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ABSTRACT

In this paper, the Vertex Cover Problem and 3-Satisfiability
Problem are non-confluently decided using Evolution-Com-
munication P systems with Energy (ECPe) that impose pri-
ority on either evolution or communication. Additionally,
the communication resources, i.e. number of communica-
tion steps, communication rules and energy objects, used in
each system is analyzed. It is then shown through compar-
ison that the ECPe systems that put priority on evolution
utilize the greatest amount of resources. Those that put
priority on communication, however, not only use the least
amount of resources but also employ the least amount of
membranes.

1. INTRODUCTION

Nearly two decades has passed since Georghe Piun [10] de-
vised the P system computational model inspired by the
biological membrane structure of cells. Since then, a con-
siderable number of researches and studies have been and
are being done. There are studies, such as in [9], [11], [15],
exploring different variants of P systems and their character-
istics. There are also diverse papers on solving NP-complete
problems using various types of P systems (as in [13], [7],
[14]).

Despite the numerous investigations on P systems, the issue
of communication complexity of P systems is rarely consid-
ered. Thus, the authors in [1] focused their attention on it
and introduced dynamical communication complexity mea-
sures and the Evolution Communication P system with en-
ergy (ECPe) which utilizes energy objects as a measure of
communication cost. One study, as presented in [5], uses
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these ECPe systems in solving some NP-Complete prob-
lems, namely the Vertex Cover Problem(VCP), Independent
Set Problem(ISP), and 3-Satisfiability Problem(3SAT). The
proponents in [5] then compute for the communication com-
plexity in solving the said problems with the use of the dy-
namical communication complexity measures suggested in
[1].

There are three modes of ECP systems with energy (ECPe
systems) considered in [1]: one has priority on communica-
tion, another has priority on evolution, and the other does
not impose priority on either communication or evolution.
The authors in [5] only explored one, which is the ECPe
system without priority and this inspired this study. Af-
ter reading [5], we became interested in finding out if using
a different mode for a specific ECPe system will affect the
utilization of communication resources of the system. As it
turns out, the ECPe systems constructed in [5] can not be
used directly if the priority is in evolution and can be further
optimized if the priority is in communication. Modifying the
ECPe system to suit the constraints led to the result show-
ing that when the priority is in communication, the least
amount of communication resources is used and when the
priority is on evolution, the most amount is utilized.

The solutions presented in this paper and in [5], use the con-
cept of non-confluent recognizer P systems. A P system is
said to be confluent if all of its computations produce the
same result, either acceptance(yes) or rejection(no), given
an input. If this is not the case, then the P system is said to
be non-confluent and the result is acceptance if and only if
there exists an accepting computation of the P system. The
notion of confluent and non-confluent P systems is further
discussed in Section 3.2.

As an outline, in Section 2, we give the definition of a graph,
VCP, conjunctive normal form(CNF) and 3SAT. On the
third section, we discuss what ECPe systems are and the dy-
namic communication measures that we will use in analyz-
ing the hardness of a solution. We will also give some other
definitions that we will use in solving problems in ECPe sys-
tems. On the fourth and fifth sections of this paper, we will
discuss the solutions to VCP and 3SAT, respectively, using
ECPEe systems in CPE and EPC modes. On the conclu-
sion section, we will compare the communication resources
as well as the number of membranes utilized by each solu-
tion. Additionally, we will suggest some related future works



that can be done.

2. DEFINITION OF SOME NP-COMPLETE

PROBLEMS
We define a graph as an ordered pair (V, E) where V is the
set of vertices and and the set of edges £ C V x V.
As in [5], in this study, we deal only with simple graphs
without loops and parallel edges. Figure 1 is a graph where
V ={1,2,3,4} and E = {(1,2),(2,3),(3,4)}.
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Figure 1. An Example of a Graph

A vertex cover VO where 1 < k < |V] is a set of vertices
with size k where for all edges (i,7) € E,i € VCor j € VC.

Definition 1. Vertex Cover Problem (VCP) Given a
graph G = (V, E) and a positive integer k where 1 < k < |V,
1is there a vertex cover VCy ?

A boolean formula ¢ x where X is a set of variables z1, x5 ...
Zp in conjunctive normal form (CNF) is a conjunction, de-
noted by C1 A Ca A ... AN Cy, where m € N, of proposi-
tional clauses C; which are a disjunction of literals Yi; de-
fined as C; = (yi; V yi, V ... V ¥;,) where n € N and
yi; € X U {Zlz € X},1 < j < n. The notation T im-
plies a negation.

In a k-CNF boolean formula, each clause is a disjunction
of exactly k variables. A boolean formula is said to be sat-
isfiable if there exists a truth value (1 as true, 0 as false)
assignment for all variables in which the formula evaluates
to true.

Definition 2. 3-SAT Problem (3SAT) Given a 3-CNF
boolean formula ¢ over a set of variables X, is ¢ satisfiable?

An example of a satisfiable 3-CNF boolean formula is ¢ =
(T1 VT2 VT3) A (21 VZa V xs) where the configuration z1 =
0,22 = r,zs = r,z4 = r,xs = 1,7 € {0,1} makes the for-
mula evaluate to true.

3. ECPE SYSTEMS

At this point, the readers are assumed to have core knowl-
edge of membrane computing [10].

An Evolution-Communication P system (ECP system) is a
type of P system introduced in [2] in which there is a sepa-
ration between multiset rewriting rules, or simply evolution
rules, and communication rules in the form of symport and
antiport rules. It is said to be more realistic than other P
systems for three reasons: evolution rules do not have tar-
get indications, simple symport/antiport rules are used for
communication, and objects available in the environment
are not needed in the beginning of the computation.

