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Preface

This volume contains the invited contributions and a selection of papers presented at
the 17th International Conference on Membrane Computing (CMC17), held in Milan,
Italy, during July 25-29, 2016 (see the website: http://cmcl7.disco.unimib.it for
further information) as well as two selected papers from the Asian Conference on
Membrane Computing (ACMC 2016), held in Bangi, Selangor, Malaysia, during
November 14-16, 2016 (website: http://2016.asiancmc.org/).

The CMC series started with three workshops organized in Curtea de Arges,
Romania, in 2000, 2001, and 2002. The workshops were then held in Tarragona, Spain
(2003), Milan, Italy (2004), Vienna, Austria (2005), Leiden, The Netherlands (2006),
Thessaloniki, Greece (2007), and Edinburgh, UK (2008).

The 10th edition was organized again in Curtea de Arges, in August 2009, where it
was decided to continue the series as the Conference on Membrane Computing (CMC).
The following editions were held in Jena, Germany (2010), Fontainebleau, France
(2011), Budapest, Hungary (2012), Chisindu, Moldova (2013), Prague, Czech
Republic (2014), and Valencia, Spain (2015).

A regional version of CMC, the Asian Conference on Membrane Computing,
ACMC, started in 2012 in Wuhan (China), and continued in Chengdu, China (2013),
Coimbatore, India (2014), Hefei, Anhui, China (2015), and Bangi, Selangor, Malaysia
(2016).

CMC17 was organized, under the auspices of the International Membrane Com-
puting Society and the European Molecular Computing Consortium (EMCC), by the
Research Group on Molecular Computing of the Department of Informatics, Systems,
and Communication, at the University of Milano-Bicocca.

CMCI17 consisted of three different parts. During the first day, representatives of
research groups working on membrane computing presented recent research activities
of their groups, the composition of the research teams, and research networks and
projects that the groups are involved in. From Tuesday to Thursday the conference
continued with standard sessions; invited lectures were given by Matteo Cavaliere
(Edinburgh, UK), Thomas Hinze (Cottbus, Germany), Paolo Milazzo (Pisa, Italy), and
Agustin Riscos-Nuilez (Seville, Spain). The last day of the conference was devoted to
interaction between participants, centered around open problems and new research
topics. Based on the votes of the participants, one Best Paper Award and two Best
Student Paper Awards were bestowed. The Best Paper Award was given to Zsolt
Gazdag and Gébor Kolonits for their paper “Remarks on the Computational Power of
Some Restricted Variants of P Systems with Active Membranes.” The two Best Stu-
dent Paper Awards were given once again to Zsolt Gazdag and Gébor Kolonits for the
same paper, and to Thomas Hinze, Lea Louise Weber, and Uwe Hatnik for their paper
“Walking Membranes: Grid-exploring P Systems with Artificial Evolution for Multi-
purpose Topological Optimisation of Cascaded Processes.”


http://cmc17.disco.unimib.it
http://2016.asiancmc.org/
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The Evolutionary Resilience of Distributed
Cellular Computing

Matteo Cavaliere!®) and Alvaro Sanchez?

! University of Edinburgh, Edinburgh, UK
mcavali2@staffmail.ed.ac.uk
2 Yale University, New Haven, USA
alvaro.sanchez@yale.edu

Abstract. Individual cells process environmental information relevant
to their functions using biochemical processes and signalling networks
that implement a flow of information from the extracellular environment,
across the cell membrane to the cytoplasm in which the actual cellular
computation takes place (in the form of gene expression). In many cases,
the environmental information to be processed are either molecules pro-
duced by other cells or shared extracellular molecules - in this case the
processing of the environmental information is a distributed, highly par-
allel computing process, in which cells must synchronize, coordinate and
cooperate. While the ability of cells to cooperate can increase their over-
all computational power, it also raises an evolutionary stability issue -
population of cooperating cells are at risk of cheating cells invasions,
cells that do not cooperate but exploit the benefits of the population.
The bridge between membrane computing (as a mathematical formaliza-
tion of cellular computing) and evolutionary dynamics (as mathematical
formalization of natural selection) could lead to interesting insights on
the evolutionary stability of cellular computing.

1 How Much Cells Can Compute

Populations of living cells can be seen as systems that implement information
processing in a distributed manner. This is a repeated motif in biology, where
examples of biological systems that are distributed, process information and
make decisions without a centralized coordinator occur at multiple levels of orga-
nization [10,14,16]. Several authors have tried to understand the similarities and
differences between distributed computations in biological and human-designed
systems (e.g., see [14] for a recent review). Distributed information processing in
cellular populations is often result of the interplay between inter-cellular com-
munication and cellular physiology. Cells can often secrete signaling molecules
which, through the activation of internal signaling networks, affect other cells’
behavior. This form of cellular communication endows populations of cells with
the ability to synchronize their actions. In turn, the ability of single cells to syn-
chronize their decisions may lead to populations of cells to overcome individual
cellular limitations to processing environmental information [3,12,14]. A natural
© Springer International Publishing AG 2017
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4 M. Cayvaliere and A. Sanchez

question is then how one could quantify these aspects of cellular information-
processing [16].

One of the possible approaches, inspired by computer science and automata
theory, is membrane computing that propose a formal mathematical framework
to investigate the computing power of living cells [15]. We briefly revise here
a specific membrane computing model based on agents that can process infor-
mation internally or in coordination with other cells, highlighting the essential
point that higher computing power can only be obtained when the cells are
able to coordinate (when individual cells are sufficiently simple). However, an
important aspect that is generally not considered in membrane computing (and
similar biologically-inspired models of cellular computation) is that a population
of cells is subject to natural selection - cells compete for resources and different
cells can replicate at different rates.

This leads to a key problem. Distributed cellular computing relies on the
coordination of the different cells in the population by endogenously produced
shared molecules. Since these molecules are thus public goods, their produc-
tion can suffer from the spreading of cheating mutants: cells that benefit from
the public good (in this case the enhanced powers of information processing
achieved by the population), but which do not contribute to its production [11].
Because these such non-producing cheating cells enjoy the benefits but avoid
paying the metabolic costs associated to the production and secretion of the sig-
naling molecules, they have an advantage over the producer cells and will divide
faster, spreading in the population and ultimately collapsing the coordination
mechanism (and the overall cellular computation). This paper briefly reviews the
relevant aspects of this issue and tries to suggests that the bridge between mem-
brane computing and evolutionary dynamics could lead to interesting insights
on this problem and, more in general, on the evolutionary stability of cellular
computing.

2 A Colony of Synchronizing Agents (CSA)
Computational Framework of Cellular Synchronization

The issue of evolutionary resilience as described above appears independent of
the specific mathematical formalism; however, to provide a simple example of
how one could quantify the role of cellular synchronization (from a computa-
tional perspective) we briefly review a model of membrane computing called
CSA (colony of synchronizing agents) inspired by the interactions between liv-
ing cells [1] (clearly, the questions driving this paper could also be reformulated in
other frameworks of biological computing and cellular decision-making [14,16]).

The model CSA abstracts intracellular and intercellular mechanisms of cel-
lular populations in terms of multisets-rewriting (often used to analyze the com-
putational aspects of biochemistry [22]). As several models in membrane com-
puting, it is based on a multiset of agents (cells) in a common environment.
Each agent has a local contents, stored in the form of a multiset of atomic
objects, updated by multiset rewriting rules which may act on individual agents
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(intracellular action) or synchronize the contents of pairs of agents (intercellular
action). Intercellular actions are abstractions of the process in which cells change
synchronously their contents by using a shared environmental molecules (using
a terminology from game theory [11], such shared molecule could constitute a
public good).

A general approach to quantify the computation power of a system is to
compare it with an appropriate device from formal language theory and multiset-
rewriting.

In this paper we use only basic aspects of this theory - a more complete
introduction can be found in the corresponding book chapter of the membrane
computing handbook [15] and in the introductory book on automata theory [8].

The computational model (called CSA [1]) is based on a population/colony
of agents (e.g., corresponding to cells) in a common environment, able to modify
their contents and to synchronize with other agents in the same environment.
Each agent has a contents represented by a multiset of atomic objects (e.g.,
corresponding to chemical compounds or the characteristics of individual mole-
cules) with some of the objects classified as terminals (e.g., corresponding to
properties or chemicals visible to an external observer). An agent’s contents
may be modified independently of other agents by means of multiset rewrit-
ing rules (called internal rules) which can mimic biochemistry or other types
of intracellular mechanisms. Moreover, the agents can influence each other by
synchronously changing their contents using pairwise synchronization rules (this
represents the ability of the cells to coordinate). Rules are global, so all agents
obey the same rules: the only feature which may distinguish the agents is their
contents. Dynamics of CSAs are defined as sequences of transitions obtained by
applying the rules to the agents (i.e., cells). These transitions thus mark the
passage of the system from one configuration to another.

To evaluate its computing power, one can interpret CSAs as computational
devices and can thus study CSAs by applying tools from classical fields of com-
puter science, such as formal language and automata theory. This is usually done
by defining computations of CSAs the trajectories that reach halting configu-
rations, i.e. configurations where the contents of the agents can no longer be
changed because no rules may be applied (this situation can be interpreted as a
particular kind of steady state of the system). We are interested in the config-
uration of the colony when a halting condition is reached and we may take the
precise contents of the agents as the output (the result) produced by the CSA.

The model has similarities with cellular automata (CAs) another computa-
tional formalism widely used to simulate and model cellular populations [9]. In
CAs, cells exist on a regular grid, where each cell has a finite number of possible
states and where cells react to or with a defined neighbourhood. In the presented
model, because of the multiset-based contents and because of the arbitrary mul-
tiset rewriting rules, a cell may have infinitely distinct states and could interact
with an arbitrary number of other cells.
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From a computational point of view, cellular automata that use synchronous
update are computational complete (i.e., equivalent to Turing machines), even
when employing simple rules (e.g., rule 110 [9]).

In our case, to characterize the computing power of the presented CSAs and
describe their dynamics we use few basic concepts from formal language theory
and multisets rewriting.

We denote by |A| the cardinality of set A and by @ the empty set. By V* we
denote the set of all strings (sequences of symbols) over V. By V* we denote the
set of all strings over V' excluding the empty string. The empty string is denoted
by A. The length of a string v is denoted by |v|. The concatenation of two strings
u,v € V* is written uv.

The number of occurrences of the symbol a in the string w is denoted by
|w|,. We denote by N the set of natural numbers and use standard set operations
union, intersection and inclusion denoted by U, N and C, respectively.

The Parikh vector (also called Parikh image) associated to a string z, with
respect to an alphabet V| is denoted by Psy (). We then denote by Psy (L) the
Parikh image of L, with respect to the alphabet V.

Given a multiset M, we denote by M(a) the multiplicity (i.e., number of
occurrences) of the symbol a in the multiset M. We denote by card(M) the
cardinality of the multiset M.

For multisets M and M’ we write (M C M’) to denote that M is included
in M'. The sum of multisets M and M’ is written as the multiset (M + M’) and
the difference between M and M’ is written as (M — M’). We denote by M(V)
the set of all possible multisets over V' and by M,, (V') the set all multisets over
V having cardinality m.

As originally defined in [1], a Colony of Synchronizing Agents (CSA) of degree
m is a construct IT = (A, T, C, R) in which

e A is a finite alphabet of symbols (its elements are called objects). T C A is
the set of terminal objects.

e An agentover A is a multiset over the alphabet A (an agent can be represented
by a string w € A*, since A is finite). C' is the initial configuration of II and
it is a multiset of agents, with card(C) = m.

e R is a finite set of rules over A. We have internal rules of type u — v, with
u € AT and v € A*, and synchronization rules of the type (u,v) — (u’,v’)
with uv € AT and v/, v" € A*.

An occurrence v of an internal rule 7 : © — v can be applied to an agent w by
taking a multiset u from w (hence, u C w) and assigning it to v (i.e., assigning
the occurrences of the objects in u to «y). The application of an occurrence of
rule r to the agent w consists of removing from w the multiset v and then adding
the multiset v to the resulting multiset.

An occurrence v of a synchronization rule r : (u,v) — (u/,v’) can be applied
to the pair of agents w and w’ by: (i) taking from w a multiset u (hence, u C w)
and assigning it to ; (it) taking from w’ a multiset v (hence, v C w’') and
assigning it to . The application of an occurrence of rule r to the agents w
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and w’ consists of: (i) removing the multiset u from w and then adding the
multiset ' to the resulting multiset; (é¢) removing the multiset v from w’ and
then adding the multiset v’ to the resulting multiset.

Adopting a simplification often used in the area of membrane computing, we
assume the existence of a global clock which marks the passage of units of time.

A configuration of a CSA, II, consists of the agents present in the colony
at a given time. We denote by C(IT) the set of all possible configurations of II.
Therefore, using the notation introduced before, C(II) is exactly M(H) with
H =M(A).

A single transition of II from an arbitrary configuration ¢ of IT to the next
one lasts exactly one time unit and is obtained by applying the rules in the
set R to the agents present in ¢ in an asynchronous way. This means that, for
each agent w and each pair of agents w’ and w” present in ¢, the occurrences
of the objects of w,w’ and w” are either assigned to occurrences of the rules,
with the occurrences of the objects and the occurrences of the rules chosen in a
non-deterministic way, or left unassigned. A single occurrence of an object may
only be assigned to a single occurrence of a rule. In a transition any number
of occurrences of rules (zero, one, or more) can be applied to the agents in the
configuration c.

A sequence (possibly infinite) (Co, C1,--- ,C;j, Ciy1,---) of configurations of
11, where C;41 is obtained from C;, i > 0, by a transition is called a trajectory
of IT. A trajectory of II is said to be halting if it halts, that is if it is finite and the
last configuration of the sequence is a halting configuration, i.e., a configuration
containing only agents for which no occurrences of rules from R can be applied.

A trajectory of IT that is halting and that starts with the initial configuration
of IT is called a computation of I1. The result/output of a computation is the set
of vectors of natural numbers, one vector for each agent w present in the halting
configuration with the vector describing the multiplicities of terminal objects
present in w. More formally, the result of a computation which stops in the
halting configuration C}, is the set of vectors of natural numbers {Psp(w) | w is
an agent present in Cy, }.

Because of the way rules can be applied, several possible computations of IT
may exist. Taking the union of all the results for all possible computations of II,
we get the set of vectors generated by II, denoted by Psp(IT) (that, informally,
is what the colony of cells “compute”).

Ezample 1. A CSA with degree 3 is defined by the following.

I = (AT,CR) with A = {a,b,c}, T = {a}, C = {(abcba,1), (abbcc, 1),
(bab, 1)} = {abcba, abbee, bab}.

The rules R = {r; : abca — ba, 74 : {abc,cc) — (aa,cb)}.

The application of an occurrence of internal rule 1 to the agent abcba in the
configuration C' is shown diagrammatically in Fig. 1(a).

The application of an occurrence of the synchronization rule r5 to the pair
of agents abcba and abbce in the configuration C' is shown diagrammatically in
Fig. 1(b).
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Configuration C Configuration C

ab ab

application of r1: application of r2:
{ab,ca} - {ba} ({ab,ch.{c.c) - ({a,a}.{cb})

aa ab

(a) Internal rule r; applied to C' | (b) Synchronization rule ry applied to C'

Fig. 1. Alternative application of rules r1 and r2 to configuration C' from Example 1.

A more complex example of part of a trajectory is presented in Fig.2(a):
II' = (A, T',C'", R") with the initial configuration C’ = {(ac,2), (a,1)} and
rules R’ = {ac — aa, a — b, {aa,aa) — {(ab, ab), (ab,d) — (bb,d), b — d}.

In the next Example we show how the output (result) produced by a CSA is
obtained.

Ezample 2. Consider a CSA II = (A,T,C,R) with A = {a,b,c,de, f}, T =
{e, f}, C = {(ab, 1), (bc,1),(bd,1),(a,1)}. The rules in R are {ry : (ab,bc) —
(eff,ef f),ra: (ab,bd) — (ef f.eff)}.

There are only two possible computations of Il and these are represented
diagrammatically in Fig. 2(b).

In this case, we have that the output of the system is Psr(II) = {(1,2),0}.
Informally, this is what the colony of cells IT computes (a set of vectors of natural

numbers).
In fact, we have two possible halting configurations (for the two
computations).

This outcome can be understood in the following manner. In the first halting
configuration we have the agent (in two copies) eff whose associated Parikh
vector (with respect to T) is (1,2) and the agents bd and a, whose associated
Parikh vectors (with respect to T) are null vectors 0 (these agents do not con-
tain any terminal object from T'). Then the result of this computation is the
set of vectors {(1,2),(1,2),0,0} = {(1,2),0} with each vector describing the
multiplicities of the terminal objects in the agents in the halting configuration.

In the second halting configuration we have the agent (in two copies) ef f
whose associated Parikh vector (with respect to T') is (1,2) and the agents be
and a, whose associated Parikh vectors (with respect to T') are null vectors. Then,
also in this case, the result of the computation is the set of vectors {(1,2),0}.
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Rules:

ri: {a,c} —» {a,a}

e r2: {a} — {b}
r3: ({a,a},{a,a}) > ({a,b},{a,b})
r4: ({a,b},{d}) - ({b,b}.{d})

@ r5: (b} - {d}
r1,r2
SO,

Configuration C
r application of r2:
(tab},{bd} > (eff}.{eff})

©

application of r1:
@ (fab3.{b.e) - (il (eAf)

(a) Trajectories of IT" of (b) The two possible
Example 1 computations of IT of Example 2

)&
OJ6)

Fig. 2. Trajectories and computations.

Taking the union of the results for the (two) possible computations we get
the overall output Psp(IT) = {(1,2),0} U{(1,2),0} = {(1,2),0}.

The examples show a specific instance of a CSA but one can study the general
computing power of this class of devices. How much CSAs can compute (i.e.,
assuming one could design/program arbitrary internal and synchronizing rules)?

As proved in [1], if the internal rules of the cells are sufficiently restricted,
then the ability for the cells to coordinate (i.e., to employ synchronizing rules)
is crucial to get high computational power, i.e., to simulate powerful computing
devices such as register machines and Turing machines. In fact, when cells can
coordinate, one can formally prove that CSAs are equivalent to a specific class of
register machines (called blind [15]), i.e., they can be programmed to compute
whatever blind register machines can do. On the other hand, if cells are unable
to coordinate then their overall computing power is much more limited [1].
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3 The Evolutionary Instability of (Distributed) Cellular
Computation

Cellular populations are able to process more complex environmental informa-
tion by synchronizing or coordinating their responses. As presented in the pre-
vious section, this can be formally shown using an abstract agent based model.
Synchronization is a key ingredient of this model, allowing the population to sim-
ulate the computations of register machines. Similar results that stress the impor-
tance of synchronization, i.e., coordination, between a population of cells/agents
can be found for other models of membrane computing [15] and bio-inspired
computation [10].

In many biological scenarios, synchronization is essentially based on the pos-
sibility to communicate either trough a shared environment or using diffusible
signaling molecules [11,16].

In this last case, at least some of the cells must be able to produce and secrete
the diffusible molecule. Such producers are cooperators paying an individual cost
to produce a public good: a signal that allows the cells to coordinated their
response to a stimulus. The overall computing power of the population is then
in the hands of those cells that choose to contributing. However, the public
goods nature of the computation is potentially threatened by the endogenous
appearance of cheaters or free-riders, cells that take advantage of the enhanced
computing power that is mediated by public good, but which do not contribute
to its production, avoiding paying the costs associated to it. In situations where
the cost-benefit breakdown is favorable to these cheaters, cheating cells may
ultimately spread in the population disrupting the ability of the cells to properly
process environmental information [11].

In summary, when the ability to perform powerful computations is based on
cellular coordination, within-group competition may make cellular coordination
inherently evolutionary unstable. One could then hypothesize an endogenous
evolutionary cost for distributed cellular computing which would be on top of
the energy cost for cellular computations [13]. Given this cost, one may then
ask how cellular information-processing, and more generally cellular computing,
could be distributed among cells so that it is evolutionary resilient to cheaters.

One of the possibilities is the presence of an interplay between cellular infor-
mation processing and the eco-evolutionary dynamics that characterize the cel-
lular population, as presented in recent works [2,4]. Proper cellular information-
processing could minimize the risk of cheaters spreading when coupled to specific
ecological constraints. This is reminiscent of the connection between optimal
decision-making and the particular environment where they are to be applied,
as discussed by H.A. Simon [20].

This possibility was investigated computationally by Cavaliere and Poyatos
in [2]. In this paper, the authors analyze communities of cells structured in
colonies that recurrently are recreated and whose growth depends on a public
good (as in the standard Hamilton’s group model [21]). The emergence (by muta-
tion) of free-riders (cheaters) that do not contribute but use the accessible public
good leads to the demographic collapse of the population. The authors also found
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that low densities (following the spreading of cheaters and lack of public good)
can facilitate the recover of cooperation (i.e., of producer cells) due to a phe-
nomenon called Simpson’s paradox [21], but on the other hand they may also
lead to demographic extinctions [2]. The risk of extinction can be minimized
when the cells use proper cellular information-processing, whereby the amount
investment in the public good can be adjusted in response to the structure of
the population, i.e. the fraction of other cooperators in it.

Results in [2] (and presented in Fig. 3) show that the optimal kinds of cellu-
lar information-processing depend on the ecological constraints (the size of the
colonies) and on the efficiency of the public good. For low efficiency of the pub-
lic good (and sufficiently small colony size) the optimal cellular decision-making
consists in withholding production of public goods when cheaters are detected
above a certain threshold (this is called positive plasticity). The reaction to
cheaters invasions is interrupted as result of the feedback between the cellu-
lar decision and colonies assortment stressing how limited information process-
ing can be efficient due to the specific ecological structure in which they are
applied [20].

However, such type of decision making does not work when the cellular pop-
ulation is structured in large colonies. In this case, negative plasticity is a better
strategy. Such strategy maintains the population in a dynamical equilibrium with
the largest possible amount of non-producers that minimizes cheaters advantage
but is compatible with population growth. In this case cells do not produce
public good unless thy need it - population density reaches critical values.

These results were consistent with later analytical work based on the Ecolog-
ical Public Goods Game (EPGG), which found that strategies akin to negative
plasticity can sustain cooperation in a way that is both ecologically and evolu-
tionary resilient [17]. In this work, Rauch et al. considered an implementation
of the Ecological Public Goods Game [6,7], where cooperators were allowed to
implement either fixed strategies with different investment levels, or facultative
strategies where the amount of public good that cooperators produced could be
tuned in response to the density of cooperators in the population. These authors
found that the structure of the EPGG causes an inherent tradeoff between eco-
logical resilience (the ability to recover from perturbations that cause a sudden
increase in mortality) and evolutionary resilience (the ability to resist invasion
by cheaters). Cooperators that use a (typically low) fixed investment strategy
cannot avoid this tradeoff, and therefore strategies that are non-invasible by
cheaters have low ecological resilience and are prone to extinction in a fluctuat-
ing environment. On the other hand, cooperators that are highly stable to such
ecological stressors (by producing large amounts of the public good) were very
sensitive to invasion by cheaters, which would take over the population and drive
cooperators to exceedingly low frequencies.

However, cooperators that used facultative rather than fixed investments
were able to circumvent this tradeoff and reach high levels of ecological resilience
while remaining fully resistant to invasion by cheaters. The facultative strategies
that yielded this behavior were reminiscent of the negative plasticity strategies
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Fig.3. Cellular decision-making can repress cheating cells. Cellular
information-processing can alter the evolutionary dynamics and constrain the spread-
ing of cheaters in communities of cells structured in colonies, i.e., Hamilton’s group
model [21] (Figures from [2]). Tick arrows denote the cellular decision to switch to
production (P) or non production (nP) of the public good; ¢ denotes the individual
chances to switch to nP given the amount of public good received. (A) Positive plastic-
ity consists in producing public good, stopping it as response to cheaters. This causes
a fast reduction of the amount of public good and consequently of population density.
After cheater invasion is stopped, the population finally evolve to the initial scenario of
all cells producing (B). (C) A population of negative plastic producers is characterized
by its permanent low density favored by the constant presence of non-producing cells
which helps controlling cheaters invasion. (D) The success of the decision-making is
coupled to the ecological constraints as it is related to the colonies heterogeneity, i.e.,
positive plasticity transiently modifies the inter-colonies variance to control cheaters.
This contrasts with the relatively constant variance observed in a population of nega-
tive plastic producers (variances correspond to time series (B) and (C), respectively).

that Cavaliere and Poyatos found stabilized cooperation in agent based simu-
lations. The two studies differ in the exact nature of the facultative or plas-
tic strategies. In the EPGG-based analytical model, the amount of investment
(rather than the probability to invest or not, as was the case for the computa-
tional model) was modulated in the facultative strategy. In addition, the ana-
lytical model consider infinitely large populations and produced deterministic
dynamics, whereas the computational models considered finite populations, and
thus stochastic dynamics. Agent based simulations with large population sizes
displayed behavior that was consistent with the analytical model, thus bridging
the two approaches.
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Altogether, these two studies showed that if cellular information-processing
is properly coupled to environmental constraints, then cheaters spreading can
be minimized, public goods production can be maintained, and this may facili-
tate the presence of cellular coordination (hence, more complex kinds of cellular
computations, as discussed above).

Beyond the realm of theoretical speculation, the basic types of cellular
decision-making outlined above (negative or positive plasticity) are often found
in natural scenarios [4]. Intriguingly, the types of strategies used by microbes in
nature are consistent with the strategies predicted by mathematical and compu-
tational models to stabilize cooperation. Negative plasticity resembles the notion
of facultative cheating, a cellular strategy implemented by different molecular
mechanisms: generation of iron-scavenging pyoverdin molecules —iron being an
essential public good in some environments— is reduced when enough molecules
are already in the environment minimizing in this way the ability of cheaters
to invade [5]. On the other hand, gene regulatory functions that are consis-
tent with positive plasticity have also been documented in cases where eco-
evolutionary modeling would predict they would maximize resistance to cheater
invasion [18,19].

4 Perspective

Drawing inspirations from biology, computer science, mathematics and engi-
neering one can understand, study and quantify the process of cellular decision-
making as the ability of cells to process environmental information and take
decisions (i.e., compute) in a distributed manner [10,16]. There are multiple
ways to quantify how much cells can compute. Membrane computing is a com-
putational model inspired by the principles of information-processing in living
cells and focused on automata theory [15]. Several results in the area of mem-
brane computing highlight, in various forms, a key point: The ability to encode
powerful computations is generally linked to the ability of the cells to have some
sort of synchronization or coordination of their responses i.e., the ability to com-
municate and to exchange (simple) messages [15]. This is, for instance, the case in
the simple model of agents (abstracted cells) [1] that we have briefly reviewed in
this paper - the ability of agents to synchronize allow the population to perform
powerful computations, equivalent to a class of register machines.

One usual way to facilitate synchronization between cells is the sharing of a
diffusible signaling molecule produced by cooperative (producer) cells [16]. These
molecules may act as a public good, and lead to a classical evolutionary problem:
cheating cells that avoid the costly production of the public good can appear
by mutation and spread in the population, causing a concomitant decline in the
public good [11]. In this sense, then, we could say that a corollary of this is that
population of living cells find challenges to parallelize complex computations, as
the need for synchronization may lead to the appearance of cheaters that would
in turn lead to the collapse of the computation. From this point of view, one
could even speculate that the complexity of distributed cellular computation is
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bounded by the ability to encode complex functions and the need to be evolu-
tionary sustainable.

On the other hand, the ability of individual cells to process information can
itself be a possible solution to the cheating problem. This is indeed the case when
such information-processing is coupled to the ecological constraints in which the
cellular population is embedded. This possibility discussed in [2,4], however, has
not been studied in a systematic way and the area of membrane computing may
be a possible framework in which one can easily combine the notion of cellular
computation with evolutionary dynamics.

For instance, one could quantitatively study the potential trade-off between
cellular computation, parallelism and evolutionary resilience. How can a com-
putational process be distributed between individual cells and which is the cost
to pay in terms of evolutionary resilience? Which is the best strategy to divide
the computational labor between the cells to avoid the emergence of detrimental
mutants?

All these types of questions may be approached by extending standard mod-
els of membrane computing. For instance, in the context of the presented model
with agents, one may incorporate cell division and assume that cells may divide
at different speed - cells that are simpler (in terms of the employed internal bio-
chemistry/computational instructions) will divide faster (i.e., possibly spread-
ing in the population, altering the balance between different types of cells).
This would couple the notion of cellular fitness to that of cellular computation.
Such idea could also be incorporated in classical models of membrane comput-
ing with division, known for their ability to solve efficiently (in parallel way)
hard computational problems [15]. One could then study which of the obtained
results with membrane systems with divisions are also evolutionary stable - i.e.,
they are not compromised by the fact that some cells may execute less complex
instructions/biochemistry and then divide faster (remains to formulate a proper
measure for the complexity of instructions).

We believe that these types of questions can help to address one of the
key differences between distributed cellular computing and standard models of
distributed computing - cells need to split the computational tasks with the
evolutionary constraint to keep the proper balance between the different types,
avoiding that some of them would outcompete the others.
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Abstract. Biological information processing and maintenance of life
mainly utilise dynamical structures at different levels from a nanoscopic
up to a macroscopic scale. Providing a high degree of reliability, repro-
ducibility, unambiguousness, and addressability, underlying composi-
tional processes appear as ideal candidates to perform computational
tasks in a discretised manner. In this essay, we consider four levels in
which dynamical structures enable an efficient handling with informa-
tion: (1) the molecular level, (2) the level of reaction network modules,
(3) the level of membranes, and (4) the level of higher-order organisms
and populations. All of them have in common the capability of con-
trolled memory-based state transitions and hence dedicated systems’s
configurations encoding behavioural patterns. Due to its discrete alge-
braic nature, membrane systems represent advantageous frameworks in
order to formalise corresponding activities. This in turn paves the way
towards efficient tools inspired by nature with manifold smart applica-
tions in engineering, computer science, and systems biology. We illus-
trate membrane system’s abilities, benefits, and progress for coping with
dynamical structures from an integrative perspective.

1 Introduction

Living organisms comprise astonishing capabilities of information processing
resulting in complex behavioural patterns and in the presence of fascinating prop-
erties like intelligence, creativity, self-organisation, strategy, cognition, aware-
ness, and many others. There is a widespread intuitive imagination about these
phenomena but most of them still lack a comprehensive understanding based
on formal methods. Over the last decades, we observe a deeper and deeper
formalisation of natural sciences. Starting from big theories in physics and inor-
ganic chemistry, nowadays the fine-grained nature of biochemical reactions along
with detailed shaping of macromolecules becomes more and more unravelled.
Underlying principles and laws have been formulated in a conclusive and con-
sistent way. Highly productive experimental equipment, precise measurement,
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visualisation, and particle tracing at nanometre scales provide a huge amount
of interwoven data. By means of statistical analysis in conjunction with data
mining techniques, a growing essence of new knowledge emerges which is char-
acterised by a strictly mathematical denotation using formal expressions and
formal methods. In addition, even previously informal pure evidence-based or
empirical knowledge became specified by deduced formalisms which in turn
enable computer-based simulation and integration towards more holistic sys-
tems hierarchically composed of functional units. Formalisation can be seen as
crucial clue for understanding and for obtaining substantiated conclusions. After
physics and chemistry, formalisation is going to pervade biology and life sciences.
This comes along with tremendous re-organisation and extension of the partic-
ular scientific subject. Medical, social and economic sciences represent further
candidates still awaiting a rigorous formalisation of its facets as a whole. From
a visionary point of view, it seems possible that complex issues — like cognition
abilities or existence of a circadian clock [1] an organism is equipped with — can
be defined exclusively by usage of formal methods and afterwards automatically
checked using reasoning techniques. Currently, this objective is still far away to
be reached soon, but it gives a strong motivation.

When considering technical principles of information processing invented in
engineering, it turns out that data storage as well as data manipulation is typ-
ically organised in a strictly discrete manner which means that the underly-
ing system carries out well-defined state transitions controlled by a program or
by external signal courses. Toggling between (pre)defined states ensures a high
degree of safety and diminishes the danger to loose correct data or to initiate
undesired effects of processing steps on the underlying data. Discretisation of
information processing comes with a certain redundancy which implies that the
physical implementation of a state might slightly vary without any consequences
on the encoded information. Interestingly, dynamical structures evolved in living
organisms perfectly permit a discrete manner of information processing.

A structure in this context is a spatial or topological arrangement of physical
constituents. Composition of constituents together with the shape of the result-
ing formation defines evaluable individuals for clear identification of data values.
In concert with the basic concept of the von-Neumann computer architecture,
data values can represent instructions or operators as part of a program on the
one hand but also input data, operands, or final results of computations on the
other. In order to distinguish whether a data element is treated as operator or
as an operand, an addressable memory is needed which also facilitates point-
ing to the next instruction to execute. Within the sphere of living organisms,
the positional location or inner placement of an information-encoding structure
inside the organism’s body reflects the notion of addressability. In geometrical
relation to its environment, presence or absence of a certain structure might
cause specific effects forming a chain or sequence of activities at different places
of the organism. Thus, addressability within a biological memory can be seen as
more or less associative form of storage technique due to its dependence on local
characteristics of the involved structures. Completing the image of a biological
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Fig. 1. Three typical examples of dynamical structures at molecular level: composi-
tion of molecules from monomeric constituents like strands of DNA or RNA (upper
right part), three-dimensional shape and orientation of complex macromolecules
shown by an ion channel (lower part), and combination of composition and shape
found for instance in cell signalling by successive activation of transcription factors for
stimulus-induced gene expression (upper left part).

computation, structures are able to modify over time. The underlying dynam-
ics of the structure makes accessible dedicated changes of the represented data
values. To this end, the structure undergoes controllable interactions with other
structures or with the environment resulting in behavioural patterns.

