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Abstract—Membrane computing is a kind of biocomputing
model. At present, the main research areas of membrane com-
puting are computational models and P system design. With the
expansion of the P system scale, how to rapidly construct the P
system has become a prominent issue. Designing P system based
on P module is a P system design method proposed in recent
years. This method provides information hiding and can build
P system through recursive combination. However, the current
P module design lacks a unified design method and lacks the
standard process of building P system from P module. This paper
studies the structural characteristics of cell-like P systems, and
proposes an improved P module design method and a process
for assembling P systems through P modules. In order to fully
expound the design method of P module, the P system for the
square root of the large number was analyzed and designed. And
the correctness of the P system based on the P module design
method was verified by an instance.
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I. INTRODUCTION

Membrane computing, also known as P system, is a branch
of natural computing [1]. The models of P system are mainly
divided into three types, namely, the cell-like P system [2], the
tissue-like P system [3] and the neural-like P system [4]. They
have been applied to solve the problems such as NP problems
[5]-[8], image processing [9], [10], arithmetic operations [11]—
[14] and so on.

In our previous work, most energy are put to implement the
arithmetic operations in cell-like P systems: Ref. [11] firstly
proposed an arithmetic P systems to implement the arithmetic
operation in 2001; in [12] proposes an algorithm and builds
expression P systems without priority rules for evaluating arith-
metic expression; in [13] designed the P systems for addition,
subtraction and multiplication; in [14] proposes a family of
systems for solving Matrix-Vector Multiplication. Although
we have obtained many excellent research results in the cell-
like P system, the difficulty for constructing the P system
has continued to increase due to the increasingly complex
algorithm. As a result, some experts and scholars began to
propose some new models of modular constructing the P
system. In 2009, Romero-Campero et al. proposed a biology
model for modular combination cells [15] and Serbanuta et al.
proposed K systems embedded in P system which can develop
new extensions of P system [16]. In 2010, Paun et al. proposed
the dp system [17], which contains ideas for modularity.

Based on the above models, the modularized construction
model, the P module [18], is proposed for simplifing the
computing system structure and improving the reusability. At
present, this model has been applied to some areas of research.
In [19] proposed an improved generic version of P modules, an
extensible framework for recursive composition of P systems.
It proposed an solution to solve Byzantine agreement problem
by P module. In [20] presented an improved deterministic
solution for Flow-shop Scheduling problem. In [21] extended
the P module theoretically and proposes the P module to solve
the stereo matching problem in the application. Besides, it
realized the discovering neighbors and Echo Algorithm. In [22]
studied on the problem which aims to find out a point-disjoint
and edge-disjoint path between source point and target point.
All of these literature researches are related to the algorithms
application of the P module. However, due to the lack of a
unified design method, the P system based on the P module
have low design efficiency and high error rate. In order to
improve such problems, this paper designs a well-structured P
module by combining the structural design methods in design
methodology. The correctness of the dynamic execution of the
P system is ensured with a good structure, making the P system
easy to understand, easy to debug, and easy to maintain.

In this paper, the cell-like P system and the P module are
introduced in Section 2. Section 3 improves the P module
and proposes the design and assembly of the P module. With
the method of structural design in design methodology, four
methods for constructing P module are proposed to design
well-structured P system based on P modules in Section 4.
Section 5 gives an instance to show the working mechanism of
P module by using the related definitions and design methods
of the P module. Section 6 summarizes the research work and
presents a deeper level of research in the future.

II. FOUNDATIONS AND RELATED WORKS
A. Cell-like P System

The cell-like P system is a class of P system constructed
by biochemical reactions in abstract biological cells. In the
cell-like P system, the substances in the cells are abstracted
as computational objects and the biochemical reactions within
the cells are abstracted as object evolutionary rules. A cell-like
P system containing five membranes is shown by Fig. 1.

Fig. 1 is a schematic representation of a cell-like P system.
A cell-like P system consists of the membranes (elementary
membrane and combination membrane), the membrane regions
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surrounded by membranes, the membrane object collection in
the regions and membrane rule collection.Formally, a cell-like
P system (of degree m>1) can be defined as form [23]: In the
general model, the structure is in the form of nested membrane,
which is not easy to be modularized, componentized and
expanded. The rules in the cell-like P system can lead to high
coupling degree.

H:(O7/L,UJ1,"',wm,Rl,"',Rm,io) (1)

In the general model, the structure is in the form of nested
membrane, which is not easy to be modularized, componen-
tized and expanded. The rules in the cell-like P system can

lead to high coupling degree.

B. The Related Works

The P module is a model that modularizes the biochemical
reaction of a group of cells and supports information hiding.
Formally, a P module can be defined as form:

= (0,K,d,P) 2

1) O is a finite non-empty alphabet of objects;
2) K is a finite set of cells, where each cell, 6 € K, has the
form ¢ = (Q, so,wo, R) where,
a) @ is a finite set of states;
b) sp € @ is the initial state;
¢) wg € O* is the initial multiset of objects;
d) R is a finite ordered set of multiset rewriting rules of
the general form:

st —q 8’2’ (u)g, (3)

where,

(i) s,s" €Q;

(i) z,2’ € O*,u € O*;

(ili) « is a rewriting operator, & € {min, maz}, The
rewriting operator « = min indicates that the
rewriting is applied once, if the rule is applicable;
and a = max indicates that the rewriting is applied
as many times as possible, if the rule is applicable.
When o = maz, « can be omitted in the rule.

(iv) B {141}

(v) v € {one, spread, repl};

3) 0 is a binary relation on K, i.e. a set of parent-child
structural arcs, representing duplex or simplexr commu-
nication channels between cells;

4) P is a subset of K indicating the port cells, i.e. the only
cells can be connected to other modules.