The authors in [1] used ECP system to analyze the commu-
nication complexity of P systems by introducing so-called

energy objects to the system, hence the name Evolution-
Communication P system with energy (ECPe system). These
energy objects are assigned to each region and are used to
enable communication such that every communication rule
requires a certain number of energy. We can treat energy
objects as catalysts: they can be produced by evolution rules
but they themselves cannot evolve. We note here that while
energy enables object transfer from one region to another,
energy objects cannot pass through membranes for they are
consumed during the communication.

Definition 3. An ECPe system is formally defined as a
construct of the form:

II=(0,e,p,wi,...

iout)
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i. m refers to the total number of membranes.
ii. O is the alphabet of the system.

iii. e is the energy object. e ¢ O, should not be in the
initial configuration, can not evolve and can not be
transported from one region to another.

iv. u represents the membrane structure and for this pa-
per, we will be using square brackets with labels to
denote a membrane. Membrane ¢ is the the parent
membrane of j, denoted by parent(j), if j is located
inside the square brackets that represents membrane 3.
Furthermore, if parent(j) is i then j € children(i), i.e.
j is a child membrane of i. For example, [;[;];[x]x]: is
a membrane structure where membranes j, k are chil-
dren of membrane i. For illustration purposes, we also
used the representation of a membrane structure given
in Figure 2.

iy k

Figure 2. An example membrane structure where membranes j, k are
children of membrane 1%

V. wi,...,wm € O" and each w;(1 < i < m) denotes the
multiset of objects found in region i, i.e. the region
bounded by membrane 7.

vi. Each R;,1 <17 < m, is a set of evolution rules associ-
ated with region i. An evolution rule takes the form
a — v where a € O and v € (O Ue)™.

vii. Each R;,1 < i < m, is a set of communication rules
associated with membrane ¢. A communication rule
can either be a symport or an antiport rule.

e A symport rule is or the form (ae’, out) or (ae’,in)
where a € O and j > 1. If a symport rule is used,
j copies of object e will be consumed, i.e. the j
copies will not be transported, in order to trans-
port a inside(denoted by in) or outside(denoted
by out) of membrane i.
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e An antiport rule is of the form (ae’,in;be”, out)
where a,b € O and j,k > 1. If an antiport rule
is used, objects a and b will be switched and k
amount of energy objects will be consumed by
membrane ¢ and j amount by parent (7).

viil. dout, 1 < ¢ < m is the output membrane. iout = 0
means that the output is in the environment.

In ECP systems, rules are applied in a nondeterministic,
maximally parallel manner. This means that at any step,
when more than one rule can be applied to an object, the
system will nondeterministically choose which rule to ap-
ply and all the rules that can be applied will be applied.
According to [1], in selecting which rule to be used, three
modes are considered: (i) communication has priority over
evolution (CPE) in which if communication rules can be
applied by the system, then only communication rules are
performed at that step and no evolution rule is used ; (ii)
evolution has priority over communication (EPC) wherein
if evolution rules are applicable, then only evolution rules
are used at that step; (iii) the application of evolution and
communication rules are mixed together (CEM)

The state of the system specifies the configuration of the sys-
tem at any time ¢ and is denoted by C;. C; = C;+1 denotes
a transition step from C; to C;41. In this paper, we refer
to a transition step from C; to C;41 simply as Step ¢ + 1.
C; =" Cj,i < j, denotes a computation- a series of transi-
tions. A halting configuration is a configuration wherein no
more rules can be applied. A computation succeeds if the
system reaches a halting configuration. A system’s output
can be defined as the objects sent to the environment, that
is, outside the outermost membrane, or objects sent to a
specified output membrane.

3.1 Dynamical Communication Complexity

Measures
From [1], the dynamical communication complexity mea-
sures that can be used in analyzing ECPe systems are:

1, if a communication rule
ComN(w; = wiy1) = ¢ is used in this transition
0, otherwise
ComR(w; = wi+1) = the number of communication
rules used in this transition,
ComW (w; = w;+1) = the total energy of the com-
munication rules used in this

transition.

Another definition from [1] is:

Definition 4. We let Npode(II) be the set of numbers com-
puted by the system where mode € {CPE,CEM,EPC}.
For ComX € {ComN,ComR,ComW}, the following are
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defined:
h—1
ComX(8) = Y _ ComX(Cys = Ciyr),
i=0
fOT(S:Co:>C’1:>H.:>Ch

is a halting computation,

3.2 Solving Problems in ECPe Systems

In [5], the authors used the notion of recognizer P systems
to P systems from [3] and the definition of recognizer ECPe
systems from [4] as follows:

Definition 5. Let IT be an ECPe system whose alphabet
contains two distinct objects yes and mo, such that every
computation of 11 is halting and during each computation,
exactly one of the objects yes, no is sent out from the skin
to signal acceptance or rejection. If all the computations of
IT agree on the result, then I1 is said to be confluent; if this
is not necessarily the case, then it is said to be non-confluent
and the global result is acceptance if and only if there exists
an accepting computation.

[3] also states that a decision problem can be represented
as a pair Y = (Iy, fy) where Iy is a language over a finite
alphabet and 6y is a total boolean function over Iy. (cod, s),
where cod is an encoding of the initial configuration and
s € N, denotes a representation of an instance of a decision
problem in P systems.

From [5], the concept of the P systems that will be used in
solving a problem is based on both [3] and [4]. A family
II(n),n € N, of P systems is a set of P systems that takes a
parameter n to construct each system.

Definition 6. A family II(n),n € N, of ECPe systems,
solves a problem (Iy,0y) if there exists a pair (cod,s) over
Iy such that for each instance u € Iy :

(i) n = s(u) € N and cod(u) is an input multiset of the
system T1(n)

(ii) there exists an accepting computation of II(n) with in-
put cod(u) if and only if Oy (u) = 1.