The general term of a dynamical structure in living organisms subsumes
many forms of occurrences and facets which makes corresponding systems com-
plex but also extremely powerful and flexible. Having in mind that a typical
biological cell is composed of 108 up to 10? interacting molecules while an adult
human being consists of approximately 104 cells, it becomes obvious that detec-
tion and understanding of biological information processing requires appropriate
levels of abstraction complemented by purposive formalisation. Since membrane
systems allow hierarchical composition and decomposition of algebraic elements
and structures in a rule-based or functionally controlled manner, they are ideal
candidates to model systems with dynamical structures even at different scales.
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In the next section, we identify four corresponding levels. Section 3 assigns a
membrane system for each level taken from our previous research. It stands out
that the variety of membrane systems throughout all levels complements to each
other in a way that structures obtained as outputs of lower-level systems can
act as elementary constituents of higher-level systems finally producing a hierar-
chically organised meta-system. This consistently perceived modular approach
encourages a subsequent setup of tools and instruments for further analysis and
interdisciplinary applications like identification and classification of capabilities
or detection of algorithmic strategies found in organisms. Section 4 is dedicated
to this visionary topic discussing in brief some first ideas prone to attract mem-
brane computing beyond computer science.

2 Biological Information Processing Primarily Utilises
Dynamical Structures at Different Levels

Coping with dynamical structures turns out to be both, a challenging task but
also a crucial clue in understanding, fine-grained modelling, and utilisation of
biological and biologically inspired information processing [10]. Principles of
molecular computing are mainly based on modifiable spatial and topological
arrangements in different forms, contexts, and scales ranging from nanoscopic
surface shapes up to complex macroscopic behavioural patterns. From a
composition-oriented point of view, we identify at least four levels in which
dynamical structures essentially occur:

1. The molecular level comprises spatial grouping of atoms by chemical bonds
forming macromolecules. Figurel illustrates typical examples by schematic
representations. Most notably, intramolecular structures of DNA, RNA, and
proteins constitute their functionality as data carrier and storage medium
along with a co-ordinated set of biochemical reaction schemes. Cell signalling
gives an illustrative example. Here, external stimuli like hormones or envi-
ronmental factors reach receptors at the outer face of a cell membrane. At its
inner part, signalling proteins and second messengers (ligands) are released.
By passing a signalling cascade, signalling proteins become activated by a spe-
cific combination of ligands residing at protein binding sites. This results in
composition of a dedicated molecular structure acting as transcription factor
which in turn can enter the cell nucleus and afterwards initiate a specific gene
expression producing a cell response. Even without modification of chemical
bonds, we can observe dynamical molecular structures in a functional con-
text. Let us consider an ion channel: It mainly consists of a transmembrane
protein incorporating a controllable gate. Cations accumulate close to the
channel entry outside the cell. As far as enough cations are present, the gate
temporarily opens for a short moment, and an amount of cations can pass the
channel into the cell inducing a spiking signal. The function of the underlying
gate is based on a dynamically movable side chain inside the transmembrane
protein. Ion channels can for instance act as temperature sensors producing
a frequency-encoded oscillatory spiking signal [8].
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Fig. 2. Two representative examples of dynamical structures at the level of reaction
networks: topological changes can be caused by external stimuli. Here, the processing
scheme of photosynthesis varies by the intensity of brightness: light-dependent reac-
tions dynamically join or leave in accordance with presence or absence of environmental
sunlight during daytime and nighttime (upper part). Alternatively, changes of a reac-
tion network structure can also result from intrinsic reasons like mutations of genomic
DNA or influences of epigenetic factors (lower part).

2. The level of reaction network modules opens the next stage of dynam-
ical structures, see Fig.2 for an overview of case scenarios. Chemical reac-
tion schemes, particularly those found in living organisms, apper to represent
invisible networks. Nevertheless, they provide the driving force in information
processing by conducting state transitions from one molecular configuration
to another one. The topology of a chemical reaction network is commonly
treated as a static structure due to its highly conserved genetic blueprint.
A corresponding network of densely interwoven reactions forms a module, an
elementary unit also called motif. Structural dynamics becomes visible when
studying the interplay of reaction network modules over time. It turns out
that several modules merge or couple to each other temporarily while modular
compounds can also dissolve, re-arrange, or re-assembly. Initiated by trigger
signals, by perturbances, or simply by random, network re-compositions arise.
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Fig. 3. Information processing at the level of dynamical membrane structures
might also incorporate oscillatory behaviour resulting in a cycle of system’s configura-
tions. A toy example addresses a cycle composed of six stages. Let A and B symbolise
molecular constituents able to form a complex which is promoted by the outer mem-
brane. In contrast, the inner membrane(s) enhance complex decomposition. Membrane
division and membrane merge complement the processing loop.

Photosynthesis is representative for that: Depending on presence or absence
of light, different reaction schemes are active. Light intensity toggles between
several underlying reaction network topologies composed of a set of modules.
Another obvious example is given by mutation or recombination of genetic
DNA which results in modified reaction network structures. Also infection
of a cell by a virus or bacterial gene transfer can have similar effects. When
aiming at understanding of maintenance of life, dynamics of reaction network
structures is essential.

3. Increasing within the hierarchy, the level of membranes characterises a
new quality of dynamical structures. Membranes enable a compartmental-
isation of spatial structures in which chemical reactions and transporta-
tion processes appear. Having in mind that membranes form a physical
boundary and they offer a selective or general permeability for molecules at
the same time, it becomes obvious that dynamics at this level can imply
powerful features [13]. Cell division is probably the most popular example of
a dynamical membrane structure. Following this line, the formation of tissues,
organs, and finally multi-cellular organisms exhibits an amazing capability of
self-organisation [3] and self-coordination [2]. For instance, the spatial deriva-
tion of cytokines manages the progress in cellular differentiation. Exocytosis
as well as endocytosis in conjunction with membrane creation and dissolution
provides molecular containers for directed transportation. Often, membrane
structures need to be assembled in an optimal way in order to achive a certain
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Fig. 4. Individuals within a population come with specific combinations of properties
and attributes. An extensive variability among the occurrences in conjunction with
a combinatorial multiplicity of potential individuals leads to an assessable population
whose members can be clustered using categorised counting [7] for instance. Each cluster
stands for a certain common capability of its members. A cluster in this context forms
a structure whose emergence over time implies dynamics at the level of organisms
and populations.

functionality at its best. Optimal placement of branches and junctions within
capillar blood vessels for adequate supply of neighboured cells keeping low
the overall need of molecular resources is a typical outcome. Even oscillatory
behaviour might include circular modifications of membrane structures, see
Fig. 3. More notably, using neural plasticity the process of (re)mapping the
brain structure emerges.

The higher-order organism or population level marks the topmost
instance of dynamical structures found in complex biological systems.
Unequivocally, underlying rules, principles, or laws responsible for control
and development of the corresponding structures are often hard to identify
and sometimes prone to errors, misinterpretations, or incompleteness. State-
of-the-art approaches attempt to identify the rules by comprehensive statisti-
cal analyses of huge amounts of experimentally observed data resulting from
macroscopic behavioural patterns [12]. A simple example is a predator-prey
system for instance consisting of a population of rabbits and a population
of foxes sharing the same living area. Dependent on relevant parameter val-
ues like rabbit’s birth rate, fox’s death rate and feeding activity, the system
exhibits various behavioural patterns like stable oscillation with variable peri-
odicity, extinction of foxes, or exponential growth of involved populations.
An opposite example is symbiosis of organisms or populations. Moreover,
swarms, colonies, and societies create highly complex behavioural patterns
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incorporating fascinating properties like cooperation, altruism, cognition, con-
sciousness, or intelligence. Many of these properties still lack a formal defini-
tion based on substantiated understanding. Figure 4 sketches the general idea
and principle which is based on categorised counting among individuals with
a combination of attributes.

3 Membrane Systems for Explicit Formalisation
of Structural Dynamics at Different Levels

Due to its discrete nature composed of algebraic elements, membrane systems
appear to be an ideal candidate able to describe dynamical structures on ade-
quate levels of abstraction [14]. Within research projects during the last years,
we developed several P systems frameworks coping within dynamical structures
at molecular level, at the level of reaction network modules, and at the level of
membranes. Most of these descriptive frameworks come with simulation software
tools employed for tackling a number of application case studies.

P systems for cell signalling modules (IIcsm) act at the molecular level [6].
Here, each molecule is represented by a regular expression denoted as a string.
The characters within the string reflect the underlying signalling protein name
together with an arbitrary number of ligands which in turn can be individually
present or absent in the protein structure. Unknown or irrelevant binding situa-
tions are allowed to be written by a placeholder symbol (x). A multiset of strings
constructed in this way defines the initial pool of molecules. The set of reaction
rules is also allowed to utilise placeholder symbols when describing substrates or
products. Hence, the number of reaction rules can be kept low. Execution of a
reaction rule includes a matching process which identifies the affected substrate
molecules. We equipped the system’s specification with a discretised form of reac-
tion kinetics estimating the selection of substrate molecules taken into account
per time step for each available reaction. Based on the IIcgy framework, the
simulation software SRSim emerged in which SR stands for “structural rules”
but also for “spatial rules” [4]. In addition to the string describing a molecule,
three-dimensional cartesian coordinates together with bond length and angles
can be assigned to each molecular component. In this way, a reactive calotte-like
model of each molecule is obtained.

Within the level of reaction metwork modules, we introduced the P meta
framework for polymorphic processes [5,9]. Here, the main focus of attention
is laid to dynamical composition and decomposition of modules towards for-
malisation of more complex system’s behaviour. We permit modifications of the
module connectivity at arbitrary points in time but also subject to conditional
trigger signals. This feature offers a high flexibility in formalisation of measur-
able system’s properties which can be helpful to bring in silico-simulations closer
to experimental observations. Furthermore, a compact but expressive formalism
is provided to manage dynamical topologies of reaction network structures. The
underlying concept resembles an event-based programming language: A program
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is built of a final set of instructions. Each instruction contains a specific con-
dition (a boolean term based on evaluation of elapsed model time and condi-
tional trigger signals) followed by a corresponding action. An action could be
the connection of two dedicated modules including coupling of shared species
and supply of affected signal values. Other actions incorporate disconnection of
modules, coupling/decoupling of additional species, module exchange, or mod-
ule reset. The sequence of instructions defines individual priorities in order to
prevent ambiguities.

Aimed at exploring abilities of self-organisation by dynamical structures
within the level of membranes, we currently elaborate the idea of grid-exploring
P systems assuming an initial grid of membranes. Each membrane on its own acts
in terms of a module. It can be entered, passed, and left by molecules. In some
dedicated modules called processing units, molecules can be processed by reac-
tions of different types like composition (a + b — ¢), incorporation (a + b — a),
and unification (a + a — b). Molecules initially placed at different positions of
the grid’s boundary individually run through the grid visiting a sequence of des-
ignated membranes in which they become successively processed. Using artificial
evolution, the arrangement of membranes within the grid becomes optimised for
shortening the total time duration necessary for complete passage and process-
ing of all molecules. We employ grid-exploring P systems for topological grid
optimisation using artificial evolution which in turn cares for variation of grid
elements following the metaphor of walking membranes.

Advantageously, the aforementioned membrane systems flanking different
levels of dynamical structures can be coupled in order to interact by bridg-
ing these levels. Let us consider this feature by a case study addressing the
existence of a circadian clock which generates an endogenous oscillation whose
periodicity resembles the duration of one earth rotation (24 h). Furthermore, a
circadian clock is able to get entrained by adaptation to external stimuli like
alteration between sunlight and darkness. Organisms equipped with a circadian
clock typically possess an advantage over those who do not since they can for
instance better exploit the sunlight by initiation of biochemical processes accu-
rately timed before sunrise. The IIcgy framework provides appropriate instru-
ments to model an underlying reaction scheme taking into account submolecular
structures like successive protein phosphorylations and dephosphorylations or
formation of protein complexes within the reaction cycle. Corresponding courses
of molecular amounts express the (core) oscillatory behaviour which becomes
complemented by additional influencing factors. Most of them control the oscil-
lation and its periodicity by inhibition or by activation (amplification) of selected
reactions. Since this effect strongly depends on the brightness of environmental
light (for instance measured by light-sensitive substances like chlorophyll), we
achieve a dynamical overall reaction scheme over time. Some reactions have
been iteratively switched on or switched off, or their velocity is diminished or
accelerated. Here, the P meta framework for polymorphic processes represents
a sufficient tool in order to capture the entire system’s description in an appro-
priately formalised way. Organisms in general and especially those comprising a
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circadian clock undergo a life cycle consisting of different phases like nutrition,
growth, and reproduction. Since organisms coexist in a population embedded
into a more or less heterogeneous environment, the life span of an individual can
be seen as a walking tour through various places, each of them dedicated to a
specific task or function. Organisms unable to reach a desired place to perform
the next task in time run into serious danger to die. Grid-exploring P systems
offer a descriptive formal framework for the behaviour of a resulting popula-
tion. From a technical point of view, the orchestrated interplay of membrane
systems at different levels of abstraction and among different levels of dynamical
structures opens a strategy to cope with the complexity of biological systems.

4 Usefulness of Membrane Systems Managing
Dynamical Structures

Convincing simulations and visualisations of biological and biologically inspired
processes utilising dynamical structures can be seen as a first and essential step
towards a beneficial toolbox of complementary membrane system instances.
Beyond pure system’s definition along with estimation of its computational
capacity, our research is focused on identification and exploration of useful
practical applications and application scenarios for membrane systems manag-
ing dynamical structures. Projects and case studies are motivated by finding
hypotheses to ezplain phenomena and afterwards being able to predict a sys-
tem’s behaviour. Having this knowledge at hand, it is worth to become adopted
and adapted for suitable engineering tasks in terms of bionics like construction of
a girder inspired by a bone structure. Another application objective is dedicated
to optimise a system’s behaviour like the best possible topological arrangement
of processing units on a grid. We believe that bringing together the descriptive
advantages of membrane systems with the existence of biological phenomena
under study and capabilities of data mining could be a fruitful strategy. To this
end, we closely collaborate with experts of life sciences, engineering, or natural
sciences in an interdisciplinary manner.

Focussing on interdisciplinarity turns out to be a fascinating driving force
towards beneficial utilisation of membrane systems. It becomes still more attrac-
tive if a huge amount of raw data — for instance from experimental studies,
from monitoring, from archival storage, or from direct observations — is avail-
able waiting for computational analysis and employment of deductive algorithms
directed to get new insights. By following this line of research, evidence-based
knowledge can be made available along with a consistent formalisation. In sys-
tems biology, it is helpful to elucidate complex behavioural capabilities obtained
from specific combinations of attributes. So, the existence of a circadian clock
together with its suitability for fast entrainment or for precise synchronisation
could be derived automatically from the underlying parameterised low-level reac-
tion scheme. Moreover, its evolutionary potential might be disclosed as well
resulting from subsequent studies of artificial evolution. This in turn lays the
foundation to indicate effective starting points for development of drugs able to
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restore the functionality of an impaired circadian clock system and related dis-
eases. Using membrane systems, a comprehensive pervasion of life sciences and
medicine inspired by methods from engineering and supported by approaches of
high-performance computing is ahead with no doubt.
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Abstract. We describe two extensions of P systems for the modelling of
populations and ecosystems. They are the Minimal Probabilistic P sys-
tems (MPP systems) and the Attributed Probabilistic P systems (APP
systems). We describe also two case studies in which the two formalisms
have been applied to the study of real ecological systems. The first case
study deals with the causes of the stability of European hybrid popula-
tions of water frogs. The second case study deals with social interactions
and the establishment of dominance hierarchies in primates.

1 Introduction

The modelling of population dynamics is quite a common task in many appli-
cation domains such as, of course, population biology, but also ecology, evolu-
tionary biology, social sciences and epidemiology. Models allow hypotheses on
the causes of observed phenomena to be tested in a rigorous way, and this can
contribute to the understanding of the factors governing population growth, evo-
lution, extinction, etc. Moreover, models can be used to make predictions on the
fate of a population of interest. This, for instance, can be useful to identify and
evaluate threats. Finally, models can support the planning of control policies,
such as reintroduction actions in an endangered population of animals [18].
Classical approaches to population modelling are mainly based on mathe-
matical means (ODEs, recurrence equations, etc.) or individual-based modelling
techniques. Mathematical modelling methods [28] have the advantages of being
rigorous and of offering many analysis techniques. On the other hand, when the
complexity of the population dynamics increases, they tend to become unfriendly
and difficult to handle. As regards individual-based models, we have that indi-
viduals are modelled as entities whose behaviour is described by some kind of
algorithm or set of rules. This approach is commonly used in particular in the
context of ecological modelling [22], and it offers the advantage of a simpler
way of expressing the system dynamics (that emerges from the behaviour of the
individuals). Moreover, individual-based models are usually analysed by means
of simulation approaches, that are often very effective in showing the trends in
the dynamics of the population. On the other hand, individual-based models are
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often unformalized and ambiguous, with an impact on reproducibility of exper-
iments. Such a problem of individual-based models required the definition of a
sort of standard modelling protocol to be used as a reference in order to minimize
ambiguities [23].

In the last few years, many formal notations have been proposed by com-
puter scientists for the modelling of populations and ecosystems. Such notations
aim at combining the unambiguous nature of mathematical methods with the
effectiveness of individual-based models. Some of them came from the fields of
concurrency theory [25,33] and agent-based modelling [20,31]. Some proposals
came also from the membrane computing community, such as [2,9,12,16,34].

In this paper we describe two extensions of P systems for the modelling
of populations that evolve by stages (seasons, generations, etc.). They are the
Minimal Probabilistic P systems (MPP systems) [5,6] and the Attributed Prob-
abilistic P systems (APP systems) [4]. Both MPP and APP systems aim at
allowing modellers to construct concise, elegant and unambiguous population
models. In particular, MPP systems include a minimal set of features useful for
the modelling of stage-based populations: maximal parallelism, rule promoters
and probabilistic dynamics. APP systems extend MPP systems with the possi-
bility of enriching objects with attributes.

Simulation is the most common analysis approach for formal models of
ecosystems like the ones obtained by applying MPP and APP systems. Nev-
ertheless, the formal nature of such models allows other analysis approaches to
be applied. The complexity of the modelled systems very often makes exhaustive
approaches such as model checking infeasible. However, other approaches such
as statistical model checking [27] and causality analysis [10,13,21] could be suc-
cessfully applied. In particular, in [6] we defined a translation of MPP systems
models into the input language of the PRISM model checker [26] in order to
allow statistical model checking to be applied to MPP systems models.

MPP systems have been applied in [6] to investigate the mechanisms under-
lying the stability of European hybrid populations of water frogs [15]. APP sys-
tems have been applied in [4] to study social interactions and the establishment
of dominance hierarchies in primates.

The paper is structured as follows: the definition of MPP and APP systems
is recalled in Sect.2; Sect.3 describes the case study of water frog complexes;
Sect. 4 describes the case study of social interactions in primates; and, finally,
Sect. 5 briefly concludes the paper.

2 Modelling Populations with P Systems:
MPP and APP Systems

P systems can provide a simple, elegant and unambiguous notation for popula-
tion modelling. In particular, the objects of a P system can represent population
individuals (and their different states), as well as the available natural resources
(e.g. food) and the state of the environment (the current season, weather con-
ditions, etc.). Moreover, evolution rules can represent events like birth, mating,
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oviposition, growth, death, predation, transmission of diseases, fight, communi-
cation, aggression and so on.

Maximal parallelism is a feature of P systems that makes them well suited for
the modelling of populations that evolve by stages in which all the individuals are
involved in essentially the same activity (e.g. reproduction season, hibernation,
etc.). The modelling of stage-based populations can be made even more natural
by exploiting rule promoters, that allow different sets of evolution rules to be
enabled in different stages. Finally, since often population individuals can be
subject to alternative events (birth of a male or a female, to survive or not to
survive, etc.) it is important to include a form of probabilistic choice of evolution
rules in order to suitably represent the likelihood of each such event. Probabilities
have been used in many variants of P systems (e.g. in [3,7,8,19,32]). In this paper
we use probabilities of rules in conjunction with maximal parallelism.

The identification of the features of P systems that are essential for the
modelling of stage-based populations led us to the definition in [5,6] of Mini-
mal Probabilistic P systems (MPP systems). A MPP system is essentially a flat
P system [11], namely a P systems consisting of a single membrane, in which evo-
lution rules can have promoters and are associated with rate functions, namely
functions that give a measure of their likelihood depending on the current state
of the system.

Definition 1 (MPP system). 4 Minimal Probabilistic P system is a tuple
(A, wo, R) where:

— A is a possibly infinite alphabet of objects, with A* denoting the universe of
all multisets having A as support;

- wg € A* is a multiset describing the initial state of the system;

— R is a finite set of evolution rules having the form

f
A

where u,v,pr € A*, u # 0, are multisets (often denoted as strings) of reac-
tants, products and promoters, respectively, and f : A* — IR=" is a rate
function.

The semantics of MPP systems, given in [6] as a probabilistic transition
system, corresponds to a Discrete Time Markov Chain where a state is a multiset
of objects in A*, and each probabilistic transition models a maximally-parallel
step. In this paper, we describe the dynamics of a MPP system by defining the
algorithm that computes a single maximally-parallel step (Algorithm 1).

Given a set of evolution rules R and the current system state w, the algo-
rithm copies w into x, and then iteratively selects and applies applicable rules.
At each iteration, one of the applicable rules (the set of which is denoted R') is
probabilistically chosen. The probability of each rule is proportional to the rate
value obtained by applying its rate function to the current state w. Once a rule
is selected, its application consists in removing its reactants from x and adding
its products into y. The latter multiset will collect all products of all applied
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Algorithm 1. Probabilistic maximally parallel evolution step of a MPP system
function MPP_STEP(R,w)

T=w

y=10

while there existsuiwu|p in Rst.u Cz, pCwand f(w) >0do
R':{uLvh,eR | v CxandpCw}

choose ' L5 v |p» from R’ with a probability proportional to f'(w)
z=xz\vu
y=yuv
end while
return z Uy
end function

rules. Such products are not immediately added to = to avoid the application
of a rule at the i-th iteration to consume objects produced by a rule applied in
a previous iteration. Indeed, this iterative procedure simulates a parallel appli-
cation of rules in which the reactions are applied all at the same time (their
products are available only at the next parallel step). Once objects in = are such
that no further rule in R can be applied to them, the algorithm stops iterating
and returns the new state of the system x Uy (where z are the unused objects
and y are the new products). Note that in order to determine (in the guard of
the loop and in the definition of R’) whether a rule is applicable or not, reactants
are checked to be contained in z (the remaining objects) while promoters are
checked to be present in w (the system state at the beginning of the iteration).

Example 1. A MPP system modelling a population of males and females that
reproduce (once) during summer and are subject to natural selection during win-
ter can be defined as (Ayp, wopr, Rayrr) where Ayrp = {M,F,SUM,WIN},
woprp contains M F SUM and Ry, p consists of the following rules:

MFI MFM|suy MFLIS MFF|sum
M frive M |WIN M fdie c ‘WIN Ia frive Ia |WIN F fdie ¢ |WIN
SUM ™ wIN  wIN S sum

where € represents the empty multiset and for all w in A%, it holds f1(w) =1,
Jrive(w) = cc/|w| and fgie(w) = |w|/ce, with cc the carrying capacity of the
environment (a parameter representing the amount of environmental resources).

From the initial state wopsr we have the birth of either a new male (M) or a
new female (F'). These two events have the same probability to happen, and in
both cases the control object SUM is replaced by WIN, modelling the change
of the season. In winter, each individual can either survive or die. Survival is
more likely than death when the size of the population |w| is smaller than the
carrying capacity of the environment, and viceversa.

MPP systems use objects to represent the states of individuals. Often, the
state of an individual depends on a number of parameters (age, position, colour,
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social role, etc.). In order to allow the state of an individual to be described
with a single object, the alphabet of the MPP system has to include as many
different objects as the possible combinations of values for the parameters to be
considered. Moreover, evolution rules describing events that do not depend on the
value of a specific parameter, have to be repeated for each object representing
a different value of such a parameter. In order to avoid such an explosion of
both the alphabet and the set of evolution rules, we proposed in [4] an extension
of MPP systems, called Attributed Probabilistic P systems (APP systems), in
which objects can be enriched with attributes that can store the values of the
parameters that are relevant for the modelled individual. Evolution rules can
then be defined in a symbolic way, with reactants described as patterns that
have to match the objects in the multiset representing the current state of the
system. In this way, the same rule can be applied to objects that differ in the
values of some parameters, and it is also possible to include constraints on such
values and to compute the values of the parameters of the products on the basis
of the values of the parameters of the reactants.

Definition 2 (APP system). An Attributed Probabilistic P system is a tuple
(A,arity, Do, ..., D,, ,wo, R) where:

— A is an ordered finite alphabet of symbols, {ai,...,an};

— arity : A — IN s a function which for each a; € A gives the arity of D, ;

—each Do, = It X ... X Iopity(a;) 15 a set of tuples, where each I; is a (possibly
infinite) set of values; the set D, is called the set of attributes of a;;

— wq is a multiset of values in I' = {{a;,d;) | a; € A, d; € Dg,} describing the
initial state of the system, where I' is called the set of objects of P. In the
following we will write wg € I'*.

— given a set of variables V, R is a finite set of evolution rules having the form

/
uy — vy |p7‘v

where uy,pry € Iv™ are multisets of objects (with variables) denoting reac-
tants and promoters, respectively; vy € I'ry™ is a multiset of objects (with
expressions) denoting products; and f : I'* x X R, with ¥ =V —
Ui_, Da,, is a rate function. Precisely:

FV:{<ai,di>|ai€A,di€D;/i} ITgv :{<ai,ei>|ai€A,ei€E;/i}

where DY = (VU I) X ... X (VU Iyritya;)); and EY = Exp(V,I1) x
oo X BExp(V, Lority(ay)), with Exp(V, 1) denoting the set of well-typed expres-
stons built from operators, variables V', and values of I. Moreover, we have
Vars(vy) C Vars(uy)UVars(pry ), where Vars(t) denotes the set of variables
occurring in t. Rules without variables are called ground rules.

In what follows we will denote an (attributed) object (a,d) as a(q). Moreover,
we allow constraints on the instantiation of variables to be associated with a
rewrite rules in order to limit its application to multisets of objects satistifying
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Algorithm 2. Probabilistic maximally parallel evolution step of an APP system
function APP_STEP(R,w)

T=w
y="0
while there exists u L5 v |p in R and o s.t. uoc C z, po Cw and f(w,o) >0 do

R':{uaLva|ui>v|p€R,ua§m,pa§wandf(ma)zk}

choose v/ £ v/ from R’ with a probability proportional to &’

z=x\vu
y=yuUv
end while

return z Uy
end function

some requirements. Actually, the constraints of a rule could be removed by suit-
ably modifying the rate function in order to make it give 0 as result when the
constraints are not satisfied. We will assume that such a translation is always
done, and hence we will specify constraints in evolution rules although they are
not present in the formal definition of APP systems.

A state (or configuration) of an APP system is a multiset of objects in I'*.
The semantics of an APP system, defined in [4] as a probabilistic transition
system, is analogous to that of an MPP system, with the only difference that
rule instantiation has not only to take care of applying the rate functions to
the multiset representing the current state of the system, but also to instantiate
variables in the evolution rules. This results in a slightly different algorithm for
computing a maximally-parallel step (Algorithm 2).

The instantiation of variables in evolution rules is done by a function o :
V — U, Da, that is obtained by matching the left-hand side of the rule with
the objects in the current state of the system. The same instantiation is also
passed to the rate function in order to instantiate variables used in the definition
of the latter. We use the postfix notation xo to denote the application of an
instantiation function o to all the variables in a multiset of objects x.

Example 2. We enrich Example 1 by modelling also the age of individuals. We
define the following APP system: (Appq,arityyrrq, IN, IN, 0, 0, wonrrra, Rarra)
where Apyrp, = {M,F,SUM,WIN} and aritypy pq gives 1 with M and F, and
0 otherwise. Moreover, woy rq contains Ms), F(3) and SUM. Finally, Rysra
consists of the following rules:

M(I) F<y) f—1>M<z> F(y) M(l) |SUM ifx23andy23

Mz Fiyy 25 My Foy Fuay [sune if o >3 and y >3

flive fdie

My =% Mzy1) lwin My === ¢ |lwin
Flive fdie
Flay =% Flaq1) lwin Flay =% ¢ |lwin

suM I wiN  wiIN L sum
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where € represents the empty multiset and for all w in A%, 5, it holds fi1(w) =1,
frive(w) = (cc/|wl|) - (al/x) and fgie(w) = (|w]/cc) - (xz/al), with cc the carrying
capacity of the environment and al the average life duration of an individual.
From the initial state woprpe we have the birth of either a new male (M)
or a new female (F)) of age 1. These two events have the same probability to
happen, but mating is possibile only if the age of both parents is at least 3. In
winter, each individual can either survive or die. Survival is more likely than
death when the size of the population |w]| is smaller than the carrying capacity
of the environment, and viceversa. Moreover, survival is more likely for young
individuals. When an individual survives to winter, its age is incremented.

3 Case Study 1: On the Stability of Lake Frog Complexes

Lake frog (Pelophylax ridibundus Pallas, 1771) and pool frog (Pelophylax
lessonae Camerano, 1882) can mate producing the hybrid edible frog (Pelophy-
lax esculentus Linneus, 1758). The edible frog can coexist with one or both of
the parental species giving rise to mixed populations. Usually the genotypes of
P. ridibundus, P. lessonae and P. esculentus are indicated by RR, LL, and
LR, respectively. In Europe there are mainly mixed populations containing
P. lessonae and P. esculentus, called L-E systems. Hybrids in these populations
reproduce in a particular way, called hybridogenesis. Hybridogenesis consists in
a particular gametogenetic process in which the hybrids exclude one of their
parental genomes premeiotically, and transmit the other one, clonally, to eggs
and sperm. This particular way of reproduction requires that hybrids live sym-
patrically with the parental species the genome of which is eliminated. In this
way hybrids in a L-E system eliminate the L. genome thus producing P. esculen-
tus when mating with P. lessonae, and generating P. ridibundus when mating
with other hybrids. Usually P. ridibundus generated in L-E complexes are invi-
able due to deleterious mutations accumulated in the clonally transmitted R
genome. Because of inviability of P. esculentus x P. esculentus offspring, edible
frog populations cannot survive alone, but they must act as a sexual parasite
of one of the parental species. In L-E complexes the reproductive pattern is the
one in Table 1 where the subscribed Y indicates the male sexual chromosome.
Note that the Y chromosome, determining the sex of frog males, can occur
only in the L genome, due to primary hybridization which involved, for size
constraints, P. lessonae males and P. ridibundus females. Table 1 shows that
only one of the three possible matings resulting in viable offspring produce LL

Table 1. Reproductive pattern of water frogs

LL LR
L,L |L,L LL|LyR LR
L,R |LR RR not viable
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genotypes. This would give an advantage to edible frogs which could outnum-
ber P. lessonae and eventually eliminate them. This situation would result in
an extinction also of P. esculentus which cannot survive without the parental
species. In addition to their relative abundance which can be promoted by the
above reproductive pattern, edible frogs show, by heterosis, a greater fitness
than the parental species. The sum of relative abundance and heterosis should
out-compete P. lessonae in L-E complexes. The widespread distribution of L-E
complexes reveals the existence of mechanisms which contribute to the stability
of such complexes, namely to the ability of such populations to self-maintain
their structure. Among such mechanisms sexual selection seems to be one of the
most important: P. esculentus females prefer P. lessonae males with respect to
males of their own species. Many mathematical and computational models were
devoted to the study of the influence of sexual selection in the evolution of pop-
ulations. The models in [24,35] show how female preference is able to stabilize
L-E complexes by counterbalancing both heterosis and reproductive advantage
of edible frogs.

In [6] we used MPP systems for studying the dynamics of European water frog
populations. In particular, we showed that female preferences and the inviability
of P. ridibundus offspring can stabilize L-E complexes. Moreover, we showed
how the introduction of translocated P. ridibundus in stable L-E complexes
can lead to the collapse of the systems. The dynamics of the population in the
different cases is studied both by means of stochastic simulation and by means of
statistical model checking with PRISM [26]. We also published a more detailed
investigation of biological properties of L-E complexes in [15].

In this section we recall the definition of the MPP systems model and of the
main simulation results presented in [6].

The MPP systems model

We model a L-E complex by means of a MPP system (Ar g, wor g, Rrg) in which
each individual of the population is represented by an object in the state of the
system. Hence, the alphabet A; g contains one object for each possible genotype
of an individual. We use different objects for juveniles (immature individuals)
and adults. Moreover, the alphabet includes some control objects used to realize
alternation of reproduction and selection stages. As a consequence, we define
Arg = Arga U ALg; U Aciri, where App, represents adults, Apg; represents
juveniles and A, are control objects.