P module is a modular combination model of cells. It
mainly uses the characteristics of its recursive combination to
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realize the hidden functions of internal information and internal
structure, so as to facilitate the construction of a complex P
system.

III. DESIGN AND ASSEMBLY OF THE P MODULE

This section improves the P module with high encap-
sulation, information hiding, modular combination and high
concurrency. Its special external definition, external reference
and assembly mechanism make it highly independent, realize
the reuse of modules and speed up the construction of P
system.

A. P Module Improvement

The P module is a model of cell-like P system, which
abstracts a cell into a P module. It has the characteristics of
module encapsulation and the inheritance of rules and objects.
Each module is independent and several P modules can be
combined into the combination P module by a structured way.
Formally, a P module (of degree m >1) can be defined as
form:

= (07K7 6aQaDT7DL7RT7R,L) (4’)

1) O is a finite non-empty alphabet of objects, O=0;UOs.
For each submodule, they contain the public objects from
the parent module and their own objects.

a) O is a subset of O, which represents private objects.
b) O is a subset of O, disjoint of O7, which represents
public objects.

2) K is a finite set of P modules.

3) disasubset of (K x K)U(K x R))U(Ry x K), ie. a
set of parent-child structural arcs, representing duplex or
simplex communication channels, between two existing P
modules or between an existing P modules and an external
reference.

4) @ is a subset of O9, which is the generic synchronizing
object set that P modules finally output.

5) Dy is a subset of K, representing def; definitions, e.g.
deft,, represents that the entrance module of this P
module is II;; Dy is a subset of K, representing def
definitions, e.g. def|, represents that the export module
of this P module is Hz

6) Ry is a finite set, disjoint of K, representing ref;
references, e.g. refy, represents that the entrance arc
of this P module is a{; R is a finite set, disjoint of K,
representing ref| references, e.g. ref;, represents that
the export arc of this P module is b;.

7) Each cell, o € K, has the form o = (L, S, sg, wo, R).
where,

a) L represents the inheritance rights of the rules; L =
{T", A, ®}; T represents this rule as a public rule, A
represents this rule as a protected rule, ® represents
this rule as a private rule(this can be omitted).

b) S is a finite set of states;

c) sp € S is the initial state;

d) wo € O* is the initial multiset of objects;

e) R is a finite ordered set of rules:

lst =4 8 /2’5 (id) %)

where,
G) leL;
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(i) 5,5’ € S;

(ili) = € O*;

(iv) « is a rewriting operator, & € {min, max}, The
rewriting operator a« = min indicates that the

rewriting is applied once, if the rule is applicable;
and o = max indicates that the rewriting is applied
as many times as possible, if the rule is applicable.
When o« = max, o can be omitted in the rule.

(v) td is a number identified the sequence of rule
execution. Prior and preference can be given high-
ranking. If the rules in the same state are in the same
priority, id can be omitted in the rule.

In this model, the connection relationship between P mod-
ules is a parent-child relationship, and theirs inheritance can be
reflected by objects, O, and rules, R. Through the inheritance
of the P module, we can organize system structure more
effectively, clarify the relationship between modules, and make
full use of existing modules to achieve more complex and
deeper development.

B. P Module Assembly Mechanism

According to the definition of P module introduced above,
a P system is a P module which is constructed by nested P
modules. The nested P module is expressed by the combination
P module which is constructed by P modules in the same layer.
Given an arbitrary finite set of disjoint P modules, we can
construct a combination P module by instantiating some of
their external references to some of their external definitions,
which implicitly instantiates the relationship of P modules in
the same layer. When the parent P module is executed, the
submodule will inherit the public objects and public rules of
the parent P module to further initialize the internal structure
of the module and start to work. The siblings can be executed
in parallel, this shows the powerful computing power of the
whole system. The combination P module can encapsulate the
details of the interior, users only pay attention to their input
and output.

Considering of a finite family of n P modules,
v = {HZ|Z € [1,TL] }, where II; = (Oi,Ki,cSi,Qi,
Ds,,D,,,Ry,,R;,)(i € [1,n]), the result of a composition
P module depends on one kind of actual instantiation that
the external reference and the definition are matched. The
external reference is matched to external definition by two
partial mappings, p4 Uieit,n B = Uie,mDris L
Uict,n By — Uigpr,n)Dy;- A previously uninstantiated arc
(o,7), where (o € K;,r € R];|i € [1,n]), is instantiated as
(0,p4,, ), and a previously uninstantiated arc (r, o), where
(0 € Ki,r € Ry,li € [1,n]), is instantiated as (py, ), 0).

Based on what has been described above, the P mod-
ule family ¥ can be expressed as the form, II =
(0,K,0,Q,D4,D,, Ry, R}), when py, p; are the partial map-
pings that define the instantiation (as previously introduced),
if:

1) ¥ is cell-disjoint;

2) O =Uign1,nO0s;

3) K = Ue,n K

4) 0 = {(ﬁT(g)vﬁi(g))‘ Uie[1,n) 03 }, where ﬁT(a) =0 €
Dom(ps)?pt s, 0,1y = 0 € Domlpy)?pi, : 0
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5) Q@ = Uicnin)Qi/ Uiclin—1] Qi=Qni(Qn is the ouput
onjects as the exit of the combination P module)

6) D+ C Uic(r,n)Driy Dy € Uiei,n Dy

7) Br=Uicp By, \Dom(pt).Ry = Uiep,n) Ry, \ Dom(p,):

As described above, we can know the concrete the con-
struction and assembly mechanism of P modules in P system,
which includes the nested combination principle of the P
module in the same layer and the perfect encapsulation mech-
anism. The construction and assembly mechanism also make a
detailed definition of 6, D, R as a way of communication. The
P modules construction and assembly mechanism facilitates
the design of P system for complex algorithms, where every P
module provides encapsulation and information hiding to other
P modules.