Definition 7. Let Y = (Iy,0y) be a decision problem,
II(n),n € N, be a family of recognizer ECPe systems solving
Y with a pair (cod, s) over Iy. For each instance u € Iy,
ComX (u,II(n)) = min{ComX () | § : Co=C1= ...
= Cy in II(n) with n = s(u) and
cod(u) is an input multiset in II(n)},
where X € {N,R,W?}. To analyze the communication re-

sources used by II(n) in solving problem Y, ComX (Y, I1(n))
is defined as:

ComX (Y, II(n)) = maz{ComX (u,II(n)) | v € Iy }.

Definition 8. Let Fi0qeComX where X € {N,R, W} and
mode € {CPE,CEM,EPC}. A decision problem Y =
(Iy,0y) € FComX (k) if and only if:



(i) There exists a family II(n),n € N, of confluent recog-
nizer ECPe systems that decides Y

(i) ComX(Y,II(n)) = k.

The analogous complexity classes for non-confluent recog-
nizer ECPe systems are N FmodeComN, N Fp0deComR
NF,0qeComW .

We say that Y € FmodeComNRW (p,q,7) if and only if Y €
FrrodeComN(p),Y € FComR(q) and Y € FComW (r). We
use N FmoaeComNRW for non-confluent recognizer ECPe
systems.

This definition differs from that in [5] since we take into con-
sideration the modes of the ECPe systems.

The authors in [5] used ECPe system under CEM and pre-
sented the following theorems:

Theorem 1. VCP € NFcgmComNRW (6,|Va|+3k + 6,
3|Ec|+|Va|+k + 5) where Eq is the edge set and Vg is the
vertex set of the input graph G.

Theorem 2. 3SAT € NFcgpmComNRW (5,2n+3,4n+3)
where n is the number of clauses for the input 3-CNF boolean
formula ¢x.

In the following sections, we shall prove that VCP and 3SAT
are both solvable using ECPe systems over CPE and EPC
by constructing recognizer ECPe systems that satisfy Def-
initions 6 and 8. For this, we use the same representation
and encoding of the said problems as in [5].

4. SOLUTIONS TO VERTEX COVER

PROBLEM(VCP)
Definition 9. Let the Vertex Cover Problem (VCP) be pre-
sented by a pair VCP = (Ivcp,0vcep) where Ivep = {w g,k
lwic,k) s a string representing a graph G and a positive in-
teger k}. If the graph G contains a verter cover of size at
most k, Ovcp(wia,k)) = 1; otherwise, 8vop(wg,ky) = 0.

As example, we use the graph G presented in Section 2 with

VO, € {{2,3},{1,3},{2,4}}.

4.1 Solution in CPE mode

Theorem 3. VCP € NFopeComNRW (5, |Vg|+3k + 3,
2|Ec|+ |Va|+k+4) where Eq is the edge set and Vg is the
vertex set of the input graph G.

Proof. We define a family of ECPe systems over CPE as
IIvop(n) where n = s(wie,k)) = |Val:

Iver(n) = (0, e, [ol1]i]o, wo, 0,0, Ro, Ry, Ry, RY)

where:

e 0= {Aij,Bij,vi,ﬁi,i,%,L{ ‘ 1<i<j< n} @]
{e,did,d',d"} U {ao, an, 00,7, #0, #1, #2, #3,
#4>n07yes}

o wo = V12 ... Vncod(W(g,k))

OR():{Aij*)Bij,Bij—)i,Bij*)j|1§i<j
<n} U {vi—=die,i—i|1<i<n} U {c—Ce
d— dape,d —d”,d" — e} U {az — noe,

#o — #1,#1 — #2, #He — #3, H#3 = #a,
#a4 — yese}
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o Ry = {(noe, out), (yese, out)}
o Ri={0; —=i,0—7y,i—i""%"?|1<i<n}
U {¢' = e a0 — ai,a1 — a2}

o R} = {(bse,in), (ie, in; e, out), (ie, in;ie, out) | 1 <
i<n} U {(cein), (aoe,in), (#ae,in; aze, out)}

As in [5], (cod, s) over Ivcp is defined as such that for a
given instance w(g,k) € Ivep we have n = s(wa,r)) = |Va|
and the encoding cod(w(g,ky) is a multiset containing A;j;
for every (i,j) € Eg, k copies of object ¢ and |Eq|—k copies
of object d. To satisfy the condition (i) of Definition 6, this
encoding is placed in region 0 ensuring that s(u)is a natural
number and cod(u) is an input multiset for Hvcop(n).

To show that we can satisfy the condition (ii) of Definition 8,
we shall also break down the solution into phases (namely
the setup, finding the candidate solution, validation, and
output phases) patterned by the process presented in [5].

2
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Figure 3. Cp: Initial configuration given G and k =1

Setup phase. This is the phase where we represent each ver-
tex of the input graph in region 1, and delegate a vertex for
each edge present in region 0.

Step 1: All objects v;, Aij,c, d, and #¢ evolve to 9;, Bij, ¢,
d’, and #1 respectively. The evolution rules v; — v;e,
¢ — €%, and d — d'age produce energy objects and
Q.

Step 2: This step involves communicating the objects 9, ¢,

and ao through membrane 1 using the energy pro-

duced in the first step; leaving k energy in region 0

(produced by the rule ¢ — ¢’e?) where k = the maxi-

mum size of the vertex cover.

