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Abstract

Membrane Processors have been defined as digital computational devices
able to perform the local processes developed at the membrane level in Tran-
sition P systems. This paper is related to describing the way of representing
multisets of objects and evolution rules in membrane processors. The formal
study of evolution in regions is the way to understand the behavior of the mem-
brane processor because it permits to define the basic needed operations in
order to design the way in which multisets and evolution rules can be repre-
sented in a more accurate way to be implemented in digital processors. From
these new representations of object multiset and evolution rules, the set of basic
operation over them will be defined. Finally, the machine instructions for mem-
brane processors are presented, considering the evolution rules as the machine
instructions for membrane processors.

*Work partially supported by contribution of EU commission under the Fifth Framework Pro-
gramme, project “MolCoNet” IST-2001-32008.
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1 Introduction

Since Gheorghe Piun introduced in 1998 [1] Membrane Computing, this research
field has experimented a very important growth.

P systems are models of computation which are inspired by basic features of
biological membranes. Membranes define compartments or regions. Multisets of
objects and evolution rules are then placed inside regions. Objects evolve by means of
evolution rules which are applied in a maximally parallel, nondeterministic manner.
Objects can pass through membranes, and membranes can be dissolved. These are
the main features used in defining P systems. Many variants of P systems have been
investigated and most of them are computationally universal. In the meanwhile,
some attempts to implement such computational devices in software and hardware
have been reported.

Related to hardware implementations of P systems, membrane processors were
introduced in [8] as digital devices that implement processes developed in regions of
transition P systems. In this framework, membrane processors trees are an approach
to develop a general purpose architecture which will permit to implement transition
P systems in hardware. Some problems related to represent membrane structure
and to keep it update during evolution in membrane processors trees were presented
and solved in that paper.

Next sections are devoted to determine the way in which P systems compute in
order to define what will be data and instructions able to be represented in a digital
processor like traditional digital computers. Hence, we will start by defining in a
classical way computations in P systems and then operational modes for membrane
processors are presented; a feasible machine representation for multisets of objects
and evolution rules is described. Finally, the machine instruction syntax and the
processing algorithm for membrane processors are presented.

2 Transition P systems as Computational Devices

P systems compute starting from an initial configuration and passing from one con-
figuration to another by the application of evolution rules to objects placed inside
regions until reaching a halting configuration. This configuration is defined as a con-
figuration in which there is no rule applicable to the objects present in the system.

A configuration is defined as a (k4 1)-tuple (p4, w;, , ..., w;, ), where p is the mem-
brane structure and w;; is the multiset of objects associated to the region defined
by the membrane with label i; in the system [2].

A transition in a P system is got by passing from a configuration to another
configuration. More precisely, given two configurations C1 = (i, wj, ,...,w;, ) and
Cy = (W', wj,...,w]) of a P system, II, it is said that there is a transition from C;
to Cs and it is represented by C1 = Cs, if we can pass from C; to Cs by using the
evolution rules from R; ,..., R;, in the regions i1, ..., .

From this definition of computation in P systems, two different levels of process-
ing are defined:

1. The global process performed by the P system. This process is got by transi-
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tions between two consecutive configurations.

2. The local process performed at the membrane level. This process is responsible
of making evolve each region of the system by the application of evolution rules.

The global processing is achieved from the local processing by communication
and synchronization among the different membranes of the system.

Local processing is achieved inside regions, which are defined by the membranes
of the system. For every region in the system, the following steps are performed in
order to achieve local processing [4], [5]:

1. The computation of a complete multiset of evolution rules [3]. This will permit
to evolve the region by application of only one evolution rule and will deter-
mine the multiset of objects that will be send to the adjacent regions and the
resulting multiset of the region.

2. The synchronization and the objects communication among adjacent regions.

3. The rearrangement of the membrane structure. Some of the membranes can
be dissolved during evolution. This means that synchronization and commu-
nication are needed again in order to compute the new system configuration.

In order to characterize the local processing, let us consider a transition P system
IT with labels in L and objects in U, let reg be a region in IT and let (reg,II') be
the sub-tree of II starting in reg.

Evolution inside regions of II is characterized by the following equations:

LABELS ={l e L|((,_,.),) el'} (1)
ACTIVES = Active(Applicable((Useful R)LABELS)w)p (2)
COMPLETES = (Multicomplete ACTIVES)w (3)

Here, LABELS defines the set of adjacent regions to reg, ACTIV ES defines the
set of evolution rules that can be applied in the region req, COM PLETES defines
the set of complete multisets of evolution rules for the region reg (the elements
of COMPLETES define evolution rules able to make evolve the region to its next
configuration). For a complete description of these equations and the whole evolution
process we refer to [3, 5].

3 Membrane Processors for Transition P Systems

With the above considerations, a membrane processor can be defined as a digital
processor able to implement the membrane local processing performed inside Tran-
sition P systems membranes.