IV. BASIC STRUCTURE OF THE P SYSTEM

The P system is constructed by layer upon layer encap-
sulation using P module. P modules in the same layer are
assembled by the construction and assembly mechanism and
encapsulated into a combination P module. The construction
and assembly methods of a combination P module include
four ways, i.e. the sequence method, the branch method, the
cycle method and the parallel method, which show the four
structures of the P module, respectively.

A. Sequential Method

Since the specific implementation rules of each P module
will be determined by the function to be performed, the
definition of the rules in each P module need to be abstracted
to be a form,which is shown below through the two rules. The
general design definition of a elementary P module perform
a series of calculations on the initial object set, and finally
output the result set. As shown below, here are two rules to
represent this process, r; represents a series of operations on
the initial object set, which are a series of operations except
the output of the result set, and the evolution from the initial
set of objects = to y is accomplished by multiple rules in
the specific implementation. 75 represents the calculated set of
objects is evolved into the set of public objects required by
the submodule, so that the submodule can inherit from it to
obtain a complete initial set of objects.

r1: F/A/@S@l‘o, v
ro: T/A/®S1yo, . ..

Fig. 2 illustrates a combined P module through the sequen-
tial modular composition of two elementary P modules.

s Lig %min/max 513/0’ - Yjo

» Yjo —*min/maz SOan <oy Rko

—_do |y &
T, 3,14

Fig. 2. The sequential structure based on the P module.

InIly < defyy, ,refy, >, using the ruleset following this
paragraph objects «; (i € [1, ko]) can be obtained by inputting
objects, x; (i € [1,10]).

1! 1—‘/A/(b S()Io, ooy Tiy Pmin/max 51907 < Yjo
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ro: F/A/(I)Slyo, e

In Il < def),, ,ref),, >following this paragraph, using
the ruleset following this paragraph, objects 5; (i € [1, k1]) can
be obtained by inputting objects, «; (i € [1, ko).

3. F/A/(D Soao,..
ra: T'/A/PS1y0,. ..

The combination P module, Il < de fino,re f¢a2 >,
contains two P modules, 11y and II;, which also appears as an
external def| definition, and makes external ref references
to a unspecified P module, as. There is a definition of Il
following this paragraph.

7ij _>min/ma:v S(]OZ(), ey O

-y Qg _>min/maa: SlyOa s Y5

»Yji “min/maz Soﬁo, ey Bkl

H2 = (O7Ka 6aQ7DTaD$aRT5R$)

where,

1) O=0,U0,
:{l’Oa---7331‘0,1907---7yjoa$07--~733i17y07-~-ayj1
}U{a07"',ak0760a"'75k1}
:{m()a"'7xioay07"'ayjoax07"~7mi17y0a"'ayju
aOu"wakoaﬂO?“'uﬂkl}

2) K={1,,II }

3) 6 ={ (o, refy,, —defiy )}

4) Q = {OZOa"'aakoaﬁO,'--aﬂkl}/{aov"'vako} =

{607"'?ﬁk }

5) Dy = { defyy, },Dy =1}
6) Ry={ref,,, 1.Ri={ }

We can connect IIj and II; by the generic instantiation:
(Ho,ref%1 — defml) .
B. Branch Method

Fig. 3 illustrates a combined P module through the branch
modular composition of four P modules.

|
|
|
I's,T
} Iy ste 115
|

a.
Io,r1o =l

T1,12,13,T4 11,

Fig. 3. The branch structure based on the P module.

InIly <defyy, ,refy,, >, using the ruleset following this
paragraph, there is no material input to determine the object
m (m is a set of objects), if there is a material object, get
a;(i € [1, ko); otherwise, get B;(i € [1, ko).

r1: T/A/®Soxo, - -, Tig, M —min/maz S1Y05 - -+ Yjoi 1
ro: I'/A/®Soxo, . ., Tig, = min/maz S1Y0s - -+ Yjos 2
r3: T/A/®S1y0, - -, Yjo —Fmin/maz S0Q0, - - -, Qg

ra: U/A/®S190, -, Yjo —Fmin/maz S0B0s -+ 5 Bro
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In Iy <defy, ,refy,, >, using the ruleset following this
paragraph, objects ¢; (i € fl, k1)) can be obtained by inputting
objects, a; (i € [1, ko))

Ts5. F/A/(I)Soao, ..
Te: F/A/(I)Slyg, ce

InIl; <defy,,.refy,, >, using the ruleset following this
paragraph, objects ¢; (i € fl, k1]) can be obtained by inputting
objects, B;(i € [1, ko)) .

T F/A/(I)Soﬂo, ce
8. F/A/@Slyo, AN

-y Ok _>min/ma:r 51907 < Y5

» Yia *>min/ma:c SO¢O7 ey d)kl

7ﬂk0 —min/maz SlyO» s Yjo
» Yjs —?min/maz SO(bOv LR ¢k:1

InIl3 < defy, ,ref|, >, using the ruleset following this
paragraph, objects 7, (i € fl, ks]) can be obtained by inputting
objects, ¢;(i € [1, k1])

T F/A/‘I’S@(ﬁo, ce
rs: F/A/(I)Slyo, ce

The combined P module, 114 < def, ,ref a5 > CoNtains
four P modules, IIy, IT;, II5 and II3, w%ich also appears as
an external def| definition, and makes one external ref| ref-
erences to one unspecified P module, as. There is a definition
of II, following this paragraph.