Since the R genome may contain a deleterious mutation or not, we use differ-
ent objects for representing P. esculentus and P. ridibundus individuals carrying
or not a mutation in their genotype. Thus, the alphabet representing adults is

ALEa = {LL, LyL7 LR* 3 LyR* ) LRO ) LyRo y R*Ro 5 RoRo}

where y represents the Y chromosome, and * and o represent the presence and
the absence of a deleterious mutation, respectively.
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The alphabet representing juveniles is
Appj={LL’, L, , LR} | L,R} , LR}, L,R} , R.R? , R.R!, RoR. }

where j denotes that the individual is a juvenile, and the other notations are as
before. Note that R,RJ is allowed although it represents non viable genotype
since in our model individuals with such a genotype will be allowed to be born,
but they will not be allowed to become adults.

Finally, the alphabet of control objects is

Awn = {REPR,SEL, 1,2, 3}

where REPR and SEL represent reproduction and selection stages, respectively,
and natural numbers 1, 2 and 3 will be used as counters.

The set of evolution rules Ry g contains reproduction, selection and control
rules. Hence, we have Ry = Rrgr U Rpps U Regri.

Reproduction rules Ry g, are of the following form:

far
Ty - rTyz |REPR ny(w) == kmate(x;y) : |w"r : |w|y : 1/k0,kind(z7y)

where © € Ap g, is any object representing a female and y € Ap g, is any object
representing a male. Function f;, gives the rate of mating of females of type x
with males of type y by taking into account the sexual preferences of x females
and the quantities of individuals of types x and y. In the definition, kpate(z,y)
is the preference of a female x for a male y, and k,_gina(x,y) is the number of
possible offspring kinds that can be generated by the mating of  with y. Remark
that 1/k,_gina(z,y) distributes the rate of the mating event of z and y over the
rules for this mating.

Finally, 2 € Apg; is an object representing the newborn, and it is related
with = and y as described in Table1. For example, for + = LL and y = L,L
there are two rules, one with 2 = L,L7 and the other with z = LLJ. The full
list of reproduction rules is described in [6].

As regards selection rules Ry g5, they contain two rules for each individual of
the population describing its survival and its death during the selection stage,
respectively. For each object z € Ay g, representing an adult individual we have:

% 1 |spL 25 e |spr gz (w) = gp(w) = 1—gg(w)

where € represent the empty multiset and g, and ¢, give the probability of
survival and death, respectively, of an individual of type x. Function g, takes into
account the size of the population |w], the carrying capacity of the environment
cc, and the fitness of the individual kg ().

For each object 27 € (App;\{R.R.}) representing a juvenile (but not R.R))
we have:

9z

’
1 ] gm] 1 fl
¥ == 2 |sEL ) =5 elsEL R.R! — €|sEL
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where x € Apg is the object representing the adult of the same type of 7, and
€, gyi and g ; are as before. In the case of R, R, we consider only the death rule,
since such a kind of juvenile is considered too unfit to be able to grow up, and
for all w € A* it holds fi(w) = 1.

Finally, as regards control rules R.;,;, they are responsible for the appearance
and disappearance of objects REPR and SEL in order to activate alternatively
reproduction and selection rules. For the sake of simplicity, we assume that
the offspring of each female in each reproduction stage are exactly 3. Hence, the
object RE PR has to be present for 3 subsequent steps, then it has to be replaced
by SEL for one step, and these 4 steps should be iterated forever. This result
is obtained by ensuring that REPR is in the initial state of the system and by
using the following control rules:

N

1759 943 3ReEPrRISSEL  SELS1REPR

where, as before, for all w € A* it holds f;(w) = 1.

The initial state wgr g of the MPP system will change in different simulations.
In general, it will contain the control objects 1 and REPR, and one object for
each individual present in the considered initial population.

Model parameters

In order to perform simulations we consider the following initial parameters
(some of them will be changed later on).

— No sexual preference: for every female x and male y we have kpqee(2,y) = 1.
— 10% higher fitness for hybrids (heterosis effect), namely

0.55 if 2 € {LyR., LyRo, LyR,, LyR.}
0.5 ifae€{LL, LyL, RoRo, R.Ro}
0.88 if # € {LyR., LyRJ, LyR., LyR3}
0.8 ifxze{LL?, LyL’, R,R}, R.RL}

kit(r) =

— The carrying capacity cc is set to 400.

Model analysis

We study the stability of L-E complexes by considering populations without
deleterious mutations in the R genome of P. esculentus. We performed 1000
simulations with initial populations composed by P. lessonae frogs and a per-
centages of 10% of mutation-free edible frogs. The initial state of the system is
hence described by the multiset worg consisting of 90 instances of LL, 90 of
LyL, 10 of LR, 10 of LR, and of the control objects 1 and REPR.

We observe that, in all the simulations, the population evolves towards a
mono-specific population of viable all-females P. ridibundus which eventually
collapses for the absence of males (recall that the Y chromosome can occur only
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on the L genome). Figure 1(a) shows the outcome of a typical simulation. In
the first few years (a), the population grows towards the carrying capacity of
the environment. Then, when the hybrid population raise in number, the first
interspecies matings happen with the appearance of P. ridibundus females (b).
Finally, the P. ridibundus females act as sexual parasites (c) leading first to
extinction of P. lessonae, then of hybrids and finally of themselves (all females).

Let us now consider an initial population with the same percentages of edible
frogs (10%), but in which all the P. esculentus individuals carry the deleterious
mutations on the R genome, that is P. ridibundus females are not viable and
they do not appear in the population. The initial state of the system is hence
described by the multiset wor g consisting of 90 instances of LL, 90 of L, L, 10
of LR, 10 of L, R, and of the control objects 1 and REPR.

We performed 1000 simulations. We observe that also in this case the pop-
ulation collapses in all simulations. In particular, in the first few years (a) the
population grows towards the carrying capacity of the environment. Then, the
population shows a decline (b), first of P. lessonae and then of P. esculentus.
Figure 1(b) shows the outcome of a typical simulation in this case.

Finally, we introduce in the population a female preference towards L,L
males. In particular, we set kpqte(LL, LyL) = 6 and ke (LR, LyL) = 2. Also
in this case we performed 1000 simulations with the same initial state as before.

We observe that in almost all simulations the complex evolves towards a
stable L-E complex. Figure 1(c) shows the outcome of a typical simulation in this
case. We do not show the outcome of simulations in a population with female
preferences but without deleterious mutations in the R genome since also in this
case the population evolves towards an all-females P. ridibundus population.

The result we obtained with these simulations is a demonstration of the
validity of the hypothesis that both the accumulation of deleterious mutations
and the presence of a mechanism like sexual selection are necessary for the
stability of L-E complexes. In addition to this, in [6] we investigated also the
consequences of the introduction of P. ridibundus in a stable L-E complex. What
we demonstrated in such a case is that quite surprisingly the introduction of even
a small number of P. ridibundus individuals in a stable L-E complex leads either
to the extinction of the whole population, or to the replacement of the original
population by a population of only P. ridibundus individuals.

4 Case Study 2: Establishment of Dominance Hierarchies
in Primate Societies

In this model, we describe the behaviour of male monkeys and how it changes
when a female monkey enters the oestrum. The model is inspired by the social
behaviour of species of prosimians as described in [17,29,30].

The APP model

The population is dispersed in an environment, which is modelled as a con-
tinuous 2D space, hence each individual is associated with coordinates (z,y).
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(b) Deleterious mutations, no sexual selection

(c) Deleterious mutations and sexual selection

Fig. 1. Examples of simulation results of L-E complexes.
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Male and female monkeys are represented by symbols MMonkey and FMonkey,
respectively, and both have attributes in the domain IR? x IN. Beyond the actual
position, we also keep track of the dominance level of each individual, which is
used to derive the likelihood of a individual to win (or just engage in) a fight
against another individual.

At the beginning, the population is composed only of male monkeys having a
dominance level of 1500. All the male monkeys alternate between two phases: a
movement phase, represented by the special symbol MOV, in which they wander
around slowly and move towards other individuals in order to keep the popu-
lation compact; and a fight phase, represented by FGT, in which they chase
other individuals to fight, yielding to variations in their levels of dominance.
Females alternate between a normal phase, denoted by the symbol NORM, and
an oestrum phase, denoted by OEST. In this model, for simplicity, there is
only one female monkey, which is explicitly represented only during the oestrum
phase.

The alphabet of the model consists of 6 symbols, A = {MMonkey, FMonkey,
MOV, FGT,NORM, OEST}, having a corresponding set of attributes defined
as D = {(R? x IN), (IR? x IN),IN,IN,IN,IN}. As regards symbols MOV, FGT,
NORM, OEST, an attribute from IN is associated with each of them, denoting
the length of those phases. The initial state of the system is the following:

wo = {Ml\/[onkey(I1 y1,1500) MMonkey(IQ 42,1500) MMonkey(I3 43,1500) 5
MMonkey ,, 4., 1500), MMonkey . ... 1500), MMonkey ;. o 1500y
MMonkey ;.. .. 1500), MMonkey ;. v 1500 MOV (1), NORMgy) }

where the positions of the individuals (z;,y;) € IR? are randomly generated.
Parameter Snl denotes the duration of the “normal” phase for females. The
evolution rules of the model are as follows.

r1:MOV(,) = MOV(,_ 1y Yn>1 76:NORM(,) — NORM(, 1, Vn>1

r2 : MOV (1) = FGT(wsplNoma,, 7 : NORM@) —

3 : MOV () - FGTofloms,, OEST (s01), FMonkey rritx, prnity, FInitD)
74 :FGT(ny = FGT(, 1) V¥n>1 7s:0EST(,) — OEST(, 1) Vn>1

75 : FGT (1) — MOV (aren) ro : OEST (1), FMonkey, , gom) — NORM(sn)

Rules 71 — r5 model the alternation between “movement” and “fight” phases
for males. For both MOV and FGT, their attributes decrease to keep track of
the number of steps passed, until they reach 1 and a phase switch occurs. In
particular, in the switch from MOV and FGT, the number of steps that the
fight phase lasts depend on the phase of the female; namely it is either N fl
or Ofl, if the female is currently either in the normal phase (NORM) or the
oestrum phase (OEST), respectively. The movement phase lasts Msn steps.
Rules rg — rg model the alternation between “normal” and “oestrum” phases
for the female monkey. The durations of the oestrum phase is modelled by para-
meter Sol. The initial coordinates of the female monkey are denoted by the
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parameters F'InitX and FInitY, while FInitD denotes its initial dominance
level.

. f1o
710 * MMOHkGY($r7yr7dom/) — MMOnkQY(move(x’,w”,SMMA),mOVE(y',y”,SMMA)de’m')

|MOV(n) ,NORM(m) ,MMonkey(m// ! dom!")

, i
11t MMonkeY(x’,y’,dom/) MMOery(move(m’,x”,SMMA),move(y’,y”,SMMA),dom/)

|MOV(n) 7OEST(m) ,MMonkey(z// ,y”,dom”)

Rules 719 — r11 handle the movement of males during either the “normal” or
“oestrum” phase for the female. In both cases, a male (in a position a’,y’) is
allowed to move towards any other male (in position 2, y"). The resulting posi-
tion of the male which moves is computed as (move(z’, ", SMMA), move(y’, y",
SMMA)), where move is a function to move the coordinates (2, y") towards coor-
dinates (z”,y"”) with a given speed factor described by the parameter SMMA
(Speed Male-Male approach). Formally, this function is defined as:

move(a,b,y) =a+ (b—a)/y

The most important difference between rules r1¢ and r11 lies in the rate functions,
which are defined as:

1 if SD/NT < dist((«,y'), (z",y")) < SD;
Ji0 = .
0 otherwise;

{1 if SD/OT < dist((«',y/), (2", y")) < SD;
Jin = .
0 otherwise.

where dist((z',y'), (z”,y")) is a function giving the euclidean distance between
two points, parameter SD (Spot Distance) denotes the maximum visibility dis-
tance of a monkey, and parameters NT (Normal Tolerance) and OT (Oestrum
Tolerance) are used to derive the minimum distance allowed between two mon-
keys to enable the relative movement of one towards the other. In particular,
such a minimum distance depends on the phase of the female, and it is either
SD/NT during the NORM phase, and SD/OT during the OEST phase. In this
manner, during the oestrum phase, males are allowed to come closer one another,
hence increasing the possibility to engage in a fight.

. fiz
12 ¢ MMonkey(w’,y’,dom’) MMonkQY(move(w’,m”,SMFA),move(y’,y",SMFA),dom’)
|Mov(n)3FM0nkEY(T”7y”,dom”)

Rule 715 models the movement of a male monkey towards the female. In this case,
the speed of the male is denoted by the parameter SMFA. The corresponding
rate function is:
f {PfF if dist((2',y"), («",y")) < SD and dom’ + FT > dom”’;
12 =

0 otherwise;
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which enables the movement only if both (i) their relative distance is less than
SD, and (ii) the dominance level of the male, plus a tolerance value F'T' (Female
Tolerance), is greater than that of the female. The actual rate used is denoted
by the parameter PfF (Preference for Female).

elo_rating(dom’,dom’’)

T13 : MMonkey(z,vy,ydom,), MMonkey(r//

2y dom!)
MMOHkGY(Chasc(a:’,r”,CSN),Chasc(y’,y”,CSN),elow(dom’,dom”)) ’

MMonke}I(ﬂee(z/ ,x'" , FSN),flee(y’,y"" ,FSN),elol(dom'’ ,dom’)) |FGT(n) ,NORM (1)

with dom’ > dom”, dist((z',y"),(2",y")) < NAD, and dom’ — dom” < AN,
where NAD (Normal Aggression Distance) and AN (Avoidance Normal) are
model parameters representing the minimum distance and the maximum dif-
ference in dominance that enable an aggression when the female is in normal
condition. In this rule the monkey in position (z’,y’) has a dominance that is
higher or equal to that of the other monkey. The probability that the first mon-
key wins the fight is given by the standard Elo rating method, originally defined
for applications to games, and then used for the modelling of social interactions.
Such a method is based on a table that gives the probability of success in a
fight depending on the difference of rating (or dominance) of the involved indi-
vidual. The Elo rating table we consider for this model is in [1]. The function
elo_rating(Adom) looks in the table and gives as result the probability of the
victory of the stronger monkey over the weaker one.

Function chase gives the new position of the winner of the fight; function flee
gives the new position of the looser of the fight; elow gives the new dominance
of the winner of the fight following the Elo rating table and method; elol the
new dominance of the looser of the fight. These functions are defined as follows:

chase(a,b,p) =a+p-(b—a) flee(a,b,p) =b+p-(b—a)

(1 — elorating(Adom)) - steepness if d' > d”

elow(d',d") =d +
( ) {elomting(Adom) - steepness itd <d”

elol(d',d") = d' — elo,rating(A.dom) - steepness ?f d >d’

1 — (elorating(Adom)) - steepness if d' < d”
where Adom = |d’'—d"|, and steepness is a parameter representing the maximum
increase/decrease of dominance. The parameters C'SN(Chase Speed Normal)
and FSN (Flee Speed Normal) used in rule 713 describe how fast the monkeys
move.

1—elo-rating(dom’,dom’")

T14 : MMonkeY(x’,y’,dom’)’ MMOHkGY(I//7y//7d0m//)
MMonkey (ee (oo, FSN) flee(y’ " FSN) elol(dom’ . dom))
MMonkey (chase(a’ 277,C.SN) chase(y’ 5" CSN) elow(dom ,dom’)) [FGT ) NORM .,

with dom’ > dom”, dist((«',y), (z",y")) < NAD, and |dom' — dom”| < AN.
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Rule rq4 is analogous to rule ry3, but describes the case in which the winner
is the weaker monkey.

elo_rating(dom’,dom’")

T15 - 1\/[1\/[Onkey(1./7?!/7(107)7’/)7 MMOerY(J)",y”,dOTn”)

MMonkGY(chasc(m/,m”,CSO),chasc(y’,y”,CSO),elow(dom/,dom”))?

MMonkGY(ﬂee(m’,x”,FSO),ﬂee(y’,y”,FSO),elol(dom”,dom/)) |FGT(n) ,OEST (1)
with dom’ > dom” | dist((z',y'), (" ,y")) < OAD, and dom’ — dom” < AO.

1—elo_rating(dom’,dom’")

r16 : MMonkey( ; MMonkey (.

z’,y’ ,dom’) ' dom!”)

MMonkey(ﬁee(;ﬂ’,z”,FSO) Mee(y’,y"” ,FSO),elol(dom’,dom’"))»

MMonkey(chase(x’ .2’ ,CS0),chase(y’,y’’ ,CSO),elow(dom’ ,dom")) |FGT(71) ;OEST (1)

with dom’ > dom”, dist((«',y’), (",y")) < OAD, and |dom’ — dom”| < AO.

Rules 715 and 714 are analogous to r13 and ry4, respectively, but describe
the case in which the female is in oestrum state. Parameters OAD (Oestrum
Aggression Distance), AO (Avoidance Oestrum), C'SO (Chase Speed Oestrum)
and F'SO (Flee Speed Oestrum) of these rules are analogous to the corresponding
ones of rules 13 and 714, but with values that depend on the fact that the female
is in oestrum state.

1

r17 : MMonkey s MMonkey 1 1 gommy =

z’,y’,dom’)
MMonkey(chase(w’71”,CSN),chase(y’,y”,CSN),dom’) ’
MMonkey(ﬂee(x’,a:”,FSN)7ﬂee(y’,y”,FSN),dom”) |FGT(n)7 NORM(m)

with dom’ > dom”, dist((«',y’), (",y")) < NAD and |dom’ — dom”| > AN.

1
r18 - MMOnkey(m/’y/’dom/),MMOnkGY(I//’y//}domu) —

MMonkeY(chase(a:’,w”,CSO)g:hase(y’,y",CSO),dom’)
MMonkeY(ﬂee(x’,m”,FSO),ﬂee(y',y",FSO),dom") |FGT(n) s OEST(m)

with dom’ > dom”, dist((«',y"), (z",y")) < OAD and |dom' — dom”| > AO.
Rules 717 and 715 describe the interaction between two individuals when the
difference in dominance is too high to motivate a fight (greater than parameters
AN and AO for the normal and oestrum cases, respectively). In these cases the
monkeys move but do not fight, so there is no change in dominance levels.

Experimental results

In Figs. 2 and 3 we show the simulation results of two groups of monkeys. Figure 2
refers to a group with a low level of aggressiveness (egalitarian), while Fig.3
describes a group with a higher level of aggressiveness (despotic). The upper
part of both figures shows the dominance level of each male in the group during
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Fig. 2. Simulation of an egalitarian group.

the simulation, while the lower part shows the distance of each male either from
the centre of the group or from the female (when present). In the figures we put
in evidence the lines corresponding to both the monkey with highest dominance
level at the end of the simulation (line marked with e) and the one with the
lowest one (marked with +). The main model parameters (that are different
in the two cases) are reported in the figures. The other parameters have the
following values: iteration = 498, Sol = 20, Snl = 80, SMMA = 0.25, SD = 100,
NT = 3, OT = 2, SMFA = 0.25, PfF = 8, Msn = 1 and Steepness = 100.
The other model parameters they have been estimated from [17,29,30], and the
results we obtain are compatible with the behaviours described in those studies.

As regards Fig. 2, initially all the males have the same dominance level. From
the beginning and up to about 210 iterations, the group of monkeys struggles to
define a clear dominance among individuals. Between iteration 210 and 390, the
dotted line is not the dominant of the group, thus its position is not the closest
neither to the group centre nor to the female. At the end of the simulation, when
the monkey with dotted line becomes the most dominant (alpha male), we can
observe that it gains a central position in the group.
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Fig. 3. Simulation of a despotic group.

Figure 3 shows the dynamics of a group with a more rigid hierarchy, due to
the higher level of aggressiveness. The first phase, up to iteration 90, in which
the males establish a first hierarchy, is followed by a phase in which the hierarchy
becomes very stable. From iteration 320, where the monkey with the dotted line
becomes the alpha male, it gains the position that is closer to the centre of the
group and to the female, and it does not allow any other monkey to come close.

Normal and oestrum periods last respectively 80 and 20 iterations. In normal
phase monkeys are less willing to fight and they keep a distance from each other
in order to avoid unnecessary conflicts; this corresponds to the more linear parts
of the graphs. In oestrum periods males have the female as the pole of attraction
and they are more willing to fight. Fights can change the dominance levels of
males, thus oestrum periods correspond to more struggling parts of the graphs,
where, often, the ranking of dominance changes. When the dominance levels
change, the topology of the group changes accordingly.
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Conclusions

We described two extensions of P systems for the modelling of populations and
ecosystems. They are the Minimal Probabilistic P systems (MPP systems) and
the Attributed Probabilistic P systems (APP systems). We described also two
case studies in which the two formalisms have been applied to the study of real
ecological systems. Detailed descriptions of the two formalisms and of the case
studies can be found in [4,6,14].
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Abstract. We show multiple ways of how to simulate R systems by
non-cooperative P systems with atomic control by promoters and/or
inhibitors, or with matter/antimatter annihilation rules, with a slowdown
by a constant factor only. The descriptional complexity of the simulating
P systems is also linear with respect to that of the simulated R system.
All constants depend on how general the model of R systems is, as well
as on the chosen control ingredients of the P systems. Special attention
is paid to the differences in the mode of rule application in these models.

1 Introduction — Differences Between P and R

Membrane systems, also called P systems (non-distributed, with symbol objects)
are a formal model of (possibly controlled) multiset rewriting [8]. Reaction sys-
tems, also called R systems, also are a formal rewriting-like model of set evo-
lution introduced in [6], see also a recent survey in [5]. Both P systems and R
systems are inspired by the functioning of the living cells. It is a natural task to
compare R systems, which were introduced later, to P systems, by simulation.
A successful solution would allow us to use membrane computing tools for study-
ing reaction systems. Some research comparing them was done in [10]. More
exactly, the cited paper considers P systems with the no-persistence aspect of
R systems, from the viewpoint of computational power. We here, however, first
focus on comparing standard R systems to standard P systems by simulating
the former with the latter, and then revisit the direction of bringing aspects of R
systems to the P systems model, verifying how closer this can make the models.

We start with the explanation of the simplest case — triples of single objects
for the rules in R systems having the form (a, b, ¢), which loosely corresponds to
arule a — c¢|- in P systems, i.e., the first element is the reactant (in this paper
we may also call it the left side), the third element is the product (in this paper
we may also call it the right side), and the second element is the inhibitor, with
the following differences in the mode of application.

© Springer International Publishing AG 2017
A. Leporati et al. (Eds.): CMC 2016, LNCS 10105, pp. 51-66, 2017.
DOI: 10.1007/978-3-319-54072-6 4
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The first difference is that the configuration is a set, not a multiset, and
thus simultaneously producing the same symbol by multiple rules yields a single
object. P systems with sets of objects instead of multisets of objects have been
considered in [1], where they have been shown to be universal in the case of
distributed P systems, both for the transitional model and for the model with
active membranes. However, in [1] the goal of showing universality was reached
without actually using this first aspect (automatic reduction of multiple copies
of the same object into one copy), but rather by avoiding to ever need multiple
copies of the same object (in the same region). This aspect and the one discussed
below together are called the threshold principle in the literature. However, it is
also meaningful to view these aspects individually.

The second difference is that, if multiple rules with the same a in the left side
exist, if a is present in the configuration, all of these rules where the inhibitors
are not present in the configuration are applied, simultaneously producing the
corresponding products. This comes from an inspiration that either the abun-
dance of objects a is sufficient, or the replication and, possibly, proper control
take place to guarantee the application of all such rules. This second aspect is
standard, for instance, in H systems (together with the first one), e.g., see [11].
The second aspect has already been considered in the P systems area, too, for
example, see [3].

The third difference is that the objects are not persistent. This means that,
even if an object does not undergo any rule, it still disappears from the con-
figuration of the next step, unless, of course, it is (re-)produced by some rule.
This third aspect is standard in time-varying distributed H systems, for exam-
ple see [9,12], together with the first and the second aspect, and together they
naturally relate to TVDH1 systems, see [7].

In the general case, the elements of the triples describing the rules of R
systems are sets of objects. Hence, the meaning of the triple (A, B, C) is: the
joint presence of all the objects in A, in the case when all objects in B are
absent, leads to the production of the objects in C', and, moreover, the subsequent
configuration is precisely equal to the union of the right sides of applicable rules.

2 Preliminaries

The reader is assumed to be familiar with the basic notions of formal languages
and membrane computing, see [13] for a comprehensive introduction and the
webpage [15] of P systems.

In this paper, we only consider simple P systems with the trivial membrane
structure only consisting of the skin membrane as its single membrane. Hence,
a simple P system II will be specified by

IIy = (O, w1, Ry)
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where

— O is the set of objects,

— w; is the initial configuration (the multiset contained in the skin membrane
at the beginning of a computation), and

— R; is a finite set of rules.

The notation (ncoo, prog,; + inhy 1+) describes the class of rules with non-
cooperative evolution rules with at most & promoters of weight at most [ and at
most &’ inhibitors of weight at most I’, see [4,14]; the sign “+” here means both
promoters and inhibitors are allowed to be used in the same rule, if it is not the
case, we write a comma instead of the plus sign. If the weight of a promoter or
an inhibitor is one, then it is called atomic.

The notation (ncoo,antim/pri) stands for non-cooperative evolution rules
and matter-antimatter annihilation rules, with weak priority of all annihilation
rules over all the other rules (the most studied variant of P systems with anti-
matter), see [2].

An R system II is written as

S = (V, Wo, R)
where

— V is the set of objects,
— wp is the set of objects present at the beginning of a computation, and
— R is a finite set of rules of the form (A, B,C) with A, B,C C V.

3 Using Promoters and Inhibitors

In fact, in terms of intuition from P systems, A is more similar to a promoter than
a reactant (and there is no difference between a set of distinct atomic promoters
and a corresponding one higher-weight promoter), and B corresponds to a set
of atomic inhibitors (if B were a single higher-weight inhibitor, it would disable
the rule when all its elements are present, not just any of them, which would not
correspond to the correct definition). However, within the traditional P systems
mode, we would additionally need to restrict the rule application to only once
per step.

We recall that a rule with the set of atomic inhibitors {a, b} will be disabled
in configurations in which either a or b is present, while a rule equipped with the
higher-weight inhibitor ab will only be disabled when both a and b are present
in the configuration.

3.1 Using Powerful Rules

Hence, an arbitrary general R system S = (V,wg, R) with an alphabet V of k
symbols and R consisting of the rules (A4;, B;,C;), 1 < i < n, can be written
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as the following P system (non-cooperative, but with powerful promoters and
inhibitors), having additional objects I; and d; with 1 <i < n:

IIy = (O, w1, Ry) where

wzwIH d;
1 ofi ] ], ., %

Ri={L—1 ngign d;}u{d; — HCECi C|{Ha€Aia},{ﬁb\b€B;} [1<i<n}
U{di— AN-a, di—=Ap |bE€B;, 1<i<n}U{a—A|acV}

This combination of features only takes one step to simulate one step of the
underlying R system, n+k+ 1 symbols and 2n+k+1+>",_, ., |B;| rules. The
objects from V present in the configuration of the P system Ily after m steps,
m > 0, are exactly the same as the objects from V present in the configuration
of the R system S, but probably in several copies. Note that the first rule in the
description of R; uses a higher-weight promoter together with a set of atomic
inhibitors. Also note that in a special case when the rules of the simulated R
system are triples of single symbols, the control used becomes atomic promoters
together with atomic inhibitors.

In the rest of the paper we show how to achieve the same goal with P systems
having more restricted rules, also discussing how to produce only one copy of
symbols present in the simulated R system. We use promoters and inhibitors,
then also considering only one kind of these features. Instead of promoters and/or
inhibitors we can also use matter/antimatter annihilation rules. Finally, we dis-
cuss how much the problem is simplified if some of the aspects of R systems are
assumed to be part of the P systems model, too.

3.2 Triples of Symbols

We start with the simplest case — when the elements of triples describing the
rules are single elements. Consider such an R system S = (V,wo, R) with the
alphabet V' and the rules {(a;,b;,¢;) | 1 < i < n}. We construct a P system IT;
simulating S, the simulation taking only 2 steps:

I, = (O,w1 = wy, R1 = R1’1 U RLQ) where
O=VU{d|aeV}Iu{d;|1<i<n},
— / .
Rl’l - {CL —a Haz':a,lﬁiﬁn di | ac V}7

RLZ = {d7, — C’i|ﬁ(bi)" di — >\|(bi)/ | 1 § ) S TL} @] {(l/ — A | a € V}

The simulation task here is simple for two reasons: we took the simpler model
of R systems, and using promoters besides inhibitors makes it possible to remove
unneeded objects easily. We also note that the number of objects and rules can
be decreased by not producing a’ when a participates in the left side of any rule,
and using dimin{j|a,=b,1<j<n} instead of b’ as promoter and inhibitor.
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If |V| = k, then |O| = n+ 2k and |Ry| = 2n+ 2k. Moreover, the optimization
described in the previous paragraph decreases both |O| and |R1| by the number
of symbols appearing on the left side of some rule in R; in the rest of the paper,
this number will be denoted by k", and k— k" will be denoted by k' (representing
the number of symbols not appearing on the left side of some rule of S).

The multiplicities of symbols may grow. When the same symbol is produced
simultaneously by multiple rules, a multiplicative effect happens. It is, however,
fairly easy to reset the multiplicities of the objects in V' to one, at the cost of
one more step, 2k + 3 additional symbols in O and 3k + 3 additional rules, also
using an additional object I in the initial configuration:

H2 = (O,’U}l = ’U)()Il,Rl = Rl,l U R172 U RI,S) where
0= VU{CL/,(IN,E | ac V}U{dz | 1< < n}U{IhIQ,Ig}
R1’1:{11—>IQ}U{G—>CLIH dl‘aEV},

a;=a,1<i<n
_ — ’
Rio={I —>I3Haeva}U{a — A aeV}
U {di — (¢i)"|~bsys di = Moy |1 < i< m},
Ris= {Ig — Il} U {E—> algr, @ — Ao, a’ — A\ | a € V}

In the third step of the P system Il5, exactly one copy of each symbol from
V' is generated which has been generated as a “reactant” in the second step.

3.3 Triples of Sets

Now the task becomes more complicated. Generating a set C; instead of one
symbol ¢; is straightforward. Yet instead of verifying that a; is present and b;
is absent, rule applicability now is defined as presence of all symbols from set
A; and absence of all symbols from set B;. We recall that our task is to find a
constant-time solution. Notice that the rule is not applicable if and only if some
symbol from A; is absent or some symbol from B; is present.

Consider such an R system S = (V,wp, R) with the set of rules R =
{(A;,B;,C;) | 1 < i < n}. We construct a P system II3 simulating S where
the simulation takes only 3 steps:

H3 = (O,wl = woll,Rl = R171 U Rl,g U R173) where
O:VU{di ‘ 1 Sign}u{]l,127l3},
R1,1 = {-71 — dy - "anZ};
R1,2:{IQ*>13}U{di*>)\|ﬁa7 diﬂ)\|b|a€Ai7 bGBi, 1§z§n},
Rig={l; = h}u{di— ][ i l1<i<niufe— Ay acV]

If V| =k, then [O] =n+k+3and [Ri|=n+k+> (|4l +|Bi]) + 3.
Moreover, notice that, besides objects from V', no object ever appears in multiple
copies. As for each object from V', its multiplicity represents the number of rules
in S that has produced it in the last simulation step. Unlike the construction from
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the previous subsection, the multiplicative effect does not carry over to the next
step of computation of S, since each object from V (except the instances in the
starting configuration) is produced from some object d;, produced in one copy,
effectively resetting the multiplicities of the previous step. However, producing
objects in V' in a single copy requires additional overhead. Similarly to obtaining
I, from II,, we can obtain II, from II3, at the price of one more step, 2k + 1
additional symbols in O and 3k + 1 additional rules. We skip the details.

3.4 Using only Promoters

It should not be any surprise that (in the maximally parallel mode) the effect
of inhibitors can be obtained by non-cooperative rules with promoters only.
Informally, to verify that some object b is absent, we first check if b is present
by some rule a — d’|y, and it suffices to check in the next step whether a is
unchanged. The reverse, i.e., replacing promoters with inhibitors, is even easier
to see, since promoting a rule by b can be modeled by inhibiting a rule by some
immediately-erased object b’, the creation of which is inhibited by b. We still
think it is interesting to consider the use of only promoters or only inhibitors,
for two reasons. First, the reduction of promoters/inhibitors in the general case
of P systems is too complicated, and second, we would like to explore how little
overhead in terms of slowdown and descriptional complexity suffices to achieve
our task.

First, we construct a P system for an R system S = (V, wg, R) with the set
of rules R = {(ai,bi,c;) | 1 <i < n}, ie., with only triples of symbols (a;, b;, ¢;)
as rules in R.

II5 = (O7U)1 =wol1, R = Rl,l U Rl)g U R173) where
O:VU{GI‘GEV}U{di | 1§i§n}U{Il,IQ,Ig},
Rigy={L - L}U{a—d Hai:a,lgign di|aeV},
RI,QZ{IZ_’IS}U{di_))\kbi)’ | 1§i§n}U{a’—>)\|a€V},
R173 = {Ig — Il} U {dl — C¢|13,‘ 1< < n}

This construction is obtained from the first one with promoters and
inhibitors, by implementing the group of rules with inhibitors (contrasted with
existing rules with the same objects as promoters) in the next step, promoted
by the “timer” I3. We also note that, similarly to IT;, the number of objects
and rules can be decreased by not producing @’ when a participates in the left
side of any rule, and using diin{jja;=b,1<j<n} instead of b’ as promoter, thus for
this purpose using only &’ instead of k rules. Once again, this simulation has a
multiplicative effect, and the multiplicities can be reset to one, at the price of
one more step, 2k + 1 additional symbols in O and 3k +1 additional rules. Let us
call the obtained system Ilg. We omit the details, only mentioning that instead
of rules @ — A|-q~ as in IT3, we can erase these symbols in the next step (i.e.,
in the first step of the next simulation cycle) by rules @ — A|y, .
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Now consider the general case of simulating an R system S = (V, wp, R) with
R ={(4;,B;,C;) | 1 <i < n}. The simulating P system II7; using only atomic
promoters is given below.

