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ABSTRACT

The Subset Sum Problem is a decision problem where given
a multiset of integers, a decision must be made on whether
a subset of said set can be found where the sum of its el-
ements is equal to a target value, or not. This problem is
NP-Complete. Membrane computing is one of the ways used
to approach these problems, using a computing model com-
monly referred to as P systems. In this work, we solve the
Subset Sum Problem using dP systems where the components
are tissue P systems with cell division. The 2-component so-
lution proposed can generate candidate solutions twice as fast,
as compared to the non-distributed solution it was based on.
However, computation time is increased with respect to the
target sum. Communication costs are analyzed and measured.
KEYWORDS: Membrane computing; dP systems; dP schemes;
Tissue P systems; Subset-sum problem

1 INTRODUCTION

Membrane computing, as initiated in [10], involves the use
of computational models that are inspired by biological struc-
tures and processes. These models are commonly referred to
as P systems. This type of system usually follows a membrane
structure where each membrane can contain objects, rules,
and even other membranes. P systems are able to carry out
computations by moving objects around the membranes with
the use of evolution rules, and when a halting configuration
is reached, the output is read from a predetermined output re-
gion. There are several variants of P systems, each with their
own advantages and disadvantages in approaching different
problems. Some of these variants can be seen in [5, 9, 12].

In tissue P systems, several systems known as "cells" com-
municate with each other through the use of symport/antiport
rules in order to carry out a computation. In addition, the cells
in this system have the ability to perform cell division. In
this process a cell is able to multiply, where each new cell
can be seen as an evolution of the previous cell. This leads
to the possibility to create an exponential number of cells
in linear time, and this space can be used in order to obtain
polynomial-time solutions to computationally hard problems.

There have been several studies shown solving NP-complete
problems with the use of these systems, as seen in [4].

As stated above, tissue P systems with cell division have
been used in creating solutions to NP-complete problems.
One example of an NP-complete problem is the Subset Sum
Problem. The problem involves having a finite set of integers,
and finding its subset whose elements sum up to a specific
value. What makes the Subset Sum Problem computationally
difficult to solve is that as the input set grows, the number
of possible subsets grows exponentially. When provided a
sufficiently large enough input, looking through all candidate
solutions would take an exponential amount of time. Several
solutions to this problem using other types of P systems al-
ready exist as presented in [6, 7], where the solution has been
improved to run in polynomial time.

Described by [13], distributed P systems(also known as dP
systems) approach problems in a distributed manner. dP sys-
tems uses P systems as components, wherein each P system
receives a partition of the input and performs computations
using the inputs given to each of them. In addition to this,
the components often communicate with each other through
the use of certain rules that allow the exchange of objects or
variables. The communication of these components can be
measured in various ways, such as the number of rules used
in a halting computation. Solutions to other NP-complete
problems using dP systems are presented in [1, 2].

In this paper we present our dP system solution to the Sub-
set Sum Problem, where the component P systems are tissue
P systems with cell division. Our proposed solution builds on
the P system solution presented in [3]. Given an input instance
of the Subset Sum Problem, each component system receives
a copy of the target value and a partition of the multiset. An
analysis of the computation time compared to non-distributed
solutions, as well as communication costs, are provided.

The rest of this work is organized as follows. Section 2
defines the terms used in this work. In Section 3, we present
our solution to the Subset Sum Problem. In Section 4, we



measure and analyze computation and communication com-
plexity of our solution, and compare it with a non-distributed
solution. Section 5 provides the summary of the findings of
our work and gives some insight on future works.

2 PRELIMINARIES

The reader is assumed to be familiar with the fundamentals
of formal language theory. Let ¥ be an alphabet, then >*
denotes the set of all finite length strings over . The number
of symbols in a string s is the length of the string, denoted
by |s|. The empty string will be denoted as A. A multiset M
over X is a mapping from X to the set of nonnegative integers.
Multisets are represented using strings over X.

DEFINITION 1. [I3] Let P be a non-empty finite set. A
collection of {Py, ..., P,} is called a partition P if and only
ifforall1 < i,j < n,i # j, Py and P; are disjoint, and

* 1 Pi = P. A partition {P1, Py, ..., Py} is called a balanced
partition if and only if for all i, P; have the same size or at most
have a difference of 1. Otherwise it is called an unbalanced
partition.

