[ JapoBlreceplrecep (Phago) (recep = apoB)
2. [ ]recep“ [Jiate awe — [ [ ]recep}aux}laze (phago) (aux = recep)
3. [ [ }recep]aux - [ ]recepl aux (€X0) (aux = recep)
4. [[Jawxliate = [ Jauxs 1ate (€x0) (late = aux)
5. [iyso awell [ Jiare = [ [ [Jiate]awr1]iyso (Phago)(aux = late)
6. [ [recept]auxt = [Jrecep2 aux2 (€x0) (auxl = recepl)
7. [Niate recep? a2 auxs — [ liate recep3 auxt]auwxs (pino) (aux2 = recep?)
8. [ [awrsliyso = [ liyso aux (€x0) (Iyso = aux3)
9. [[lapoBliyso = [ liyso apos (€x0) (lyso = apoB)
10. [1ate receps auxt — [ [ Ireceps aust)iare (pino) (late = recep3)
11 [Jaust receps = [ [ receps)auss (pino) (auxd = recep4)
12 [ [Jaussliate = [ iate aux (€x0) (late = aux5)
13. [ [recepslrecep = [ lrecep recep (€x0) (recep = recep5)

where by writing recep = apoB we mean that an object recep is complementary to
an object apoB.

The evolution of the system can be represented graphically as in Figure 3.4. By
M,,...,M>4 we denote the possible configurations of the system, and on each ar-
row from an M; to an M; is placed the number of the rule which is applied in or-
der to evolve from M; to M;. To denote that an object recep changes its position
and interacts with different objects, we use different notations to denote it (namely,
recep,recepy,...,receps) in the evolution of the system.
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Fig. 3.4 Evolution of the Membrane System

Remark 3.8. The number of rules applied to reach the configuration My starting
from the configuration M is always 13.

3.5.4 Simulating LDL Degradation by CPN Tools

Now the LDL degradation pathway description by using mobile membranes is en-
coded in coloured Petri nets. The translation is provided in order that one may use
a complex software tool able to automatically verify some important behavioural
properties of the biological systems. For coloured Petri nets a complex software
called CPN Tools is available in which simulations can be performed, and certain
decidability results can be checked automatically: reachability, boundedness, dead-
lock, liveness, fairness, etc. CPN Tools (cpntools.org) is a tool for editing, simulat-
ing, state space analysis, and performance analysis of systems described as coloured
Petri nets. In what follows we show how the rules of mobile membranes used to
model the LDL degradation pathway can be simulated using CPN Tools. To make
it easier to observe how the evolution takes place using CPN Tools, we simplify the
system and use only the transitions that eventually occur.

A CPN model is always created in CPN Tools as a graphical drawing. Figure 3.5
describes the LDL degradation pathway model, namely the membrane configuration
M, from Subsection 3.5.3. The diagram contains eight places (drawn as ellipses or
circles), four substitution transitions (drawn as double-rectangular boxes), a number
of directed arcs connecting places and transitions, and finally some textual inscrip-
tions next to the places, transitions and arcs. The inscriptions are written in ML,
the programming language of CPN Tools. Places and transitions are called nodes.
Together with the directed arcs, they constitute the net structure. An arc always con-
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nects a place to a transition or a transition to a place; it is illegal to have an arc
between two nodes of the same kind, i.e., between two places or two transitions.
The arc expressions are built from variables, constants, operators, and functions.
When all variables in an expression are bound to values of the correct type, the ex-
pression can be evaluated. In general, arc expressions may evaluate to a multiset of
token colours. Next to each place is an inscription which determines the set of token
colours (data values) that the tokens on that place are allowed to have. The set of
possible token colours is specified by means of a type (familiar from programming
languages) which is called the colour set of the place. By convention, the colour
set is written below the place. The place structurel has the colour set P, while all
the others have the colour set U. The colour set P is used to model the structure of
a membrane configuration (pairs of integer numbers of the form (i, j)), while the
colour set U is used to model the set of objects from a mobile membrane.