Iy = (Ov Ka 6; Qa DT,D\L,RTvR\L)

a¢k1 _>min/ma$ SlyOa s Yjs

> Yja Pmin/max SO’YO» vy Vho

where,
1) O=0,U0,
:{xO?'--a'rigvy()v"'7yj07maz0a"'7xi1ay07
- Y }U{aOa"'aak07ﬁ07"'7/6k‘oa¢07"'7
¢)k1v707~-~77k2 }
:{x07'"7xi07y07"'7yj07max0a"-a$i1ay07
"7yj17a07"'aakoaﬁ07'"56k0a¢0a"'7¢k17
Y05+ -y Vho }

2) K= { H07H17H27H3 }
3) (5 = { (Ho,TefJ,al

— defyy, ), o, ref,, —
defiHZ ), (Ha, Tefl% -

defJ,n3 ), (Ha, 7‘efiazl

defin:)}

4) Q:{30[07"'7akou607"’7ﬁk07¢03"'7¢k17707"‘7
’Ykz}/{aOa-"7ak07605"'aﬁkoa¢07"'7¢k}1} -
{’Yoa"'af)/k’z}

5) Dy ={def,, },Dr={}
6) Ry ={ref,, },r={}

We can connect Il and II; by the generic instantiation:
(o, refy,, — defyy, ), o and IIy by the generic instan-
tiation: (Ilg,ref|,, — defl,,), II1 and II3 by the generic
instantiation: (I, ref),. — def|,, ) and connect Il and II3
by the generic instantiation: (Il2,ref), — def,,).

C. Cycle Method

Fig. 4 illustrates a combined P module through the cycle
modular composition of two P modules which construct do-
while model.
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|
|
|
| I7,I'g
|
|
|

_|_a49
13,14,5,T6 |

Fig. 4. The cycle structure based on the P module.

In Iy < def,,,ref],, >.using the ruleset following this
paragraph, objects «; (i € [11, ko]) can be obtained by inputting
objects, z; (i € [1,40]) .

r1: F/A/(I)SQIE(), <oy Tig “Pmin/max Sly07 -5 Y50

T2: F/A/(I)Sly07 -+ Yj1 “min/max Soag, - - -, A,

In Iy < defyy,,,ref,,,,ref|,, >, there is no material
input to determine the object m (m is a set of objects), if
there is a material object, get 5;(i € [1, k1]); otherwise, get
oi(1 € [1, ko).

r3: T/A/®Soag, . . ., Qs M = min fmaz S1Y05 -+ Yjr s 1
rq: T/A/ @S, . . ., Qkgs = min/maz S1Y0s -+ - Yjp 3 2
r5: I/A/®S1y0, -+ Yjy —min/maz S0Bos -+ Bry

r6: U/A/®S1y0, -, Yjs —Fmin/maz S000; - - - Pk,

InIl, <defy,,,ref|,, >, using the ruleset following this
paragraph, objects 7;(i € [1, k2]) can be obtained by inputting
objects,B; (i € [1, k1]) .

T F/A/(I)Soﬂo, ce
rs: F/A/‘I)Slyo, cee

The combined P module, I3 < def,, ,ref|, >, contains
three P modules, IIy, II; and II;, which also appears as
an external def| definition, and makes two external ref,
references to one unspecified P modules, a4. There is a
definition of II3 following this paragraph.

H3 = (O7Ka 5aQ7DTaD$aRT5R$)

751@1 %min/ma:c SlyOa < Yjs

» Yio _)min/maa: SO’YOa vy Vo

where,
1) O=0,U0,
:{xOv“~vximmvy(]v"'7yj07y07'"7yj17y07"'7
yjz }U{aOv"'vakg,ﬁOa'"75k17¢0,"'7¢k17707
<oy Vho }
:{an"'7$ioamay03"'7yj07y03"'7yj17y03"'7
yjzaa()v"'7akg7/60a"'7ﬂk17¢07"'7¢k1770a"'7
’Ykz}

2) o 201U02={ Loy« -y Ligy M Y05 -+ -5 Yjor YOy - - -5 Yjn s
Yo, -y Yja }U{ aOa"'7ak07505"'76k1a¢07"'7¢k17
Y05 -y Vko }={ Ty s Ligs My Y0y -+ 5 Yjos Y05+ - -5 Yjp»
yOa"'ayjévaOv"'70514503507"'7ﬂk17¢07"'a¢k‘13

Y05+ -5 Vko }
3) K = {1, II;,11, }

Vol. 9, No. 5, 2018

46 = {(Uo,refy, —— defy ), (My,refy,, ——
defiy,), (U2, refy, —def, )}

S)Q: aOy"'aakongW"7/6k17¢07"'a¢k1a707"'7
’WCQ}/{aOa"'7ak073507~~-,5k17¢0a"'7¢k1}:
{70)"'77]@2}

6) Dy ={def,, },Dr={}
7 RJ, :{refiasaref.l,% }aRT :{ }

We can connect Il and II; by the generic instantiation:
(I, refy,, — defy,, ) and connect IT; and Il by the generic
instantiation: (Iy,ref, — def|, ) and connect Il and Iy
by the generic instantiation: (Il2,ref|, — def|y ).

D. Parallel Method

The parallel structure can be seen as a variant of the
branch structure, but the operation rules in this structure are
very different from the branch structure due to the large
number of P modules in parallel computation and its unique
parallelism. Fig. 5 shows the generic parallel structure of
parallel computing modules of degree m(m is a variable).

ay ay’ aT

l o n

Tin+85Tm+95Tme+1

0

b J/ e

T4m+2, " "5 T5m+2,I5m+3

1T, I,

Tm+2,Im+3,Um+4 Tint$sTm+65Tm+7 o | T4m-1,T4m,T4me+1

Fig. 5. The parallel structure based on the P module.

The parallelism of the parallel structure is embodied in the
1 — m P module. They equally inherit the public object set
from Ily, and II,,4; inherits the object set of m parallel P
modules.

For the parallel structure, each parallel module first inherits
the same object set form 11, then uses some of the inheriting
object sets to execute the respective calculation rules, and
finally outputs the result set and remaining inherited objects to
II,;,+1. I, 11 inherits the object set of all parallel P modules,
II,,4+1 module needs to process these inheriting objects in
order to run correctly .