2.1 dP Scheme

In this section, the concept of a dP scheme and the commu-
nication complexity of P system are briefly presented, then
(recognizer) tissue P systems with cell division, as well as
distributed tissue P systems with cell division, are introduced.

DEFINITION 2. A dP scheme of a finite degree n > 1is a
construct of the form [13]:

A= (0,1,,..., 0, R),

where:

1. O is an alphabet of objects.

2. Iy,...,II, are cell-like P systems with O as the al-
phabet of objects and the skin membranes labeled
with s1, . . ., Sp, respectively.

3. R is a finite set of inter-component communication
rules of the form (s;, u/v,s;j), where 1 < i, j < n,i # j,
and i, j € O, with uv # A; |uv| is called the weight
of the rule.

According to [13], the systems IIy, ..., II, are called the
components of A. Each component can take in some input and
perform computations independently. The system accepts if
all components end in a halting computation, that is no more
rules can be applied in all components. Each component can
also communicate symbols with other components as defined
by the rules in R.

Rules are used as usual in the framework of membrane com-
puting, that is, in a maximally parallel way. In one timestep,
each object in a membrane can only be used for one rule (non-
deterministically chosen when there are several possibilities),

but any object which can participate in a rule of any form
must do it, i.e, in each step a maximal set of rules must be
applied.

A dP scheme computes in such a way that all its compo-
nent P systems are aware of the problem they need to solve.
Each component is assigned a partition of the input, and
performs computations using the input given to them. The
components may or may not differ from one another in terms
of membrane structure, rules, and how they process the input.
The concept of component “sameness” or “homogeneity” is
based from homogeneous spiking neural P systems[14]. Ho-
mogeneity is applied on a component-level, rather than at the
membrane/neuron-level, similar to the work done in [8].

DEFINITION 3. [8, 14] A dP scheme is said to have ho-
mogeneous components if and only if all the component P
systems have the same initial membrane structure and same
set of rules.

Since individual components can work with a partitioned
input encoded as objects with indices, the rules of the indi-
vidual components may just vary with which range of indices
they are working on. But the general process of each individ-
ual component is still the same.

The complexity measure we focus in studying dP schemes
is the communication cost. The following defines the commu-
nication cost for a given computation step of the system:

DEFINITION 4. [13] Let A be a dP scheme, and 6 : 6 =
81 = ... = Oy be a halting computation in A where &y is the
initial configuration and Sy, is a halting configuration, and R
the set of inter-component communication rules, with each
rule of the form (s;, u/v,s;). Then for eachi=0,1,...,h =1,
we have the following complexity measures:

o ComN(6; = 6;41) = 1, if at least one inter-component
communication rule was used in this transition; 0 oth-
erwise;

o ComR(8; = b;41) is the number of inter-component
communication rules used in this transition;

o ComW (8; = 0it1) is the sum of the weights of all
inter-component communication rules used in this
transition.

DEFINITION 5. [I3] Let the set of strings accepted by A
be denoted as L(A). For ComX € {ComN,ComR,ComW}, we
define:

e ComX(6) = Z?:_Ol ComX(6; = 6; + 1), for § which is
a halting computation.

e ComX(w,A) = min {ComX(9) | § is a computation
of A that accepts the string w}.

e ComX(A) = max{ComX(w,A) | w € L(A)}.

The idea of parallelizability is introduced in [13], with
respect to the communication measures described above.



DEFINITION 6. [I3] A language L C V* is said to be
(n,m)-weakly ComX parallelizable, for some n > 2,m > 1,
and X € {N,R, W}, if there is a dP system with n components
and there is a finite subset Fp of L such that each string
x € L — Fp can be written as x = x1X3 . . . Xn, each component
I1; of A takes as input the string x;,1 < i < n, and the string
x is accepted by A by a halting computation § such that
ComX(8) < m.

A language L is said to be weakly ComX parallelizable if it
is (n,m)-weakly ComX parallelizable for some n > 2,m > 1.
A stronger version of parallelizability is also introduced.

2.2 Recognizing Tissue P Systems with Cell
Division
In this subsection, we briefly introduce the notions of a (recog-

nizer) tissue P system with cell division and how it performs
computations.

DEFINITION 7. Formally, a tissue P system with cell divi-
sion of initial degree q > 1 is a tuple of the form [3]:
H = (F, Wi, .. ,Wq, E,R, io),
where:

(1) T is a finite alphabet, whose symbols will be called
objects.