Hardware implementation of transition P systems using membrane processors
implies to define a membrane processor tree which keeps the same adjacent relations
among membranes in the transition P system and in the membrane processor tree.

One problem that is faced in this approach is the dynamic rearrangement of the
membrane structure during evolution. This problem does not have an easy solution
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in hardware. One possible solution is to identify two different operational modes in
membrane processors. These operational modes are:

e the active mode, when the membrane is alive in the system.

e the passive mode, when the membrane is not alive in the system.

While a membrane processor is operating in its active mode, it is meant to
make evolve the system to a new configuration. The following processes have to be
performed by the processor:

1.

The computation of one complete multiset of evolution rules for each evolution
step. At least one complete multiset of evolution rules has to be computed
from rules and the multiset of objects in the processor. The computation has
to be performed according to equation (3).

The synchronization with others membrane processors. The processor cannot
send objects to its adjacent processors before finalizing step 1.

Objects Communication. Once every processor in the system has finished the
computation of the complete multiset of evolution rules, the processors have
to send objects to their adjacent processors. This process produces objects
passing through membranes and new objects came to the processors.

The computation of the new multisets of objects. The communication produces
new multisets of objects in processors that have to be computed.

If the membrane dissolution is performed, then the processor has to pass to
the passive mode. The following processes have to be performed:

(a) Synchronization with its children processors. Due to the fact that some of
the children processors can dissolve their membranes too, before sending
any information to the father processor, the processors must wait for
information coming from children.

(b) The computation of the resulting object multiset. Once again, a new
multiset of objects has to be computed if some of the children processors
have changed to the passive mode.

(¢) The communication with the father membrane processor. At the end
of the active mode, the processor has to send to its father processor the
needed information in order to rearrange the system membrane structure.
This information is related to objects and connectivity as is described
below.

i. Multiset of objects. If a membrane dissolution is performed, then
the rules inside membrane are removed from the system and the
contained multiset of objects is embedded into the father membrane.

ii. Connectivity array. The information related to membrane structure
is stored into bits words. Membrane processors use connectivity array
for storing different data used to rearrange the membrane structure
during computation [8].
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In the passive mode, a membrane processor serves as communication bridge
among membrane processors. The main functionality of the processor operating in
this mode is to send objects and connectivity arrays from its children processors to
its father processor and viceversa. This is due to the fact that in hardware is very
difficult to dynamically change physical interconnection among processors.

Until now, it has been described what membrane processors are and their differ-
ent operating modes. Nevertheless, nothing has been said about how to represent
data in a membrane processor. The next section provides a more accurate repre-
sentation for multisets of objects and evolution rules in membrane processor. This
is necessary because all performed processes at the membrane level have been de-
scribed in terms of the application of evolution rules over multisets of objects, and
this description is far from a feasible hardware implementation. Hence, it is needed
to give to such data structures a representation closer to the hardware.

4 A Feasible Representation for Objects Multisets and
Evolution Rules in Membrane Processor

This section presents data structures for representing multisets of objects and evo-
lution rules in membrane processors. Once a data structure is defined, the set of
operation for implementing the behavior of local evolution in membrane processors
are also defined.

4.1 Data Structures for Representing Multisets of Objects

Let U be a finite set of objects with card(U) = m. Let M be a multiset over U; for
each a € M we write M (a) = n,. The multiset M can be represented as an m-tuple
of natural numbers (the Parikh vector associated to the multiset M with respect
to U). The problem is that the Parikh vector representation depends on the order
of the elements of U. To avoid this problem, an order over the set U is defined as
follows.

Let U be a finite set of objects with card(M) = m. The set U can be represented
by an ordered succession of objects in the following way:

¢:{1,...m} - U (4)
1 — (]5(1) = a;
Here, ¢ is a one-to-one mapping from {1,...,m} to U.

Then, a multiset M over U can be represented by a vetor of natural numbers of
length m as follows:

M wom} U —= N (5)

{1,
i = M(i) = M(¢(i)) = M(a;) = ni

This fact permits us to represent every multiset of objects over M as an element
of N™ in a congruent manner.
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With these considerations the needed data structure for representing multisets
of objects over a finite set U is an array of length m = card(U).

This data structure allows us to define the typical operations and relations over
multisets of objects in the following easy way:

Let M1 = (n11,n12, -y 01m), Mo = (n21,M92,-..,N2y,) € N™ be two multisets
of objects over U; then the following operations are defined:

1. Addition:

My + My = (n11 + na1, 12 + 192, - - ., Nim + Nom). (6)

2. Inclusion:
My Cy My & Vi € {1,...,m}, My (i) < Ma(i). (7)

3. Subtraction: If M7 C M5 then:

My — My = (n11 — na1,n12 — 192, - - -, Nim — Nom)- (8)

4.2 Data Structures for Representing Evolution Rules

In this section, the appropriate data structure for representing evolution rules in
membrane processors is presented. Moreover, the needed operations over evolution
rules are redefined according to this new representation. After that, the machine
instruction format for membrane processors is provided.