Due to the existence of multiple inheritance and the exis-
tence of a special case of 1 pair n and n pair 1, it becomes more
complicated to maintain the consistency of the data. Some
inheriting object set still remain the submodule,because the
parallel execution P modules use only part of the inheriting
object set. In the remaining inherited objects, one is the object
set as the public global variables that need pass to the child
module, and the other is the redundant object set. For the
first case, the submodules of the parallel modules inherits the
object sets of the m P modules and results in a multiple of the
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number of object sets. Therefore, it is necessary to divide the
public global variables in the submodule (i.e. the public global
variables/the number of the parallel P modules). In the second
case, since it is useless data, each parallel submodule needs to
destroy the redundant object set (because the redundant object
set does not have a general purpose, so specific problems need
to be specifically designed). To make the above situation clear,
set the public global variable to be w for the rule design.
The following is the general structure design of the parallel
structure.

In Ily < defi,, ,refi, .refi,, refl,- - r€fl, >,
the original objects include o, ..., x;, and w(it is the public
global variable), using the ruleset following this paragraph,
objects v, By, ..., di(i € [1, ko)) can be obtained by inputting
objects, z; (i € [1,10])

T 1_‘/A/(I)SOJZOa <oy T _>min/ma;v Sly()v - Yo
T2 F/A/(I)Sly07 - Y5 _>min/maa: SOCYOa ceey Qg
r3: F/A/(I)Sly07 - Y5 _>min/maz SOBO; cee aﬂko
Tm41- F/A/(I)Sly07 < Yjo _)min/maa: SO¢07 o adjko

In Iy < defy,, ,refy, >, using the ruleset following
this paragraph, objects (¢ € [1,po]) can be obtained by
inputting objects,a; (i € [1, ko]). For the remaining objects,

i.e. (Bo, .-, Bk ), they need to be removed by the rule named
Tm+d -
rmy2: U/A/®Soa, ..., Oky —Fmin/maz S1Y05 - - - Y
Tmt3: UJA/®S190, -, Yy —Fmin/maz S0Q0, - - - O,
Tga: T/A/®S180, oy Bras -« POy« -+ s Do —>maz S0

In Il <defy,,,refy,, >, using the ruleset following this
paragraph, objects 3;(i € fl, po]) can be obtained by inputting
objects,3; (i € [1, kol)

T'm+5- F/A/(I)Soﬂo, cee 7Bk’u —>min/maw SlyOa < Y
T'm+6- F/A/(bslym < Y5 _>min/maz SOB(/)a v aﬁll)o
Tm+7" F/A/@Slao, RN R ,¢0, e 7¢k0 —mazx SO

Due to the uncertainty in the number of the parallel P
modules, we will not list rules of other parallel P modules here.
Their difference is that the use of different initialization object
sets, the output set of different object sets and the remaining
object sets needed to be removed.

L1 < definmﬂ,refwo > can inherit the same object
set,w, from n P modules and result in the error of w, so need
to get the correct object set,w, by w=w/m(rule:ry,,4+2). Then
perform corresponding calculations on different kinds of object
sets. Its rule set is as listed below.

T4m+2: F/A/@S{)wm —maz Slc‘J;

T4m+3: F/A/q)soaf)» o 70/p0 _>min/maz Sly07 sy Yo
Tam+4: F/A/‘I)Soﬂ(l), sy 1/;0 %min/mam SlyOa ceey Yo
Tsm+2: F/A/@S@(ﬁ& B QS;;O —min/max S1Y0; - - - » Yjas
T5m+3: F/A/‘I)Soyo, s Ygo —>min/maw 51707 ey VErs
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The combined P module, I, 1o < defy, ,ref, >,
contains three kinds of P modules, i.e. the control P module,
the parallel P modules and the merge P module. The control P
module is IIy, the parallel P module are II;(i € [1,m]).the
merge P module is II,,4;. There is a definition of II,,;2
following this paragraph.

1_[m+2 = (Oa Ka 57 Qv DT7 Di7 RT? Rl)

where,
1) (0] :Ol UOQZ{ 3307'"axioay()w"7yj07y03"'7yj17y03

<5 Yja }U{ wv(a07"'7ako)7(607"'a/Bkl)a""(¢07
s Oy )y (V05 - Vha ) (@05 -5 00 )5 (B -+ Bg)
7(¢677¢;70) }={ L0y -3 Ligs Y05+ -5 Yjgs YO,
"'7yj17y0a"'7yj27(a07"'aako)a(ﬂoa"'vﬂk’l)v
"-’(¢Ou"'7¢k1)1("/07" '7’yk2)7(a67"'7a/p0)7(ﬁ67
"7ﬁ;)0)a"'a(¢6v"'7¢;0),w}

2) K = {M(i € [1,m]) }
3) (52{ (HQ,’I“@fJ(ai — defini)(’L'E[:l,’I??,]),(Hi,7"6]‘](171 —
defm, )G € TLm)) }

4) Q = {w7 (a0a"'7a7€0>7(ﬁ07"'aﬁ/ﬁ)""’((bo
’~--’¢k1)7(’YOa'"a'ykz)a(a()v"'70470%(&(/)7"'7ﬂ]/70)a
9(¢6 5 7(25;)0) }/{ (a07"'7ako)7(60a"'7ﬁk1)7
(o B (@l ) Bl B

(D051 Pp) F ={ w0, -+, Vhs }
5) Di:{defino}?DT:{}
6) Rl, :{Tefiio }7RT :{ }

We can connect IIy and the parallel P modules,IT;(i €
[1,m]) by the generic instantiation: (Ilo,refy, — —
defi; )(i € [1,m]) and connect II;(i € [1,m]) and Il,,41
by the generic instantiation: (IT;,ref,, — defyy,, )i €
11, m]).