(2) wi, ..., wq are strings over T, that describe the mul-
tisets of objects placed initially in the q cells of the
system.

(3) E C T isthe set of objects placed in the environment,
each one of them in an arbitrarily large amount of
copies.

(4) R is a finite set of rules of the following form:

(a) Communication rules: (i,u/v, j), fori, j € {0,1,
. qhi# jyuo el
(b) Division rules: [a]; — [b];i[c]i, wherei € {1,2,
..,q} and a,b,c € T.
(5) ip € {1,2,...,q} is the output region.

The main features of tissue P systems with cell division,
from the computational point of view, are that cells obtained
by division have the same labels as the original cell, and if
a cell is divided, then its interaction with other cells or with
the environment is blocked during the mitosis process. In
some sense, this means that while a cell is dividing it closes
the communication channels with other cells and with the
environment. This features imply that the underlying graph
is dynamic, as nodes can be added during the computation
by division and the edges can be deleted/re-established for
dividing cells.

The communication rule (i, u/v, j) can be applied over two
cells i and j such that u is contained in cell i and v is contained
in cell j. The application of this rule means that the objects of

the multisets represented by u and v are interchanged between
the two cells.

The division rule [a]; — [b];[c]; can be applied over a cell
i containing object a. The application of this rule divides this
cell into two new cells with the same label. All the objects in
the original cell are replicated and copied in each of the new
cells, with the exception of the object a, which is replaced by
the object b in the first new cell and by c in the second one.

Rules must be used in a maximally parallel way, but for
this type of P system there is one other restriction: when a cell
is divided, the division rule is the only one which is applied
for that cell in that step; the objects inside that cell do not
move in that step.

In this work, we define the representation of a configuration
and computation of the component tissue P systems of our
proposed dP scheme as the following:

DEFINITION 8. A configuration 8; of I1 at time step i is a
string over % =A{[,1n | h € 1,...,q} UT. The appearances of
the character | must be properly paired with |y, in ;.

A substring of §; of the form x[u],y, where u, x,y € X*,
indicates that a membrane with label h contains u (possibly
with other membranes as well). The initial configuration of II
is defined as §,. A halting of configuration of II, denoted as
Sy, 1s a configuration where no more rules can be applied.

DEFINITION 9. A configuration §; yields a configuration
di+1, denoted as 8; = i1, if and only if ;41 is obtained
from 8; by applying division and communication rules in a
maximally parallel manner.

DEFINITION 10. A computation in 11 is the transition of
configurations represented by a sequence § : 6y = 6 =
... = On, where & is the initial configuration and 6y, is the
final or halting configuration.

To study computational efficiency, a class of tissue P system
with cell division is introduced in [11]. It is formally defined
as follows:

DEFINITION 11. A recognising tissue P system with cell
division of degree q > 1is a tuple I1 = (T, 3, wy, . . ., wg E, R,
lin, Io) where [3]:

o T has two distinguished objects yes and no;

o 3 C T is the input alphabet;

e i, €{1,...,q} is the input cell;

e iy, the output cell, is the environment;

o all computations halt;

e cither an object yes or no(but not both) must be re-
leased into the environment, and only in the last step
of any computation.

For an input w € ¥*, w is added to the initial multiset of
wj,,. The input w is said to be recognized by II if and only



if the object yes is sent to the environment in the last step of
its associated halting computations. A halting computation is
said to be accepting if the yes object is released to the envi-
ronment, while a halting computation is said to be rejecting if
the no object is released to the environment.

In this work, we propose a dP system with recognizer tissue
P systems with cell division as components to solve the Subset
Sum Problem, where the input multiset will be partitioned
with respect to the component systems. We define a so-called
distributed tissue P system will cell division as follows:

DEFINITION 12. A k-Distributed Tissue P System with
Cell Division, or k-DTP for short, is defined as follows:
k-Aprp = (T, 11, Iy, ..., Ik, E,Rp)
where:

o T is the set of all objects in the system A;

o I1,,Il,,...,IIx are recognizing tissue P systems with
cell division. Each 11; has the alphabet of objects
in T. Each cell of T1; will be labelled (i, j), where
j=1,2,...,d; and d; denotes the number of cells in
Hi;

o E is the shared environment of all 11;,i = 1,2,.. .,k

e R is a finite set of inter-component communication
rules of the form ((i,x),u/v, (j,y)), fori,j € {1,2,
ookhi#E jx e {L,...,di}, y € {1,...,d;}, and
u,v € IT'*.