An evolution rule with labels in L C N and objects in U = {a1, a2, -, amy} has
been defined in [3] as a tuple (u,v,d) where u is a multiset over U, v is a multiset
over U x ({out, here} U {in; | j € L}) and 0 € {dissolve, —~dissolve}. With this
representation for evolution rules, several operations and functions were defined in
order to characterize the parallel application of evolution rules:

e Addition of evolution rules (r; + 72).

Product of a natural number with an evolution rule (n x 7).

Evolution rules inclusion (r; Cy 72)

Input of an evolution rule (Input r)
e Rule Dissolving Capability (Dissolve r)

e Set of membrane’s labels where the rule sends a multiset of objects (Ins s)

On the other hand, a new representation for a multiset of objects closer to a
hardware implementation than the original one has been provided. Now, using this
representation for multisets of objects, evolution rules are represented and operations
over them are also redefined.

Let II be a transition P system with labels in L = {1,2,---,n} C N and objects
inU ={a1,as,...,an,}. An evolution rule r can be represented as a natural number
vector of length (n + 2) x m + 1 as follows:
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Firstly, the rule antecedent u is a multiset over U, therefore u € N™. Secondly,
the rule consequent is a multiset over U x ({out, here} U {in; | j € L}), however, it
can be also considered as a subset of L x U and in this case the targeting is directly
represented in the rule; thus, v € N™*". Finally, the rule dissolving capability is
represented by d € {0,1}. In conclusion, r € N(+2)*m+1 3nd the representation as
a vector of natural numbers is the following:

(’ufla"'auma V0,1, "> V0,m ) Vi1, Vim0, Un,1," ", Unm 36)
antecedent to the environment to the processor 1 to the processor n
consequent

As can be seen, this data structure rearranges multisets of objects in order to
send objects to each of the membrane processors of the system including the envi-
ronment. Moreover, with this representation, any rule r for the P system II belongs
to N(n+2)><m+1.

Now, the operations previously defined for evolution rules are presented and
defined using this data structure.

_ (o] 1,1 1 1 1 1 1 _
2Let 7"12— (;‘1""7“2m’”0,21""’UO,an"‘)l,la"Q"")l,m"'Q' s Un 13-+ Unm» 01) and 7o =
(Ufy - Uiy VG 15y VG s VT 15+ -2 VT ms+ + 3 Un 15 - - - » Upp s 02) D€ two evolution rules

for the transition P system II represented in the form of vectors of natural numbers.
Then the following operations and functions are defined:

e Rules addition: +

rdre = (ul4ud,.. . ub Fud, (9)
véyl + v%yl, e ,v&m + ’U(Q),m,
vil + vil, .. ,vim + U%,m’
.
vvlz,l + 'U721,1’ s 7“711,m + v?z,m’ 61 + 52)

= (u1 + ug,v1 + va, 01 + d2),
where:

— operation (+) for ¢’s is defined by the following table which implements
the boolean or operator:

+ 0 1
0 01
1 11
— and operator (+) for rule antecedent and consequent is the addition for

vectors of natural numbers.

e Product by a natural number: x

1

nxry =(nxul,...,nxul,
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1 1
X V] 1yeey X V] s

1 1
N X Uy gy s X Uy, 01)

e Rules Inclusion: Cy
riCyraeu CugeVie{l,---,m}, uf <u? (10)

e Rule Input: Input
This function is defined as the rule antecedent multiset, therefore:

Input r1 =uy = (ui,...,u,,) € N™ (11)

e Rule Dissolving Capability: Dissolve
This function tells us whether or not the rule dissolves the membrane. When
a rule that dissolves the membrane is executed in a membrane processor, the
processor changes from the active to the passive mode. This change implies
other changes in the connectivity arrays of its adjacent membrane processors.

Dissolve 1 = 61 € {0,1} (12)

e Set of Membranes the Rule Sends Objects: Ins
This function cannot be directly implemented with the vector representation.
However, this information is very useful for implementing local processing in
membrane processors. The considered functionality will be included in the
machine instruction format.

5 Machine Instruction Format for Membrane Proces-
sSors

Evolution rules are here considered as the machine instructions for membrane pro-
cessors. Hence, they are not considered as processes that are concurrently executed
and the computation of a complete multiset of evolution rules is performed in a
sequential manner instead of a parallel way.