V. AN EXAMPLE: P SYSTEM DESIGN BASED ON P
MODULE

Based on the high computational complexity of calculating
the arithmetic square root of a large number, this section
proposes an efficient algorithm to reduce its computational
complexity, and implement the algorithm in the P system by
using the P module and four P module construction methods.

A. Square Root Algorithm of a Large Number

Two algorithms for calculating the square root of a large
number are introduced here. One is a square root estimation
algorithm for estimating the scope of the square root. This
algorithm is illustrated by Table L.

The algorithm is applied to estimate the square root,
including four steps and the time complexity of Sqrte(n) is
about O(d) (d is the number of digits of n).

The other is a square root algorithm through m bisection
calculation algorithm. This algorithm is an improved algorithm
of 2-points, which is illustrated by Table II.

According Table II, the complexity of Mbisection
(b,n,a,m) is about O(log,n) (m is the number of the interval
splited, n is the interval size ).
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TABLE L ALGORITHM: E'stimateSqr(X)

Input: x
Output: the left interval point of estimated square root and the interval size of
estimated square root

Steps:

(1) Circularly dividing 100 with no remainder,then get the high-value of the
inputting number expressed as the numbers, y,and the number of cycles.

(2) Select the square root of the high-value according to the formula, i.e. the
high-value >[81, 64, 49, 36, 25, 16,9, 4, 1], then the high-value square root
result is [10,9,8,7,6,5,4,3,2].

(3) Combinate the square root of the high-value and the cycles.

(4) Output: the left interval point of estimated square root and the size of
estimated square root.

End

TABLE II. Mbisection(b,l, z,m)

Input: b, 1, z
x :the original number to be squared;
b: the left interval point of \/z ;
1: the size of the interval of\/z;
m: the quantity of equidistant intervals
original interval: [b, b + 1]
Output: the square root

Steps:

(1) Splite the interval into m equidistant intervals and obtain m 4+ 1 copies of
endpoint number in the interval, o, 1, ..., Tm.

(2) Parallelly calculate f(z;) = =2 — x(i € [0, m]), then output these key
value pairs (z;, f(z;)) (i € [0, m]).

(3) Filter these key value pairs, if there is the number, f(z;) = 0, then output
x; as the final result; otherwise, output two adjacent numbers, x;, ;41 When
f(:EL) < 0 and f(:ri+1) > 0.

MBI xj41 — x5 >= 2, ©441 and x; are as a new round of inputting and
enter (1); otherwise, output x; + 1 as the final result.

End

B. Square Root Algorithm of a Large Number based on the
P Module

The previous chapter proposed two algorithms for solving
the square root of a large number, but the computational
efficiency of each algorithm is not optimized. To reduce the
computational complexity, the two algorithms can be combined
to form an efficient algorithm named Bigsplite, which inte-
grates the square root estimation algorithm, FstimateSqr(x),
and the square root algorithm through m bisection calculation
algorithm, Mbisection(b,l,z, m). By using P modules, the
P system, Bigsplite, has high powerful parallel execution
capabilities, high reusability and low coupling.

Provided that input «, the square root algorithm of a
large number based on the P module, Bigsplite(c), is
illuminated by Fig. 6. While Fig. 6 shows that how to
construct the P system by using P modules. In the begin-
ning of the system construction, the initial objects struc-
ture of the elementary modules only contains one object,
c, except for II;...IIg. The objects that corresponds to
II;...Iy are b*c*q?s, b2cP3s,bM0c gts, b22c¢0s, b30c 1O,
bA9c13¢7 5,04 ¢85, b3 175, 0100194105, The specific rules
of this algorithm in the P system are shown in the appendix.
According to the flow chart and the rule sets, the detailed
implementation process is described in detail below.

1) Firstly, copy « to 7 for saving global parameters,c.
Through circularly dividing the data, 7, by 100, the
quotient of the cycle calculation value- § and the number
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EstimateSqr(a) Iy

P ettt B

I
| oswhile =100 dof Tv/100:00+1335=w; |- !
! _— l
] — 1 |
I
H 3p<Na<piyi(y=1) AP<Ne<pry:(y=1) IB<NS<BHy;(y=1) |
} (where B=1) (where B=2) (where =9 ) !
| I, M !
I [ L ] }
} ) |

I
I I

| 0. 0.
l B=p*10"y=y*10°(y=1) ‘ o

1T,

[B.B+yldivide into mm portions on average:@o,@i...0m
(copy yi=¢i;(i € [0,m]))
1
1l

T—
(o= *¢i-0;

I flo)==0 y1=¢1;

Else if(¢))<0 o=@,

I3 Elseif(qaj)>ﬂ Bi=o1. |15

Vo,
Else ifln)>0 Br=gu

Fig. 6. The square root algorithm of large number based on the P module.

of cycle calculations-6 are obtained after the cycle ends.
At present, there are public objects in Il, i.e. the original
objects, «, the highest-segment value of «, §, and the bits
of y/a except the highest-bit, §. Go to the step 2.

2) In II4,...,Ilg, these P modules parallel compute the
square root of the high-segment value, §, inheriting from
IIy. Through finding a P module of II;,...,IIy that
make the value, ¢, satisfying the arithmetic formula:
V8 < q < /341 and converting g to be B +y(y = 1),
/8 can be expressed by 3 < v < 8+ ~(y = 1). For
other P modules, they need to remove inherited public
objects, o and 6. Finally, there are public objects in
I1;(I1;istheselectedcell), i.e. the original objects, «, the
bits of 1/« except the highest-bit, 6, the left interval point
of /8, /3, and the size of v/d, ~. Go to step (3). (Parallel
Computing)

3) In II;p, combinate of digits, 6, and the valuation interval
of the square root of high-segment value, [, 8 + 7], then
get the valuation range of «, i.e. [B * 10%, (3 4 ) * 109]
which is replaced by [3,5 + v](y = 1). Finally, public
objects have the original objects, «, the left valuation
inteval point, 3, and the valuation interval size, . Go
to step (4).