Step 3: Representative vertices for the edges are non-determin-

istically chosen when objects B;; evolve to either ¢ or j

by rules B;; — i or B;; — j. Simultaneously, in region

1, 9; evolves to 1 (through 0; — %), and objects ¢’ and

ap transform to e and «q, respectively. At the same

time, #1 evolves to #a.
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Finding a candidate solution. In this phase, a candidate ver-
tex cover is chosen, and vertices composing the candidate are
transferred from region 1 to region 0.

Step 4:

At this point, a representation of all the vertices in
the form of the objects 7 is present in region 1. Rules
¢ — ~ and (ie,in;te, out) are both available for the
objects. However, since communication has priority
over evolution, only the latter rule is used. The same
principle applies to objects ¢ in region 0 on which the
evolution rule i — 4 cannot be applied yet. These
antiport rules let the system to non-deterministically
choose a possible solution of size k£ and transfer them
from region 1 to region 0. Hence, the communicated
objects iin region 0 is the candidate solution.

223d"?#

12340

- J

Figure 4. C4: Candidate solution {2} is chosen

Validating the solution. In region 1, the candidate solution
is represented by the objects i. These are used to validate
that the selected vertex cover includes all edges.

Step 5:

Step 6:

Step 7:

The next thing to do is to evolve objects i to i (through
rule i — ©)in region 0, and objects ito -~y (through rule
i— ~) in region 1. This step is necessary to prevent
the communication rule (ie, in; ie, out) from repeating
when energy objects are produced for validation. Si-
multaneously, the evolution rule i — " 2e"~2 is ap-
plied to each objects 7 in region 1 producing n — 2,
which is the maximum number of edges a vertex can
have minus one edge already verified when the candi-
date solution was selected, i energy objects. At the
same instant #2 evolves to #3 and a3 to as.

Communication is prioritized and so the antiport rule
(ie, in;

e, out) is used to confirm that the candidate solution
covers all the edges. If no object i remains in region
1, it means that the chosen vertex cover is verified.

#3 evolves to #4.

Output phase. In the output phase, the object yes is re-
leased to the environment if the chosen vertex cover is valid;
otherwise, no is released.

Step 8:

If all the edges where verified, there will be no remain-
ing energy present in region 0, hence no communica-
tion can take place. The evolution rule #4 — yese is
applied. If, however, not all the edges were covered,
as is sent to region 0 and #4 to region 1 by the rule
(#4e,in; aze, out).

. J

Figure 5. Cs: Since VCip for G does not exist, not all edges were
verified leaving 2 in region 1, and an energy object in regions 0 and 1

Step 9: If the chosen candidate solution is valid, yes will be

sent to the environment and the computation will halt.
Otherwise, a2 evolves to noe.

Step 10: no is sent to the environment and the computation

halts.

no

0~

. /

Figure 6. Cip : no is sent to the environment and computation halts

We then compute for the communication complexity at each
phase of the computation to show that Definition 8 is satis-
fied:

18

o

. In the setup phase,
e number of communication step is one (involving
symport rules for objects v;, ¢, and o)
e number of communication rules used is |Va|+k+1
e number of energy objects used is |Vg|+k + 1
. In finding a candidate solution,
e number of communication step is one (involving
antiport rules for of objects ¥; and 1)
e number of communication rules used is k

e number of energy objects used is 2k
. In validating the candidate solution,

e number of communication step is one (involving
antiport rules for objects ¢ and 7 to validate re-
maining edges)

e number of communication rules used is k

e number of energy objects used is 2(|Ec|—k)
. In the output phase,

e maximum number of communication step is 2
when no is released to the environment (through
rules (#4e,in; aze, out) and (noe, out))



e maximum number of communication rules used is
2

e maximum number of energy objects used is 3

Summing all the resources we computed above, we have
proven that VCP € NFcppComNRW (5, |Vg|+3k + 3,
2|Ec|+|Va|+k + 4).

4.2 Solution in EPC mode

Theorem 4. VCP € NFgpcComNRW (9, |Vg|+3k + 16,
3|Ec| +|Va|+k + 15) where Eg and Vg are the set of edges
and vertices, respectively.

Proof. A family of ECPe systems over EPC that solves VCP
is defined as Iy cp(n):

IIvep(n) =(0,e, [o[1]1]2]2[3]3]0, wo, @, 0, Ro, Ry, R1, R,
R», R5, Rs, R)

where

o O={Aij,vi,0;,i,1,i]l <i<j<n} U {c,c,d,d} U
{0107 &1,0{2,&37047015} U{BO:517627637647ﬂ57567677
ﬂ87Q}

® wo = V12 ... Uncod(w(a,k))oBo

o Ry = {Ai; — ie,Aij — je|l <i<j<n}uiv —
die|l <i<n}u{c— cde?,d— de}u{Bo — Bie, B2 —
Bse, By — BsQ2e?, Bs — Bre, s — yese, ap — aie,

az — aze, a4 — asel
e Ry = {(noe,out), (yese, out)}
e Ri={i —i1<i<n}uic — e}
o R = {(vie,in), (ie,in; e, out)|1 < i < n}U{(c,in)}
e Ro={d welU{i »i"?1<i<j<n}U{as —

aze, a3 — e, a5 — NO}

o Ry = {(ie,in), (ie,in;s ie,out)|1 < i < n} U {(de,in),
(aie, in), (ase, in), (ase, in) }U{(aze, out), (ase, out)}
U{(Qe, in;
noe, out)}

o R3 = {f1 — Pae, Bz — fae, B5 — Bse, fr — Pse}

i R/3 = {(6167 in): (5367 7:71), (6567 Zn)7 (/3767 in)7 } U
{(B2e, out), (Bse, out), (Bse, out) } U{(Qe, in; fse, out)}

As with the ECPe system in CPE mode, this ECPe sys-
tem uses the same encoding and follows the same pattern of
solution as that in [5].