1
170
17°(0,2)++1" (0,5)++ @ i.l
1°(5,3)++1° (5,4) 164 |

2" recep
1" apoB++
1" cho

u

@ 1'ch044i
1" apeB |

1" late++
1 aux

m 1 late+s|
= 1aux |

1'lyso
1" aux r
gy |1 lyso++|

& | 1" aux

Fig. 3.5 LDL Degradation Pathway in CPN Tools

Colour sets are defined using the CPN ML keyword colset:

colset [ = int;

colset P = product I x I

colset U = with cho | apoB | lyso | late | aux | aux1 | aux2 | aux3 | aux4 |

aux5 | recep | recepl | recep2 | recep3 | recepd | recep5;

The inscription on the upper side of a place specifies the initial marking of that
place. The inscription of the place late endosome(4) is 1‘late + +1‘aux specify-
ing that the initial marking of this place consists of two tokens with the values late
and aux. The symbols ++ and * are operators used to construct a multiset of tokens.
The infix operator ° takes a non-negative integer as its left argument, specifying
the number of appearances of the element provided as the right argument. The op-
erator ++ takes two multisets as arguments and returns their union (sum of their
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multiplicities). The absence of an inscription specifying the initial marking means
that the place initially contains no tokens. The marking of each place is indicated
next to the place. The number of tokens on the place is shown in a small circle, and
the detailed token colours are indicated in a box positioned next to the small circle.

The four transitions drawn as rectangles represent the events that can take place in
the system. The names of the transitions are written inside the rectangles. The tran-
sition names have no formal meaning, but they are very important for the readability
of the model. In Figure 3.5 the transition names are step2, step3, step4 and step5
symbolizing that each of these transitions simulate the corresponding steps of the
LDL degradation pathway described in Figure 3.3.

A transition with a double-line border is a substitution transition. Each of them
has a substitution tag positioned next to it. The substitution tag contains the name
of a submodule which is related to the substitution transition. Intuitively, this means
that the submodule presents a more detailed view of the behaviour represented by
the substitution transition, and this is particularly useful when modelling large sys-
tems. The input places of substitution transitions are called input sockets, and the
output places are called output sockets. The socket places of a substitution transition
constitute the interface of the substitution transition. To obtain a complete hierarchi-
cal model, it must be specified how the interface of each submodule is related to the
interface of its substitution transition. This is done by means of a port-socket relation
which links the port places of the submodule to the socket places of the substitution
transition. Input ports are related to input sockets, output ports to output sockets,
and input/output ports to input/output sockets.

For instance, behind the substitution transition step4 is another coloured Petri
net presented in Figure 3.6. The substitution transitions that appear in this coloured
Petri net are:

e the substitution transition phagol-step4 simulates the mobile membrane rule 5
from the description of the LDL degradation pathway;

e the substitution transition exo1-step4 simulates the mobile membrane rule 6 from
the description of the LDL degradation pathway;

o the substitution transition pino-ste p4 simulates the mobile membrane rule 7 from
the description of the LDL degradation pathway;

e the substitution transition exo2-ste p4 simulates the mobile membrane rule 8 from
the description of the LDL degradation pathway;

e the substitution transition exo3-step4 simulates the mobile membrane rule 9 from
the description of the LDL degradation pathway;

We may observe that the marking of places appearing in Figure 3.6 is similar to the
one of the corresponding places in Figure 3.5. The substitution transition exol —
step4 is replaced by the Petri net presented in Figure 3.7.

In Figure 3.8, transition phagostep?2 is surrounded by a green shadow indicating
that it is enabled. When the transition occurs, it removes a token apoB from place
apoBprotein(2), a token recep from place cell(5), and two tokens (0,2) and (0,5)
from place structurel. The arc expressions of the input arc from the place structurel
are (x,2) and (y,5); they are tested using the test expression [x = 0,y = 0]. The test



3.5 Mobile Membranes with Objects on Surface into Petri Nets 191

structura4

17 (B, 4)++
1:(x,8)++
1 (x,B)++ 1 (4y) 1% i
1 (x.y) 1" late++
1 recep2++
1" aux4
[x=3.y=2] Y .
1. 1 auxl
| 2xolstep4 aux3 (8)
l'E‘Iate-w u
1 recepl++
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@Esome(ﬂ i l:ji++
(1N, U -

Fig. 3.7 Exol Step 4 Transition

is performed in order to see that the simulated membranes 2 and 5 have the same
parent 0. After firing the transition, a token recep is added to the place aux1(6),
a token apoB is added to the place apoBprotein(2), and three tokens (0,5), (6,2)
and (5,6) are added to the place structurel.