4) In II;5, the valuation interval, [3,8 + 7](y = 1),
is divided into m intervals on average, which are
showed as m + 1 endpoints, g, @1, ..., mnm(they are

also g, 1, ..., ¥y). Public objects include the original
objects, a, ©o,P1,-.--,Pm and Yo, Y1, ..., Uy. Go to
step (5).

5) In II504:(i € [0,m]), they respectively calculate
floi, i) = @ x ; — « by the objects they want
to use, ie. ¢;,¥;(¢ =the id of P module—30), and
respectively destroy other objects, i.e. p;,¥;(i #the id
of cell—30). If f(pi,%;) == 0, producing ~v;(v; = ©i);
else if f(p;,1;) < 0, producing a;(a; = ;); else if
f(pi,b;) > 0, producing B3;(3; = ;). There must be
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two kinds of objects for each module, one is one of the
a;, Bi,vi(i =the id of cell—30), the second is that each
module has a common global variable, a. Go to step
(6).(Parallel Computing)

6) In II;3, determine whether there is an accurate result from
the results of the calculation, ~y;, if so, then the square
root value, § = ~y;, inherited by II;5 and go to step(7);
otherwise, find the interval of the square root, i.e. [3, 8+
~]=[cwi, Bix1]. At present, there is either 6 and « or 3,7~
and «. Go to step (8).

7) In II;5,0utput the final result (e = d).

8) In the cell 1114, determine whether the size of the interval,
i.e. v, is more than 2, if so, the result, § = S+ 1 is given
to II;5 and go to step (7); otherwise,pass (3,7, « to Il
and go to step (4).

The square root algorithm of a large number based
on the P module, Bigsplite(c), can pass through two
phases, EstimateSqr(a) and Mbisection(f,~, a, m), when
the result interval of the square root is [3,8 + 7] by
EstimateSqr(a). The size of the second parameter of the
algorithm named M bisection is much smaller than the orig-
inal input number, o, so the total number of the recur-
sive computing is decreased, but the time complexity of
Mbisection(B,,a,m) is still O(log,n). So the time com-
plexity of the square root algorithm of large number based on
the P module is O(log,,n).

C. Structure of P Module for Calculating the Square Root of
a Large Number

Fig. 7 is a P module flow chart illustrating the modular
combination of P modules that calculates the square root of a
large number.

Fig. 7.

A P module flow of a parallel algorithm.

As is shown Fig. 7, the number of P modules in the P
system are (19 + m). The P system can be expressed as
the biggest combination P module Il17 < def|, ,refy, >.
The entire definition and operation mechanism of the system
is mainly represented by public object sets, rule sets, and
construction and assembly mechanism. The description of the
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public object set can not only show the evolutionary direction
and flow of the entire system calculation, but also more
easily incorporate the rule set in the appendix to ensure the
correctness of the rule design of P system. The following is
a simple description of the public and private objects in the
evolution of the rules of each module.

1) In Iy, O1={ 7,b,c } and O2={ 0,6, };

2) In the parallel P modules of 1T}y, O1={ b,¢,q, s,e } and
02={ 047876,6,’)/ }»

3) InIIy1, O1={ 0,c } and O2={ o, 5,7 };

4) In L3, O1={ ¢,7,8.ds.b; } and Ox={ a, s, }i(i €
[0, 7))

5) In the parallel P modules of II;4, O1={ ¢,v,r,¢;,%; }
and 02={ a7ai7ﬁi77i }7(7' S [0,71])

6) In H15’ 01={ aiaﬁlﬁr}/iac’pi} and O2={ «, 6’ v ﬁ},(Z S
[0,7])

7) In I6, O1={ ¢ } and Os={ @, 6,7, 6 };

8) In IIy7, O1={ ¢,0 } and O2={ a,¢ };

As a whole, the biggest P module,Il,7 < def|, ,ref, >.
includes a closely related combination of two functional

combination P modules, IIy;<defy, ,ref,, > and
e<defyy ,.refy,,>. i1 implements the algorithm
EstimateSqr(xz) and II;g implements the algorithm

Mbisection(b, z,a,m). These two P modules form a
sequential structure which describes that narrow the computing
scope in the first step and accurately calculate to obtain the
final result in the next step.

The combination P module IIy; <def, ,ref), > mainly
describes a square root estimation algorithm for estimating the
scope of the square root. 1I;; is a parallel structure which is
combinated by 11 P modules II;(i € [0,10]). II;(i € [1,9])
are the core parallel modules.

In the elementary P module Il <def,, , ref, ., ref, .
0 o1 02

r€fl,,s T€fl,,s T€fl,.s Tefi,., refi, . refy, .refl, >,
mainly obtain the high-value and the number of digits other
than the high-value by processing the original data in parallel.
The rules in I1; < defy,, ,ref|,, > (i € [1,9]) are exactly the
same. ITjo < def,, ,refy, > outputs the estimated square
root result.