The inter-component communication rule functions as fol-
lows. Given two component systems II; and IT;, if a multiset
of objects u is found in cell x in I1;, and a multiset of objects
v is found in cell y in IT;, then the inter-component communi-
cation rule can be invoked, and the multiset u is transferred to
cell y in IT; while the multiset v is transferred to cell x in II;.

3 SOLVING SUBSET SUM USING 2-Aprp

3.1 Subset Sum Problem

The Subset Sum Problem (or SSP for short), is defined as
follows:

DEFINITION 13. Given a finite set S C N, a weight func-
tionw : X — N and a constant T € N, determine whether or
not there exists a set B C X such that w(B) = T.

In this work, an instance of the problem will be represented
as a tuple (n, (wy,...,wy), T), where n stands for the cardi-
nality of set X = {x1,...,x,}, w; = w(x;) and T is the target
value.

3.2 Solution

In this section, a 2-A47p is presented that solves any instance
¢ of SSP as defined earlier. An overview of the computation is
also provided. The proposed dP system will use the encoding

used in [3] and will solve in a similar manner modified in
such a way to solve SSP in a distributed manner.

THEOREM 1. Let ¢ be any instance of the SSP with n
elements and T as the target. Then there exists a solution
using 2-Agrp under a balanced partition of A.

Let X = xy,...,x, be a finite set, w : X — N a weight
function with n = |X| and T € N. X is partitioned into X;
and X, with {X3, X} a balanced partition. Let n; = |X;| and
ny = |X3|. Component II; will receive the input instance
up = (g, Wi, (Wi 1, - - ., Wieny ), T) where wi; = w(ag,;), 1 <
k < 2,1 <i < ng where x; € X, and W is the maximum
between the sum of weights of A; and Aj,.

For k = 1, 2, given the input instance ug = (ng, W, (wg 1, ...,
Wi,n ), T), the input alphabet £ = {q} U {0; | 1 < i < ng}.
For Xj. = {x, ..., X, }, the number of copies of v; represents
the weight value of the element x;, for 1 < i < ng. The
number of copies of g represents the target sum T. The input
multiset that is added to the input region of each component
i is {{v] | j= w1 <i<m}}U{{q"}}.

We formally define a family of dP systems for solving the
SSP as follows:

DEFINITION 14. For every (n,T) € N?, 2-Agrp(n,T) =
(T, I11,1II,,0,Rp), is a construct where:

o '=T1UIY,
o 0 is the shared environment of I1; and 11,
o II, for k = 1,2 are recognizer tissue P systems with
cell division defined as:
i = (T, Zk, Wi 1, Wi 2, Eie, R, ik, = (K, 2),
oo = 0)>
where:
-3 ={qtU{v;:1<i<n}
— W1 = Skaidibeiyesno
= Wk = DA] .. -Ank
- =3 U{A;,B;,: 1 <i < ng}
U{a; : 1 <i<ng+[log,ni]+ [log,(T+1)] +
T+11}
U{a;:1<i<ng+[log,ni]+ [log,(T+1)] +
T+11}
U{Bi:0<i<2}
Ufc;:1<i<ng+1}
U{d;:1<i< [log,ng] + [log,(T +1)] +4}
U{e;:1<i<[log,ni]+1}
U{B;j:1<i<nAl<j<log,(T+1)]+1}
U {Si :0<i < T}
U{b,D,p,1, 91,92 f1, Y, S, N, 5, @, S1, S2, yes, no}
— Er =T —{yes, no}
— Ry is the set of rules of each k = 1, 2 component.
(1) Division Rules:
rui = [Ailz = [Bilz[Ala fori=1,...,n