Setup phase. Similar to the setup phase in CPE mode, in
this phase, a vertex is nondeterministically chosen to cover
each edge. Also, a representation of each vertex communi-
cated to region 1.

Step 1: In the first step, each v;, Aij;, ¢, d, ao and [Bo will

evolve into vse, ie or je, c'e?, d'e, aie and fBie, respec-
tively. The value of ¢ and j represents which vertex
will represent the edge Aj;.

Step 2:

Step 3:

2
U1U2’U3’U4A12A23A34C daoﬂo
L A
- J
2 - 3 ~
N\ J
K J

Figure 7. Cp: Initial configuration given G and k = 2

All the objects %; and ¢’ are transported to region 1 us-
ing the rules (d;e,in) and (c’,in), respectively. At the
same step, all the d’ together with a1 are transported
to region 2 and (3 to region 3.

All the communicated objects will evolve using the
rules ¥; — ¢, ¢ — e, d — e, a1 — aze and 1 — Bze.

0 B
133¢°
e B
1234¢?
N J
2 Ve 3 ~
ae? Boe
N J
L Y,

Figure 8. C3: Representative vertices 1,3,3 were chosen in C; for
edges (1,2), (2, 3), (3, 4) respectively and other objects were set up to
their respective regions and evolved

Finding a candidate solution. From the representation of
vertices in region 1, a candidate vertex cover is chosen and
is communicated to region 0.

Step 4: This step involves swapping & number of objects i in

region 1 with their counterparts in region 0 using the
antiport rule (ie,in; e, out). Also done in this step, as
and (2 are transported to region 0.

Step 5: a2 and B2 evolves into a3 and (3, respectively.
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Validating the solution. A representation of the candidate
vertex cover is transported to region 2 from region 1 and this
is used to validate if all the edges are covered by the selected
vertex cover. A vertex cover is valid if no representation of
the edges remain in region 0.



Step 6:

Step 7:

Step 8:

133e3 a2 Bze
e N
1324
N Y,
2 Ve 3 ~
e
L Y
g J

Figure 9. C4: Candidate solution {1, 3} were chosen

The representative vertex cover as well as asg will be
communicated to region 2 and (3 will be transported
to region 3.

Evolution rules ¢ — i"~2, as — ase and B3 — Bae
will be used. The objects i will be used to verify the
remaining edges in region 0.

The antiport rule (ie, in; ie, out) will be applied to ver-
ify if the chosen vertex cover covers all the edges. If
no object ¢ remains in region 0, then the vertex cover
is valid. In this same step, as and B4 are transported
to region 0.

0 e ~
34
e N
1324
N\ J
2 Ve 3 ~
31°3
I\ Y
I\ J

Figure 10. Cg: Remaining edge represented by 3 was validated

Step 9:

ay4 evolves to as and (4 will evolve to 559624

Output phase. In the output phase, the object yes is re-
leased to the environment if the chosen vertex cover is valid
and no is released otherwise.

Step 10:
Step 11:

Step 12:

as is communicated to region 2 and 85 to region 3.
as evolves to no and (s to Sge.

Be is transported to region 0 (through rule (Bse, out))
and no may also be switched with Q (though rule
(Qea Zna 5867

out)) in region 0. Note that no will only be communi-
cated to region O if there is at least one energy object

Step 13:

Step 14:

Step 15:

Step 16:
Step 17:

Step 18:

left in region 2 and this will only happen if not all the
edges were verified, meaning, the vertex cover is not
valid.

Be evolves to Bre.

B7 is communicated to region 3 and no may be released
to the environment depending on whether the vertex
cover is valid or not.

If no was released to the the environment in the previ-
ous step, (7 evolves to fse and the computation halts.
In the case that the vertex cover is valid, however, 87
still evolves but the computation will not yet halt.

The antiport rule (Qe, in; Bse, out) is applied.
Bs evolves to yese.

Lastly, yes is released to the environment using the
communication rule (yese, out).

O( \yes
3
1 N
1324
_ J
2( 3 ~
3123no 0
_ J
. J

Figure 11. Cig: yes was sent to the environment and the computa-
tion halts

As a conclusion to our proof, we show that Definition 8 is
satisfied by analyzing the communication resources at each
phase of the computation.
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The setup phase involves one communication step. In
this communication step, the objects v;(1 < i < |Vg]),
c,d a1 and By will be communicated and for each of
these objects, one energy object is consumed.

e number of communication step is one
e number of communication rules used is |Va|+4
e number of energy objects consumed is |Eq|+|Ve|

+2

Finding a candidate solution also involves one com-
munication step. In this phase 2k(this size of the ver-
tex cover) number of objects are swapped in order to
choose a candidate vertex cover. Also done in this
phase is the communication of as and B2 to region 0.

e number of communication step is one

e the number of communication rules applied is k+
2

e the number of energy objects consumed is 2k + 2



c. For the validation and output phase:

e The first communication step is used to transport
the candidate vertex cover to region 2. Another
communication step may be used in checking if
the vertex cover covers all the remaining edges.
This step is optional because it may not happen
depending on the chosen vertex cover. Note, how-
ever, that if this step does not happen, then the
vertex cover is not valid and if it does occur, it
does not necessarily mean that the vertex cover
is valid. Another communication step is used in
transporting as and fs. Another four communi-
cation steps will occur if the answer is yes and
this is the maximum. The total number of com-
munication steps in this phase is 7.

e Since the size of the vertex cover is k, in the
first communication step, k rules will be used to
communicate the candidate vertex cover to region
2 and 2 additional rules will be used to com-
municated as and Bs3. In the second communi-
cation step, a maximum of k£ rules of the form
(e, in; ie, out) will be used to verify the remain-
ing edges and 2 rules will be used to transport
ay and B4. In the next communication step, 2
rules will be used to transport as and 85. Since
we are computing for the maximum amount of
communication rules used, from this point, we
will only consider the case if the vertex cover se-
lected is valid since it uses the most communi-
cation rules. In the proceeding communication
step, B¢ will be communicated to region 0 and
this uses one communication rule. Another com-
munication step will be used to transport 87. In
the next communication step, an antiport rule of
the form (Qe,in; Bse, out) will be used in prepa-
ration for the release of yes in the environment.
Lastly, yes will be released into the environment.
The total number of communication rules in the
validation and output phases is 10 + 2k.

e Following the explanation above, the number of
consumed energy objects is 11 + 2|E¢|—k.