The combination P module ILig < defy,  .ref,, >
mainly describes a square root algorithm through m bi-
section calculation approach. In a whole, Il is a cy-
cle structure, do-while. Two ways which include (II;5 —
My — TIIj5) and (II;3 — TIj5) can end the cycle.
(Iy3 — TI34 — II;5) is executed when the size of the
interval is not greater than 2. (II;3 — II;5) is executed
when the exact square root value are obtained. If the size
of interval is more than 2, the cycle continue. Il12 <
defin,,sr€fl,,7€f1,, - refy,, > splite the interval into
m equidistant intervals and obtain m + 1 copies of endpoint
number in the interval,pq, ©1, - - ., ©m (o, U1, - - ., Um) Also,
I1;6 is a parallel structure. II304;(i € [0,m]) is the parallel P
modules in the combination P module II;4, which calculate a

formula, f(ws, i) = @i * ¥ — ali € [0,m]).
D. Calculate Instance

We assume that the inputting data is 69399 and the number
of parallel computing P module is 11, namely, m=11. So 69399
copies of objects into the membrane system to evolve.
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1) The membrane structure after the original data, Ily in-
cludes O9={ o939 }and O;={ ¢ }. Then obtaining the
set of public objects, Og= { §¢,6% 59399 },

2) The parallel P modules in II;g, namely, IIi,...,IIg,
inherit the public objects from IIy and start the core
calculation of EstimateSqr(69399). After the parallel
calculation, IIy; inherits 82, 1,62, a%%% from II;o.
Then II;; gets 5290, 4100and 59399 after calculation.

3) Start Mbisection(200,69399,100,11). II;3 inherits the
objects from II;;, so the inputting objects in Iljg
are (3200, 4100 and 59399 By the rules, II;5 gets
ObjCCtS, 02={ ¢?00+z*10(i c [O7 10])’w?00+z*10(i c
[0,10]), %9399 }. Then TI304;(i € [0,10]) correspond-
ingly inherit O2 in IIy5. Namely, in Ilgoq,(¢ €
[07 10])’ 02={ ¢§00+i*10(i c [0, 10]),1/1?00+i*10(i c
[0, 10]), @939 3.

4) After the  first cycle of the  algorithm,
Mbisection(200,69399,100,11), TIj5 gets a260, 3270
and a%93% from Il and II3;. Then 15 gets 5260, ~10
and a%93% from II;s.

5) After the second cycle of the algorithm,
Mbisection(260,69399, 10, 11), I gets 302,355 and
ab9399 from II3; and IIs». Then II;¢ gets 3252, 42 and
a%9399 from II;5 and ends, while II;7 inherits 623 from
I1,5(6%53 = 3262 4 ¢) and saved as £%03. The objects
€263 represents the square root of 69399. That means the
final result is the number, 263.

VI. CONCLUSION

In this paper, the design and assembly of the P module is
formed to provide a framework for constructing a P system by
recursive combined P modules, so that the P module combines
the three characteristics of packaging, information hiding and
modular combination. By designing a well-structured P mod-
ule, the correctness of the dynamic execution of the P system
is ensured with a good structure, the efficiency of software
development is improved, and the error rate is reduced.

As the application of this paper, we use the definition and
design method of P module to solve the large number square
root problem. By designing a P system for solving the square
root of a large number, the correctness and high efficiency
of the P system design method based on the P module are
clarified.

The design method in this paper is mainly aimed at the cell-
like P system and further work can apply it to other models
of P systems, such as the tissue-like P system and neural-like
P system.
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APPENDIX: RULESET

1 The rules in I,
71 S0 —mas S1QT;
ro: S1710¢ — i Som1%0¢; 1
r3: S1TC —min S57C;2
T4: 527'100 —mazx S3b;
T5: SBT —mazx S4;
Te: Sgb —min S4b0;
T S4b —>min SlT;
8. S5T —min SO(S;

2 The rules in II; to Ilg
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Tg: S()Csl) —maz Sld,
r10: S108 —min Sabs; 1
r11: 518 —min 548; 2
r12: SQbC —min 536;
713: S3b8 —>min S4b8;1
T14: 538 —min 558; 2
T15: 545 —maz SO;
T16- 546 —maz Sobc; 1
ri7: S4d —mazx Sob; 2
r18: S40l —maz SO;
r19: 940 —maz So;
20" SSqS —mazx 50’77 1
T21: 55(1 —maz SOﬁv 2
T99: S56 —maz SobC; 2
7923: S5d —mazx Sob; 2
3 The rules in II;q
To4: S()HC —mazx Slc
T25: Slﬂ —max SOﬂIO
796 817 —*maz Sov'’;

4 The rules in II;5
Tro7! So’yn —mazx Sldodl . dn; 1
28" Soﬁ —mazx Slbobl A bn; 1
r29: S0YC —maz S17¢; 2
730: Sl'yc —mazx SQCd0d1 A dn; 1
r371: Slc —mazx SQC; 2
32! 51’7 —max 52; 3
T33: S2d2 —maz SOQOZ'l/)Zy
7341 S2bi —maz Sowivi;

5  The rules in II;3

Tr35.
r36-
r37.
38
739.
740
T41:
T42:
743
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SOam —maz Sla; 1

S0Yi€ —min S107i; 1

S()C —min SQC; 2

Sl’}/i —max 536;

So;iBi+1 —maz S3Pi+1Bi+105;
5351‘]%‘ —max 5377 1

S3pi —max SO; 2

SSO‘i —maz SO; 2

S3Bi —max SO; 2

6  The rules in 114

T44
T45
T46
Ta7
748

2 Soey® =min Socy?; 1
: Soc —min Slc; 2

: Slﬂ —maz 506;

2 S1¢ = maz Sodc;

. 517 —max SO;

7  The rules in II;5

T49

: 506 —maz S()E;

8 The rules in II3q to H3O+m

Trs50-
51
T592:
532
54
Ts5.
T's6-
rs7.
58
Tr's9:
760
Te1-

SO¢1’C —min Slc; 1
S()C —min SQC; 2
51%' —mazx SOQO'L'T;
Soar —mae S30;
S300 —>paz Saov; 1
S37TV —maz S5U; 2
S3V = maz S6U; 3
S10i ~maz S7Q;
55%' —mazx S7Bi;
56901' —maz 5772';
57’0 —~maz SoOé;
S77 —rmaz S0;
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