(2) Communication Rules

raai = (1,a;/a2,,0) fori=1,...,ng

r2ai = (1,di/d,~+1,0)f0ri = 1,. R (7

rapi = (1,ai/ai11,0) fori = np +1,...,
[log, ni] + [log,(T+1)]+10+T

Yob,i = (1,di/ai+1,0) fori =ne+1,...,

[log, ni] + [log,(T+1)1+10+T
rsi = (1,be;/b*c?,,0) fori=1,...,nk

r4 = (1,cp41/D, 2)

rs = (2,cne1/die1,0)

rei = (2, ei/el.zﬂ, 0)fori=1,...,[log, ngl
r1i = (2,d;/dis1,0) fori = 1,. .., [log, ng |+
[log,(T+1)1+3

rsi = (2, efog, ni1+1Bi/Bi1, 0) for i = 1,
o N

Foij = (2,B,-J-/B?j+1,0) fori=1,...,n
j=1....[log,(T +1)]

r10i = (2, Biflog,(T+1)1+10i/p7, 0), for i =
1,...,n

(2.pq/2,0)

riz = (2, d[log2 rﬂ+|’log2(T+l)'|+4/glfl’ 0)

ri3 = (2, fip/4,0)

ra = (2, fig/1,0)

r15 = (2,91/92%,0)

ris = (2,92£1/Y,0)

ri7 = (2,Y/A1)

ris = (1,bY/S,0)

rio = (1, Sk Syes/A,0)

1

rao = (1, ans [log, n]+f10g2(T+1)1+W+11b/N’
0)

r20a = (1, dn+ [logz n-|+r10g2(T+l)]+W+ll/a’ 0)
r21,i = (2,5i/N,1) fori=0,..., W

razi = (2,78i/s141,0) for i = 0,..., Wi — 1

ras = (1, a/foé, 0)
rag = (1, udyes/A, 0) whereu = S, ifk = 1,
elseu=35;
rasi = (1, Bi/ Pi1,0) for i = 0,1
ras = (1, f26no/2,0)
® R\ is the set of inter-component communication rules:
re = ((1,1),518x /825y, (2,1)) forx +y =T

3.3 Overview of the Computation

First of all, we recall the solution to the SSP discussed in [3].
We will describe briefly how each stage works. For k = 1, 2,
let Xi = {x1,...,xpn, } be the input set to I, encoded as the
input instance ux = (N, (Wi 1, .o Wione ), T).

In the Generation Stage, The input cell (k, 2) is divided us-
ing the division rules ry; which will produce 2" cells, which
represents all possible subsets of the input set. Each cell will
contain some B; objects, for 1 < i < ng. If a cell contains

B;, then it represents a subset that contains x; € Xi. For
example, a cell containing By, Bs, Bs, represents the subset
of {x1,x3,x5}. Likewise this cell would also contain o,” )
vy’ (xs) vg’ (3) | representing the weight values of the elements
X1, X3, x5 respectively. This stage runs for ny steps. For each
time step i, 1 < i < ng of the generation stage, using rule ry ;,
fori=1,...,n, A; isused as a trigger to perform a division of
cell (k, 2), with one cell containing B;, and the other cell does
not.

In the Pre-Checking Stage, p and r objects are produced in
each cell. The rule r, interchanges D and ¢, between the cell
(k, 2) and (k, 1). Rule r5 then transforms c,,,; in each cells into
dye;. After the transition, rg; and r7; evolves d; and 2llog, 1]
copies of €[log, n]+1 are produced. Using rg;, the €[log, n]+1
and B; pairs creates B; ;. Rule ry; ; creates 2 log, (T+1)1 copies
of B 1410g, (1+1)1 in [log, (T +1)] steps. These Bi 14110, (T+1)]
objects, together with v;, are exchanged for copies of p and
r objects using rule ryo;. The multiplicity of the p and r ob-
jects represents the weight of the subset represented by each
cell. The p objects will be used to check if the weight of the
subset is equal to the target sum, represented by the number
of copies of q during the checking stage. In case the number
of copies of p and g are not equal, the r objects will be used
later to introduce the sum objects s;, for 0 < i < T for the
communication stage.

In the Checking Stage, using rule rq1, each cell (k, 2) will
remove pairs of p and g objects (sent to the environment) to
check if the weight of the subset is equal to the target sum.
The d; objects, for i = 1, ..., [log, ni | + [log,(T +1)] + 4, acts
as a counter to later on introduce the objects f; and g; using
rule r12. The object g; is exchanged for g, and so. For f;, the
following can occur:

o If the number of copies of p and g are equal, f; to-
gether with g, will be exchanged for a copy of Y.
This means that component II; has a subset whose
weight is equal to the target sum, hence a solution
exists. Rules ;7 through ry9 are then used to send a
yes object to the environment.

o Otherwise, if the number of copies of p and g are not
equal, f; will be removed from the cell, together with
any one copy of p or q. The system will then enter
the communication stage.