H7 = (O,w1 = ’LU()Il HaEV CL/, R1 = Rl,l U RLQ @] R173) where

O=VUu{d|aeVIu{d;|1<i<n}U{l, I},
Rii={l1 »di - d,a}U{d — N, |aeV},
Ris={ly = I3}U{a— A, d = AN |aeV}

U{di = Mo, di = Mp|la€ A, be By, 1 <i<n},

Riz={l3 = L Haev a'yU{d; — Hcec_ cr, | 1<i<n}.

This construction is obtained from the second one with promoters and
inhibitors, as follows. The role of objects a’ is to survive for one step if and only
if the corresponding object a is not present, to be used as a promoter instead of
inhibitor a; the objects a’ are recreated in the last step, for the next simulation
cycle. Moreover, as now objects from V' are no longer used as inhibitors, they
can be removed one step earlier.

The system above needs only 3 steps to simulate one step of S, and if |V| =
k, then |O| = n+ 2k + 3 and |Ry| = n+ 3k + > ., (|4i| + |Bi|) + 3. Of
course, alternatively, the objects a’ could be created from one additional initial
object, at the price of an additional step and a few extra rules, but we currently
focus on constructions that are efficient in time and descriptional complexity.
We again comment that, although this construction has no multiplicative effect,
the number of copies of a symbol in V' having been produced in the end of the
simulation equals the number of rules in S that have produced this symbol in
the last simulation step. Producing exactly one copy needs one more step, 2k + 1
additional symbols in O and 3k + 1 additional rules. We call this system ITs,
but give no more details, since obtaining it from II7 is exactly like obtaining I1g
from ITs.

3.5 Using only Inhibitors
First, we construct a P system for an R system S = (V,wp, R) with the set of
rules R = {(a;, bi,¢;) | 1 <i < n},ie., with only triples of symbols (a;, b;, ¢;) as
rules in R.
Hg = (O,"U.)l = wofl, Rl = Rl,l U RLQ U Rll,l) where
O=VuU{d|aeV}U{d;|1<i<n}U{l, L},
Rl’lz{llﬁfg}u{a—?all_‘[ di|a€V},

a;=a,1<i<n
Rip ={ly — Li}U{d; — ci|l- @,y | 1 <i < n},
R/l,l = {dl — )\|ﬁ[2 | 1< < Tl} ] {a’ — )\|ﬁ[2 ‘ ac V}

This construction is obtained from the one with promoters and inhibitors by
implementing the group of rules with promoters (contrasted with existing rules
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with the same objects as inhibitors) in the next step, inhibited by the “timer”
I5. Moreover, removing objects a’ is delayed for one step, to make sure that the
rules inhibited by them in the second step are not applied in the third step.
Notice also that the simulation of a computation step of S only takes two steps
of computation in IT; the third step of computation cleaning objects d; and a’
overlaps with the first step of the simulation of the next step in S. However, this
produces no interference, since the sub-alphabets {d; | 1 <i <n}U{ad' | a € V}
and {I1} UV are disjoint. We also note that, similarly to IT;, the number of
objects and rules can be decreased by not producing a’ when a participates in
the left side of any rule, and using duyin{j|a;=b,1<j<n) instead of b’ as promoter.

The problem of a multiplicative effect can be solved in the usual way, resetting
multiplicities to one: produce one copy of each candidate-object, and erase the
objects where the multiplicity is zero. However, with inhibitors it takes longer:
one additional step to erase objects @ when the corresponding object a”’ is absent,
and one further step to rewrite @ into a.

I = (O7w1 =wol1, R1 = Rl,l U Rl,g U R173 U R1,4) where
o=Vu {CL,,CLN,E ‘ a < V} U {dl | 1< < n} U {11,12,13714},
R1,1:{11H12}U{aea’n di|aeV},

a;=a,1<i<n
Rip={l— L[] @ u{d— ()l 1<i<n),
Ri3= {13 — I4}U{di — )\|_.]2 ‘ 1< < n}
@] {a — )\|_|[2, a — )\‘ﬂa// ‘ a € V},
Rig={li— Lh}u{a—al.p, ' = A.p |aeV}

Hence, the total additional price for resetting the multiplicities of elements
of V to one using only atomic inhibitors is two more steps, 2k + 2 additional
objects, and 3k + 2 additional rules.

Now consider the general case of simulating an R system S = (V, wo, R) with
R ={(A;,B;,C;) | 1 <i<n}. The simulating P system II;; using only atomic
inhibitors is given below.

Iy = (O,w; = wOIlJHbev V,Ri = Ri1URy2U Ry 3) where
O=Vu{t bt |beViu{d;|1<i<n}U{l, I3, J},

R171 = {Il — d1 . "anQJ,J — )\} U {b, — b”|ﬁb | be V},

Ripg={lo—1I3, J =AUV = A1, | beV}
@] {dl — >\|—\a; d; — )\|ﬂb// | a€A;, beB;, 1<i< n}7

Rys={Is — Il.JHbGV Vyu{d; — Hcec,, -, |1 <i<n}
Ufa—A-ylaeV}IUu{d' —N-|beV}.

This construction is obtained from the second one with promoters and

inhibitors, as follows. The role of objects b’ is to change into b if and only
if the corresponding object b is not present, so b can be used as an inhibitor
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instead of promoter b; objects b’ are recreated in the last step, for the next sim-
ulation cycle. Moreover, to make sure that the rules erasing d; in the absence
of a are applied in the second step, objects a can only be removed in the third
step. This is why an additional object J is present in each of the first two steps
of the simulation, inhibiting premature removal of objects a. The rule erasing J
is written both in R;; and R; 2 only to highlight that it is applied both in the
first and in the second step.

The system above needs only 3 steps to simulate one step of S, and if |V| =
k, then |O| = n+ 3k +4 and |Ry| = n+ 4k + > ., (|Ai| + |Bi|) + 4. Of
course, alternatively, the objects b’ could be created from one additional initial
object, at a price of an additional step and a few extra rules, but we currently
focus on constructions that are efficient in time and descriptional complexity.
Resetting to one the multiplicities of objects in V' can be done exactly how 11
was constructed from ITg. Hence, the new system Ili5, compared to I1i1, will
need two more steps, 2k + 2 additional objects, and 3k + 2 additional rules.

4 Using Antimatter

This section is devoted to a different control mechanism: matter/antimatter
annihilation rules are used instead of promoters and/or inhibitors. We assume
the annihilation rules to have weak priority over the remaining non-cooperative
rules, which is the most common variant of the antimatter model in the area
of P systems. First, we notice that erasing with a promoter, say, d — A|p, in
the case the promoting object b is erased without being used anywhere else, and
when the number of copies of d is bounded, can be modeled by antimatter as
follows:

— replace the promoting object b by the anti-object d~ of the promoted object,
in sufficient copies to erase all possible copies of the promoted object d;

— add erasing rules for this anti-object d~ to remove the copies of the anti-objects
which did not annihilate.

We construct the P system I3 equivalent to II; now using antimatter.

I3 = (O7w1 =wo,R1 =R U R1,2) where
O:VU{di,d; |1 <i<n},

Rl’l - {a - Hbi:a,lgign d; Hai:mlgign dl | a€ V}7
R1$2:{did;—>)\, di—>Ci7 d;—>)\|1§z§n}

In each rule of R, i, it is enough to produce a single copy of d; , because at
most one d; may be generated by the system in the same step, since every rule
uniquely determines its left side. The simulation only takes two steps, and uses
2n + k objects and 3n + k rules.

This construction again has multiplicative effect. Resetting multiplicities to
one can be done by a two-step annihilation. Having got some number (possibly
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zero) of objects ¢, we only want to know whether this number is positive. Then
we produce one copy of (¢”)~ and rewrite it to ¢’ if it does not immediately
annihilate. One step later, we produce one copy of (¢/)~, and rewrite it to ¢ if it
does not immediately annihilate. As a result, ¢ will appear if and only if (¢/)~
did not annihilate, i.e., ¢’ did not appear one step before. But this happened
if and only if (¢”)~ has been annihilated, i.e., there has been at least one copy
of ¢’ two steps before. Performing this routine to the objects in V' of II13, we
obtain the following P system:

Iy = (Oawl =wol, R = R171 U R172 @] R1,3 U R174) where

O=vVu{d,d, (d),(d) |aeV}

U {dl,d; | 1 é 7 S TL} U {11,12,I37I4},

Rl’l - {Il - I2} J {a - Hb':a 1<i<n d: Hw:a 1<i<n dl | ac V}7
312_{12—>13H )T YU{did; — A, di — (¢)", df = A|1<i<n},
Riz={I3 — I4H YYu{d(@)T =\ (@) —d |ae VY,
R1,4={I4—>I1}U{a( NT =X\ () —alaeV}.

As one can see, resetting multiplicities with antimatter has the price of two
more steps, 4k + 4 additional objects, and 4k + 4 additional rules.

Now consider the general case of simulating an R system S = (V, wg, R) with
R ={(4;,B;,C;) |1 <i<n}. The simulating P system is given below.

115 = (O, wy = wol1, Ry = Rl,l U RLQ U R173) where
O=Vul{d,(d),d"|aeV}u{d,d; |1<i<n}U{l, I3},
Ry ={l1 — Ld,---d, Haev ad}yu{a— (') ad" |aeV},
Rio={l— L}tU{d(d)” = A, ()" = A|aeV}
u {a’HHaeAid; | a € A; for some i, 1 <i<n}

U {b" — Hber d; | be B; for some i, 1 <i<n},

Riz={Iz — L}U{did; — dZ——>Hec_c, di = A|1<i<n}.

Symbols from C; are produced from d; if and only if d; has not been annihi-
lated, i.e., neither a’ nor " should produce d; for any a € A; and b € B;. Since
a’ is annihilated if and only if a is present, and b” is not produced if and only if
b is absent, the simulation of an application of rule i of the R system happens if
and only if all symbols from the first set A; are present and all symbols from the
second set B; are absent. The simulation takes three steps, using an alphabet of
2n + 4k + 3 symbols and a set of 3n + 3k + k” + k + 3 rules, where now k now
denotes the number of symbols appearing in some inhibitor set of any rule.



Simulating R Systems by P Systems 61

This construction produces each symbol in a multiplicity equal to the number
of rules of S that have produced it, not carrying the multiplicative effect to
the simulation of the next evolution step in the R system. If needed, resetting
multiplicities can also be done, which costs two more steps, 4k + 2 additional
objects, and 4k + 2 additional rules. We call this system Il;5, but we do not
provide more details since it can be obtained from 175 exactly as I114 is obtained
from IT 13-

5 Non-standard P Systems

Some difficulty in the simulation of R systems by P systems arises from the
differences in their standard derivation modes. We now would like to discuss
how varying this may affect the problem.

First, if we consider P systems with sets instead of multisets, where the
production of a symbol multiple times still yields only one single copy of this
symbol, then all constructions in this paper still hold literally, i.e., no changes
in the description of these P systems are needed. However, some things may
become even simpler, as, for example, in this case resetting multiplicities to one
is done by the model itself, and thus does not require additional time, symbol
or rule complexity.

We note that, in a non-distributed case, P systems with sets of objects are
no longer universal, since the number of possible configurations is bounded by
two to the power of the cardinality of the alphabet. However, universality is not
needed to simulate R systems by P systems (for example, non-universality has
also been shown for the case of deterministic P systems with promoters and/or
inhibitors).

Second, if we consider P systems which deterministically apply all indi-
vidually applicable rules, even with overlapping left sides (i.e., competing for
resources), then of course the existing solutions still literally hold, but in some
cases there are much easier ways: we would have no need to explicitly produce
multiple objects from one. For instance, the constructions given in this paper
usually involve the production of rule labels d;, either from the corresponding
reactant a;, or from some “timer” object I;, and then we have different rules
processing these label objects. In this “auto-replication” mode, these various
processing rules could be applied directly to the corresponding original object
a; or I, the replication being done by the model itself. This would definitely
simplify the simulation. Let us refer to this aspect as “auto-replication”.

For example, the P system II; then can be simplified to the following P
system I1]:

I = (O =V,wy = wo, Ry = {a; — ¢i|-p, | 1 <i<n}U{a— A|aeV}),

i.e., we need just one step, no additional objects and only k additional rules. The
problem with resetting the multiplicities also becomes much simpler; instead of
the P system I we then get the following P system IT5:
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II;, = (O, w1 = woli, Ry) where
O=VUul{d|aeV}U{h, L},
Ry ={1 — L}U{a; — (¢;)]-p, | 1 <i<n}U{a—A|aeV}
U{lL - L}U{L —=cstu{d = A|ceV},

IT), requires only one more step, k + 2 additional symbols, and 2k + 2 additional
rules (compared to the increase of complexity from IT; to ITs by one more step
as well as 2k 4+ 3 additional symbols and additional 3k + 3 rules).

Third, if we consider P systems where idle objects (i.e., those not consumed
by applied rules) do not contribute to the next configuration, we call this aspect
“no persistence”. Then many erasing rules (in particular, all erasing promoted
or inhibited by some “timer” I;) would no longer be needed, while occasionally
some renaming rules should be added when an object has been designed to be
used later than in the next step after its production. For instance, in case of
no-persistence, all n + k’ erasing rules of IT; may be removed, leaving just n + k
rules. Similarly, all erasing rules of Il may be removed; hence, the subtask of
resetting the multiplicities to one in this case only needs k + 3 instead of 3k + 3
additional rules.

However, testing for presence of some object b by “failing to apply a rule
with inhibitor b and finding the reactant unchanged in the next step” would not
work. The working solution is to use b as an inhibitor in a rule producing some
object b, and to use b’ as an inhibitor in the next step. Testing for absence by
“failing to apply a rule with a promoter and finding the reactant unchanged in
the next step” would no longer be possible, so such a model with promoters
without persistence of idle objects seems to be considerably weaker.

We would also like to note that, in case of P systems with sets and auto-
replication, the aspect of no-persistence can be simulated as follows: add rules
a — X for each a € V; they will make sure that such objects are not carried
over to the next step, in the same time not adding anything to the result (as
for productive objects, erasing them is just another option, which in the auto-
replication case neither grows nor shrinks the set of objects obtained from them).
This simulation takes one step, k objects and n + k rules.

Finally, if we consider P systems with all these features, i.e., with sets, auto-
replication, and without object persistence, then a single object rule (a,b, c)
of an R system becomes identical to the rule a — ¢|-, in the corresponding
P system, while a set rule (A4, B,C) of an R system can be simulated by a
rule a — [[.ce c|{1—[a€A a},{-blpeB}, for any a € A, so the simulation is rather
trivial, requiring only one step, k objects and n rules of type (ncoo,inh; 1) and
(ncoo, proy . + inh. 1), respectively.

6 Conclusions

We recall that although deterministic P systems with promoters and/or
inhibitors are not universal and have subregular characterizations, their power
is sufficient to simulate R systems.
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All constructions presented in this paper (except those in the previous
section) simulate R systems in their standard derivation mode by P systems in
their standard derivation mode, with the slowdown by a constant factor, where
the descriptional complexity of the simulating P system is linear with respect
to the descriptional complexity of the simulated R system. The proportionality
constants vary depending on whether R systems are defined as triples of symbols
or as triples of sets of symbols, and on whether promoters, inhibitors or both
are used in the simulating P system. All constructions are deterministic: while
the multiset of rules to be applied to a given configuration may not be unique,
the next configuration is unique. Indeed, in all these constructions, if two rules
have the same left side, then either their applicability is mutually exclusive (one
is being promoted and the other one is being inhibited by the same symbol),
or also the right side is the same (and thus, if there are multiple choices which
object would promote or inhibit the rule, such a choice would not influence the
result).

Table 1. Comparative table of simulating R systems by P systems.

P | R| Mult|Features Steps| |O| | R1]

Iy 's |L (ncoo,proi,1 + inhia) |1 n+k+1 In+k+1

I, |g 'L (ncoo, proi,« + inhy 1) |1 n+k+1 2n+k+m' +1

I, |s |M (ncoo, proi,1,inhi1) |2 n+k+k' on+k+ k'

I, |s |1 (ncoo,proi,1,inhi1) |3 n+3k+k +32n+4k+ k" +3

II; |g |L (ncoo,proi,1,inhi1) |3 n+k+3 n+k+m+3

I, g |1 (ncoo,proi,1,inhi1) |4 n+3k+4 n+4k+m+4

IIs |s 'M (ncoo, proi,1) 3 n+k+k+3 2n+k+k +3

IIs |s |1 (ncoo, proi,1) 4 n+3k+k +4[2n+4k+ K +4

II; g |L (ncoo, proi,1) 3 n+2k+3 n+3k+m+3

IIg g |1 (ncoo, proi,1) 4 n+ 4k + 4 n+6k+m+4

Iy |s |M (ncoo,inhi 1) 2 n+k+k+2 [2n+k+EkE +2
IIols |1 (ncoo,inhi 1) 4 n+3k+k +42n+4k+k +4
I, g |L (ncoo,inhi 1) 3 n+3k+4 n+4k+m+4
Ihslg |1 (ncoo,inhi 1) 5 n+5k+6 n+7k+m-+6
IIisls M (ncoo, antim/pri) 2 2n+k 3n+k

Iy s |1 (ncoo, antim /pri) 4 2n + 5k +4 3n+5k+4

IIs|g |L (ncoo, antim /pri) 3 2n + 4k + 3 3n+3k+k" +k+3
IIslg |1 (ncoo, antim /pri) 5 2n+8k+5 3n+Tk+k +k+5

Seventeen constructions of simple P systems have been elaborated, see
Table 1, P systems using specific control ingredients for simulating simple (rules
with triples of symbols) and general (rules with triples of sets of symbols) R
systems:
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(0) Py, using single higher-weighted promoters together with multiple atomic
inhibitors for simulating a simple or a general R system;
(1) Py, using promoters and inhibitors,
simulating a simple R system;
(2) P, using promoters and inhibitors and resetting multiplicities to one,
simulating a simple R system;
(3) Ps, using promoters and inhibitors,
simulating a general R system;
(4) Py, using promoters and inhibitors and resetting multiplicities to one,
simulating a general R system;
(5) Ps, using promoters,
simulating a simple R system;
(6) Ps, using promoters and resetting multiplicities to one,
simulating a simple R system;
(7) Pz, using promoters,
simulating a general R system;
(8) Ps, using promoters and resetting multiplicities to one,
simulating a general R system;
(9) Py, using inhibitors,
simulating a simple R system;
(10) Pyg, using inhibitors and resetting multiplicities to one,
simulating a simple R system;
(11) Pi1, using inhibitors,
simulating a general R system;
(12) Pyo, using inhibitors and resetting multiplicities to one,
simulating a general R system;
(13) Py3, using antimatter,
simulating a simple R system;
(14) Py4, using antimatter and resetting multiplicities to one,
simulating a simple R system;
(15) Pi5, using antimatter,
simulating a general R system;
(16) Py, using antimatter and resetting multiplicities to one,
simulating a general R system.
Table 1 shows the alphabet size, the number of rules, and the number of steps
of the simulating P system to simulate one step of the underlying R system:

— n is the number of rules in S;

— k is the number of symbols in S;

— k' is the number of symbols that do not appear in the left side of any rule of
the simulated system,

-k =k -k,

— k is the number of symbols that appear in the inhibitor set of any rule of the
simulated system;

m:= Zlgigk(|Ai| + |Bil);

- m' =3k | Bil-
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Column R describes the type of the simulated system, where s stands for
simple (rules with triples of symbols) and g stands for general (rules with triples
of sets).

Column mult describes the multiplicities of symbols in the simulating P
system, where M stands for multiplicative effect, L stands for last multiplicity,
and 1 stands for multiplicities at most 1, i.e., 0 or 1.

Column features describes the kinds of rules used in the P system.

We note that in Ilg, IIs and Ilg intermediate objects are removed one step
later, i.e., in parallel with the first step of the simulation of the evolution step
of the simulated R system, but not interfering with it.

Finally, in the previous section we discussed how (qualitatively and quanti-
tatively) adopting some aspects of R systems (such as sets instead of multisets,
auto-replication or no-persistence of objects) into the working model of P sys-
tems simplifies the simulation of R systems by such P systems.
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Abstract. We further investigate the computing power of the recently
introduced P systems with Z-multisets (also known as hybrid sets) as
generative devices. These systems apply catalytic rules in the maximally
parallel way, even consuming absent non-catalysts, thus effectively gener-
ating vectors of arbitrary (not just non-negative) integers. The rules may
only be made inapplicable by dissolution rules. However, this releases
the catalysts into the immediately outer region, where new rules might
become applicable to them. We discuss the generative power of this
model. Finally, we consider the variant with mobile catalysts.

1 Introduction

Membrane systems (cell-like, with symbol objects) have traditionally been
viewed as collections of hierarchically arranged multiset processors, e.g., see [12].
In the list of open problems disseminated in 2015, see [11], Gheorghe Paun
suggested to go beyond the traditional setting where symbol multiplicities in
multisets are restricted to non-negative integers. In [6] generalized multisets are
defined as taking multiplicities from arbitrary finitely generated, totally ordered
commutative groups.

In [3], a different approach is taken: only catalytic rules are allowed, and
the applicability of a rule only depends on the presence of the corresponding
catalyst in the given region. Consuming an absent non-catalyst makes its mul-
tiplicity negative. While in [3] it was already established that such a model is
not universal, we found it interesting to investigate its generative power more
precisely.

Since the number of catalysts remains finite and does not change throughout
the computation, this induces a finite set of “rule teams ” which can be applied
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in parallel in one step. The virtual absence of applicability conditions and the
finiteness of the “teams” hints at the possibility of seeing them as integer vectors;
in this case the P system itself can be seen as evolving by sequentially adding such
vectors (possibly having negative components) to the contents of its membranes.
In [2], this general model is compared with vector addition systems (see [5,9] for
standard definitions; adapted to allow negative vector components in [8]) and
blind register machines, e.g., see [7].

Here we return to the particular model from [3], discussing the lower bound
of its generative power and giving some results on the variants with target indi-
cations and with multiple membrane dissolutions.

2 Preliminaries

The reader is assumed to be familiar with the basic notions of formal languages
and membrane computing; see [13] for a comprehensive introduction and the
webpage [14] of P systems.

We only recall a few basic notations as they are used in this paper: N denotes
the set of non-negative integers; Z denotes the set of integers. Multisets over the
set of objects O can be seen as functions from O to N; thus, the set of all multisets
over O is N© (the set of all functions from O to N). In membrane computing, the
set of all multisets over O is commonly denoted by O° = N, while the multisets
themselves are represented by strings in O*, keeping in mind that the order of
symbols is not relevant.

2.1 Extending Multisets

To represent also negative multiplicities, multisets over a set of objects O have to
be extended to Z. A Z-multiset, allowing integer multiplicities (called a hybrid set
in [4]) then is from Z©; it can be represented by a string in (OUO™)*, where O~ =
{a= | a € O} is a set of symbols that represents objects in multiplicity “negative
one”. Note that, as opposed to P systems with matter /antimatter [1], symbol a~
here is not an actual object, but simply a convenient way to represent a deficit
of a, and the actual multiplicity of a represented by a string w is |w|, — |w],--
We also do not distinguish between notations a=* and (a~)*. The superscript ~
can be used as a morphism, producing a multiset with opposite multiplicities,
e.g., (@)~ represents the same Z-multiset as a~*. As the strings here are only
used to represent Z-multisets, we may write an equality sign between the strings
representing the same Z-multiset. For conciseness, let us use the notation O® =
(O U O7)*. Finally, since it will be always clear from the context, we may call
an element of O°® “multiset”, omitting the word “representing”. Assuming an
order is fixed on O, for u € O®, vector (Jul, — |u|q-)aco is denoted by 1o (u);
the subscript O may be omitted when it is clear from the context. This vector
is called the Parikh image of u.
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2.2 Linear Sets

The linear set generated by a set of vectors A = {a; | 1 < i < d} Cyyp Z"
(here A Cy;y, B indicates that A is a finite subset of B) and an offset ag € Z" is
defined as follows:

d
(A ag)n = {30+Z_1kiai |k; €N, 1 Siéd}.

If the offset ag is the zero vector, we will call the corresponding linear set homo-
geneous; we also will use the short notation (A)x = (A4, O)y.

We use the notation Z"LINy = {(A4,a0)n | A Cyin Z", ag € Z}, to refer to
the class of all linear sets. Semilinear sets are defined as finite unions of linear
sets. We use the notations Z"SLI Ny to refer to the classes of semilinear sets of
n-dimensional vectors. In case no restriction is imposed on the dimension, n is
replaced by *. We may omit n if n = 1. A finite union of linear sets which only
differ in the starting vectors is called uniform semilinear:

ZrSLINY = {Upep(A, b | A Crin Z", B Cpip 2"

Let us denote such a set by (A4, B)n.
Note that a uniform semilinear set (A, B)y can be seen as a pairwise sum of
the finite set B and the homogeneous linear set (A)y:

(A,B)N:{aer | ac <A>N,b€B}.

This observation immediately yields the conclusion that the sum of two uniform
semilinear sets (A1, B1)n and (Ag, Bs)y is uniform semilinear as well and can be
computed in the following way:

<A1,B1>N + <A2,BQ>N = {a+ b | ac <A1 U A2>N,b € By + Bg}.

3 Purely Catalytic P Systems over Integers

In purely catalytic P systems over integers the set of objects is a disjoint union
of catalysts C' and the regular objects O. The regular objects are allowed to
have any integer multiplicity, while the catalysts are only allowed to appear in
a non-negative number of copies.

Formally, a (generating) purely catalytic P system over integers IT is defined

as a construct
I = (0,0,/,L,U)l,"' ameRh'” aR’ﬂviO)

where

— O is a finite set of objects,

— C C O is the set of catalysts,

— p is a membrane structure of n hierarchically arranged membranes, labeled
by 1 to n,
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— R;, 1 <i<n,is the set of rules associated with membrane region ¢, and
— 14g is the output membrane.

The rules can be of the two following types:

— catalytic rules: cu — cv, where ¢ € C' and u,v € O*;
— catalytic rules with dissolution: cu — cvd, where ¢ € C, u,v € O*, and § ¢
C U O is the symbol indicating membrane dissolution.

The rules applied in parallel cannot involve more catalysts than available
in the system; the multiplicities of regular objects, on the other hand, do not
influence the applicability of rules. An application of a rule cu — cv in a region
containing cw, ¢ € C, u,v € O*, w € O°, produces cw(cu)”cv = cwv(u~), or,
in terms of vectors, ignoring the catalyst, the vector 1 (w) + ¥ (v) — 1(u) repre-
sents the contents of that region after the rule has been applied. An application
of a rule cu — cvd produces the same effect, and then dissolves the enclos-
ing membrane, moving the contents of the dissolved membrane into the parent
membrane.

Purely catalytic P systems over integers evolve under the maximally parallel
semantics, so each catalyst induces the application of exactly one rule (non-
deterministically chosen), unless the given region has no rules associated with
this catalyst. A computation is called successful if no rule is applicable any more,
i.e., if the system halts.

By Z?OzP,,(pcaty,, §) we denote the family of sets of d-dimensional vectors of
integers generated by purely catalytic P systems over integers with dissolution,
at most m membranes and at most k catalysts. If any of parameters d, m, k is
unbounded, it is replaced by * in this notation.

We also use notations for extended features (listed in parentheses in the
notation of the sets of Z-vectors generated by the corresponding families of P
systems). Target indications, denoted by tar, allow the non-catalysts to be sent
to a different membrane. In the right side of the rules, sending object a is written
by (a,tar), where tar € {out} U {in; | 1 < j < m}; j here is the label of an
immediately inner membrane. In this paper, we write tarz in the notation of a
set of Z-vectors generated by a family of P systems; this generalization reflects
the possibility to assign targets even to negative multiplicities of objects.

Another feature is mobile catalysts, e.g., see [10], i.e., targets may also be
associated to the catalysts, and thus the catalysts move across the membrane
structure; we denote this feature by mpcaty, since the systems we consider are
purely catalytic. We use the plus sign between the features of catalytic mobility
and dissolution when it is allowed for the same rule to move a catalyst and to
dissolve the membrane currently containing it.

4 Results

Before elaborating our results and giving characterizations of various families of
linear sets by purely catalytic P systems, we discuss some general observations
which allow us to simplify these systems.
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4.1 Observations and Simplifications

First, we would like to explicitly allow rules of the form ¢ — cz, (¢ € C, x € O®),
i.e., the multiset of regular objects in the left side being empty. This does not
change the model, since any Z-multiset x can be written as u(v™), u,v € O*,
and, fixing some a € O, ¢ — cx is equivalent to cau — av. Moreover, any rule
cu — cv is equivalent to ¢ — cu(v™), so it suffices to only consider rules of types
¢c—cxand c— cxd (ce O,z e 0°).

Second, we claim that it is enough to start with a single catalyst in every
region. To show that, we will consider that membrane i of the P system contains
the catalysts ¢;x, 1 < k < ny, in the initial configuration. Now we will define
the sets X . ; of right-hand sides of catalytic rules of membrane j involving the
catalysts initially located in membrane :

X“C)j = {.’L‘ c0*Uuo0*s ‘ (Ci,k — Ci,k$> S Rj},

where IR; is the set of rules associated with membrane j. To simplify subsequent
explanations, we will adopt the following convention: If, for a given 7 and j, there
exists such a k that X; ;. ; # 0, then we will replace all empty X; i/ ; by {A}.

We now remark that the catalysts ¢;; initially present in membrane 7 will
always stay together, because dissolution cannot separate them. We will replace
each such group (“band”) by a new catalyst having the combined effect of the
group. More formally, we will replace all the catalysts c; j initially present in
membrane ¢ by one new catalyst ¢;, and the rules associated with membrane j
by the following set:

R;:{ciﬂcixynxm |2k € Xik,j, 1 <k<n;,1<i<m}, 1<j<m,

where m is the number of membranes of the membrane system. Note that R;-
contains rules for every catalyst ¢; representing the original “band” from mem-
brane ¢ which may have an effect in region j.

The argument in the previous paragraph shows that we can replace multiple
catalysts in a region by a single one. On the other hand, having no catalyst
in some region is equivalent to having one catalyst with no associated rules.
Therefore, without restricting the generality, in the following we assume that in
the initial configuration of an arbitrary purely catalytic P system over integers,
each membrane region i, 1 < ¢ < m, contains precisely one catalyst, and we can
call it ¢;.

Third, notice that the symbols may only travel from the inner membranes
to the outer ones, so if the output region iy is not the skin, only the contents
of the membrane substructure inside iy (including ig) is relevant for the result.
The only way in which a membrane ¢ not contained within iy could influence
the evolution of the system is by preventing it from halting. If the computations
inside the substructure of membrane ¢ halt after ig, but in a finite number of
steps, then this only influences the moment when we are allowed to retrieve the
result, but not the result itself. If the computations inside the substructure of
membrane i never halt, then the result of the system is always empty. If both
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halting in a finite number of steps or never halting are an option, then it is
sufficient to only consider the halting computations, and, as we have just shown,
in this case what happened inside the substructure of membrane ¢ does not have
any influence on the result of the whole system.

According to this reasoning, the membranes not contained within the output
membrane ip may influence the power of the system only trivially (by reducing
its result to the empty set). We will therefore assume that the output region is
always the skin.

Fourth, every elementary membrane having no rules associated to the cat-
alysts available there may be removed from the system without affecting the
result (unless it is the output membrane, in which case a singleton is generated,
which is a degenerate case), so in the following we assume that every elementary
membrane has some applicable rules. Clearly, the P system will not reach the
halting until all these membranes are dissolved.

Consider this reasoning starting from the elementary membranes, by induc-
tion. Take any non-elementary membrane ¢ which becomes elementary during a
computation. Assume ¢ is not dissolved (i.e., it has no rules associated to any
of the catalysts that were placed within the membrane substructure inside i,
including i), but it is not the output membrane. Then all the computations in
the membrane substructure inside 7, including ¢, do not contribute to the result,
and can be removed from the system without affecting the result.

As a summary of the fourth observation, without restricting the generality
(except, possibly the degenerate cases generating the empty set or some sin-
gleton), we may assume that any purely catalytic P system over integers has
applicable rules associated to all elementary membranes, and all membranes
except the skin must be dissolved at some moment during the computation.

Finally, for every region except the skin, a catalyst ¢; without associated rules
is equivalent to a catalyst with a rule ¢; — ¢;. Hence, without restricting the
generality, we may assume that each catalyst is never idle before it reaches the
skin membrane. Clearly, (excluding the degenerate case generating the empty
set), the skin should have no rules associated to any catalyst of the system.

We would like to note that even without pruning the membrane structure by
removing membrane substructures not contributing to the result, the membrane
structure obtained at halting (if at all reachable) is unique.