From the analysis above, we can observe that the maximum
communication cost will be incurred if the chosen vertex
cover is valid. As a summary, for this ECPe system used in
solving the VCP, ComN RW (9, |Vg|4+3k+16, 3| Ec|+|Ve|+k
+15).

S.  SOLUTIONS TO 3-SATISFIABLE PROB-
LEM (3SAT)

We now move on to solutions to 3SAT using ECPe systems
in CPE and EPC modes.

Again, we used the representation of 3SAT as described in
[5].

Definition 10. Let the 3-SAT problem be represented by a
pair (Issar,03saT) where Issar = {w(e )| W(sy) 1S a string
representing a 3-CNF boolean formula ¢x}. Boolean func-
tion Ossar(

As an example, we use the boolean formula ¢x = (T1 VZ2V
T3) A (r1 VT4V x5) where n = 2.

5.1 Solution in CPE mode

Theorem 5. 3SAT € NFcprComNRW = (4,2n+1,3n+
1) where n is the number of clauses for the input 3-CNF
boolean formula.

Proof. We define a family of ECPe systems over CPE as:
Hzsar(n) = (O, e, [o[1]i]o - - - [n]n, w0, 0, ..., 0, Ro, Ry, R1,
Rlla . aR”HR;L)

where:

O = {za,d,d|1 < d < 3n}U{04q, Lag, Airiziz.q» Birizis.q
1 <d < 3n,1 <qg< nandir € ij{d,ci},Vr S
{1,2,3}} U {c, Bo, B1, #o, #1, #2, #3,11‘2:71}’95}

® Wy =T1x2...T3nFocod(Wey)

e Ro = {xa — Oa1...0dn,2a — la1...1lan|l < d <
3n} U {Aijinisg — Bijisiz,qce®|l < ¢ < nandi, €
Ut d},vr € (1,2,3)) U (o = #1, 1 #,

;E:gl — #3,#3 — yese, f1 — noe}

e R{ = {(yese, out), (noe, out)}

e For1<g<nmn:

3n N
- Ry = {Biliﬂ-s,qe — i1121300€lir € U {d,d},Vr €
d=1
{17273}} U {60 - 51}
3n N
- R,q = {(Bilizis,qe’in)ﬁT € dgl{dv d},VT' € {17273}}

U {(0aqe, in; de, out), (1age, in; de, out)|1 < d <
3n} U {(#se,in; B1,out)}

Again, as in [5], the pair (cod, s) over I, is defined as such
where for each instance wg, € Iy, s(wg,) = n where n is
the number of clauses for the boolean formula ¢x. The en-
coding cod(wg ) is defined as a multiset containing A, iyis,q
for 1 < g < n where if Cq = yi;,q V Yis,q V Yis,q, then

o= dif yi,.q = x4
! difyilyq =1Tq

for I = {1,2,3}, where z4 € {z1,22,...,2n}. Note that
s(wg, ) is the number of clauses, hence a natural number,
and cod(wg, ) showing that condition (i) of Definition 6
holds. We show condition (ii) is satisfied through the sys-
tems computation.

Setup and finding a candidate solution phase. In this phase,
each variable is assigned a truth value and each clause ¢
where 1 < ¢ < n is represented in each region ¢, 1 < g < n.

We . )) evaluates to 1 if ¢ is satisfiable, otherwise, O3sar(we, ) Step 1: The first thing to do is to nondeterministically assign

= 0.
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a truth value to each variable z; by applying the rule



12223242586 A133 1 415,270

1 2

. J

Figure 12. Cp: Initial configuration given boolean formula ¢x

g — 0g1...04n Or g — 1g1...14n. At the same in-
stant, objects Ai,i,iy,q €volve to Biiyis,q and produce
2n energy necessary for the setting up the clauses and
validating them. Also, #0 becomes #1.

0

- N
011012121122131 1320241042051052053
061062063 Biss 1€“ By5 2" #1

1 2
L J

Figure 13. Cy: Each variable z;,1 < 4 < 3n was assigned a value

Step 2: In this step, communication is prioritized and B, iyis,q
objects are transferred to their corresponding region q.

Step 3: Evolution rule Bjjiyis,q — 91020380 is used in each
region ¢ producing a representation of each clause ¢

where 1 < g < n.

e N
011012121122131132041042051052053
061062063 €€ 2

1 2
iégﬂoe 1215506
. J

Figure 14. Cj3: Each Bilizis»q was transferred to corresponding ¢
membranes in Step 2 and evolved to i1i2i3, ¢Bpe in Step 3

Validating candidate solution and output phase. In this
phase, it is checked whether each clause evaluates to true.
If all of the clauses are verified, then the object yes is sent
to the environment and no otherwise.

Step 4: The clauses are verified by applying the antiport rules

(Oage, in; de, out) and (1g44e, in; de, out).

Step 5: Objects #2 and Py evolve to #3 and ;1 respectively.