In the Communication Stage, using rule ry; ; €ach compo-
nent will first produce in cell (k, 1) sum objects, denoted by
si, for i = 0,..., W, which represents the possible weights from
the subsets of each cell (k, 2). For each cell (k, 2), if there are
i copies of r, then this cell would produce s;, for some i = 0,
..., W. This would take at most W steps. Cell (k, 1) will then
produce 2" copies of N objects, and an « object using rules



ro0 and ry, respectively. The N objects are used to transfer
the sum objects to cell (k, 1) from cell (k, 2) using rule ry; ;.
Once all s objects are present in cell (k, 1), [T is now ready
for inter-component communication. IT; will check with IT,
if cell (1,1) and cell (2, 1) contains sum objects, sy, and s,
respectively, such that x + y = T. Now,

o If there exists s, and s, such that x + y = T, these
sum objects, along with the token objects S; and S,
are exchanged between the two components. Com-
ponent IT; will then use rule ry4 to send a yes to the
environment, along with S, and object §, ending the
accepting computation. Likewise, II, does the same,
but using S;. This is done using rule ry4.

e Otherwise, no communication occurs. The a object
would have been used to introduce S, and § using
rule ry3. The f;, for i = 0,1, 2, acts a counter. When
P- is produced and § is still present, each component
will then send a no to the environment, indicating a
rejecting computation.

An example is given to demonstrate how the proposed
distributed P system computes SSP.

EXAMPLE 1. Consider 2-Aptp working on an instance of
the problem where X = {1,2,3,4},n = 4,T = 8. Suppose the
partition {X1, X»} is a balanced partition of X, where X, =
{1,2}, X, = {3,4}. II; and 11, will solve for the instances,
u = (2,7,(1,2),8) and uy = (2,7, (3,4), 8) respectively. For
brevity, we only give the computation of I1; as shown in Table
1.

EXAMPLE 2. Consider 2-Aprp working on an instance
of the problem where X = {1,2},n = 2,T = 4. Suppose
the partition {X1,Xz} is a balanced partition of X, where
X1 = {1}, Xy = {2}. I1; and 11, will solve for the instances,
u = (1,2,(1),4) and uy = (1,2, (2),4) respectively. Again,
for brevity, we only give the computation of I1; as shown in
Table 2. For this example, we only highlight the important
objects and time steps.

4 ANALYSIS OF THE COMPUTATION
COST

4.1 Running Time

Given an instance of the SSP, a set X, target sum T, and W
being the maximum of the weights between the sets of the
partition, if communication does not occur, then our solution
n

takes {
2

n
+ {log:Z 5} + [log,(T + 1)] + W + 9 time steps to
complete. If communication was required and a subset sum

+ +

n

log. —
0g, 2
[log, (T +1)T+ W +13 time steps to complete; if no pair exists

pair exists (i.e. case 4), then our solution takes h

(i.e case 5), the solution takes g +| log, g +[log,(T+1)1+

W + 14 time steps.

4.2 Communication Cost and Parallelizability

Communication only occurs during one time step in the entire
computation, so ComN = 1. The inter-component communi-
cation rules are only used once since only one copy each of S;
and S, exist in the system. Thus we have ComR = 1. Four ob-
jects in total are exchanged for each time the inter-component
communication rule is used. Since the inter-component com-
munication rule is used once, then we have ComW = 4. Thus
in terms of parallelizability we can say that:

THEOREM 2. The SSP is (2,r)-weakly ComX paralleliz-
able, where (r,ComX) € {(1,ComN), (1, ComR), (4, ComW)}.

We denote the worst case scenario, that is the case where
communication was required, as TIME (n, T). From Theo-
rem 2, we know that our solution to the SSP is weakly par-
allelizable. We compare its running time with the solution
presented in [3]. The worst case running time of the non-
distributed solution presented is n+[log, n]+[log,(T+1)]+12,
which will be denoted as TIME(n, T). Taking the limits of
the ratio of the two running times:

TIMEn(n,T)
TIMEx(n, T)
n+ [log, n] + [log,(T + 1)] + 12 2

limn,THoo

B + {log2 g} + [log,(T+1)]+ W + 14

This indicates that the proposed distributed P system solu-
tion actually runs slower than the solution presented in [3].
This slow down further increases when the sum of weights W
increases. The proposed solution does not perform well on
input instances with large weight values.