We recall that in [2], the following generalized approach is taken — there is a
finite number of reachable membrane structures. These could be used as states
of a sequential P system, which may be obtained, separately for each membrane
structure, by combining the behavior of all catalysts in all regions of the P
system. Indeed, having fixed a reachable membrane structure, we know which
membranes have been dissolved, and thus the resulting location of each catalyst.
Then, for each catalyst, associated rules in its current location are considered
and combined, similarly to the second observation above, but globally. Having
obtained a sequential system, the catalyst is no longer needed. Then, in [2] it was
shown that such a generalization is nothing else but a sequential blind vector
addition system with states, and it was claimed that it characterizes precisely
the family of all semilinear vectors of integers.
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Indeed, in this way any purely catalytic P system over integers can be sub-
stituted by a sequential blind vector addition system with states, so the upper
bound of the family of all semilinear sets of vectors of integers, or, equivalently,
the family of all integer vector sets, generated by blind register machines, holds.
However, the reverse is not necessarily true, i.e., it does not follow that for any
sequential blind vector addition system with states there would exist an equiv-
alent purely catalytic P system over integers.

In the present paper we investigate the particularities of how dissolution
affects the computation, and the lower bounds.

4.2 Generative Power

Since, by definition, the output region cannot be dissolved and any other applica-
ble rule can never be stopped, single-membrane purely catalytic P systems over
integers are degenerate (we will not mention these degenerate cases any more
when considering multiple membranes):

Theorem 1. ZOzP(pcat.,§) = {0} U {{a} | a € Z¢}.
With two membranes, a characterization is still straightforward:

Theorem 2. ZOzPs(pcat.,§) = ZSLINY .

Proof. Let A be the finite set of vectors corresponding to the non-dissolving rules
in the elementary membranes, and let B be the finite set of sums of two vectors:
the one corresponding to the initial configuration and vectors corresponding to
the dissolving rules in the elementary membrane; the skin should have no rules.
If the catalyst in the elementary membrane is co, then the correspondence men-
tioned above is ¢a — cox > ¥(x), and similarly with dissolution. An arbitrary
computation of a P system consists of an arbitrary number of applications of
non-dissolving rules and one application of a dissolving rule. Hence, the resulting
vector sums up from the “initial” vector, one arbitrary “dissolving” vector, and
an arbitrary linear combination of “non-dissolving” vectors. a

It is worth noting that, by a similar reasoning, for a P system with multiple
membranes, if the chronological order of dissolving the membranes is fixed, the
result is still Z4SLINY. Indeed, each combination of rules (one for each cata-
lyst) yields one vector, so all such possible combinations of non-dissolving rules
yield a finite set of vectors, and multiple non-dissolving steps yield a linear set
generated by these vectors. Thus, over the whole computation the result sums up
from the initial configuration, a finite number of dissolution vectors, and a finite
number of linear sets corresponding to the membrane structures reached during
that computation. Since the total number of chronological orders of dissolving
membranes is bounded, we infer the following known result:

Theorem 3. Z%OzP,(pcat,,d) C Z4SLINy.
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P systems with more than two membranes

Even with three membranes, in case two of them are elementary, the power of
such purely catalytic P systems over integers is still Z2ZSLINY, but for a different
reason: each elementary membrane contributes with its uniform semilinear set,
and a sum of two uniform semilinear sets is still uniform semilinear.

Let us now examine a P system with three nested membranes — as we will see,
the minimal number to obtain a set which is not in Z4SLINY. Let the vector
obtained by joining the initial contents of all membranes be ag. In the elementary
membrane 3, there are two sets of integers associated with the catalyst c3: the
set of non-dissolving vectors is denoted by As 3, the set of dissolving vectors
by Bs 3. In the middle membrane 2, associated with the catalyst ca, we have
the sets of non-dissolving and dissolving vectors As 5 and Bg 2. When c3 arrives
in membrane 2, other rules may become applicable there with this catalyst,
and we denote the corresponding sets of integers associated with catalyst cs in
membrane 2 by Az 2 and Bs 2. As we may assume the P system to be reduced
according to the observations above, we collect the result of halting computations
in the skin membrane and therefore, no rules are assigned to any catalyst there.
Let us now see what the resulting vector set may be built from, besides ag.

In each non-dissolving computation step, in the inner two membranes, an
element of A3 3 is added to the elementary membrane 3 and an element of A o
is added to the middle membrane 2; throughout every successful computation,
nothing is added any more in the skin membrane, although finally all objects
will arrive to the skin to constitute the result of a halting computation. Hence,
during that non-dissolving phase of a computation, we get an arbitrary element
from (A3 3 + Az 2)y. Then there are three possibilities:

1. Both membranes 2 and 3 are dissolved at the same moment, hence, by such
halting computations in total we get

ag + (A3 3+ Az )y + (B22 + Bz3).

2. If membrane 2 is dissolved first, then the system continues by only applying
the rules in membrane 3 (no rules are applicable in the skin membrane),
and eventually dissolving membrane 3, we have obtained an element from
(B2 + Az 3) + (Asz3)y + B33 during this phase of the computation, hence,
by such halting computations in total we get

ag + (As3 + Aoo)y + (B2 + As3) + (Ass)y + Bss) -

As the zero-vector is an element of (A3 3)y, we observe that this expression
can be combined with the previous one, thus in sum yielding

ag + (Az3 + Az2)y + B3z + Bao + (A33)y -

3. If membrane 3 is dissolved first, then both catalysts are active in membrane 2;
eventually dissolving it, this phase of the computation yields an element from

B33+ (Ago 4+ Az2)y + ((Az2 + Ba2) U (As o + B3o) U (B3 + Bap)).
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The three expressions (As 2 + Ba2), (A22 + Bs2), (Bs2 + Ba2) describe the
three possibilities for dissolving membrane 2. Hence, by such halting compu-
tations in total we get

ap + (As 3+ Az o)y + B33z +
(A2 + Az2)y + ((Az2 + Ba2) U (Ag 2 + B32) U (B32 + Ba)).

Therefore, the total set of integer vectors generated by such a purely catalytic
P system over integers with three nested membranes is

ag + B33+ (Az3 + Az ) + ( (B2 + (As3)y) U

((Ag2 + As2)y + ((As2 + Bajg) U (A22 + Bs2) U (Bs2 + Ba)) )>7

An immediate reduction of this formula is to omit ag as it can be included in
Bs 3, hence, from now on we omit ag. Let us denote the resulting expression by

M (B33, B3, B3 2,As3,A22,A3) .

We also note that the power of the nested case subsumes the power of the
case with two elementary membranes, as in that case we only get some uniform
semilinear set, which formally can also be described by

M(B,@,@,A,@,@),
although, using our notation, the correct formula would be
((Ag,2)y + Baa) + ((A33)y + Bsa) -

Therefore the power of all purely catalytic P systems over integers with three
membranes can be described as follows:

2Oz Ps (pcat,, §) = {M (Bs 3, Ba, B3 2, A3 3, A2 2, As2) |
Bs 3, By, By, Az 3, As o, Az o Cpin 2%},

where M (B3 3, B2 2, B3 2, Az 3, A2 2, A3 2) is the expression defined above.

Unfortunately, it is not obvious what more could be simplified in this expres-
sion, hence, to achieve our goal of showing how to get a non-uniform semilinear
set, we have to consider some particular cases.

The expression M(B373’B272’B372,A3737AQ,Q’A372) contains the three
bounded B-terms Bs3, Bga, Bsa, but the three independent finite sets of
vectors Az 3, Aza, Az appear as the three unbounded terms (Asz 3 + Az2)y,
(A22 + A32)y, (A3,3)y Which are not independent any more. It is, however, pos-
sible to separate them in some particular cases.

Let us choose A3 to be a singleton, i.e., Ass := {e} for some vector e,
and Ao = —As3 := {—e}, as well as, for some non-empty set of vectors C,
Az = C — Ayy. Hence, the first unbounded term (As3 + Az 2)y does not
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contribute any more, as (A3 3+ Az2)y = (0)y = 0, where 0 denotes the zero-
vector. Moreover, we get (Az2 + Az 2)y = (C)y and (A33) = ({e})y-
If we choose B3 3 = B 2 = B3 o = {0}, the expression for M simplifies to

{euU ((Chy+ ((C = {~e}) U{-e}))

or to ({e})yU ((C>N +((C+{ehu {—e})), respectively, which can be seen as

the union of a homogenous linear set and a uniform semilinear set. As e and C'
can be chosen independently from each other, we conclude

204 P, (pcat,§) 2 ZASLINY, for all n > 3.

Alternatively, to avoid dealing with the union of three cases when membrane 2
is divided last, we may choose Bso = Aso and B3 = Ajso; then the last
parenthesis in the general expression of set M simply reduces to A3 2+ A3 2. Let
us define C' := As 2 + A3 2 and, moreover, choose Bs 3 := {0}, A3 3 := {e}, and
Ay 9 := {—e}, then we get the reduced expression

({=e} + {ehhw) U ({C)y +(O)),

Since 0 € ({e})y—{e} and ((C)+C)U{0} = (C) as well as {—e}+({e})y =
—{e} U ({e})y, in this case we can rewrite M to

—{e}U{{eh)y U (O,

which is the “clean union” of two arbitrary homogeneous linear sets, such that
the first one has only one generator, only “contaminated” by the union with the
opposite vector of that singleton generator.

Another interesting variant is to choose B3 = 0, i.e., catalyst c3 has no
associated dissolution rules in membrane region 2. Then the general expression
of set M is immediately simplified to

B33+ By + (Az3 + Az )y + ( (Az3)y U ( (A2 + Az2)y + A3,2)>.

Choosing As g := {e}, Az := {—e}, A3 := C + {e}, and B33+ Ba s :=
{—e}, the expression for the set M becomes

{=e} + ({eDuU ({0 + C +{e})).

which can be reduced to {—e} U ({e})y U (C)y, i.e., we again have obtained an
“almost clean union” as already deduced above. Finally, we notice that we can
equivalently write our last set of integers as

{{e}, =€)y U {O)y-
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We can extend the approach we used for deriving M to construct precise
characterizations of the vector languages generated by purely catalytic P sys-
tems over integers with an arbitrary membrane structure of more than three
membranes.

For every membrane i, except the skin membrane, of such a P system I7,
according to the previous observations and simplifications, we may assume
exactly one catalyst to be found there at the beginning; moreover, as all the
inner membranes in the skin should be able to contribute to a result, we also
may assume that no catalyst arriving in such a membrane will ever be able to
be idle there, i.e., at least the rule ¢; — ¢; can assumed to be assigned to ¢; in
membrane 1.

For every catalyst ¢; and every membrane j, 2 < 4,5 < n, we define the
following sets of vectors:

— A;; contains the vectors corresponding to the right-hand sides of non-
dissolving rules associated with the catalyst ¢; in membrane j;

— B; ; contains the vectors corresponding to the right-hand sides of dissolving
rules associated with the catalysts ¢; in membrane j.

In fact, we only need these sets A; ; and B; ; if membrane ¢ is located some-
where within membrane j in the membrane structure p of the P system.

For a fixed order of dissolution of membranes, the set of vectors generated
by II then can be written as a linear combination of various specific sets A; ;
and B; ; plus the initial vector ag. The final vector language generated by II can
be characterized as a union of such linear combinations. Actually writing down
such a characterization is a matter of technicality, but we refrain from doing it
to avoid boring the reader with very tedious details.

4.3 Communication

We would like to remark that adding target indications to the regular objects
should not increase the power of purely catalytic P systems over integers. Indeed,
looking at a purely catalytic P system over integers, it is easily decidable which
membranes will eventually be dissolved. Hence, the only question is whether the
contents of a region specified by target, after possible dissolutions, will be in the
output. There is no need to examine the future of a moved regular object, since
the resources in purely catalytic P systems over integers are unbounded, and we
can view this copy of a moved object as staying in that region until the end of
the computation.

However, if also the catalysts are allowed to have target indications associ-
ated, it does make a difference. We claim the following characterizations.

Theorem 4. For all k > 1,

7207 P, (mpcaty, tary) = ZSLI Ny,
7207 P, (mpcaty, + 0) = ZASLINy, and
720z P, (mpcat,d) = Z4SLINy.
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Proof. The upper bound in either case is easy to see because the number of
possible arrangements of catalysts across the given membrane structure (and
any possible structures obtained from it by membrane dissolutions) is bounded.
Hence, purely catalytic P systems over integers with mobile catalysts are still not
more powerful than blind vector-addition systems with states, which characterize
Z*SLINy, see [2].

We now proceed to the O inclusions and consider an arbitrary semilinear set
Ui<i<m(Ai, bi)n, where for each i, 1 <i <m, A; U{b;} Crin Z°.

We first construct the following purely catalytic P system over integers Iy
showing the first inclusion Z?Oz P, (mpcaty,tarz) 2 Z4SLINy.

Hl = (070 = {C}7M7w17 e 7w2m+17R17' o 7R2m+17i0 = 1) where
O={a;|1<i<d}U{c},

p=101 Dol [ Jomas Tongs 11
wy = ¢,
wir1 = A, 1 <3< 2m,
Ry ={c— (¢yiniy1)v; | 1 <i<m, ¥(v;) = b},
Riss = {e — c(v,out) | $(v) € A} U{c = (¢ immsirn)}, 1< i < m,
Royriv1 =0, 1<i<m.

The work of II; consists of a non-deterministic choice of the i-th linear set to
be generated, by moving the single catalyst ¢ from the skin membrane into
membrane i + 1, at the same time producing b; in the skin membrane. After
having sent an arbitrary combination of vectors from A; to the skin membrane,
the catalyst enters membrane m + ¢ + 1, getting disabled there, and the system
halts.

For showing the second inclusion ZOgzP,(mpcat, + §) D Z*SLINy, where
the catalyst may move, but at the same time may dissolve its surrounding mem-
brane, we construct the purely catalytic P system over integers I1s:

II, = (0,C ={c}, pp, w1, -+, Wmt2,R1, -+, Rimyo, o = 1) where
O={a;|1<i<d}U{c},

p=[10 15[ T2 laly
wy = A,
W2 = €,
Witz = A, 1 <i<m,
Ry =0,

Ry = {c— (¢,inis2)vid | 1 < i <m, ¢(v;) = by},
Riyo={c—cv|9(v)e A} U{c— cd}, 1 <i<m.
In 115, the single catalyst ¢ from the second membrane is sent into membrane

i+ 2, at the same time dissolving membrane 2, thus also producing b; in the skin
membrane. Now a linear combination of vectors from A; is generated directly in
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membrane ¢ + 1, and is released into the skin upon the dissolution of membrane
i+ 1. As the skin membrane contains no rules, the system must halt.

If moving the catalyst and dissolving the surrounding membrane are not
allowed to be carried out within one single rule, a more complicated construction
is needed, involving two catalysts, with the second catalyst being needed in
multiple copies depending on m. For proving the inclusion

720y P, (mpcat,,8) D Z1SLI Ny,
we now construct the following purely catalytic P system over integers IIs:

Hg = (O,C = {c,c’},u,wl,o .. ,w3m+1,R1,~ . ,R3m+1,i0 = 1) Where
O={a;|1<i<d}u{e},

=1 Toman Longo To o LU Taimsd Joman Jongn 1o
w1 = ¢,
Wwit1 = A, 1 <4< 2m,
Womi14+i =, 1 <i<m,
Ry = {c— (ciniy1)vi | 1 <i <m, (v;) = by},
Riy1={c—cv|9(v) € Ai}
U {c— (¢,inmiit1), ¢ — 6}, 1<i<m,
Roytiv1 = {c— (c,ingmyiv1), ¢ — (' out)}, 1 <i<m,
Romtiv1 ={c—cd}, 1 <i<m.

With each linear set i, 1 < i < n, three nested membranes are associated (i + 1,
m+i+ 1, and 2m + i + 1). At the beginning, catalyst ¢ is sent from the skin
membrane into membrane ¢ + 1, at the same time producing b; in the skin
membrane. After having produced an arbitrary combination of vectors from A;
in membrane i+1, the catalyst enters membrane m+i+1; observe that membrane
i 4+ 1 is not dissolved yet. Then, c enters the elementary membrane 2m + i + 1
and dissolves it, releasing catalyst ¢’ into the surrounding membrane m + ¢ + 1.
Clearly, ¢ cannot reenter membrane 2m + i 4 1, which no longer exists, so it has
no applicable associated rules. Catalyst ¢/, however, is sent out to membrane
i+ 1, and now can dissolve it, which releases all generated regular objects to the
skin and halts the computation.

In sum, we have shown that using mobile catalysts we get characterizations
for the semilinear sets over integers, i.e., for Z¢SLI Ny, with also using dissolution
(together with moving catalysts or as a separate operation) or with using targets
for integer values (not only for a positive number of objects). a

5 Multiple Dissolution

In this section we focus on extensions of usual dissolution which allow dissolv-
ing multiple nested membranes in one step by adding multiple instances of the
dissolution symbol §. Thus, if the multiset §" is introduced into a membrane h
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at depth d, membrane h and n — 1 of its parent membranes are dissolved and
the contents of h is transferred into its n-th parent membrane h,. One may now
consider two different semantics for the contents of the n — 1 dissolved parent
membranes of h:

— forgetting semantics (§*) — the contents of the intermediate dissolved mem-
branes is discarded, and

— conservative semantics (6"*) — the contents of the intermediate dissolved
membranes is merged with that of h and moved into the n-th parent membrane
hp.

Multiple dissolutions allow characterizing semilinear sets relatively easily,
even if only one catalyst is available:

Lemma 1. Forallk > 1,
704 P, (peaty, 6*) N 220y P, (peaty,, 6™) D ZASLI Ny.

Proof. To prove the inclusion Z%Oz P, (pcaty, §*) O Z%SLI Ny, consider an arbi-
trary semilinear set L = {J,.;<,,(4i, bi)n, with 4; U {b;} Cpin Z% We now
construct the following purely catalytic P system over integers generating this
semilinear set:

H4 = (O7C = {C}7l~‘6aw17 e 7’U)m+2,R1, e 7R7n+2ai0 = 1)7 Where
O={a;|1<i<d}uUdc},

p=L0 0 e 1ol

wr=AN1<k<m+2,
Wm+2 = C,

Ry =0,

Ris1={c— cv|¥(v) € Ax} U {c — cwd® | Y(w) = b}, 1 < k <m,
Riyo = {c— 6™ k11 <k <m}.

I, contains a linear membrane structure: the skin membrane has no rules, the
innermost membrane contains some dissolution rules, while the other membranes
contain rules representing the generators of one of the linear sets forming L.

Initially, the only catalyst c is located in the innermost membrane. In the
first step, ¢ non-deterministically dissolves 1 to m membranes, thereby choosing
one of the linear sets of L. Then, by the rules of Riy1, 1 <k < m, ¢ adds some
generators from A to the initially empty membrane. At a certain moment, c
decides to stop the generation and uses the rule ¢ — cwdé® to add the offset by,
and to dissolve the remaining membranes, thus putting the generated result into
the skin.

Remark now that in 11, almost all membranes stay empty during the whole
evolution. Specifically, whenever multiple membranes are dissolved, all the par-
ent membranes are empty. This means that choosing a different semantics for
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multiple dissolution, i.e., having in mind the primed delta, also allows for cover-
ing all semilinear sets; hence, we immediately also infer

720y P, (pcaty,6™) D Z4SLI Ny.
This observation completes the proof. a

Finally, note that the discussion from Subsect.4.2 establishing the upper
bound at semilinear sets of vectors can be adapted for both semantics of multiple
dissolutions. Alternatively, to establish this upper bound, one could show that
any evolution of a purely catalytic P system over integers can be simulated
by a blind register machine, see [2]. In both cases, we may infer the following
characterization result:

Theorem 5. For all k > 1,
720y P, (pcaty, %) = 24Oy P, (pcaty,, 8'*) = ZSLI Ny.

Multiple membrane dissolutions in a row are also considered in [2]. In that
work, however, one rule may influence multiple membranes (or even all of them)
at a time, and is inapplicable if one of the membranes it affects has already been
dissolved. This is an additional means of global synchronisation which allows for
a simpler the proof in [2].

6 Conclusions

We have reproved that the power of purely catalytic P systems over integers
is contained in the family of all semilinear sets of vectors of integers. We then
have shown that with one membrane purely catalytic P systems over integers
give degenerate results, and with two membranes they exactly characterize the
family of all uniform semilinear sets of vectors of integers. With more membranes,
this equality becomes a strict inclusion, and specific unions of linear sets with
different base vectors have been obtained. More specifically, for any vector e € Z?
and any finite set C' C Z?, purely catalytic P systems over integers can generate

{{e}, =€)y U {O)y-

The most interesting open question remaining is whether Z*Ogz P (pcat.,d) is
closed under union. While in almost all cases in membrane computing closure
under union is trivial, e.g., by making a non-deterministic choice in the first step
of the computation, the current situation is rather surprising.

Finally, we have considered the variants with mobile catalysts, and showed
a few combinations of features leading to characterizations of semilinear sets of
Z-vectors.
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Abstract. In P systems working in the set derivation mode, even in the
maximally parallel derivation mode, rules are only applied in at most one
copy in each derivation step. We also consider the set mode in the cases
of taking those sets of rules with the maximal number of applicable rules
or with affecting the maximal number of objects. For many variants of P
systems, the computational completeness proofs even literally still hold
true for these new set derivation modes. On the other hand, we obtain
new results for P systems using target selection for the rules to be chosen
together with these set derivation modes.

1 Introduction

Membrane systems with symbol objects are a theoretical framework of parallel
distributed multiset processing. Usually, multisets of rules are applied in parallel
to the objects in the underlying configuration; for example, in the maximally
parallel derivation mode (abbreviated maz), a non-extendable multiset of rules
is applied to the current configuration. In this paper we now consider variants of
these derivation modes, where each rule is only used in at most one copy, i.e., we
consider sets of rules to be applied in parallel, for example, in the set-mazimally
parallel derivation mode (abbreviated smax) we apply non-extendable sets of
rules, and in two other set derivation modes we apply sets of rules which contain
a maximal number of applicable rules (abbreviated smaz,,i.s) and sets of rules
which affect a maximal number of objects (abbreviated smaxobjects).

Taking sets of rules instead of multisets is a quite natural restriction which
has already appeared implicitly in [9] as the variant of the min,-derivation mode
where each rule forms its own partition. Other motivations arise when we con-
sider firing a maximal set of transitions in Petri Nets [5,10] or optimizing an
implementation of FPGA simulators [19]. A natural question arises concerning
the power of set-based modes in contrast to multiset-based ones. In an explicit
way, the set derivation mode first was investigated in [13] where the derivation
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mode smax was called flat maximally parallel derivation mode. Yet we here keep
the notation of the set-mazimally parallel derivation mode as we have already
used it at the Conference on Membrane Computing 2015. In [13] it was already
shown that in some cases the computational completeness results established for
the max-mode also hold for the flat maximally parallel derivation mode, i.e., for
the smaz-mode.

In this paper we continue this line of research and we show that for several
well-known variants of P systems the proofs for computational completeness for
max can be taken over even literally for smax as well as for the derivation modes
MATrules, MOTobjects AN SMATrules, SMATobjects, Where multisets or sets of rules
with the maximal number of rules and multisets or sets of rules affecting the
maximal number of objects, respectively, are taken into account. For P systems
using target selection for the rules to be chosen these set derivation modes yield
even stronger new results. Full proofs of some of the results mentioned in this
paper and a series of additional results can be found in [4].

2 Definitions

We assume the reader to be familiar with the underlying notions and concepts
from formal language theory, e.g., see [7,15].

2.1 Prerequisites

The set of non-negative integers is denoted by N. Given an alphabet V', a finite
non-empty set of abstract symbols, the free monoid generated by V under the
operation of concatenation is denoted by V*. The elements of V* are called
strings, the empty string is denoted by A, and V* \ {\} is denoted by V. For
an arbitrary alphabet V = {as,...,a,}, the number of occurrences of a symbol
a; in a string z is denoted by |z|,,, while the length of a string x is denoted by
|z| = > ,,ev [7la;- With respect to a specific order on the elements ay, ..., a, of
the alphabet V, the n-tuple (|2|a,, ..., |Z|a, } is called the Parikh vector of |z|.
A finite multiset over an alphabet V = {ay,...,a,} is a mapping f : V — N

{(a1)7...7a£(an)> or by any string x for which

and can be represented by <a

(|]ays-- -5 |2la,) = (f(a1),-.., f(an)). The set of all multisets over V is denoted
by V° or by Ps(V*).

The families of recursively enumerable string languages is denoted by RE.
For any family of languages X, Ps(X) denotes the set of Parikh sets of the
languages in X; if we do not distinguish between different symbols and only
consider sets of numbers, we write N (X).

2.2 Register Machines

A register machine is a tuple M = (d, B,lo,l, R), where d is the number of
registers, B is a set of labels, [y € B is the initial label, [, € B is the final
label, and R is the set of instructions bijectively labeled by elements of B. The
instructions of M can be of the following forms:
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e p:(ADD(r),q,s), withp € BN {lp},q,s€ B, 1 <r <d.
Increases the value of register r by one, followed by a non-deterministic jump
to instruction p or s. This instruction is usually called increment.

e p:(SUB(r),q,s),withpe BN{lp}, ¢,s€ B, 1<r<d.
If the value of register r is zero, then the register machine jumps to instruction
s; otherwise, the value of register r is decreased by one, followed by a jump
to instruction g. The two cases of this instruction are usually called zero-test
and decrement, respectively.

e [;,: HALT. Stops the computation of the register machine.

A configuration of a register machine is described by the contents (i.e., by the
number stored in the register) of each register and by the current label, which
indicates the next instruction to be executed. Computations start by executing
the instruction [y of R, and terminate with reaching the HALT-instruction [j,.

As is well known (e.g., see [12]), register machines constitute a computation-
ally complete model for generating or accepting sets of (vectors of) non-negative
numbers, and thus they are often used as a reference model to be simulated in
the area of membrane computing.

For accepting recursively enumerable sets of numbers, deterministic register
machines with (at most) three registers are sufficient. In a deterministic register
machine, the ADD-instructions are of the form p : (ADD (r),q), with p € B \
{l},qe B, 1 <r <d.

In the succeeding proofs, for a register machine M = (d, B,ly,ln, R) we
will denote the sets of deterministic ADD-instructions, of non-deterministic
ADD-instructions, and of SUB-instructions in R by ADD(R), ADD?*(R), and
SUB(R), respectively. Moreover, by Bapp we denote the set of labels for ADD-
instructions, and by Bgyp we denote the set of labels for SUB-instructions of
M in R.

Finally, without loss of generality, for a register machine M = (d, B, lo, s, R)
with d registers and m < d decrementable registers, we will assume that the
following conditions hold: the output registers are m + 1,--- ,d, and they are
never decremented; moreover, the decrementable registers 1,--- ,m are empty
in any reachable halting configuration.

3 Variants of P Systems

In this section we recall the well-known definitions of several variants of P sys-
tems as well as some variants of derivation modes and also introduce the variants
of set derivation modes considered in the following.

For all the notions and results not referred to otherwise we refer the reader
to the Handbook of Membrane Computing [14] as well as to the webpage [18] of
P systems.

A (cell-like) P system is a construct

II = (07C7/J’7w17'"7wmaR17"'7RmaanfI) where
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O is the alphabet of objects,
— C C O is the set of catalysts,
— p is the membrane structure (with m membranes, labeled by 1 to m),

- wi,...,w,, are multisets of objects present in the m regions of y at the begin-
ning of a computation,
— Ry,..., R, are finite sets of rules, associated with the regions of u,

— fo is the label of the membrane region from which the outputs are taken (in
the generative case),

— f1 is the label of the membrane region where the inputs are put at the begin-
ning of a computation (in the accepting case).

fo = 0/fr = 0 indicates that the output/input is taken from the environ-
ment. If fo and f; indicate the same label, we only write f for both labels.

If a rule u — v has at least two objects in w, then it is called cooperative,
otherwise it is called non-cooperative. Catalytic rules are of the form ca — cv,
where ¢ € C' is a special object called catalyst which never evolves and never
passes through a membrane, it just assists object a to evolve to the multiset v.

In catalytic P systems we use non-cooperative as well as catalytic rules. In a
purely catalytic P system we only allow catalytic rules.

We call a P system simple if it contains only one membrane (the skin mem-
brane), which also serves as input and output membrane. Only specifying the
relevant parts, we then may write IT = (O, C,wy, Ry) where

— O is the alphabet of objects,

— C C O is the set of catalysts,

— aw; is the finite multiset of objects over O present in the skin membrane at the
beginning of a computation,

— R; is a finite set of rules.

We omit the set C if the P system contains no catalysts.

3.1 Derivation Modes

The definitions and the corresponding notions used in this subsection follow
the definitions and notions elaborated in [9]. Given a P system II, the set of
multisets of rules applicable to a configuration C' is denoted by Appl(Il,C);
this set also equals the set Appl(II, C,asyn) of multisets of rules applicable in
the asynchronous derivation mode (abbreviated asyn). The set Appl(II, C, sequ)
denotes the set of multisets of rules applicable in the sequential derivation mode
(abbreviated sequ), where in each derivation step exactly one rule is applied.

In the maximally parallel derivation mode (abbreviated by mazx), in any
computation step of IT we choose a multiset of rules from R (which is defined
as the union of the sets Ry,..., Ry,; in this context, rules in different rule sets
R; and R; with i # j are always considered to be different rules) in such a way
that no further rule can be added to it so that the obtained multiset would still
be applicable to the existing objects in the regions 1,...,m:
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Appl(IT,C,maz) ={R € Appl(II,C) | there is no R' € Appl(II,C)
such that R’ D R}

The basic set derivation mode is defined as the derivation mode where in
each derivation step at most one copy of each rule may be applied in parallel
with the other rules; this variant of a basic derivation mode corresponds to the
asynchronous mode with the restriction that only those multisets of rules are
applicable which contain at most one copy of each rule, i.e., we consider sets of
rules:

Appl(I1, C, set) ={R € Appl(II,C,asyn) | |R|, <1 for each r € R}

In the set-mazimally parallel derivation mode (this derivation mode is abbre-
viated by smax for short), in any computation step of IT we choose a non-
extendable multiset R of rules from Appl(II, C, set):

Appl(IT,C, smazx) ={R € Appl(II,C, set) | there is no R’ € Appl(Il,C, set)
such that R’ D R}

The smaz-derivation mode corresponds to the mini;-mode with the discrete
partitioning of rules (each rule forms its own partition), see [9].

As already introduced for multisets of rules in [6], we now consider the
variant where the maximal number of rules is chosen. In the derivation mode
mMaxyesmar only a maximal multiset of rules is allowed to be applied. But it
can also be seen as the variant of the basic mode max where we just take a
multiset of applicable rules with the maximal number of rules in it, hence, we
will also call it the max, s derivation mode. Formally we have:

Appl(IT, C,mazx,yres) ={R € Appl(II, C,asyn) |
there is no R’ € Appl(II, C,asyn)
such that |R'| > |R|}

The derivation mode max,.ssmax is a special variant where only a maximal
set of rules is allowed to be applied. But it can also seen as the variant of the
basic set mode where we just take a set of applicable rules with the maximal
number of rules in it, hence, we will also call it the smax s derivation mode.
Formally we have:

Appl(I1, C, smaxyes) ={R € Appl(II, C, set) |
there is no R’ € Appl(II, C, set)
such that |R'| > |R|}

We also consider the derivation modes mazopjectsmazr and maxopjectsSMax
where from the multisets of rules in Appl(I1,C, max) and from the sets of rules
in Appl(II, C, smax), respectively, only those are taken which affect the maxi-
mal number of objects. As with affecting the maximal number of objects, such
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multisets and such sets of rules are non-extendable anyway, we will also use the
notations mazopjects and SMaTopjects-

As usual, with all these variants of derivation modes as defined above, we
consider halting computations. We may generate or accept or even compute
functions or relations. The inputs/outputs may be multisets or strings, defined
in the well-known way.

For any derivation mode 7,

v € {sequ, asyn, max, smaz} U

{maxrulesa SMATryles, MALobjects Smaxobjects} 9

the families of number sets (Y = N) and Parikh sets (Y = Ps) Y, 5 (II), gener-
ated (§ = gen) or accepted (0 = acc) by P systems with at most m membranes
and rules of type X, are denoted by Y, ;0P,, (X).

4 Computational Completeness Proofs also Working
for Set Derivation Modes

In this section we list several variants of P systems where the computational
completeness proofs also work for the set derivation modes even being taken
literally from the literature.

4.1 P Systems with Cooperative Rules

We first consider simple P systems with cooperative rules having only one mem-
brane (the skin membrane), which also serves as input and output membrane,
and cooperative rules of the form u — v. Only specifying the relevant parts, we
may write IT = (O, w;, Ry) where

— O is the alphabet of objects,

— w; is the finite multiset of objects over O present in the skin membrane at the
beginning of a computation,

— Ry is a finite set of cooperative rules.

For a rule u — v € Ry, |uv| is called its size.

Theorem 1. For any register machine M = (d, B,ly,ln, R), with m < d being
the number of decrementable registers, we can construct a simple P system Il =
(O, wy = lo, Ry) with cooperative rules of size at most 3 working in any of the
derivation modes -y,

v e {max, MAaTryles, MATobjects, STNAT, STNAL ryles Smaxobjects} )
and simulating the computations of M such that

|R1| <1 x|ADDY(R)| +2 x |ADD?*(R)| + 5 x |SUB(R).
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Proof. Let M = (m, B,lo,lx, R) be an arbitrary register machine. We now con-
struct a simple P system with cooperative rules of size at most 3 simulating M.
The number in register r is represented by the corresponding number of symbol
objects o,.

A deterministic ADD-instruction p : (ADD(r),q) is simulated by the rule
P — 0.

An ADD-instruction p : (ADD(r), g, s) is simulated by the two rules p — 0,.q
and p — o,s.

A SUB-instruction p : (SUB(r), g, s) is simulated by the following rules:

L p—p'p"
2.p'—=p,plop—p

(executed in parallel if register r is not empty);
3. pp” — s (if register r has been empty),

pp — ¢ (if register r has not been empty).