Step 6: If all the clauses evaluates to true, there would be no

energy left in the system and communication cannot

0 R N
10121211221311320414051052053
06106206373

1 2

01123/31 04215ﬂ1

. J

Figure 15. Cs: Each clause were verified in Step 4 using rules (O11e,
in; ie,out) and (O40e, in;de, out). #, and Sy evolved to #3 and B,
respectively in Step 5

ensue and #3 proceeds to evolve to yese. If not all of
the clauses evaluates to true, there is enough energy
for a clause which evaluates to false to use the antiport
rule (#se,in; Bie, out).

If all clauses are satisfied, yes is communicated out to
the environment and the computation stops. Other-
wise, (81 in region 0 evolves to noe.

Step 7:

yes

0~ N

10121211221311320414051 052053
61062063
1 2

01123ﬂ1 0421561

(. J

Figure 16. C7: All clauses were satisfied, hence yes is sent to the
environment and the computation halts

Step 8: Lastly, if not all clauses are satisfied, no is sent to the
environment and the computation halts.

We now compute the communication resources used at each
phase.

a. In the setup phase,

e The number of communication steps is one (in-
volving symport rules for each clause representa-
tion Ailizig,q)~

e The number of communication rules used is n.

e The number of energy consumed is n.
b. In the validation and output phase,

e The maximum number of communication steps is
3 which occurs when not all clauses are satisfied,
and no is sent to the environment. These 3 steps
involves antiport rules for the verified clauses, the
rule (#se,in; Bie,out), and the symport rule for
communicating no to the environment.

e The maximum number of communication rules
n+ 1 for sending a no to the environment occurs
when only n—1 clauses are verified. This is equal
to the number of communication rules used when
the 3-CNF boolean formula is satisfiable.
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e The maximum number of energy consumed is 2n+
1 which is equal for sending a no or a yes to the
environment.

From the calculations above, we have shown that 3SAT is
indeed in NFepeComNRW (4,2n + 1,3n + 1).

5.2 Solution in EPC mode

Theorem 6. 3SAT € NFgpcComNRW = (6,4n+7, Tn+
7) where n is the number of clauses for the input 3-CNF
boolean formula.

Proof. We define a family of ECPe systems that solve 3SAT
as a construct IIzsar:

Hasar(n) = (0,¢,[oli]1 - - - [n]n[nt1]n + 1o, wo, 0, ..., 0,
}30,1267]%1,}%;,---71%n,}%;71%n+1,13;+1)

where

o O={xq,d,d|1 <d<3n}U{04q, Lag, Aiinis.q Biyinis.q
3n N
[1<d<3n,1<g<nandir € {d, d}}U{c, ao,au,
d=1
a2, 3, 04, Qvﬁ07ﬁla/62vﬁ37no7yes}

® Wy =T1x2...T3n0cod(Wez)

Ry = {l’d — 041 -..0dn,xqa — 141...1,1,1‘1 <d<
37’L} U {Aili?iqu — Bi1¢2i3,qce2|1 < qg <nandi, €

3n "
U {d,d},vr € {1,2,3}} U {ao — a1Qe?, a2 — aze,
d=1

ay — yese?, Bo — fre} U {d — e,af%e|1 <d < 3n}

R} = {(noe, out), (yese™ 2, out)}

e For1<g<n:

3n N
- R, = {Bilizig,q — i1i2i3ﬂ063|ir S U {d, d},VT S
d=1
{17 2, 3}} U {,31 i 62}
3n N
- R:; = {(Bilizisyqe7in)|iT € U{d,d}, vre{1,2,3}
d=1

+ U {(Boe, out), (ﬂw,in),(Ee,in;ﬂge,out)} U
{(0gqe,in; de?, out), (1aqe,in; de?, out)]l < d <
3n}

o Ryt ={a1 = aze, a3 — ase, ) — noe}

o R ={(Qe,in), (are,in), (aze, out), (aze, in),
(aa, out), (B2e, in; noe, out)}

This ECPe system will use the same encoding as [5].

Setup and finding a candidate solution phase. In this phase,
a truth value is assigned to each variable and each region
i(1 <i < n) is given a representation of the ith clause.

Step 1: In the first step, each z; from the initial configura-
tion is assigned a truth value using the rule z4 —
0g1...04n or g — 141...14n. Also, the evolution
rules Aijigis,g — BiliziS,qceQ and ag — a1Qe’ are
used. The objects 0qq and 144 represent the candidate
assignment for each variable.

17203742576 A133 14145 200

1 2

]

. J

Figure 17. Cp: Initial configuration given boolean formula ¢x

0 Ve ~
011012121122031032041042151152
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Figure 18. C1: Each variable z;,1 < ¢ < 3n was assigned a value

Step 2: In the second step, each Bi,i,iz,q iS communicated to
region ¢(1 < g < n) and a1 and  are transported to
region n + 1.

Validating candidate solution and output phase. In this phase,
it is checked whether each clause evaluates to true. If yes,
then the object yes is sent to the environment and no oth-
erwise.

Step 3: a1 evolves into aze, ) evolves into noe and each
Bi,igis,q uses the evolution rule By, iyig,q — i192i300¢>.

011012121 122031032041042151 152

2 2
le1le2c’e

3
noease

- J

Figure 19. Cs: Each Bijiyig,q wWas transferred to corresponding g
membranes in Step 2 and evolved to i1i2i3, gBpe” in Step 3

Step 4: In this step, it is checked if each clause can be eval-
uated to true. This is done using the antiport rules
(04qe, in; de?, out) and (14qe,in; de?, out). In the same
step, the objects Bp and aq are transported to region
0. If each region ¢ successfully performs the either of
the antiport rules, then the answer to 3SAT for the
given boolean formula is yes.
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Step 6:

Step 7:

Step 8:

Step 9:

10121211220310320410421515
2 2
le1le2c” 230
1 2
01123 14152
3
noe
N\ J
Figure 20. Cs4: Each clause were verified using rules (0yie,

in; 1e, out) and (O4ze, in;de, out)

Step 5: All the objects d and d in region 0 evolve into energy

objects, a2 evolves into aze and all objects So evolve
into Bie.