A state space is a directed graph where we have a node for each reachable mark-
ing and an arc for each occurring transition. The state space of a CPN model can
be computed fully automatically which makes it possible to automatically analyze
and verify an abundance of properties concerning the behaviour of the model: the
minimum and maximum numbers of tokens in a place, reachability, boundedness,
etc. When working with Petri nets, some behavioural properties (e.g., reachability,
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boundedness, liveness, fairness) are easier to study once a state space is calculated.
A good survey for known decidability issues for Petri nets is given in [83].

1°(%,2)++

| 1°(v,5)

@ 1 chot++
@ 1" apol |

o | e
@lotem(?) ) . oL Cen(gg)_;@,g‘recep‘l
D b [—,
1 recep
W
==>) u

Fig. 3.8 Phago Step 2 Transition

We can now define similar properties for mobile membranes with objects on
surface. Given a mobile membrane with object on surface IT with initial configu-
ration My, we say that a configuration M is reachable in IT if there exists sets of
transitions Uy, ...,U, such that My[U,)...[U,)M,, = M. We say that a membrane
system is bounded if the set of reachable configurations is finite. A membrane sys-
tem has the liveness property if each rule can be applied again in another evolution
step, and it is fair if no infinite execution sequence contains some configurations
which occur only finitely. A home configuration is a configuration which can be
reached from any reachable configuration.

3.5.5 Preservation of Properties Through Translation

By considering a coloured Petri net CPNy7 obtained from a mobile membrane I1,
we have the following results:

Proposition 3.21. If the reachability problem is decidable for CPNp, then the
reachability problem is also decidable for I1.

Proof (Sketch). The initial marking of CPNpy is the same as the initial configuration
of IT according to the construction presented in Subsection 3.5.1, and each step of
the Petri net corresponds to an evolution of the mobile membranes with objects on
surface (according to Theorem 3.5). Thus the reachability problem becomes decid-
able for mobile membranes with objects on surface as soon as it is decidable for
coloured Petri nets. O
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In a similar way, we can prove several properties for mobile membranes with objects
on surface as soon as they hold for their corresponding coloured Petri nets.

Proposition 3.22.

e [fCPNrpy is bounded, then Il is bounded.
e IfCPNpy has the liveness property, then I1 has the liveness property.
e [fCPNrpy is fair, then Il is fair.

Since the properties of reachability, boundedness, liveness and fairness can be de-
rived automatically by using CPN Tools, these results are of great help when study-
ing similar properties for mobile membranes with objects on surface. For instance,
using CPN Tools and the model for the LDL degradation pathway, we can check
whether we can reach the configuration in which the membrane marked by apoB is
inside the membrane marked by [yso, for instance.

Applying CPN Tools on this system we obtain the following output file:
Home Markings: [24] Dead Markings: [24];
Dead Transition Instances: None Live Transition Instances: None
Fairness Properties: No infinite occurrence sequences
meaning that we always reach configuration M4 (home marking), the computation
stops here (dead marking), and that there are no infinite occurrence sequences.

1°(0,2)++

1054+
1(0.2)++1° (0.5)++ @ 11330
1°(5,3)++1°(5.4)

1°(5.4)
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L ._“
1" apoB++ I = . i, =
1" ¢ho s @ 2 recep

u

1 lysos+
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TH— 1'lyso++
lysosoma(3) 125 ke