In the case of a deterministic register machine, the simulation by the P system
is deterministic, too.

We observe that the construction works for every maximal derivation mode,
even if only sets of rules are taken into account. a

4.2 Catalytic and Purely Catalytic P Systems

We now investigate proofs elaborated for catalytic and purely catalytic P systems
working in the max-mode for the derivation modes smax, maz, yies, SMATryles,
MATobjects, A SMATopjects-

Based on the proof construction elaborated in [2] we state the following result:

Theorem 2. For any register machine M = (d, B,ly,ln, R), with m < d being
the number of decrementable registers, we can construct a simple catalytic P
system IT = (O, C,wy, Ry) working in any of the derivation modes =,

v e {max, STAX, MATryless STNALryles; TNAL objects Smafobjects} )
and simulating the computations of M such that
|Ri| <1 x |ADDY(R)| +2 x |ADD*(R)| +5 x |SUB(R)| +5 x m + 1.

Proof. We first check the construction for simulating a register machine M =
(d, B,lo,ln, R) by a catalytic P system II, with m < d being the number of
decrementable registers, elaborated in [2] for the maz-mode, and argue why it
works for the derivation mode smaz and the other maximal (set) derivation
modes, too.

For all d registers, n; copies of the symbol o; are used to represent the value
n; in register i, 1 < ¢ < d. For each of the m decrementable registers, we take
a catalyst ¢; and two specific symbols d;,e;, 1 < i < m, for simulating SUB-
instructions on these registers. For every p € B, we use p, and also its variants
p,p,p for p € Bsyp, where Bgyp denotes the set of labels of SUB-instructions.
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For r < m, r®,,1 simply is 7 + 1, whereas for r = m we define m®,,1 = 1;
wp stands for additional input present at the beginning.

Usually, every catalyst ¢;, i € {1,...,m}, is kept busy with the symbol d;
using the rule ¢;d; — c¢;, as otherwise the symbols d; would have to be trapped by
the rule d; — #, and the trap rule # — # then enforces an infinite non-halting
computation. We use the following shortcuts:

D, = Hie{l,...,m} di,
Dtm =ILicqi,...mp\ ) dis
Dm,r = i€{l,...m}I\{r,r®, 1} dl

Only during the simulation of SUB-instructions on register r the correspond-
ing catalyst ¢, is left free for decrementing or for zero-checking in the second
step of the simulation, and in the decrement case both ¢, and its “coupled”
catalyst c¢,q,,1 are needed to be free for specific actions in the third step of the
simulation.

I = (O,C, w; =Cq1 .. .Cmdl . 'dmple;Rl)a
O=CUDUEUXU{#}UBU{p,p,p|l € Bsugp},
C={c;i|1<i<m},
E={e;|1<i<m},
Y={o;|1<i<d},
Ry ={p— 0,.qDp,p — 0,8Dp, | p: (ADD(r),q,s) € R}
U {p — per D ryp — DDy D — ﬁD;n,m
D — qDpm,p — sDp, |p : (SUB(T)7Q75) € R}
U {CT’OT‘ - Crdra Crdr — Cry Crg,, 160 — Crg 1 | 1 S r S m})
U{d, - #,crer = # | 1 <r<m}
U {# — #}.

The HALT-instruction labeled [}, is simply simulated by not introducing the
corresponding state symbol [, i.e., replacing it by A, in all rules defined in R;.

Each ADD-instruction p : (ADD(r),q,s), for r € {1,...,d}, can easily be
simulated by the rules p — 0,¢D.,,, and p — 0,sD,,; in parallel, the rules ¢;d; —
¢, 1 < i < m, have to be carried out, as otherwise the symbols d; would have
to be trapped by the rules d; — #.

Each SUB-instruction p : (SUB(r),q, s), is simulated as shown in the table
listed below (the rules in brackets [ and | are those to be carried out in case of
a wrong choice):

Simulation of the SUB-instruction p : (SUB(r),q, s) if

register 7 is not empty register r is empty
p— ﬁerDm,r p— ﬁDm,r

CrOr — Cpdy [Cre, — cr#] ¢, should stay idle
D — f)D'/m r p— 8Dy

Crdr — Cr [dr - #] [dT - #]

P — qDm

Cr@m,16r = Crap,1
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In the first step of the simulation of each instruction (ADD-instruction or SUB-
instruction) due to the introduction of D,, in the previous step (we also start
with that in the initial configuration) every catalyst ¢, is kept busy by the
corresponding symbol d,., 1 <r < m.

We finally observe that the catalytic P system constructed above not only
works correctly with the maximally parallel derivation mode max, but also for
the derivation modes maz,yies and mazopjects as well as for the set derivation
modes smazx, SMaTryles, and SMATopjects- ach maximality condition guarantees
that the rules are applied in a correct way in every step.

The only difference is that in the set derivation modes smax-mode,
SMATryles, ONAd SMATobjects ONlY one trap rule # — # will be carried out! O

For the purely catalytic case, one additional catalyst c¢,,+1 is needed to be
used with all the non-cooperative rules. Unfortunately, in this case a slightly
more complicated simulation of SUB-instructions is needed, a result established
in [17], where for catalytic P systems

|R1| <2 x|ADDY(R)| 4+ 3 x |ADD?*(R)| + 6 x |[SUB(R)| +5 x m + 1,
and for purely catalytic P systems
|R1| <2 x |ADDY(R)| + 3 x |ADD*(R)| + 6 x |SUB(R)| 4+ 6 x m + 1

is shown. We observe that again the construction works for every maximal deriva-
tion mode, even if only sets of rules are taken into account.

4.3 Computational Completeness of (Purely) Catalytic P Systems
with Additional Control Mechanisms

In this subsection we mention results for (purely) catalytic P systems with addi-
tional control mechanisms, in that way reaching computational completeness
with only one (two) catalyst(s).

P Systems with Label Selection

For all the variants of P systems of type X, we may consider labeling all the
rules in the sets Ry, ..., R,, in a one-to-one manner by labels from a set H and
taking a set W containing subsets of H. In any transition step of a P system
with label selection II we first select a set of labels U € W and then, in the
given derivation mode, we apply a non-empty multiset R of rules such that all
the labels of these rules from R are in U.

The families of sets Y, 5 (IT), Y € {N, Ps}, 6 € {gen,acc}, and

aS {Sequ7 asyn, max, SMax, Malryles, STMALryles; MALobjects smaxobjects} )

computed by P systems with label selection with at most m membranes and
rules of type X are denoted by Y, sOP,, (X,s).
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Theorem 3. Y, ;0P (cati,ls) = Y, ;0P (pcats,ls) = YRE for any Y €
{N, Ps}, § € {gen,acc}, and any (set) derivation mode =,

v E {maxa SMAT, MATryles, STNAL ryles, MATobjects Smaxobjects} .

The proof given in [8] for the maximally parallel mode mazx can be taken over
for the other maximal (set) derivation modes word by word; the only difference
again is that in set derivation modes, in non-successful computations where more
than one trap symbol # has been generated, the trap rule # — # is only applied
once.

Controlled P Systems and Time-Varying P Systems

Another method to control the application of the labeled rules is to use control
languages (see [3,11]). In a controlled P system II, in addition we use a set H
of labels for the rules in IT, and a string language L over 2 (each subset of H
represents an element of the alphabet for L) from a family F L. Every successful
computation in IT has to follow a control word U;...U, € L: in transition
step 7, only rules with labels in U; are allowed to be applied (in the underlying
derivation mode, for example, maz or smax), and after the n-th transition,
the computation halts; we may relax this end condition, i.e., we may stop after
the i-th transition for any ¢ < n, and then we speak of weakly controlled P
systems. If L = (Uy...Up)", II is called a (weakly) time-varying P system: in
the computation step pn + i, n > 0, rules from the set U; have to be applied; p
is called the period.

The family of sets Y, s(II), Y € {N,Ps}, computed by (weakly) con-
trolled P systems and (weakly) time-varying P systems with period p,
with at most m membranes and rules of type X as well as control lan-
guages in F'L is denoted by Y, ;OP,, (X,C (FL)) (Yy,sOP,, (X,wC (FL))) and
Y, sOP,, (X,TV,) (Y5,50P,, (X,wTV,)), respectively, for § € {gen, acc} and

v € {sequ, asyn, max, smaz} U

{maxrulem SMATryles, AT objects smaxobjects} .

Theorem 4. Y, sOP; (caty,aTVgs) = Y, ;0P (pcaty,aTVs) = YRE, for any
ac{\w}, Y € {N,Ps}, § € {gen,acc}, and

S {max, STAT, MATryless STNALryless TMALobjects Smaxobjects} .

The proof given in [8] for the maximally parallel mode max again can be
taken over for the other maximal (set) derivation modes word by word, e.g.,
see [4].

5 P Systems with Toxic Objects

In many variants of (catalytic) P systems, for proving computational complete-
ness it is common to introduce a trap symbol # for the case that the derivation
goes the wrong way as well as the rule # — # (or c¢# — c# with a catalyst c)
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guaranteeing that the derivation will never halt. Yet most of these rules can be
avoided if we specify a specific subset of tozic objects Oy -

The P system with toxic objects is only allowed to continue a computation
from a configuration C' by using an applicable multiset of rules covering all copies
of objects from Oy,; occurring in C; moreover, if there exists no multiset of
applicable rules covering all toxic objects, the whole computation having yielded
the configuration C' is abandoned, i.e., no results can be obtained from this
computation.

For any variant of P systems, we add the set of tozic objects Oy, and in
the specification of the families of sets of (vectors of) numbers generated by P
systems with toxic objects using rules of type X we add the subscript tox to
O, thus obtaining the families Y, §0;05 Py, (X), for any m > 1, Y € {N, Ps},
0 € {gen,acc}, and

aS {max, SMAX, MATryless STNALryless AL objects Smamobjects} .

The following theorem stated in [1] only for the maz-mode obviously holds for
the other maximal (set) derivation modes, too.

Theorem 5. PSRE = PSy genOiopPr([plcats) for every
v E {mam7 STAX, MATLryless STMALryless MALobjects smaxobjects} .

In general, we can formulate the following “metatheorem”:

Metatheorem: Whenever a proof has been established for the derivation mode
mazx and literally also holds true for the derivation mode smazx, then the omitting
of trap rules by using the concept of toxic objects works for both derivation modes
in the same way.

In the following sections, we now turn our attention to models of P systems
where the derivation mode smax yields different, in fact, stronger results than
the derivation mode maz.

6 Atomic Promoters and Inhibitors

As shown in [16], P systems with non-cooperative rules and atomic inhibitors
are not computationally complete when the maximally parallel derivation mode
is used. P systems with non-cooperative rules and atomic promoters can at least
generate PsETOL. On the other hand, already in [13], the computational com-
pleteness of P systems with applying maximal sets of non-cooperative rules and
atomic promoters has been shown. In the following we recall our new proof from
[4] for the simulation of a register machine where the overall number of promoters
only depends on the number of decrementable registers of the register machine.
Moreover, we also recall the proof of a new rather surprising result, establishing
computational completeness of P systems with applying maximal sets of non-
cooperative rules and atomic inhibitors, where the number of inhibitors again
only depends on the number of decrementable registers of the simulated register
machine. Finally, in both cases, if the register machine is deterministic, then the
P system is deterministic, too.
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6.1 Atomic Promoters

We now recall our new proof from [4] for the computational completeness
of P systems with non-cooperative rules and atomic promoters when using any of
the set derivation modes smax, SMax yuies, SMATobjects- Lhe overall number of
promoters only is 5m where m is the number of decrementable registers of the
simulated register machine.

Theorem 6. For any register machine M = (d, B,lo,ln, R), with m < d being
the number of decrementable registers, we can construct a simple P system with
atomic inhibitors IT = (O,wy = lo, R1) working in any of the set derivation
modes Smax, SMATryles, SMATobjects ond simulating the computations of M such
that

|R1| <1 x |[ADDY(R)| +2 x |ADD?*(R)| +5 x |SUB(R)| + 7 x m.

The number of atomic inhibitors is bm. Finally, if the register machine is deter-
manistic, then the P system is deterministic, too.

Proof. The numbers of objects o, represent the contents of the registers r, 1 <
r < d; moreover, we denote Bsyp = {p | p: (SUB(r),q, s) € R}.
O={o|1<r<d}ud{o,c,c.,c,cd"1<r<m}

CrsCp

U B\{ln})uip . p",p" | p € Bsus}

The symbols from {o]., c,,c.,cl, e | 1 <r < m} are used as promoters.
An ADD-instruction p : (ADD(r), g, s) is simulated by the two rules p — qo,
and p — so,.

A SUB-instruction p : (SUB(r), g, s) is simulated in four steps as follows:

/
1pﬁp%
2 ]) N Z)// /
3p—>p c—>c'|o,o'r—>)\;

/ /! /1
4~p _)Q|C,',,’ap _)8|crvcr—>/\|c/r”70r_>/\’cr_>/\'

/ .
Or_)0r|<:7c7‘_’)‘7
/// l/l

As final rule we could use [, — A, yet we can omit this rule and replace every
appearance of [, in all rules as described above by A. g

6.2 Atomic Inhibitors

We now show that even P systems with non-cooperative rules and atomic pro-
moters using one of the derivation modes smaz, smaw uies, SMATobjects CAN SiM-
ulate any register machine needing only 2m+1 inhibitors where m is the number
of decrementable registers of the simulated register machine.

Theorem 7. For any register machine M = (d, B,lo, I, R), with m < d being
the number of decrementable registers, we can construct a P system with atomic
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inhibitors I = (O,w; = lo, R1) working in any of the set derivation modes
SMAT, SMAT ryles, SMATobjects ANd simulating the computations of M such that

|Ri| <1 x|ADDY(R)|+2 x |ADD?*(R)| +5 x |[SUB(R)| +3 x m + 1.

The number of atomic inhibitors is 2m + 1. Finally, if the register machine is
deterministic, then the P system is deterministic, too.

Proof. The numbers of objects o, represent the contents of the registers r, 1 <
r < d. The symbols d, prevent the register symbols o., 1 < r < m, from
evolving.

O={o,|1<r<dtU{o|1<r<m}u{d [0<r<m}
UB\{})u{p'.p".,p|pe Bsus}

We denote D =[], d; and D, = HZZL#T d;.
An ADD-instruction p : (ADD(r),q, s) is simulated by the two rules p —
qo,.D and p — so,D.

A SUB-instruction p : (SUB(r), g, s) is simulated in four steps as follows:

L. p—p'Dy;
2. p' — p” Ddy; in parallel, the following rules are used:
Or — O |=a,; di — A\, 1 <k < mj
3. p" = pD |-o; 0. — A, do — A
again, in parallel the rules dy — X\, 1 < k < m, are used;
4. p" — ¢D |-4,, D — sD.

As final rule we could use I, — A, yet we can omit this rule and replace every
appearance of [ in all rules as described above by A. O

7 P Systems with Target Selection

In P systems with target selection, all objects on the right-hand side of a
rule must have the same target, and in each derivation step, for each region
a (multi)set of rules — non-empty if possible — having the same target is chosen.
In [4] it was shown that for P systems with target selection in the derivation
mode smax no catalyst is needed any more, and with smax, s, we even obtain
a deterministic simulation of deterministic register machines.

Theorem 8. For any register machine M = (d, B,ly,ln, R), with m < d being
the number of decrementable registers, we can construct a P system with non-
cooperative rules working in the set derivation mode smax and simulating the
computations of M.
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Proof. As usual, we take an arbitrary register machine M with d registers sat-
isfying the following conditions: the output registers are m + 1,--- ,d, and they
are never decremented; moreover, registers 1,--- ,m are empty in any reachable
halting configuration.

We now construct the following P system II simulating M. The value of each
register 7 is represented by the multiplicity of objects o, in the skin.

The correct behavior of the objects associated with the simulated instruction
of M is the following:

In the decrement case, we have in,42, out, ing, idle, out, iny, here, out, here
(9 steps in total), whereas in the zero-test case, we have the same as before,
except that the fourth and the fifth steps are out and here instead of idle and
out, respectively.

In case of an increment instruction, we get here, here, here, here, ing, here,
out, here (8 steps in total). We remark that the first four steps are carried out
in the skin, while the last four steps repeat the cases of zero-test and decrement.

For every decrementable register r, there is a rule sending o, into region r+2.
However, this rule may only be applied safely in the first step of the simulation
of the SUB-instruction, as otherwise some other object will also enter the same
region as # (either one of e, €', ¢”, &, ¢, which in the following we will refer to
as the guards, or an object associated to the label of the simulated instruction,
which in the following we will call a program symbol) forcing an unproductive
computation, see the rules in brackets in the tables below.

The “correct” target selection for the inner regions normally coincides with
that of the program symbol (described above) and no rule is applied there if
the program symbol is not there, with the following exceptions. In the first step
of simulating an instruction, object e exits membrane 2, as it is the only rule
applicable there in this step. In the last step of simulating an instruction, object
€ is rewritten into e in membrane 2, as it is the only rule applicable there in this
step. In the fourth step of the decrement case, the program symbol is idle while
object d is erased. The “correct” target selection for the skin coincides with that
of the program symbol, and is here if the program symbol is missing in the skin.

Most trapping rules, given in brackets in the tables and listed in rule groups
R; ;4 below, are only needed to force the “correct” target selection. The excep-
tion are some rules in steps 4 and 5 of the simulation of SUB-instructions, needed
for verifying that the decrement and the zero-test have been performed correctly
(the guess is made at step 3 by the program symbol, and is reflected in its sub-
script). Indeed, the zero-test being chosen while d is present (signifying that the
register has been decremented), causes a target conflict, and either py or d in
any case will be rewritten into #. On the other hand, if the decrement is chosen
while d is absent (signifying that the register has been zero), then p_ will appear
in the skin in step 4 instead of step 5, causing a target conflict, and either p’ or
e’ in any case will be rewritten into #.
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II'= (0, p, w1, ;Wmy2, R1, -+, Ripg2) where

O={o [1<r<dtu{p,p,p' |peB}U{p",p,p|p€ Bapp}
U A{p'sp—, 0,00, s 15 | p € Bsup} U {e,e,¢' ", 6,8, d,#},

=11 [msh

wy =lg, we =¢€, Wrpo =X, 1 <r <m,

m+2
Ry = U (Riis UR1i%),
i=1
Ri=Rj1 s UR; 1 #UR;; sUR;; 4, 2<j<m+2,
Riis={e—¢€,ef—e e —éé—é e — N}
U {py —p; | p€BsuptU{p—p|pe B}
U{p—po, |p: (ADD(r),q,s) € P}
Ui{p—p,p —p"p" —plp€Bapp}

R1,2,s = {p/ - (p*7in2)7p/ - (p07in2)7p/— - (pl_,an),pg - (pgaan)

|p € Bsup}U{p — (B,in2) [ p € Bapp}U{d — (d,in2)}
Rypyos = {OT - (Orainr-i-?)} U {p - (pa 7;nr-§—2)
|p: (SUB(r),q,s) € P}, 1<r<m,
Riny=1{p — #,00 = #.0_ — #|p € Bsun}
U{p— # |p € Bapp} U{# — #},
Riay = {py — (#,in2),¢" — (#,in2) | p € Bsup}
U{p — (#,in2) | p € B},
Riqo.6 ={x — (#,in,42} |z € {e,€,€",6,¢'}
U {po,py,p_ | p € Bsup} U{p | p € B}}
U{p— (#,inr42) | p: (SUB(3),q,8) € P, i # r}
UA{p" — (#,in,42) | p € Bsup}, 1 <r <m,
Roqs ={e— (e;out)} U{p — (p,out) | p € B}
U {po — (po, out),p— — (p_,out) | p € Bsus},
Ryos={d— \ée—e}
U {pg — 5e,p_ —ge|p: (SUB(r),q,s) € P}
U{p—agep—se|p:(ADD(r),q.s) € P},
Ro1 .4 = {d — (#,0ut), # — (3, 0ut)},
Roo 4 ={po — #|p € Bsup}U{p — # | p € B},
Ryyo1s=1{p— (p/,out) | p € Bsug}U{o, — (d,out)}, 1 <r <m,
Ryjon4 ={# — (#,0ut)}, Rrjoryos=Rrjyoriox =0, 1<r <m.
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Simulation of a SUB-instruction (p:(SUB(r),q,s))

r—+2 1 2
1|- or = (0r,inry2) e — (e, out)
- p = (p,inr42)
[p - (#7ini+2)7 { # T]
2lp— (p',out) |e — €' -
or — (d,out) |[e = (#,ini+2)]
3]- p, — (p,,ing) -
p" = (po,in2)
d— (d, ing)
[p" — #]
[P — (#,ini12)]
[e" — (#,init2)]
1,- |1,0 2,- 2,0
4 e — e’ d— )\ po — (po, out)
[p— — (p_, out)]|[d — (#, out)]
[po — #]
5l — e Do — PO p— — (p_,out) |-
[P — (p_,in2)] | —é
[p_ — #] [po — (#,ine)]
[e” = (#,im)]  |[e” = (#,ine)]
[for ¢ > 2] [for t > 2]
6l — (p_,in2) |po — (po,in2) |-
[p_ — #] [p6 — #]
[p" — (#,initv2)] |6 — (F iniv2)]
7 é—é . — ge Py — 5
€ = (hinisa)]
8 e — A q — (g, out) 5 — (5, out)
[¢" — (#,init2)] 7 — #] [5 — #]
9lg — q S— s e—e
[ — (#,in4)] [5 — (#,in1)]

from moving into membrane r + 2.

Auxiliary trap rules

r+2

1

Nearly half of the steps in the preceding constructions is needed for releasing
the auxiliary symbol e in the first step of a simulation from membrane 2, yet in
our construction, e and its derivatives are needed to control the correct target
selection in the skin membrane, and especially to keep the register objects o,

[# — (#, out)] | [# — #]
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Simulation of an ADD-instruction (p:(ADD(r),q,s))
1 2

[y

D — POy e — (e, out)

2p—p -

e—¢é
3 p/_)p// _

6l — 6//

4 p”_>ﬁ _

" ~
e — e

5 ﬁ - (ij7 in?) -

[P — #]
6|ée—é p— ze, x € {q,s}
71ée — A z — (T, out)
[z — #]
8|z —x e—e

Again we mention that any application of one of the rules given in brackets
in the tables above leads to non-halting computations, not contributing to the
result. O

We now show that taking the maximal sets of rules which are applicable, the
simulation of SUB-instructions can even be carried out in a deterministic way.

Theorem 9. For any register machine M = (d, B,lo,l, R), with m < d being
the number of decrementable registers, we can construct a P system with non-
cooperative rules

H:(Ovuz[[]2~~~[]2m+l ]17w17>‘,"'a)‘7R1~'~R2m+17f:1)

working in the derivation mode Smax s and simulating the computations of
M such that

|Ry1| <1 x |ADD*(R)| +2 x |[ADD*(R)| + 4 x |SUB(R)| + 10 x m + 3.

Proof. The contents of the registers r, 1 < r < d, is represented by the numbers
of objects o,, and for the decrementable registers we also use a copy of the
symbol o, for each copy of the object o,. This second copy 0. is needed during the
simulation of SUB-instructions to allow for distinguishing between the decrement
and the zero-test case. For each r, 1 < r < m, the two objects o, and o/. can only
be affected by the rules o, — (A,in,41) and o — (A, in,41) sending them into
the membrane r + 1 corresponding to register r (and at the same time erasing
them; in fact, we could also leave them in the membrane unaffected forever as
a garbage). These are already two rules, so any other combination of rules with
different targets has to contain at least three rules.
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One of the main ideas of the proof construction is that in the skin membrane
the label p of an ADD-instruction is represented by the three objects p and
e,e’, and the label p of any SUB-instruction is represented by the eight objects
pee e d.,d. d, d, . Hence, for each p € (B\{ln}) we define R(p) = pee’ for
p € Bapp and R(p) = pee/e”de;d;d;/ for p € Bsyp as well as R(I) = A; as
initial multiset w; in the skin membrane, we take R(lp).

O={o |1<r<d}u{o.|1<r<m}uU(B\{lL})
U {dr,d;,d;,d;/ [1<r §m}U{e,e’7e”}

An ADD-instruction p : (ADD(r),q, s) is simulated by the rules e — A and
e’ — X as well as by the rules p — R(q)o, and p — R(s)o, for m < r < d,
and, in the case of the decrementable registers, for 1 < r < m, by the rules
p — R(q)or0,. and p — R(s)o,0,. Any possible maximal combination of these
rules yields a (multi)set of three rules and thus supersedes any combination of
rules o, — (A,iny41) and ol. — (A, in,41), for some 1 < r < m.

A SUB-instruction p : (SUB(r), g, s) is simulated in two steps as follows:

1. In Ry, for the first step we take one of the following tuples of rules:
p— (p,inpg1), dr — (Nyinpg1), d — (N ing11), dr — (N i0p41),
or — (A\yinpi1), 0 — (A, ing41);
P — (P iNmirs1), dr /_’ (A imgrt1)s dn — (A iMngrg1),
dr - (A;inm+r+1)a dr - ()\»inerqul);
the application of the rules o, — (\,in,41), o} — (A in,41) in contrast to
the application of the rule dNT/ — (A, iMyp4r41) determines whether the first
or the second tuple of rules has to be chosen. Here it becomes clear why we
have to use the two register symbols o, and o/, as we have to guarantee that
the target 7 + 1 cannot be chosen if none of these symbols is present, as in
this case then only four rules could be chosen in contrast to the five rules for
the zero-test case. On the other hand, if some of these symbols o, and o!. are
present, then six rules are applicable superseding the five rules which could
be used for the zero-test case.

2. In the second step, the following three or four rules, again superseding any
combination of rules o, — (A, in,+1) and o). — (A, in,41) for some 1 < r < m,
are used in the skin membrane: ,

e— A\ e — A €’ — )\ and in the decrement case also the rule d, — .

In the second step, we either find the symbol p in membrane r + 1, if a
symbol o, together with its copy o] has been present for decrementing or in
membrane m + r + 1, if no symbol o, has been present (zero-test case).

In the decrement case, the following rule is used in R,11: p — (R(q), out).
In the zero-test case, the following rule is used in Ry,4r41: p — (R(s), out).

The simulation of the SUB-instructions works deterministically, hence, although
the P system itself is not deterministic syntactically, it works in a deterministic
way if the underlying register machine is deterministic. O
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In contrast to the derivation mode smax,.,s Wwhere we take the maximal sets
of rules which are applicable, in the smaz-derivation mode we may have several
non-extendable sets of rules which are applicable to the current configuration
although being of different sizes, which has made that proof much more difficult
than in the case of smax,yies-

8 Conclusion and Future Work

It is not very surprising that many of the computational completeness proofs
elaborated in the literature for the derivation mode max also work for the set
derivation mode smaz and usually even for the other (set) derivation modes
MATryles ANA SMATryies as Well as for mazopjects and sMaTopjects, because many
constructions just “break down” maximal parallelism to near sequentiality in
order to work for the simulation of register machines. On the other hand, we
also have shown that due to this fact some variants of P systems become even
stronger with the modes smax and smax,yes- A comprehensive overview of
variants of P systems we have already investigated can be found in [4], many
more variants wait for future research.
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Abstract. Cell biology provides useful ideas to computer scientists in
order to construct models which can provide more efficient computa-
tions. In this paper we prove that an abstract model of protein-protein
interaction derived from membrane computing has the same computa-
tional power as a Turing machine by using a rather small number of
proteins having at most length two, where length is an abstract measure
of complexity.

1 Introduction

Biological cells are complex systems composed of many components which are
themselves components in a large system of organs. The processes inside a cell
are integrated through a complex protein-protein network. It is widely known
the importance of proteins as active agents and targets in cellular biology. Mem-
brane proteins play critical roles in many biological and pathological processes,
and constitute the majority of all drug targets. During the last years, several
studies were devoted to protein-protein interaction networks and their role in
new therapeutic methods for numerous diseases.

Membrane proteins are often arranged in large complexes and are important
for many biological functions. For example, signals from the exterior of a cell
are mediated to the inside of that cell by protein-protein interactions of the
signalling molecules. Proteins might interact to form part of a protein complex,
a protein may be transporting another protein, or a protein may interact briefly
with another protein just to modify it. Such a (conformation) modification of
proteins can itself change protein-protein interactions. Most of the reactions
taking place in a cell are in fact controlled by proteins bound on cell membrane.
These proteins can be of two types: peripheral proteins (placed on the internal or
external side of a membrane), and integral proteins (have parts on both internal
and external sides of a membrane). Freely floating molecules interact with the
proteins bounded on membranes, and can be activated, manipulated, and pushed
across the cell membranes. According to [1], proteins constitute about 50% of
the mass of most animal cell membranes. The increasing complexity of protein-
protein interactions has driven the selection of longer proteins by the addition
of functional motifs. This increasing is an important evolutionary strategy for
achieving complex systems. In order to cope with the increased complexity of
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protein-protein interactions that arise within complex systems, protein lengths
are correlated with systems size [22].

The living cells provide useful ideas to theoretical computer scientists in order
to define models which can provide more efficient computations, models which
can be used by biologists. It is not about simply applying computer science
to biology, but by a systemic approach of the biological phenomena in terms of
computational inspiration in which the processing of information is essential [16].
“Life is computation. Every single cell reads information from a memory, rewrites
it, receives data input (information about the state of its environment), processes
the data and acts according to the results of all this computation. Globally, the
zillions of cells populating the biosphere certainly perform more computation
steps per unit of time than all man made computers put together” [15].

Membrane systems [20] represent such a class of computing devices inspired
by living cells which are complex hierarchical membrane structures with a flow
of materials and information which underlies their functioning, involving parallel
application of rules, communication between membranes and membrane disso-
lution. The structure of the cell is represented by a set of hierarchically embed-
ded regions, each delimited by a surrounding boundary (called membrane), and
all contained inside a so called “skin membrane”. A membrane without any
other membrane inside is said to be elementary, while a membrane with other
membranes inside is said to be non-elementary. Multisets of objects are distrib-
uted inside these regions, and they can be modified or communicated between
adjacent compartments. Objects represent the formal counterpart of molecular
species (ions, proteins, etc.) floating inside cellular compartments, and multisets
of objects are described by means of strings over a given alphabet. Evolution
rules represent the formal counterpart of chemical reactions, and are given in the
form of rewriting rules which operate on the objects, as well as on the structure
by membrane influx, membrane efflux and elementary division.

A computation in membrane systems starts from an initial structure and the
system evolves by applying the rules in a nondeterministic and maximally par-
allel manner. The maximally parallel way of using the rules means that in each
step we apply a maximal multiset of rules such that no further rule can be added
to the multiset being applicable. A rule is applicable when all the objects that
appear on its left-hand side are available in the region where the rule is placed
(the objects are not used by other rules applied in the same step). Due to the
competition for available objects, some rules are applied nondeterministically. A
halting configuration is reached when no rule can be applied anymore; the result
is then given by the number of objects (in a specified region or in the entire
system as done in this paper).

There are various models of computation (e.g., Turing machines) providing
different interpretations for the notion of algorithm. Turing computable functions
are the formalized analogue of the intuitive notion of algorithm. By considering
an abstract measure of complexity that we call length, we prove that protein
interaction networks using proteins of small lengths and acting according to
various biological inspired operations can simulate all computable functions.
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2 Protein-Protein Interaction Systems

The study of many complex biological systems has reached a stage where much
is known about the molecular components and their functional capacity and
interactions. A real challenge is how to integrate this wealth of information to
explain complex behaviours at various system levels [14]; cell polarity repre-
sents one such example. Functional analysis of the proteins involved have uncov-
ered several subfunctions in the establishment and maintenance of cell polarity,
including GTPase signalling, exocytic deposition of membrane components and
cell wall materials, and endocytic recycling.

After presenting some technical notions, we define the protein-protein inter-
action systems. Their rules are applicable whenever there is a agreement between
membranes expressed by appropriate proteins, or protein complexes represented
by bonds between proteins, and co-proteins, or co-protein complexes, on their
surfaces. Let IN be the set of non-negative integers, and consider a finite alpha-
bet V of proteins. A multiset over V is a mapping u : V — IN. The empty
multiset is represented by . We use the string representation of multisets that
is widely used in the membrane protein systems; when a multiset is represented
by a string u, it means that every permutation of this string is allowed as a rep-
resentation of the multiset. An example of such a representation is u = aabaca,
where u(a) =4, u(b) = 1, u(c) = 1. Using such a representation, the operations
over multisets are defined as operations over strings. Given two multisets u, v
over V, for any a € V, we have (u Wv)(a) = u(a) + v(a) as the multiset union,
and (u\v)(a) = max{0,u(a) —v(a)} as the multiset difference.

Consider an alphabet V' = {a;,@; | 1 < ¢ < n} in which if a denotes a
protein, then @ denotes the corresponding co-protein. We denote by V* the set
of all strings over V. V* is a monoid with ¢ as its unit element (as strings are
used to denote multisets), and V' = V*\{e}. For a string u € V*, |u| denotes
the number of occurrences of symbols from V in the string u. By V™~ = {a; ~

.~ap | ar,. .. a, € V,n > 1} we denote protein complexes, where proteins in
protein complexes of length greater than two are bonded. We use a1 ~ ... ~ a,,
as a shorthand notation for ay ~ ... ~ a,.