The membrane processor machine instructions are constituted by four main fields
which are described below:

e Field of Rule Active:
1 bit for determining if the rule is or not active. This field expresses if the
rule can be chosen in a determined processing step involved in the evolution
process of the membrane processor.

e Field of Rule Applicable:
1 bit for determining if the rule is or not applicable. This field expresses if the
rule can be chosen in a determined processing step involved in the evolution
process of the membrane processor.
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Active | Applicable | Label Bit vector Vector of natural numbers

b b l (bo,bl,...,bn) ((a1y eey @m )y (COLy ey COM )y -« -5 (Crly ooy Crum ), 0)

Figure 1: Machine Instruction structure for Evolution Rules

e Rule label:
It contains the number associated to the rule in the rule set.

o Labels:
n bits determining the processors to which the rule sends objects. It has the
same configuration as the connectivity array. It is used to determine whether
or not the rule is applicable during the calculation of the complete multiset of
evolution rules for the processor.

e The rule as natural number vector:
This field contains the expression of the rule as belonging to N t1)xm+1_ Tt
can divided into the following sub-fields:

— Antecedent: ue N™

— Consequent: Divided into n objects multisets, one per membrane pro-
CEessor.

x vy € N™
*x Uy EN™
— Dissolving Capability of the rule: ¢

The structure of an evolution rule as a machine instruction for a membrane
processor is depicted in Fig.(1).

6 Processing Algorithm

This section is devoted to describe the operations performed in active membrane
processors when computing one evolution step inside the processor.

When a membrane processor is in the active operating mode, the main function
to be performed by the processor is the computation of one complete multiset of
evolution rules. After that, the processor has to check whether or not it changes its
operating mode.

Let us consider, for the rest of this discussion, the transition P system II of
degree n with labels in L = {1,...,n} and objects in U = {uy,...,u,} where
the membrane structure p of II has been labelled with the imposed restriction for
defining membrane processors connectivity array.

With the classical representation of P systems, we have

o= (Uauawla <oy Wn, (Rlapl)a"' ’ (Rnap’n)’n) (13)

Every membrane processor i in the active operating mode keeps the following
information:
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T.¥je{peL|p>inT(i)(p)(0) =1} oy(t) !
Where:
e w; is the multiset of objects for the membrane processor i,

o Ry ={rj € Nw2xm+l | jc Lp ={1,---,p;}} the set of evolution rules for
the membrane processor ¢,

o p; = {(ig,4) € L x L | iy # 4;} the priority relation among rules in R; with
the following meaning: if (ix,4;) € p; © i, <1y (e.g., the rule r;, has a lower
priority that the rule r;,).

First of all, it is needed to determine the active rules in the membrane processors,
and it is done in two steps:

1. To determine applicable rules following the equations:

(Useful rj) wi & uj Cw; (14)
vjELRi = {Lapl}
Applicable r; = Usefulrj N (Labels r; & 1(i)(t) = Labels ;).

2. To determine among applicable rules the active rules. The priority relation p;
defined in R; is used to do it.

Vj€Lr = {1,---,pi} (15)
Activer; = Applicable rj A
(V(zka ’Ll) € pi itk 7é JV- Apphcable 'ril)-

Once active rules have been determined, the needed multiset of objects have to
be computed in the following manner:

At the beginning of the evolution step, it is considered the multiset of objects in
the region w;. The membrane processor keeps in memory (n+ 1) multisets of objects
(all of them initially are the empty multiset), and one connectivity array used to
accumulate the set of membrane label to which the rules used in the evolution step
send objets.

1See [8] for a detailed description of 1 and o.
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w; = 0
\Iji,temp (O’ T 70)
temp; = 0,Vje{0,1,---,n}

The performed process is the following:
1. Take one active rule, r € R;, in a non deterministic manner.

2. The application of the rule produces the following changes:

wi = w;— Inputr (16)
\Ili,temp = \Pi,temp V Labels r (17)
temp; = temp;+v;,Vj€{0,1,---,n} (18)

where Input r is the rule antecedent, Labels r represents the connectivity
array of the rule and v; is the multiset of objects that the rule sends to the
membrane processor j.

3. Re-compute active rules in the membrane processor. Some of them cannot be
anymore active due to the modification of the multiset w;.
Vr € R; , Activa r = Activa r&(Useful r) w;. If there is any active rule in
the processor, go to step 1.

Once this internal process is finished, the synchronization and communication
phases have to be performed and the transition P system evolution is accomplished.

7 Conclusions

This paper presents data structures for representing multisets of objects and evolu-
tion rules in digital devices able to perform the computation of complete multisets
of evolution rules. These representations permit to implement, in digital devices,
the processes performed inside regions of a transition P system. Moreover, the for-
mat of machine instructions for membrane processors and a sketch of the processing
algorithm for computing complete multiset of evolution rules are also presented.
As a conclusion, it can be said that the basis for the design of a general purpose
and modular architecture for implementing transition P systems in hardware devices
have been settled now, so it is needed to go ahead in the development of such devices.
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