Fig. 3.9 LDL Degradation Pathway with Input

This simulation is not entirely correct from a biological point of view since a cell
is able to process more than one LDL molecule. An arbitrary number of LDL
molecules cannot be simulated in mobile membranes, but it can be simulated in
coloured Petri nets by adding a new transition input and a new place applied as in
Figure 3.9.
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In Figure 3.10 we show how the transition input is built, namely what are the
input arcs and output arcs together with their inscriptions. This transitions works
as follows: if the cell has the initial structure less the initial LDL molecule, than a
new LDL molecule is added to the system in order to reiterate the entire process.
Applying the CPN Tool on this extended system we obtain the following output file:

Home Markings: All Dead Markings: None;

Dead Transition Instances: None Live Transition Instances: All

Fairness Properties: All
meaning that from any reachable configuration M; we can always reach any config-
uration M; (home marking), the computation never stops (dead marking), and that
there are infinite occurrence sequences.
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17(0,5)++
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structural
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Fig. 3.10 LDL Degradation Pathway with Input

1" late++
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Summary

This book contains the results obtained and published recent last years on mobility
aspects in process algebra and membrane computing. It presents new ideas con-
cerning several formalisms (7-calculus, mobile ambients, brane calculi, membrane
systems), new properties and relationships. The emphasis is mainly on the compu-
tational properties of the models. Moreover, the formalisms are used to model and
analyze biological systems.

What is mobility in process algebra? The first formalism in computer science
able to describe mobility was the -calculus. It was followed by ambient calculus. A
biologically-inspired version of ambient calculus is given by bioambients and sev-
eral brane calculi. When expressing mobility, it should be mentioned what entities
move and in what space they move. There are several possibilities: processes mov-
ing in a physical space of computing locations, processes moving in a virtual space
of linked processes, links moving in a virtual space of linked processes, etc.

What is mobility in membrane systems? Mobile membranes represent a for-
malism able to describe the movement of membranes inside a spatial structure.
When they are considered as computing devices, two main research direction are
considered in order to prove that they are both powerful, mostly equivalent to Turing
machines, and efficient, membrane system algorithms have been developed which
provide efficient solutions to NP-complete problems through the generation of an
exponential space in polynomial time.

What is the relationship between these two research areas? The difference
between the two research areas (process algebra and membrane computing) is the
fact that process algebras provide a tool for the high-level description of interac-
tions, communications, and synchronizations between a collection of independent
agents or processes, providing also algebraic laws that allow process descriptions
to be manipulated and analyzed, and permit formal reasoning about equivalences
between processes (e.g., using bisimulation), while membrane computing uses tech-
niques from languages, automata, complexity, and dynamical systems. Several links
between these two fields are established in order to be able to use techniques from
one area in the other one. We consider our encodings as the first efforts towards
bridging the gap between process calculi and systems of mobile membranes.
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What are other research directions into these fields? Several papers have been
devoted to process algebra, by defining faithful z-nets [70], abstract structures for
distributed systems [62], a m-calculus machine [71] and Markov abstractions for
probabilistic w-calculus [21]. A simplified timed distributed 7-calculus called TiMo
is defined in [58, 59]. PerTiMo extends TiMo by working with processes having ap-
propriate access rights to communicate [60]. On the subject of complex systems with
interaction, there are a few papers using process algebra to model biological phe-
nomena [49, 72]. A concrete description of a biological system by using P systems
is provided in [26]. Starting in 2002, several papers have been devoted to membrane
computing and distributed computing [50, 54], to P systems implementations on a
single computer [27, 64] and on clusters of computers [74]. A software platform for
timed mobility and timed interaction is presented in [56], and a high-level language
for mobile agents with timers in [57]. The formal semantics for P systems was in-
troduced and studied in [22, 24, 51]. Some papers have been devoted to various
aspects relating to membrane systems: P transducers [66], Mealy multiset automata
[55], control mechanisms of membranes [23] and cellular modelling [140]. A dis-
tributed evolutionary algorithms using membrane systems [154] and a P system with
minimal parallelism [63] represent two important contributions to membrane com-
puting. Some complexity aspects in membrane systems are presented in [6, 68, 69].
The problem of causality is of great importance for any computational model that
aims to be supported by good analysis methods and tools, and even more signifi-
cant for membrane computing where such approaches are in many cases based on
methods developed for other computational models. Research work on causality in
membrane systems is presented in [3, 4, 5].
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