Protein-protein interaction systems represent a rule-based formalism involv-
ing parallelism and mobility introduced in order to model more specific bio-
logical systems [6,7]. The biologically inspired rules taken from the immune
system [18] and describing the mobility of membrane proteins inside the struc-
ture are: pinocytosis (engulfing zero external membranes), phagocytosis (engulf-
ing just one external membrane), and exocytosis (expelling the content of a
membrane outside the membrane where it is placed). Pinocytosis and phagocy-
tosis represent different types of endocytosis. In these rules membranes agree on
their movement by using complementary objects a and a@. Biologically speaking,
the objects a and their corresponding co-objects @ fit properly.

Definition 1. A protein-protein interaction system with n membranes is a tuple

I = (V,,u,ul,...,un,vl,...,vn,R),
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where

1. V is a finite (non-empty) alphabet of proteins;

2. p is a membrane hierarchical structure (i.e., a rooted tree) with n > 2 mem-
branes; the membranes are bijectively mapped to {1,...,n};

3. ui,...,u, are finite multisets of proteins (represented by strings over V)
bounded to the n membranes at the beginning of the evolution;

4. V1,...,0, are finite multisets of proteins (represented by strings over V)
placed inside the n membranes at the beginning of the evolution;

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

o [a]ly — [ Ja~b, foraeV,be V™ (bondin)
o [Jva—[]pma, foraceV,be V™ (bondout)
o ulv]yg — [[W]cV]a, fora,a e V™, u,v,u/, 0 € V¥, e,d e (V™)* (pino)
o [[u]gv]lg = W [V']eq, fora,a e V> u, v,/ v € V¥ e, d e (V)* (exo)
o [ulaleln— [[]elav"], (phago)

fora,ae V> u,v,u/ v € V¥ e,d,be (V™)*

In rule (bondin), a bond is created between the protein labelled by a placed
inside a membrane and the protein labelled by b placed on the membrane, while
in rule (bondout), a bond is created between the protein labelled by a placed
outside a membrane and the protein labelled by b placed on the membrane. The
newly created protein complex has the length equal with the sum of lengths of a
and b, and is able to interact with other protein complexes.

In rule (pino), a protein complex labelled by a together with a complemen-
tary protein complex labelled by @ model the creation of an empty membrane
within the membrane on which a and @ proteins are attached. The connection
between these proteins (a and @) is activated by the presence of the multisets
of proteins u and v. We should imagine that the original membrane protein
receptor buckles towards the inside, and pinches off by breaking the connection
between a and @. The multiset of proteins u’ inside the new created membrane is
transferred from outside the initial membrane. The proteins a and @, as well as
the multisets u and v, can be modified during this step to the multisets ¢, d, v’
and v’, respectively. On the surface of the membrane appearing in the left hand
side of the rule there are some proteins (others than a@) which are ignored; these
proteins are also not specified on the right hand side of the rule, being randomly
distributed between the two resulting membranes. Graphically, this rule can be
depicted as follows:

In rule (exo), a protein complex labelled by a together with a complementary
protein complex labelled by @ model the merging of a nested membrane with
its swrrounding membrane. The connection between these proteins (a and @) is
activated by the presence of the multisets of proteins u and v. We should imagine
that the connection between a and @ represent the point where the membranes
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connect each other. In this merging process (which is a smooth and continuous
process), the membrane having the protein a on its surface gets expelled to the
outside, and all proteins placed on the surface of the two membranes are united
into a multiset on the membrane which initially contained a. The proteins a
and @, as well as the multisets v and v, can be modified during this step to
the multisets ¢, d, v’ and o', respectively. If the membrane protein receptor
having on its surface the protein a is non-elementary, then its content is released
near the newly merged membrane after applying the rule. On the surface of the
membranes appearing in the left hand side of the rule there are some proteins
(others than a and @) which are ignored; these proteins are also not specified
on the right hand side of the rule, being moved by default on the resulting
membrane. Graphically, this process can be depicted as follows:

v N ! !
cd

a

In rule (phago), a protein complex labelled by a together with its comple-
mentary protein complex labelled by @ model a membrane (the one with @ on
its surface) “eating” an elementary membrane (the one with a on its surface).
The connection between these proteins (a and @) is activated by the presence of
the multisets of proteins u and v. The membrane having @ on its surface wraps
around the membrane having a on its surface. An additional membrane is cre-
ated around the eaten membrane; the proteins a and @, as well as the multisets
u and v, can be modified during this step to the multisets b, ¢, d, v’ and v’,
respectively (the multiset ¢ corresponds to a and remains on the eaten mem-
brane, while the multisets b and d correspond to @ and are placed on the new
created membrane and the surrounding one). On the surface of the membranes
appearing in the left hand side of the rule there are some proteins (others than
a and @) which are ignored, and these proteins are also not specified on the right
hand side of the rule. The proteins appearing on the membrane having initially
the protein a on surface remain unchanged, while the proteins appearing on the
membrane having initially the protein @ on surface are randomly distributed
between the two resulting membranes (the ones with d and b). Graphically, this
process can be depicted as follows:

a v -

Q|

Starting from an initial configuration of the newly defined protein-protein
interaction system (given by the initial membrane structure and multisets of
proteins), the evolution takes place by applying the rules activated by protein-
protein interactions. A rule is applicable when all the involved proteins and
membranes appearing in its left hand side are available. In each step a membrane
can be used in at most one rule (pino), (exo) or (phago). In this way the evolution
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is parallel at the level of membranes. A halting configuration is reached when
no rule is applicable. The result of a halting evolution consists of all the vectors
describing the multiplicity of proteins inside and on all the membranes (a non-
halting evolution provides no output).

3 Protein-Protein Interactions of the Immune System

The immune system is described well in [18], a book which is revised every few
years to keep the pace with the new discoveries in this field. The cells of the
immune system work together with different proteins to seek out and destroy
anything dangerous which enters our body. It takes some time for the immune
cell to be activated, but once this happens, there are very few hostile organisms
having a chance. Immune cells are white blood cells produced in huge quantities
in the bone marrow. There are a wide variety of immune cells, each of them
with its own utility and selectivity of the antigen. Some seek out and engulf the
invaders, while other destroy the infected or mutated body cells. Another type
of cells, namely the B cells, following the binding to the antigen, have the ability
to release special proteins called antibodies which mark intruders in order to be
destroyed by macrophages. The immune system has also the ability to produce
antibodies able to remember enemies which it fought in the past. In this way,
once the immune system recognizes an invader, it attacks more quickly and
strongly against it. Based on certain previous articles [3,11], we illustrate here
how the protein interaction networks work against infections. The description
presented in [3] is based on the theoretical approach presented in [4,5,12].

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

::‘%‘/f— == ,
YN 2 B + 50
A T R a S e f*\fxﬁvf

Fig. 1. Protection against infection [6]
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In order to simulate the evolution presented in Fig. 1, we need first to encode
all the component of the immune system into our model. This can be realized
by associating a membrane to each component, and some objects to the signals,
states and parts of molecules. For the steps done by the dendritic cells presented
in Fig. 1, we use the following encodings:

o dendritic cell: [eat]ar a3 a3 1
An immature dendritic cell is willing to eat any bacterium it encounters, so
we translate it into a membrane which has inside an object eat used to engulf
the bacterium and some proteins bounded to the membrane a7, az, a3 (these
are used to recognize viruses) and ! (used to enter the lymph node). Once the
dendritic cell matures, the object eat is consumed.

e bacterium cell: [antigen),,
A bacterium cell contains antigen so we simply represent it as a membrane
containing a single object antigen which contains the information of the bac-
terium and a protein a;.

e lymph node: [];
The lymph node is the place where the mature dendritic cells migrate in order
to start the immune response, so we translate it into a membrane that has
bounded a protein .

Using the above encodings, we can describe the whole system as follows:

leat]ar a3 a3 1] ilantigen]a, ,
together with the following rules describing its evolution:

* [eat]arlantigen],, — [eat[[antigen]q, |ar)ar

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

Once the bacterium has entered the dendritic cell, the content of the bac-
terium is released into the dendritic cell.

*[Haslar = [as

The remaining parts of the membrane used to engulf the bacterium is joined
with the membrane of the dendritic cell by a exocytosis rule.

lantigen)i[ |; — [[lantigen]v [7anmenli

Once the dendritic cell contains parts of antigen, it enters the lymph node in
order to activate a special class of T cells, namely the helper T cells.
[Cmtigen]l' - [ ]l’wantigen

Once the dendritic cell enters the lymph node it displays on its surface the
antigen of the bacterium in order to be able to interact with T cells.

*

*

*

* [leatly ~antigenlimanzigen — [ [ ~antigen
Once the dendritic cell enters the lymph node it matures and the capacity to
engulf bacteria disappear, namely the eat object is consumed.
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Using only these rules, we can simulate the way a bacterium is engulfed and
its content is displayed by the eater cell. The proteins produced by helper T cells
activate the B cells. Using the proteins produced by helper T cells, the B cell
starts to divide and produce clones of itself. During this process, two new cell
types are created: plasma cells which produce an antibody, and memory cells
which are used to “remember” specific intruders.

This example motivates the introduction of the new class of membranes; more
exactly, it motivates the new rules and the way they can be used in modelling
some biological systems.

4 Computational Power of Interaction Networks

Formal languages and automata theory [21] are usually used to introduce
abstract computing devices and investigating their computational power. Turing
machines represent a classical model of computation. Actually, a Turing machine
is a mathematical model that mechanically operates 0 and 1 symbols on an infi-
nite tape according to a table of three simple operations: go left, go right, change
symbol. Despite its simplicity, a Turing machine can simulate the logic of any
computer algorithm. According to Church-Turing thesis, computable functions
are exactly the functions that can be calculated using a Turing machine [23].

In this section we prove that protein-protein interaction networks can simu-
late all the computable functions by using a rather small number of components,
small proteins (having at most length two, meaning actually two components)
and operations inspired by membrane influx (pino, phago) and efflux (exo). The
rules (pino) and (phago) are used to increase the number of membranes, while
rule (exo) is used to decrease the number of membranes. Thus, we combine the
rules (pino) and (phago) with (exo) just to balance the number of membranes.
The result of a halting evolution consists of all the vectors describing the mul-
tiplicity of proteins inside and on all the membranes (a non-halting evolution
provides no output).

In what follows, we study the computational power of the pair (pino, exo) of
operations and prove its universality by using at most three membranes, while
the lengths of the membrane proteins in both (pino) and (exo) operations are
at most two. The number of three membranes represents the minimum number
with respect to the movement rules provided in our approach. In order to prove
this result, we construct a protein-protein interaction system with three nodes
(membranes) able to simulate any function computed by a Turing machine (i.e.,
computable functions). This computational power supports the possibility of
protein-protein interaction networks to describe algorithmically any normal and
abnormal biological evolution.

The basic results used for proving the computational power are described
in [17], where it was shown that any Turing machine can be simulated by a
register machine with only two registers. The actions of such register machines
can easily be simulated by matrix grammars with appearance checking [13].
We define the notions used in what follows. A matriz grammar with appearance
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checking is a construct G = (N, T, S, M, F') where N,T are disjoint alphabets of
non-terminals and terminals, S € N is the axiom, M is a finite set of matrices
of the form mat = (A; — x1,..., 4, — x,), 4; € N, z; € (NUT)*, 1 <
i < n, of context-free rules, and F is a set of occurrences of rules in M. For
w,z € (NUT)*, we write w =4t 2 whenever (i) there is a matrix in M whose
rules can be applied in order to obtain z from w, or whenever (ii) the j-th
rule r; of a matrix in M is not applicable to w; (w =pq w; in j steps) and
r; € F, in which case r; can be skipped obtaining w;+1 = w;. The language
generated by G is L(G) = {x € T* | S =7,.: ¢}, where by =%, .. we denote the
reflexive and transitive closure of the binary relation =,,4¢. A matric grammar
in the strong binary normal form is a construct G = (N,T,S, M, F), where
N = Ny UN;U{S, #} with these three sets mutually disjoint, two distinguished
symbols B, B(2) € Ny, and the matrices in M are of one of the following forms:

(type-1) (S — X A) with X € Ny, A € Ny;

(type-2) (X - Y, A —z) with X,)Y € Ny, A€ No, x € (N2UT)*, |z <25

(type-3) (X — Y, BY) — #) with X,Y € N; and

BU) — # e Fforj=1,2;

(type-4) (X - e,A—z) with X e Ny, A€ Ny, z € T*, || <2

If we do not use the empty string e, then the rules of type (4) can be con-
sidered of the form (X — a,A — z), with X € Nj,a € T, A € Ny,xz € T*,
|z| < 2.

Other notions and notations used here can be found in [21].

Theorem 1. A protein-protein interaction system with three membranes, pro-
teins of length two and using rules of types (bondin), (bondout), (pino) and (exo)
has the same computational power as a Turing machine, i.e., are able to describe
algorithmically any normal and abnormal biological evolution.

Proof. We simulate a matrix grammar with appearance checking G =
(N, T, S, M, F) in the strong binary normal form. We construct a protein-protein
interaction system II with three membranes,

I =(V,[[[]2)3]1,6, X, X,e, A, A, R).

able to simulate a matrix grammar with appearance checking in the strong binary
normal form. The symbols X, A correspond to the symbols of the initial type-1
matrix (S — X A) with X € Ny, A € Na. Let there be n; matrices of type-2 and
type-4 labelled 1,...,n; and ny matrices of type-3 labelled ny +1,...,n1 + no.

The finite alphabet V' of proteins is defined as follows:

V= {ﬂ7B7I7x,7A527K?7a} u {B(j)vajﬂaija a;‘aai_/j | 1 S ] S 2}

XX, X0, X0, XY X X XT X x|
X eN,1<1<ni+ng1<j<2}
The set R of rules is constructed as follows:

(i) For each type-2 matrix my; : (X - Y, A — z) with 1 <l <nq, X,Y € Ny,
A€ Ny, z € (N UT)* and |x| < 2 we consider the rules:
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L [Alx = [la~x
Alx = [lzx
2. [[a~xlzox — A[A]XZXL
3. [inA - [ ]XlNA
Al — [lax
4. [ ]KNYZANXZ =[] ]Xz]X, ifr=e
[[axa~x, — [2lx]5 ife €T
[ 4. X1A~Xl — [ [z/}XJ)TLv otherwise
(Ifm: (X =Y, A— aras),a1 € Na,an € T U{e} then 2/ = ofaq,
and fml (X =Y, A — ajas),a1,as € Ny then 2/ = o)
b = Uy
6. aj ]X = L ddlx etz
7 [xah = [xjmay
[ = oz
8. ]a'le/X/Na [ [O‘I]Xl’OTl]YZ/
9. [[] {]X’ = [ }X”X”
10. ab| 1”,, — [loblxy bl
1L []xpoy = [Ixp~ay
[0 )577 — | ](TNXT
12. [ ]CT/QNX//XH , = [loolx;dal%
13. [ — LIl
14. Hx{x’ - [ [ ]Y]Y
15. [[]x]z% — []45 (X does not correspond to a nonterminal matrix)
16. [g5 — [11s ]E
17. [ ] Iz —1lss

The simulation of a type-2 matrix can be done as follows:

e Whenever there exist proteins A4, X, A and X, by using two rules 1 applied
in parallel, two protein complexes A ~ X and A ~ X are created. These
protein complexes are able to interact, and by using rule 2, the proteins A
and A break their bonds, while X and X are replaced by X; and X,
marking the beginning of the simulation. Using two rules 3 in parallel,
two new protein complexes A ~ X; and A ~ X, are created. This is
followed by rule 4, where A and A break their bonds, and are replaced
by either  (if z € T*) or 2’ (if x ¢ T* and = # ). Also by rule 4, the
elements X; and X are distributed between the two obtained membranes.
Then, by applying rule 5, X; and X are replaced by X/ and X ; to prevent

replacing A’s anymore. One of the following evolutions is possible:

* Whenever there exists a protein o, rule 6 is applied to introduce the
corresponding protein c71. Rules 7 and 8 use protein complexes, and
replace the proteins o} and ai’l by the proteins oy and @7. Rule 9 is
used to reach a configuration in which one of the following rule can

be applied:
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- rule 10 if there exists the protein af, in order to introduce the
corresponding protein 072; rules 11 and 12 use protein complexes,
and replace the proteins o and 072 by the proteins as and ag;

- if it does not exist a protein a4, rule 13 is used to replace X and
Xil” by Y and Y, respectively.

* Whenever it does not exist proteins o and o, then rule 14 is applied
to replace X and fl’ by Y and Y, respectively.
Rules 13 and 14 end a successfully simulation of a type-2 matrix, and
return to the initial membrane structure. The proteins @; and as are
introduced in order to be able to use the corresponding proteins a7 and ag
when simulating other matrices.

e If the symbol A € Ny is not present (i.e., we cannot apply rule 1), then
rule 15 introduces two symbols 3 and 3 which lead to an infinite evolution
(by using rules 16 and 17).

(ii) For each type-3 matrix m) : (X — Y, BY) — #), X,Y € N; and BY) —
# € F,where n; +1 <1 <ny+no, !l €labj, j = 1,2, we consider the rules:
18. [[Ix]x — | ]Xlu')@

19. [B(])]x;”W — [[1sBY]5

2. yozxm ~ vy

Rule 18 starts the simulation of a type-3 matrix by replacing X and X with

X l(j ) and X l(j ), and thereby remembering the index [ of the matrix and the
index j of the possibly present symbol BU). This is followed by rule 19
that checks if the symbol BU) € N, is present. If this is the case, Xl(] )

and X l(J ) are replaced by 3 and (8 which lead to an infinite evolution (by
using rules 16 and 17). Regardless the presence of B, rule 20 is applied
replacing X l(] ) and X@ by Y and Y, thus successfully simulating a type-3
matrix, and returning to the initial membrane structure.

(iii) For a terminal type-4 matrix m; : (X — a,A — z) with 1 < 1 < nq,
X eNy,aeT, A€ Ny, x € T* and |z| < 2, we consider the rules
21 [ ]y — |lal]
2. [y — [ ol
We do not involve the protein @, because a € T. By replacing rule 14 with
rule 21, and rule 13 by rule 22 in the sequence 1-17, a terminal type-4 matrix
is faithfully simulated. The result of the simulation consists of the vector
describing the multiplicity of proteins inside and on all the membranes.

We also investigate the computational power of the pair (phago, exo) of oper-
ations and prove its universality by using at most four membranes, while the
length of proteins of (phago) and (exo) operations are at most two. We consider
initially a system of three membranes. Comparing with Theorem 1, the higher
number (four) of membranes is triggered by the use of (phago) operation.

Theorem 2. A protein-protein interaction system with four membranes, pro-
teins of length two and using rules of types (bondin), (phago) and (exo) has
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the same computational power as a Turing machine, i.e., are able to describe
algorithmically any normal and abnormal biological evolution.

Proof. We simulate a matrix grammar with appearance checking G =
(N,T,S, M, F) in the strong binary normal form. We construct a protein-protein
interaction system II with three membranes,

I = (V,[ [ 2] Ish,e, X, X,¢,A, A, R)

able to simulate a matrix grammar with appearance checking in the strong binary
normal form. The symbols X, A correspond to the symbols of the initial type-1
matrix (S — X A) with X € Ny, A € N;. Let there be n; matrices of type-2 and
type-4 labelled 1,...,n; and ny matrices of type-3 labelled n1 +1,...,n1 + no.
The finite alphabet V of proteins is defined as
V={B,8,7.7x,2,Y,Y,a} U{BY) a;,a5,0},0/ [ 1 <j <2}
U{A, A AL A | A€ Ny 1 <1 <ng+ny}
U{X, X, X0, X0, XX X XT X, x|
X eN;,1<1<ni+ng,1<j<2}
The set R of rules is constructed as follows:

(i) For each type-2 matrix m; : (X - Y, A — z) with 1 <i<ny, X,Y € Ny,
A€ Ny, x € (NaUT)* and |z| < 2, we consider the rules:
L [Alx = [Ja~x

Alx = llzx

2. [Ja~xllax = [ Alx]x]x
3. [[xlx = [Ailx
4. [ﬁ]xl []ALNXZ
[Al] = | ]AL~XZ
5. ]A1~Xl[ I~z = sy lxlx ife=¢
[ ]ALNXZ[ ]ZINXI - [ [ [ ]Xl' ]XL}YL’ ifzeT”
[ ]AzNXl[ ]leXl - [ [ [ I})T[]X,,]Yla otherwise
(Ifm;: (X =Y, A— ajas),a1 € Na,as € TU {e} then 2/ = ojas,
and if m; : (X =Y, A — a1as),a1,as € Ny then 2’ = o ab)
6. [[xlx, =[x
7. [O/l]Xl’[ ]7{ = [ [aﬂxg]X{ai]XT
8. [[xy el = leilxy
9. []x; = [Jag~x;
[ = [
10 [Joy~xil ooz = [oalxylxatl%y
1. [[]x; @il = [@l%r
12 [ag]xp [ s = [Toz]lxp]xpasler
1. [[]xy ol — lablxy
14. [as]xy = [Jap~xy
[

=

txr = Uy



15.
16.
17.

18.
19.
20.
21.
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(e}
Ixp @l — ()%

] 2

[

Ixi = = [ vlxls

Iy ey = LUy

Uxilzr = [y

Ix[ ] = [[[]slsl5 (X does not correspond to a nonterminal matrix)
[lelz— 13

lsl 15— [[[1slslz

The simulation of a type-2 matrix can be done as follows:

o Whenever there exist proteins 4, X, A and X, by using two rules 1

applied in parallel, two protein complexes A ~ X and A ~ X are

created. These protein complexes are able to interact, and by using rule

2, the proteins A and A break their bonds and the proteins 4;, X;, X

and X are created, marking the beginning of the simulation. This is

followed by rule 3, where X and X are replaced by A;, X;. Using two
rules 4 in parallel, two new protein complexes A ~ X; and A ~ X, are
created. This is followed by rule 5, where A and A break their bonds
and are replaced by either x (if x € T*) or 2’ (if z ¢ T* and x # ¢).

Also, by rule 5, the elements X; and X, are replaced by the proteins

X/, X; and X;. Then, by applying rule 6, X; and X; are replaced by X/

in order to prevent replacing A’s anymore. Now one of the evolutions is

possible:

* Whenever there exists a protein o}, rule 7 is applied to introduce the
corresponding protein 071, and is followed by rule 8 that simplifies
the membrane structure. Rules 9 and 10 use protein complexes, and
replace the proteins o} and 071 by the proteins o; and a7, respectively.
Rule 11 is used to reach a configuration in which one of the following
rule can be applied:

- rule 12 if exists a protein o, in order to introduce the protein 072;
it is followed by rule 13 that simplifies the membrane structure.
Rules 14 and 15 use protein complexes, and replace the proteins
ol and CT’Q by the proteins as and @z, respectively.

- whenever it does not exist such a protein a4, rules 17 and 18 are
used to replace X;’ and X} by Y and Y, respectively.

* Whenever it does not exist proteins o and a5, then rules 17 and 18
are applied to replace X; and X by Y and Y, respectively.

Rules 17 and 18 end a successfully simulation of a type-2 matrix, and

return to the initial membrane structure. The proteins a7 and ag are

introduced in order to be able to use the corresponding proteins oy
and az when simulating other matrices.

e Whenever the symbol A € Ny is not present (i.e., we cannot apply

rule 1), then rule 19 is applied introduces two symbols 3 and 3 which
lead to an infinite evolution (by using rules 20 and 21).
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(ii) For each type-3 matrix m; : (X — Y, BY) — #), X, Y € N; and BY) —
€ I', whereni +1 <1< nj+neo,t €lab;, 3 = 1,2, we consider the rules:
F, wh 1<4 i € labj, j =1,2 ider th 1

22. [Ix[lx = [[[yolxlx

23. [[Ixlx []@

24. [BY] ] ]Xm — [[[BY)lslz
2. |

Ixollze = Hvhly
l
2. [[Wy— 1]y -
Rule 22 starts the simulation of a type-3 matrix by replacing X and X
by Xl(j ), X and X, and thereby remembering the index [ of the matrix
and the index j of the possibly present symbol B). This is followed by
rule 23 in which the proteins X and X are replaced by Xl(j ). At this step
we need to verify if the symbol BY) € N, is present. If BY) is present,

rule 24 replaces Xl(j ) and Xl(J ) with two proteins § placed on the inner
membranes, while keeping the protein 3 on the outer membrane leads to an
infinite evolution (by using rules 20 and 21). Regardless the presence of B G,
rule 25 is applied and XI(J) and X () are replaced by Y, v and 7% on the
outer membrane. Rule 26 involves the creation of Y, successfully simulating
a type-3 matrix and returning to the initial membrane structure.

(iii) For a terminal type-4 matrix m; : (X — a,A — z) with 1 < i < nq,
XeN,aeT, A€ Ny, x € T* and |x| < 2, we consider the rules:

27 [xl Iy = [ Halxglx
[ ]Xl”[ ]XT” - [ [ [ }a]X[])T{
28. [ [Ixlr — 1]

We do not involve the protein @, because a € T. By replacing rules 17
and 18 with rules 27 and 28 in the sequence 1-21, a terminal type-4 matrix
is faithfully simulated. The result of the simulation consists of the vector
describing the multiplicity of proteins inside and on all the membranes.

5 Conclusion

In this work we proposed a computing system inspired by protein-protein interac-
tion networks that uses a minimal number of membranes with respect to the cell
movement operations that are initiated by proteins of different length. We proved
that such protein-protein interaction networks can simulate all computable func-
tions. We prove that protein-protein interaction networks have the same compu-
tational power as a Turing machine by using a rather small number of proteins
having at most length two, where length is an abstract measure of complexity.
Up to our knowledge, this is one of the first qualitative and quantitative app-
roach in terms of an abstract measure of complexity (called length) studying the
computational power of protein-protein interaction systems.

Inspired by the proteins of the living cell and by fact that membranes proteins
are highly dynamic, several types of membrane proteins were previously inves-
tigated. In [9] there were defined several (biological inspired) transformations
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of membranes as (pino) (engulfing zero external membranes), (exo) (the process
of expelling some material), (phago) (engulfing just one external membrane),
(mate) (merging of membranes), (drip) (splitting off zero internal membranes),
(bud) (splitting off one internal membrane). These operations were defined in
terms of membrane computing, and used in defining classes of membrane systems
where objects are placed on membranes [2]. Other approaches have considered
proteins placed both on the membranes and in their compartments. In [19] the
objects do not change their places (those bound on membranes remain there),
while in [8,10] the objects can move from compartments to membranes and back.

References

10.

11.

12.

13.

Alberts, B., Johnson, A., Lewis, J., Raff, M., Roberts, K., Walter, P.: Molecular
Biology of the Cell, 5th edn. Garland Science, Taylor & Francis Group, New York
(2008)

Aman, B., Ciobanu, G.: Mutual mobile membranes with objects on surface. Nat.
Comput. 10, 777-793 (2011)

Aman, B., Ciobanu, G.: Describing the immune system using enhanced mobile
membranes. Elect. Notes Theor. Comput. Sci. 194(3), 5-18 (2008)

Aman, B., Ciobanu, G.: Turing completeness using three mobile membranes.
In: Calude, C.S., Costa, J.F., Dershowitz, N., Freire, E., Rozenberg, G. (eds.)
UC 2009. LNCS, vol. 5715, pp. 42-55. Springer, Heidelberg (2009). doi:10.1007/
978-3-642-03745-0-12

Aman, B., Ciobanu, G.: Simple, enhanced and mutual mobile membranes. In:
Priami, C., Back, R.-J., Petre, I. (eds.) Trans. on Comput. Syst. Biol. XI. LNCS,
vol. 5750, pp. 26—44. Springer, Heidelberg (2009). d0i:10.1007/978-3-642-04186-0-2
Aman, B., Ciobanu, G.: Mobility in Process Calculi and Natural Computing. Nat-
ural Computing Series. Springer, Heidelberg (2011)

Aman, B., Ciobanu, G.: Computational power of protein interaction net-
works. In: Mauri, G., Dennunzio, A., Manzoni, L., Porreca, A.E. (eds.) UCNC
2013. LNCS, vol. 7956, pp. 248-249. Springer, Heidelberg (2013). doi:10.1007/
978-3-642-39074-6_25

Brijder, R., Cavaliere, M., Riscos-Ntifiez, A., Rozenberg, G., Sburlan, D.: Mem-
brane systems with proteins embedded in membranes. Theor. Comput. Sci. 404,
26-39 (2008)

Cardelli, L.: Brane calculi. Interactions of biological membranes. In: Danos,
V., Schachter, V. (eds.) CMSB 2004. LNCS, vol. 3082, pp. 257-278. Springer,
Heidelberg (2005). doi:10.1007/978-3-540-25974-9_24

Cavaliere, M., Sedwards, S.: Decision problems in membrane systems with periph-
eral proteins, transport and evolution. Theor. Comput. Sci. 404, 40-51 (2008)
Ciobanu, G.: Modeling cell-mediated immunity by means of P systems. In:
Ciobanu, G., Pdun, G., Pérez-Jiménez, M.J. (eds.) Applications of Membrane Com-
puting, pp. 159-180. Springer, Heidelberg (2006)

Ciobanu, G., Krishna, S.N.: Enhanced mobile membranes: computability results.
Theory Comput. Syst. 48, 715-729 (2011)

Freund, R., Ibarra, O.H., Paun, G., Yen, H.C.: Matrix languages, register machines,
vector addition systems. In: Proceedings 3rd Brainstorming Week on Membrane
Computing, pp. 155-168 (2005)


http://dx.doi.org/10.1007/978-3-642-03745-0_12
http://dx.doi.org/10.1007/978-3-642-03745-0_12
http://dx.doi.org/10.1007/978-3-642-04186-0_2
http://dx.doi.org/10.1007/978-3-642-39074-6_25
http://dx.doi.org/10.1007/978-3-642-39074-6_25
http://dx.doi.org/10.1007/978-3-540-25974-9_24

118

14.

15.

16.
17.

18.

19.

20.

21.
22.

23.

B. Aman and G. Ciobanu

Gao, J.T., Guimera, R., Li, H., Pinto, I.M., Sales-Pardo, M., Wai, S., Rubinstein,
B., Li, R.: Modular coherence of protein dynamics in yeast cell polarity system.
Proc. Natl. Acad. Sci. 198(18), 7647-7652 (2011)

Gramss, T., Bornholdt, S., Gross, M., Mitchel, M., Pellizzari, T. (eds.): Non-
Standard Computation. Wiley-VCH, New York (1998)

Manca, V.: Infobiotics. Information in Biotic Systems. Springer, Heidelberg (2013)
Minsky, M.L.: Computation: Finite and Infinite Machines. Prentice-Hall, Upper
Saddle River (1967)

Murphy, K., Weaver, C.: Janeway’s Immunobiology, 9th edn. Garland Publishing,
New York (2016)

Paun, A., Popa, B.: P systems with proteins on membranes. Fundamenta Infor-
maticae 72, 467-483 (2006)

P&un, G., Rozenberg, G., Salomaa, A. (eds.): The Oxford Handbook of Membrane
Computing. Oxford University Press, Oxford (2010)

Salomaa, A.: Formal Languages. Academic Press, New York (1973)

Tan, T., Frenkel, D., Gupta, V., Deem, M.: Length, protein-protein interactions,
and complexity. Phys. A 350, 52-62 (2005)

Turing, A.M.: On computable numbers, with an application to the entscheidung-
sproblem. Proc. Lond. Math. Soc. 42, 230-265 (1937)



Comparative Analysis of Statistical Model
Checking Tools

Mehmet Emin Bakir'®), Marian Gheorghe?, Savas Konur?,
and Mike Stannett!

! Department of Computer Science, The University of Sheffield,
Regent Court, 211 Portobello, Sheffield S1 4DP, UK
{mebakirl,m.stannett}@sheffield.ac.uk
2 School of Electrical Engineering and Computer Science,
University of Bradford, West Yorkshire, Bradford BD7 1DP, UK
{m.gheorghe,s.konur }@bradford.ac.uk

Abstract. Statistical model checking is a powerful and flexible approach
for formal verification of computational models, e.g. P systems, which can
have very large search spaces. Various statistical model checking tools
have been developed, but choosing the most efficient and appropriate
tool requires a significant degree of experience, not only because differ-
ent tools have different modelling and property specification languages,
but also because they may be designed to support only a certain subset of
property types. Furthermore, their performance can vary depending on
the property types and membrane systems being verified. In this paper,
we evaluate the performance of various common statistical model check-
ers based on a pool of biological models. Our aim is to help users select
the most suitable SMC tools from among the available options, by com-
paring their modelling and property specification languages, capabilities
and performances.

Keywords: Membrane computing - P systems - Statistical model check-
ing - Biological models * Performance benchmarking

1 Introduction

In order to understand the structure and functionality of biological systems,
we need methods which can highlight the spatial and time-dependent evolution
of systems. To this end, researchers have started to utilize the computational
power of machine-executable models, including implementations of membrane
system models, to get a better and deeper understanding of the spatial and
temporal features of biological systems [21]. In particular, the executable nature
of computational models enables scientists to conduct experiments, in silico, in
a fast and cheap manner.

The vast majority of models used for describing biological systems are based
on ordinary differential equations (ODEs) [9], but researchers have recently
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started to use computational models as an alternative to mathematical mod-
elling. The basis of such models is state machines, which can be used to model
numerous variables and relate different system states (configurations) to one
another [21]. There have been various attempts to model biological systems from
a computational point of view, including the use of Boolean networks [30], Petri
nets [43], the m-calculus [38], interacting state machines [25], L-systems [36] and
variants of P systems (membrane systems) [22,37]. A survey of computational
models applied in biology can be found here [21]. These techniques are useful for
investigating the qualitative features of the biological systems, as are their sto-
chastic counterparts (e.g., stochastic Petri Nets [26], stochastic P systems [7,41])
or deterministic systems (so called, MP systems [10]) useful for investigating the
quantitative features of computation models.