S CONCLUSION

In this work, we presented a solution to the SSP using a
distributed tissue P system with cell division. The solution is
a distributed system where components solve independently
in a similar manner as presented in [3]. In this way we can
observe the effects of partitioning the input and the addition
of inter-component communication rules. By partitioning the
input multiset into 2 parts, the generation stage only takes half
the time to complete compared to the generation stage in the
non-distributed solution. But whatever time steps saved from
the generation stage is largely offset by the need to produce
the sum objects, which takes additional time steps equal to
the total weight of the input set. Now since one component
of the distributed system is equivalent to the tissue P system
solution in [3], this would also mean that we used double
the number of cells in the distributed solution without any



Time | Rules Applied | I, Configuration
0 B [DA;Az0102¢%] (1,2) [S1a1a1bcy yesno ] (1 1
2(n=2) TLis Faais Tais T3, [DB;B301036°| (1.2) [DB10193¢°] (1.2) [DB20105¢%] (1.2) [D0105¢%] (1.2 [S1a3asb’c] yes mo ] (1,1
3 T4 abis Top i [c3B1B2v105¢°] (1,2) [c3B10105G°] (12) [€3B20105G° (1,2 [30105G°] (1,2) [S1a3dsb*D? yes mo J(1 1y
4 T's, Fabis Top i [die1B1By0102G" | (1.2 [die1B101056°] (12) [die1Bav105¢°] (1,2) [dr€101056°] (12) [S1a5asb*D? yes no [ (1

5([log,n] =1) To,i> 17,i> T2b,i> Top i

[d2¢3B1By0102q° | (1,2) [d2€5B10102q%|(1,2) [d2€5B201026%|(1,2) [d2€201056°] (12) [S1a5asb*D? yes o J(1 .y

6 '7,i> 8,i> V2b,is Vo i

[d3B1,1B2,101056° | (1,2) [d3€2B1,101056° ] (12) [d3€2B2,10105G° | (1,2 [d3€5v105¢%] (1,2) [S1a3a7b*D* yes no (11

10([log,(T +1)] = 4)

77,is 19,1, j> V2b,is Vop i

[dsBISBy501056° ] (12) [dse2Bi50105G° (1.2 [dse2By50105G° 1 (12) [dsesv105¢° ] (1,2) [S145,a11b*D* yesmo ](11)

11 r7.6 P10 T2bis Taps | [d7B13BysP I @ l12) [dre2Byiprosq®l iy [dreaByso1p®r’q®l (1) [dr€501936°] (12) [S1a1,d12b*D* yesmo ] (1)

12 T'7,is 115 T2b,i> o i [dsB%ssB;Aé”qu](l,z) [dsezB}erﬁqqm,z) [d8€23;4501r2q6](1,2) [dseévlvﬁqglm,z) [5161%513’74134 yesno |1

13 T12: T2bis Tap i [9:/iB] B35 10 [g1fie:Blirviq 1) [91fie2Bysoir’ 1 [gifiesu105¢° 11,2 [S1a],814b°D* yesmo J(1,1)

14 14715, Fabis Tag: | 192501 sBysr’q ] (12) [9250€2BLarv3q®] (1,2 [g250€2By501r°q° | (1,2) [9250€50103q" | (12) [S1a}5a15b*D* yesno ] (11

17 T22,i> Pabis Top i [9283315532’5;!]4](1,2) [g251€2B1%02q° ] (1.2) [9252623;§01q5](1,2) [g250€20195q" | (1.2 [S1a}3a15b"D* yes no ] (1,1
24W =7) Tabis Top i [9253B1%BY5q 1 (12) [9251€2B15050%] (1,2) [g252€2B35010° | (1,2) [9250€50105q7 ] (1,2 [S1a35@25b"D? yesmo J(1 1y

25 720, '20a [928331553;,45(14](1,2) [g2s1€2B15026°] (1,2) [9282623%01(]5](1,2) [g250€20102q" | (1,2) [S1aN*D* yesmo ]y 1

26 21,0, 23 [92NB13BLEq* | (1.2) [9:2Ne:B02q%](1,2) [9:2Ne:BYiv1q 1 (12) [92Nezv105q" 1 (1,2) [S1BoOsosis2s3D? yes no ] (11