All of the objects 81 are transported to their respective
regions and a3 is communicated to region n + 1

a4 is transported to region 0. In case the given boolean
formula is not satisfiable, the antiport rule (ce,in;
Bz2e, out) will be used by all membranes that have re-
maining energy objects in them, i.e. membranes that
have not found a truth value that can make their cor-
responding propositional clauses true.

oy evolves into yesez.

If the given boolean formula is satisfiable, there will
be enough energy to send the object yes to the en-
vironment and the computation will halt. Otherwise,
the antiport rule (B2e,in; noe, out) will be used once.
Note that even if there are several copies of 2 in region
0, the previously mentioned antiport rule can only be
applied once because there is only one copy of object
no in region n + 1.

0  yes
012121122031032041 042151 161 Lg2c?
1 2
0112383 J 12115252
3
noe
L J

Figure 21. Cg: All clauses were satisfied, hence yes is sent to the
environment and the computation halts

Step 10: Lastly, if the not all the clauses are satisfied, no will

be released to the environment and the computation
will halt.

We will now move on to analyzing the communication re-
sources used at each phase.

a. The setup phase uses one communication step. In this
communication step, each object B is communicated
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to a region ¢(1 < ¢ < m). Since the objects B repre-
sent the clauses, we know that there are n number of
objects B hence, n number of communication rules are
used and n number of energy objects are consumed.

b. For the validation and output phase:

e The maximum number of communication steps
(5) will occur if the boolean formula is not sat-
isfiable because releasing no to the environment
takes one more step than releasing yes. The rules
(B2€,in;noe, out) and (noe,out) will be used in
succeeding steps if the answer is no, in contrast
to (yese™ 2, out), which will take just one step.

e The maximum number of communication rules
used is 4n 4+ 7 and this happens if the answer is
no. Again this is because releasing no to the en-
vironment uses one more rule than releasing yes
to the environment.

e In contrast to the first two communication cost
measures, the amount of energy objects used is
maximum when the answer is yes. A total of
7n+ 7 energy objects are consumed throughout a
computation.

Summing up the computations, we have proven that 3SAT €
NFgpcComNRW = (6,4n+7,7Tn + 7).

6. CONCLUSION

Based on the study we conducted, we present here the com-
parisons of the communication resources consumed in solv-
ing VCP and 3SAT using Evolution-Communications P sys-
tems with energy in CEM, CPE, and EPC mode.

CPE CEM EPC
ComN 5 6 9
ComR [Va|+3k +3 |Va|+3k +6 |Va|+3k + 16
ComW 2|Egl+‘VG‘+k+4 3|E(;|+‘Vg‘+k+5 3|EG|+‘VG|+]€+15
membranes 2 4 4

Table 1. Comparison of 3 modes of ECPe on Solving VCP

CPE CEM EPC

ComN 4 5 6

ComR 2n+1 2n+3 4n+7

ComW n+3 3n+1l ™m+7
membranes n+ 1  n+2 n+2

Table 2. Comparison of 3 modes of ECPe on Solving 3SAT

In Table 1 and Table 2, we compared the ComN, ComR, ComW

and the number of membranes used in the three modes of
ECPe systems namely CPE, CEM, and EPC. We can see
that ECPe in CPE performs the least number of communi-
cation steps while ECPe in EPC performs the most. This
is more obviously seen when solving VCP which requires a
constant number of membranes than when solving 3SAT of



which the number of membranes required is dependent on
the number of clauses.

When talking about the number of communication rules,
CEM and CPE mode does not differ greatly when solving
both VCP and 3SAT, whereas we see a relatively greater
number of communication rules used in EPC mode. In the
matter of energy consumption, the ECPe systems in CPE
mode use linearly less energy than CEM and EPC mode in
both problems. ECPe systems with priority on evolution use
a constant number of energy less than CEM when solving
VCP, while uses linearly less energy when solving 3SAT.
Aside from the communication complexity, we also look into
the number of membranes needed to solve the Vertex Cover
and 3-Satisfiability problem. It can be seen that VCP and
3SAT can be solved using the same number of membranes
for CEM and EPC mode. However, ECPe with priority
on communication uses less membranes than the two other
modes.

We now ask: can we solve VCP and 3SAT using constructs of
ECPe systems under different modes requiring less amount
of communication steps, rules, and energy? Are there cer-
tain characteristics of an ECPe system that may improve
the utilization of the priority of evolution in ECP mode?
of communication in CPE? Can we create an ECPe that
utilizes a constant number of membranes that solves 3SAT,
perhaps with a different encoding? Under what conditions,
if such exist, will it be better to use an ECPe system in EPC
mode over the two other modes in terms of communication
complexity? in CPE? in CEM? Additionally, there has been
recent researches, such in [13], [12], and [6], which concurs
to the concept of time-free variants of P systems wherein
rules are not necessarily completed in a single step. Can we
construct time-free ECP systems with and without energy,
and how will those systems behave?

For future works, we are particularly interested in how the
communication complexity measures given in [1] can be ap-
plied to analyze confluent solutions of NP-Complete prob-
lems using active membranes (as for example, solutions pre-
sented in [7], [11] and [8]). Additionally, we are interested
in determining if we can define a deterministic confluent so-
lution to hard problems.
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