27 Te [ggNBPSB;,‘*Sq"](Lz) [92Ne;B1 5780261 (1.2) [gzNezBi‘gvltf](Lz) [92Ne2v102q7](1,2) [S2B1850575253D* yesmo | (11

28 raq [92NBB}q" 1 (1,2) [92Ne2B15050°] (12) [92Ne2Byi01q° | (12) [92Ne50105q" | (1,2) [B2sos75253D* mo (1,1) S28yes

Table 1: Sample computation for II; in Example 1. To summarize the computation table: For the first n steps (n = 2), the
system generates all possible subsets, e.g., the cell with label (1, 2) containing B; B, represents the subset that contains the
first and second elements. In this case, the values 1 and 2, respectively. By step 11, the system is now prepared to do the
checking stage. Note here that the number of copies of the p and r objects represent the sum of the subset, e.g., the subset
containing the values 1 and 2 has 3 copies of p and r (p?, r*). The number of copies of p will then be checked against the
number of copies of g (which represents the target sum). Since there is no cell with an equal number of p and g objects,
by step 26, the system will produce all the possible sums from the given input. With input {1, 2}, the possible sums are
{0, 1, 2, 3}, represented by the sum objects {sy, s, s2, 53}, respectively. At step 27, II; will check with II, if there is a sum
object from II;, denoted as s, and a sum object from II,, denoted as s, such that x + y = T. In this case, I, has s;, and II,
has s; (since I, has {3,4}). Hence, a inter-component communication occurs. IT; receives S,s; from II,, while IT, receives
Sys1 from II;. Both components will then conclude that there is a solution to the input instance X = {1,2,3,4}, T = 8.

gain (and actually performing worse). One could consider a
method on how we can generate the correct sum object from
the r objects in a single step, hence not requiring W steps.

For future works on the topic of distributed tissue P sys-
tem solving SSP, we could analyze how the system would
perform given an unbalanced partition (e.g. one component
receives two-thirds of the input set, while the other receives
only one-third). One of the issues to consider would be the
timing of the counters. The component with the larger input
would run longer than the component with the smaller in-
put. Hence, the running time of the generation stage would
approach that of the non-distributed solution in [3]. This is
still not taking into account the running time introduced by
the additional communication stage. What would not change
however would be the communication cost, as it would still
require one communication step, rule, and the same number
of objects communicated. What would affect the communica-
tion cost would be increasing the number of components of
the distributed tissue P system solving SSP. We would need
additional communication steps to coordinate the candidate
sum values from all components. We could lessen the com-
munication cost if only one component is assigned the role of
deciding the input instance as accept or reject.

10

Now in terms of communication cost, we have shown that
SSP is weakly ComX parallelizable. It takes only one commu-
nication step and rule, and as few as four objects needed for
communication. In contrast to another distributed P system
solution for an NP-hard problem[1, 2], the communication
costs are mostly the same. But what is good about this pro-
posed distributed tissue P system solution to SSP is that it
only needs a linear number of inter-component communica-
tion rules to solve SSP, as opposed to the distributed P system
solution to the satisfiability problem (SAT) which requires
an exponential number of inter-component communication
rules. This indicates that there are some NP-hard problems
in which a distributed P system solution does not require
an exponential amount of resource. This would mean that it
could be possible to design a more efficient inter-component
communication protocol for problems such as SAT, or there
could be easier or harder NP-hard problems for distributed P
systems.



Time

IT; Configuration

0

[A101q4] (1,2) [S1a1d1bci yesno [ (11

[B1U1q4] (1,2) [01q4] (1.2) [S1a1d; yesno |11

[BZ4PFCI4](1,2) [U1q4](1,2) [516136_19 yes no ](1,1)

1
8
9

[BZJCIB] (1,2) [016]4] (1,2) [5161%06710 yes no ](1,1)

17

[S1BZ4C]2] (1,2) [50016]3] (1,2) [510%86318 yes no ](1,1)

21

[B7,q°1 (1.2) [01¢°](1.2) [S1fB28s150 yes no ] (1 1)

22

[314612](1,2) [01613](1,2) [S15180 yes ](1,1) f26no

Table 2: Sample computation for II; in Example 2. This instance has no solution hence the system outputs a no. Similar
to Example 1, since there is no local subset whose sum is equal to the target sum, until time step 17, II; will produce all
possible sum it can obtain from input instance {1}. That is s, s;. When the j counter is introduced, it will wait for two
time steps. Since no communication occurs between the two components, i.e., there is no local sum from II; and II, that
when added is equal to T = 4, then with j,, the system outputs a no.
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