Having built a model, the goal is typically to analyse it, so as to determine
the underlying system’s properties. Various approaches have been devised for
analysing computational models. One widely used method, for example, based
on generating the execution traces of a model, is simulation. Although the sim-
ulation approach is widely applicable, the large number of potential execution
paths in models of realistic systems means that we can often exercise only a
fraction of the complete trace set using current techniques. Especially for non-
deterministic and stochastic systems each state may have more than one possible
successor, which means that different runs of the same basic model may produce
different outcomes [5]. Consequently, some computational paths may never be
exercised, and their conformance to requirements never assessed.

Model checking is another widely recognized approach for analysis and ver-
ification of models, which has been successfully applied both to computer sys-
tems and biological system models. This technique involves representing each
(desired or actual) property as a temporal logic formula, which is then veri-
fied against a model. It formally demonstrates the correctness of a system by
means of strategically investigating the whole of the model’s state space, consid-
ering all paths and guaranteeing their correctness [4,15,28]. Model checking has
advantages over conventional approaches like simulation and testing, because it
checks all computational paths and if the specified property is not satisfied it
provides useful feedback by generating a counter-example (i.e. execution path)
that demonstrates how the failure can occur [28].

Initially, model checking was employed for analysing transition systems used
for describing discrete systems. A transition system regards time as discrete, and
describes a set of states and the possible transitions between them, where each
state represents some instantaneous configuration of the system. More recently,
model checking has been extended by adding probabilities to state transitions
(probabilistic model checking); in practice, such systems include discrete-time
Markov chains (DTMC), continuous-time Markov chains (CTMC), and Markov
decision processes (MDP). Probabilistic models are useful for verifying quanti-
tative features of systems.

Typically, the model checking process comprises the following steps [4,28]:
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1. Describing the system model in a high-level modelling language, so as to
provide an unambiguous representation of the input system.

2. Specifying the desired properties (using a property specification language) as
a set of logical statements, e.g., temporal logic formulas.

3. Verifying whether each property is valid on the model. For non-probabilistic
models the response is either ‘yes’ or ‘no’. For probabilistic systems the
response may instead be some estimate of the ‘probability of correctness’.

“Fxact” model checking considers whole state spaces while verifying a prop-
erty, but if the model is relatively large, the verification process can be pro-
hibitively resource intensive and time consuming which is known as ‘state-space
explosion’ problem, so this approach can only be applied to a small number of
biological models. Nonetheless, the intrinsic power of the approach has gained a
good deal of attention from researchers, and model checking has been applied to
various biological phenomena, including, for example, gene regulator networks
(GRNs) and signal-transduction pathways [7,13] (see [20] for a recent survey of
the use of model checking in systems biology).

To overcome the state-space explosion problem, the statistical model checking
(SMC) approach does not analyse the entire state space, but instead generates a
number of independent simulation traces and uses statistical (e.g., Monte Carlo)
methods to generate an approximate measure of system correctness. This app-
roach does not guarantee the absolute correctness of the system, but it allows
much larger models be verified (within specified confidence limits) in a faster
manner [12,35,47,49]. This approach allows verifying much larger models with
significantly improved performance.

The number of tools using statistical model checking has been increasing
steadily, as has their application to biological systems [14,51]. Although the
variety of SMC tools gives a certain amount of flexibility and control to users,
each model checker has its own specific pros and cons. One tool may support a
large set of property operators but perform property verifications slowly, while
another may be more efficient at analysing small models, and yet another may
excel at handling larger models. In such cases, the user may need to cover all of
their options by using more than one model checker, but unfortunately the differ-
ent SMCs generally use different modelling and property specification languages.
Formulating properties using even a single SMC modelling language can be a
cumbersome, error-prone, and time wasting experience for non-experts in com-
putational verification (including many biologists), and the difficulties multiply
considerably when more than one SMC needs to be used.

In order to facilitate the modelling and analysis tasks, several software suites
have been proposed, such as Infobiotics Workbench [8] (based on stochastic
P systems [9]) and kPWorkbench framework (based on kernel P systems [17])
[17,32]. As part of the computational analysis, these tools employ more than
one model checker. Currently, they allow only a manual selection of the tools,
relying on the user expertise for the selection mechanism. These systems auto-
matically translate the model and queries into the target model checker’s spec-
ification language. While this simplifies the checking process considerably, one
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still has to know which target model checker best suits ones needs, and this
requires a significant degree of experience. It is desirable, therefore, to introduce
another processing layer, so as to reduce human intervention by automatically
selecting the best model checker for any given combination of P system and
property query.

As part of this wider project (Infobiotics Workbench) to provide machine
assistance to users, by automatically identifying the best model checker, we
evaluate the performance of various statistical model checkers against a pool of
biological models. The results reported here can be used to help select the most
suitable SMC tools from the available options, by comparing their modelling and
property specification languages, capabilities and performances (see also [6]).

Paper structure. We begin in Sect. 2 by describing some of the most commonly
used SMC tools, together with their modelling and property-specification lan-
guages. Section 3 compares the usability of these tools in terms of expressibility
of their property specification languages. In Sect.4 we benchmark the perfor-
mance of these tools when verifying biological models, and describe the relevant
experiment settings. We conclude in Sect. 5 with a summary of our findings, and
highlight open problems that warrant further investigation.

2 A Brief Survey of Current Statistical Model Checkers

In this section, we review some of the most popular and well-maintained statis-
tical model checking tools, together with their modelling and property specifi-
cation languages.

2.1 Tools

PRISM. PRISM (Probabilistic and Symbolic Model Checker) is a widely-used,
powerful probabilistic model checker tool [27,33]. It has been used for analysing
a range of systems including biological systems, communication, multimedia and
security protocols and many others [44]. It allows building and analysing several
types of probabilistic systems including discrete-time Markov chains (DTMCs)
and continuous-time Markov chains (CTMCs) with their ‘reward’ extension.
PRISM can carry out both probabilistic model checking based on numerical tech-
niques with exhaustive traversal of model, and statistical model checking with
a discrete-event simulation engine [34,44]. The associated modelling language,
the PRISM language (a high-level state-based language), is the probabilistic
variant of Reactive Modules [1,33] (for a full description of PRISMs modelling
language, see [44]), which subsumes several property specification languages,
including PCTL, PCTL*, CSL, probabilistic LTL. However, statistical model
checking can only be applied to a limited subset of properties; for example, it
does not support steady-state and LTL-style path properties.

PRISM can be run via both a Graphical User Interface (GUI) or directly from
the command line. Both options facilitate model checking process by allowing
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to modify a large set of parameters. The command line option is particularly
useful when users need to run a large number of models. PRISM is open source
software and is available for Windows, Linux and Mac OS X platforms.

PLASMA-Lab. PLASMA-Lab is a software platform for statistical model
checking of stochastic systems. It provides a flexible plug-in mechanism which
allows users to personalise their own simulator, and it also facilitates distrib-
uted simulations [11]. The tool has been applied to a range of problems, such as
systems biology, rare events, motion planning and systems of systems [42].

The platform supports four modelling languages: Reactive Module Language
(RML) implementation of the PRISM tool language, with two other variants of
RML (see Table1), and Biological Language [11,42]. In addition, it provides a
few simulator plug-ins which enable external simulators to be integrated with
PLASMA-Lab, e.g., MATLAB/Simulink. The associated property specification
language is based on Bounded Linear Temporal Logic (B-LTL) which bounds
the number of states by number of steps or time units.

PLASMA-Lab can be run from a GUI or command line with plug-in system,
and while it is not open source it can be embedded within other software pro-
grams as a library. It has been developed using the Java programming language,
which provides compatibility with different operating systems.

Ymer. Ymer is a statistical model checking tool for verifying continuous-time
Markov chains (CTMCs) and generalized semi-Markov processes (GSMPs). The
tool supports parallel generation of simulation traces, which makes Ymer a fast
SMC tool [48].

Ymer uses the PRISM language grammar for its modelling and property spec-
ification language. It employs the CSL formalism for property specification [46].

Ymer can be invoked via a command line interface only. It has been devel-
oped using the C/C++ programming language, and the source code is open to
the public.

MRMC. MRMC is a tool for numerical and statistical model checking of prob-
abilistic systems. It supports DTMC, CTMC, and using the reward extension of
DTMC and CTMC [29].

The tool does not employ a high-level modelling language, but instead
requires a sparse matrix representation of probabilities or rates as input. Describ-
ing systems in transition matrix format is very hard, especially for large systems,
and external tools should be used to automatically generate the required inputs.
Both PRISM and Performance Evaluation Process Algebra (PEPA) have exten-
sions which can generate inputs for the MRMC tool [50]. The matrix represen-
tation also requires that state labels with atomic propositions be provided in
another structure. Properties can be expressed with PCTL and CSL, and with
their reward extensions.
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MRMC is a command line tool. It has been developed using the C program-
ming language, and the source code is publicly available. Binary distributions
for Windows, Linux and Mac OS X are also available [40].

MC2. The MC2 tool enables statistical model checking of simulation traces,
and can perform model checking in parallel.

MC?2 does not need a modelling language, instead it imports simulation traces
generated by external tools for stochastic and deterministic models. The tool uses
probabilistic LTL with numerical constraints (PLTLc) for its property specifica-
tion language, which enables defining numerical constraints on free variables [16].

MCQC?2 can be executed only through its command line interface. The tool was
developed using the Java programming interfaces and is distributed as a .jar
file, therefore the source code is not available to public. The tool is bundled with
a Gillespie simulator, called Gillespie2. As will be explained in the following
section, it is possible to use Gillespie2 to generate simulation traces for the
MC2 tool.

2.2 Modelling Languages

As part of the model checking process the system needs to be described in the
target SMC modelling language. If the SMC tool relies on external tools, as
in the case of MRMC and MC2, users will also have to learn the usage and
modelling language of these external tools as well. For example, if users want
to use the MRMC tool, they also have to learn how to use PRISM and how to
model in the PRISM language.

Table 1. Modelling languages and external dependency of SMC tools.

SMCs Modelling language(s) | Needs an external tool? | External tool
modelling
language

PRISM PRISM language NO N/A

PLASMA-Lab | RML of PRISM, NO N/A

Adaptive RML
(extension of RML

for adaptive systems),
RML with importance

sampling,
Biological Language
Ymer PRISM language NO N/A
MRMC Transition matrix YES, e.g., PRISM PRISM language
MC2 N/A YES, e.g., Gillespie2 Systems Biology
Markup
Language

(SBML)
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Table 1 summarises the modelling languages associated with each SMC tool.
The PLASMA and Ymer tools provide fair support for the PRISM language.
MRMC expects a transition matrix input, but in practice, for large models, it
is not possible to generate the transition matrix manually, so an external tool
should be used for generating the matrix. MC2 also relies on external tools,
because it does not employ a modelling language, instead it expects externally
generated simulation traces. If users want to use the MC2 tool, they first have
to learn a modelling language and usage of an appropriate simulation tool. For
example, in order to use the Gillespie2 simulator as an external tool for MC2, the
user should be able to describe their model using the Systems Biology Markup
Language (SBML).

3 Usability

Model checking uses temporal logics as property specification languages. In order
to query probabilistic features, probabilistic temporal logics should be used.
Several probabilistic property specification languages exist, such as Probabilistic
Linear Temporal Logic (PLTL) [4], probabilistic LTL with numerical constraints
(PLTLc) [16] and Continuous Stochastic Logic (CSL) [2,3,34].

In order to ease the property specification process, frequently used properties,
called patterns, have been identified by previous studies [18,24]. Patterns repre-
sent recurring properties (e.g., something is always the case, something is possibly
the case), and are generally represented by natural language-like keywords. An
increasing number of studies have been conducted to identify appropriate pattern
systems for biological models [23,31,39]. Table 2 lists various popular patterns
[24], giving a short description and explaining how they can be represented using
existing temporal logic operators.

The SMCs investigated here employ different grammar syntaxes for prop-
erty specification, which makes it harder to use other tools at the same time.
Although Ymer uses the same grammar as PRISM, it excludes some operators,
such as the Always (G) operator. In addition, different SMCs tools may support
different sets of probabilistic temporal logics. In the following, we compare the
expressibility of their specification languages, by checking if the properties can
be defined using just one temporal logic operator, namely directly supported
(DS), which will be easier for practitioners to express; or as a combination of
multiple operators, indirectly supported (IS); or not supported at all, not sup-
ported (NS). Qualitative and quantitative operators, with five property patterns
which are identified as widely used by [24], are listed in Table 3.

The PRISM, Ymer and MC2 tools directly support both Qualitative and
Quantitative operators, but MRMC supports only the Qualitative operator. While
PLASMA-Lab does not allow these operators to be expressed directly with B-
LTL, the verification outputs contain information about the probability of the
property, hence users can interpret the results. Existence, Until and Universal-
ity properties are directly supported by all SMCs, except that Ymer does not
employ an operator for Universality patterns (it needs to be interpreted using the
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Table 2. Property patterns

Patterns Description Temporal logic

Existence ¢1 will eventually hold, | Pup[F ¢1] or Pugpltrue U ¢1]
within the > p bounds

Until ¢1 will hold Pop[1 U o]

continuously until ¢2
eventually holds,
within the > p bounds
Response If ¢1 holds, then ¢- P=1[G (91 — (Pup[F ¢2]))]
must hold within the
> p bounds
Steady-State (Long-run) | In the long-run ¢; Spap|P1] or Bop[F'G (¢1)]
must hold, within the
> p bounds
Universality ¢1 continuously holds, | Pup|G ¢1] or Psii—p) [(F (—¢1)]
within the > p bounds
Key. ¢1, and ¢2 are state formulas; > is one of the relations in {<, >, <,>}; p € [0,1]
is a probability with rational bounds; and & is negation of inequality operators. Pup is
the qualitative operator which enables users to query qualitative features, those whose
result is either ‘yes’ or ‘no’. In order to query quantitative properties, P— (quantitative
operator) can be used to returns a numeric value which is the probability that the
specified property is true.

Table 3. Specifying various key patterns using different SMC tools.

SMCs Qualitative | Quantitative |Existence|Until | Response |Steady-state | Universality
operator operator
(P=2)
PRISM DS DS DS DS |NS NS DS
PLASMA-Lab | NS NS DS DS |IS IS DS
Ymer DS DS DS DS |NS NS IS
MRMC DS NS DS DS |IS DS DS
MC2 DS DS DS DS |IS IS DS

Key. DS = Directly Supported; IS = Indirectly Supported; NS = Not Supported.

Not (!) and Eventually (F') operators, i.e. it is indirectly supported). There is no
single operator to represent the Response pattern directly, but it is indirectly
supported by PLASMA-Lab, MRMC and MC2. The Steady-State pattern can
be either represented by one operator, S, or two operators, F' and G. Only
the MRMC tool employs the S operator to allow Steady-State to be expressed
directly, while PLASMA-Lab and MC2 allow it to be expressed indirectly.

4 Experimental Findings

The wide variety of SMC tools gives a certain flexibility and control to users,
but practitioners need to know which of the tools is the most suitable for their
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particular models and queries. The expressive power of the associated modelling
and specification languages is not the only criterion, because SMC performance
may also depend on the nature of the models and property specifications. We
have therefore conducted a series of experiments to determine the capabilities
and performances of the most commonly used tools [6]. The experiments are con-
ducted on an Intel i7-2600 CPU @ 3.40 GHz 8 cores, with 16 GB RAM running
on Ubuntu 14.04.

We tested each of the five tools against a representative selection of 465
biological models (in SBML format) taken from the BioModels database [19] (as
modified in [45] to fix the stochastic rate constants of all reactions to 1). The
models tested ranged in size from 2 species and 1 reaction, to 2631 species and
2824 reactions. Figure 1 shows the distribution of models size, we take “size” to
be the product of species count and reaction count. X-axis (log scale) indicates
the model size and Y-axis represents the frequency of models with their sizes
represented on the X-axis.

Model Size Distribution
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Fig. 1. The distribution of models size in the logarithmic scale.

Each tool/model pair was tested against five different property specification
patterns [24], namely Existence, Until, Response, Steady-State and Universality.
We have developed a tool for translating SBML models to SMC modelling lan-
guages, and translating property patterns to the corresponding SMC specifica-
tion languages. For each SMC, the number of simulation traces was set to 500,
and the depth of each trace was set to 5000.

The time required for each run is taken to be the combined time required
for model parsing, simulation and verification. Each SMC/model/pattern com-
bination was tested three times, and the figures reported here give the average
total time required. When an SMC depends on external tools, we also added the
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external tool execution time into the total execution time. In particular, there-
fore, the total times reported for verifying models with MRMC and MC2 tools
are not their execution times only, but include the time consumed for generating
transition matrices and simulation traces, respectively. We used the PRISM tool
for generating transition matrices requested by MRMC, and the Gillespie2 for
generating simulation traces utilised by MC2. When the external tool failed to
generate the necessary input for its corresponding SMC, we have recorded the
SMC as being incapable of verifying the model. In order to keep the experiment
tractable, when an SMC required more than 1h to complete the run, we halted
the process and again recorded the model as unverifiable.

Table 4 shows the experiment results. The SMCs and the property patterns
are represented in the first column and row, respectively. The Verified columns
under each pattern show the number of models that could be verified by the
corresponding SMC. The Fastest column shows the number of models for which
the corresponding SMC was the fastest tool.

Table 4. The number of model/pattern combinations verified by each SMC tool.

Existence Until Response Steady-State Universality

Verified | Fastest | Verified | Fastest | Verified | Fastest | Verified | Fastest | Verified | Fastest
PRISM 337 15 435 84 NS NS NS NS 370 57
PLASMA-Lab | 465 143 465 54 465 390 465 392 465 80
Ymer 439 304 439 324 NS NS NS NS 439 325
MRMC 75 0 72 0 75 17 57 11 T 0
MC2 458 3 458 3 458 58 458 62 458 3

Key. NS = Not Supported.

The results show that SMC tool capabilities vary depending on the queried
properties. For example, PRISM was only able to verify 337 models against
Existence, and 435 and 370 models against Until and Universality, respectively.
The main reason PRISM failed to verify all of the models is that it expects user
to increase the depth of the simulation traces, otherwise it cannot verify the
unbounded properties with a reliable approximation. In contrast, PLASMA-Lab
was able to verify all of the models within 1h. Ymer could verify 439 models
for those patterns it supports, thus failing to complete 26 models in the time
available. MRMC was able to verify relatively few models, because it relied on
the PRISM model checker to construct the model and export the associated
transition matrices. Especially for relatively large models PRISM crashed while
generating these matrices (we believe this is related to its CU Decision Diagram
(CUDD) library). MC2 was able to verify 458 models against all of the patterns
tested, and only failed for 7 of them.

The second column of the patterns shows the number of models which were
verified by the corresponding model checker tools. The distribution of models
size across the fastest model checkers for different patterns are shown in the
following set of violin plots (Figs.2, 3, 4, 5 and 6). Each of the inner swarm
points represents a model. X-axis represents the logarithmic scale of models size.
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For the models in the white background region, we can uniquely identify the
fastest SMC tool for their verification, whereas for the models in grey background
region the fastest model checker is not clear.

Ymer was the fastest for most model /pattern pairs (where those patterns were
supported). However, it is the fastest tool only for verification of relatively small
size models. Ymer was the fastest for verifying 304 models against Existence pat-
tern, the minimum model size verified by Ymer was 2, maximum 2128, mean 256.8
and median 137.5. It was the fastest tool for larger number of models, 324 (min = 2,
max = 2128, mean = 312.9, median = 144), against Until pattern verification, and
325 models (min = 2, max = 2346, mean = 335, median = 144) against Universality
pattern verification. PLASMA-Lab is the fastest tool for relatively large size mod-
els. It was the fastest tool for verifying 143 models (min = 380, max = 7429944,
mean =464498.9, median = 11875) against Existence pattern, 54 models (min =
1224, max = 7429944, mean = 837193.5, median = 288162) against Until pattern,
and 80 models (min = 575, max = 7429944, mean = 773247.5, median = 43143)
against Universality pattern verification. It did particularly well against Response,
390 models (min = 12, max = 7429944, mean = 170734.5, median = 604.5) and
Steady-State patterns, 392 models (min = 9, max = 7429944, mean = 169862.1,
median = 600), where it was only competing with MRMC and MC2. PRISM is
generally the fastest tool for medium to large size models. It was the fastest only
for 15 models (min = 1023, max = 39770, mean = 5860.9, median = 2304) against
Existence pattern verification, but it was able to verify larger number of models,
84 (min = 1665, max = 2928904, mean = 253327.3, median = 7395), against Until
pattern verification and 57 models (min = 960, max = 1633632, mean = 92998.4,
median = 3364) against Universality pattern verification. MC2 (with Gillespie2) is
the fastest for relatively small size models. It could verify only 3 models (min =
722, max = 1892, mean = 1138, median = 800) against Existence, Until and Uni-
versality patterns, although it did better with 58 models (min = 2, max = 1892,
mean = 103.2, median = 30) against Response pattern, and 62 models (min = 2,
max = 1892, mean = 105.9, median = 36) against Steady-State patterns. Finally,
MRMC (with PRISM dependency) was slower than other tools for Existence, Until
and Universality patterns verification, but did better handling Response (fastest
for 17 models: min = 6, max = 42, mean = 18.5, median = 20) and Steady-State
(fastest for 11 models: min = 6, max = 42, mean = 22.3, median = 20).

As we stated previously, the background color of Figs.2, 3, 4, 5 and 6 gives
an indication of whether the fastest model checker can be identified for the
models within a region of the graph, that is, for models in the white background
region, the fastest SMC tool can be identified, but the models in grey background
region it is less clear-cut. For verification of Existence pattern, we can uniquely
identify the fastest SMC tool for both the 232 smallest models (size ranging from
2 to 380), and the 55 largest models (size =39984 to 7429944), namely Ymer
and PLASMA-Lab respectively, but for remaining 178 medium-sized models
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Fig. 2. The distribution of models size across fastest SMC tools for Existence pattern
verification.
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Fig. 3. The distribution of models size across fastest SMC tools for Until pattern
verification.

(size =380 to 39770), there is no obvious ‘winner’. Similarly, for Until pattern
verification, the smallest 283 models (size ranging from 2 to 714), and only for the
5 largest models (size = 3605380 to 7429944) we can identify the fastest SMC tool
(Ymer and PLASMA-Lab respectively), but there are more than one candidates
for remaining 177 medium-sized models (size = 722 to 2928904). Despite, we have
only three SMC tools, namely PLASMA-Lab, MRMC and MC2, which support
the verification of Response and Steady-State patterns, their performance on
small and medium size models are close to each other, which makes harder to
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Fig. 4. The distribution of models size across fastest SMC tools for Response pattern
verification.
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Fig. 5. The distribution of models size across fastest SMC tools for Steady-State pattern
verification.

identify the fastest tool. Therefore, only for the smallest 4 models (size =2 to 6)
and for the largest 128 models (size =1927 to 7429944) the fastest tool (MC2
and PLASMA-Lab respectively) can be identified. Lastly, for Universality pattern
verification, the fastest SMC tool for both smallest 262 models (size =2 to 572)
and largest 17 models (size =1823582 to 7429944), Ymer and PLASMA-Lab
respectively, can be identified, for the remained 186 medium size models we
cannot assign a unique model checker tool.
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Fig. 6. The distribution of models size across fastest SMC tools for Universality pattern
verification.

5 Conclusion

The experimental results clearly show that certain SMC tools are best for certain
tasks, but there are also situations where the best choice of SMC is far less clear-
cut, and it is not surprising that users may struggle to select and use the most
suitable SMC tool for their needs. Users need to consider the modelling language
of tools and the external tools they may rely on, and need detailed knowledge
as to which property specification operators are supported, and how to specify
them. Even then, the tool may still fail to complete the verification within a
reasonable time, whereas another tool might be able to run it successfully.

These factors make it extremely difficult for users to know which model
checker to choose, and point to a clear need for automation of the SMC-selection
process. We are currently working to identify novel methods and algorithms
to automate the selection of best SMC tool for a given computational model
(more specifically for P system models) and property patterns. We aim to enable
the integration of our methods within larger software platforms, e.g., IBW and
kPWorkbench, and while this is undoubtedly a challenging task, we are encour-
aged by recent developments in related areas, e.g., the automatic selection of
stochastic simulation algorithms [45].
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Abstract. We present an attempt to translate the terms of a variant of
the y-calculus into membrane systems, such that the reduction sequences
in the calculus are simulated by the computation of the corresponding
membrane system. Finding such translations could help to reason about
properties of membrane computations and properties of the reduction
sequences of chemical calculi in terms of each other. By translating chem-
ical computing formalisms to membrane systems, we might also obtain
a high-level programming language for P systems which could also serve
as an elegant and efficient way of presenting P system algorithms.

1 Introduction

In the following, we continue the investigations concerning the relationship of
the “chemical calculus” of Banétre and Le Métayer [3,5] and membrane systers.
The chemical calculus is a formal representation of the Gamma programming
style introduced in [5,6]. The intention behind the Gamma formulation of pro-
grams was the purpose of freeing programs from “artificial” sequentiality, that
is, sequentiality which is not inherent in the particular problem being solved, but
only a consequence of the programming language and the underlying machine
model. In the chemical calculus a computation can be seen as the global evolu-
tion of a collection of data, represented as molecules, acting freely in a chemical
solution (cf. [4]).

P systems represent a related, but quite different model of computation where
the components evolve in different compartments in a distributed, synchronous
manner (see [10]). In [1,7] we have studied the possibilities of describing mem-
brane system computations with chemical terms and their reduction sequences.
We managed to give a translation of the membrane system with dissolution
into the chemical calculus such that the two systems compute the same sets of
numbers.

In this paper we are attempting to present a translation in the reverse direc-
tion: given a chemical term we render a membrane system with active membranes
such that the computation sequences of each system can be bijectively mapped
to each other. To simplify matters, we restrict our attention to the untyped
chemical formalism of [4]. Moreover, we resort to another restriction by consid-
ering only 7y-abstraction in which the conditional parts are the constant term
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true (see Sect. 2 for the definitions). On one hand we expect from the translation
that the description of membrane systems using one of the chemical computing
formalisms would enable us to reason about properties of membrane systems
and their computations which can be connected to properties of the reduction
sequences of chemical calculi and vice versa. For example, to the authors’ knowl-
edge, the properties of reduction sequences like existence of reduction strategies
(e.g. call-by-value, call-by-name) are yet not studied very extensively neither for
membrane systems nor for the chemical calculus. Should some of these prop-
erties seem to be obtainable more easily form one computational model than
from the other, we could acquire the equivalent of the property in the other
computational model almost “for free”. The same is true for classifying objects
in he computational models as ones obeying the property of strong normaliza-
tion, weak normalization, or having only infinite computation sequences. On the
other hand, by being able to translate chemical computing formalisms to mem-
brane systems, we could obtain a high-level programming language for P systems
which could also serve as an elegant and efficient way of presenting P system
algorithms.

A preliminary study of turning certain simple chemical programs to P sys-
tems was initiated in [9]. Here we present an attempt to continue the investiga-
tions in this direction, that is, to describe chemical terms and their reduction
sequences by membrane system computations.

The paper is organized as follows. First we present a version of the y-calculus,
which is still in experimental form, and which, according to our expectations,
admits us to grasp the connection between the chemical metaphor and the mem-
brane system computational model in a more adequate form. The emerging cal-
culus is a parallel version of the y-calculus, where the reduction rule is the original
~-rule with the exception that it can be applied in one reduction step to several
redexes in the original term, provided there is no overlap between the chosen
redexes. Next we review the type of membrane systems with active membranes
that we are going to use (a version of the active P system model described in
[2]). The third part of the paper is a translation of the chemical calculus into
the membrane system such that the chemical terms compute exactly the same
results as the corresponding membrane systems.

2 About the «v-Calculus

In this section we provide the basic notions of the «y-calculus following the presen-
tation in [4]. However, unlike in [4], we use a generalized version of the chemical
calculus: molecules are formed by arbitrary, finite multisets instead of pairs, and
we allow several vy-redexes to be reduced simultaneously. The only stipulation is
that these redexes cannot have terms in common, that is, they should be dis-
joint. To distinguish our calculus from that of [4], we call it y,-calculus meaning
that we are talking about a parallel version of the y-calculus. In what follows we
define the terms and reduction rules of the v,-calculus. As an abuse of notation
we may still talk about ~y-terms, y-redexes etc. when it causes no confusion.
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The syntactical elements of molecules, reaction conditions, and patterns,
denoted by M, C' and P, respectively, are defined as follows.

A :=true | false |z | (M) | v(P)[C].M
M = (Ah...,An)

where x is a variable standing for any molecule, true and false are two con-
stants, (41,...,4,) is a compound molecule, considered as a multiset formed
by elements of the set A, (M) is called a solution, and y(P)[C].M is called a
~y-abstraction with pattern P, reaction condition C, result M. Reaction condi-
tions can be arbitrary elements of M. We call variables, constants, abstractions
and solutions together as atomic terms or atoms. The solution (M) encapsulates
the molecule M which is inside the solution, and thus, insulated from molecules
outside the solution. The contents of solutions can only be changed by reactions
which occur inside the solution.

The v-abstraction encodes a rewriting rule: when the pattern P is respected
and the condition C is met, a substituted variant of M is created as a result. A
pattern is

AP =z | (P)
P:=(APy,...,AP,)

where x matches any molecule, P, and (P) matches an inert solution, that is,
a solution where no reaction in the outermost level can occur. (The contained
solutions can still be active, however.)

A (v-)redex is a term of the form (y(P)[C].M, N). The reaction rule (y-rule)
(cf. [4]) is originally defined as

’Y(P)[C}~M,N 7 oM,

where match(P, N) = ¢ assigns values to variables in such a way that ¢(C)
reduces to true. The abbreviation v(P).M stands for the term ~(P)[true].M.

As an example, consider the y-term (y(z,y)[zr = y].z, 1,2,3,1,4) where
(z,y) is a pattern, and x = y is a reaction condition. In order for the condition
to evaluate to true, the pattern needs to be matched so that ¢(x) = ¢(y), and
then the result is (y(z,y)[x = y].z, 1,2,3,1,4) — (1,2,3,4).

We use the reaction in a broader sense: unlike in [4], match compares multi-
sets and not just molecules formed with the help of the pair forming operator.
Moreover, every distinct constituent of a molecule can take part in a reaction
separately. Prior to defining the reduction relation, we settle what we understand
on matching between patterns and molecules.

Definition 1. Let x denote a wvariable, P a pattern, and M a molecule. The
operator match takes a pattern and a molecule as arguments and gives back a
substitution as result.
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match(z, M) = {x — M}, where M is a finite,
nonempty multiset of y-terms
match((Pr, ..., Pn), (M, ..., Mp)) = match(Py, (M., M, )& ...
© match(Py,, (M;,,,...,M;,, ))
match((P), (M)) = match(P, M) provided inert(M)
match(P, M) = fail in every other case,

where the operator ® denotes the composition of substitutions provided that the
matchings match(P;, (M;,,, . . '7Mijkj)) (1 < j < n) agree on their common
variables. Furthermore, at the second equation,

{Mijla"'7Mijkj}’(1§j§n> (1)
are non-empty multisets forming a partition of the set {My, ..., Mp,}.

Observe that unlike in [4], the match operator in can have several results
depending on the choice of the index sets {i1,...,ix;} (1 <j <n)in (1).

Ezample 1. The example below illustrates some of the assignments performed
by match.

match((z,y, (u,v)), (1,2,3,(4,5)))
can have any of the following results:

{zr —(1,2),y— 3, ur— 4,v+— 5}, or{z — 1,y — (2,3),u — 4,v — 5}, or

{z+— 2,y +— (1,3),u— 5,0 — 4}.

We restate the definition of the ~y-reduction, where match is understood as
above. We denote our new reduction by ,.

Definition 2.
(v(P)[C].M,N) —.,, ¢M,

where match(P,N) = ¢, ¢(C) —, true, and if — denotes a reduction relation,
—» denotes the reflexive, transitive closure of —. (We will also use —T for the
transitive closure of —.)

The left hand side of the reduction rule is the multiset formed by the abstrac-
tion and N, and the result is ¢ M, which is a substituted instance of the multiset
M. We implicitly assume that, when we have calculated the result ¢ M of a reduc-
tion, then the elements of the multiset ¢ M become elements of the multiset to
which the abstraction and the arguments of the redex belonged. The elements
of N are called the arguments for the abstraction v(P)[C].M. We remark that,
if (7(P)[C].M,N) is a redex of S, it is not necessarily a multiset of S.
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As usual, we assume that the 7, is compatible with the term forming rules,
that is, a solution reduces to a solution when their contents are in relation with
respect to y,-reduction. The same is true for arbitrary multisets: the difference is
that, unlike the y-reduction, we allow 7,-calculus to perform several reductions
in parallel, with the stipulation that these reductions cannot overlap. When
an abstraction takes part in a redex, reduction cannot take place inside that
abstraction. The same is true for the arguments. Some of the terms can remain
intact in a multiset during a -y,-reduction step.

FEzample 2. We present some examples of a v,-reduction relation below.

(v{x).(x,y), (yr.z,1,3),(4,5)) — (4,5, (yz.z,1,3)), or
(12 ( ), (0 1,3), (4,5)) = (y2.2,1,3, (4.5)). or
(v{x).(x,y), (yr.z,1,3),(4,5)) — (4,5,(1,3)), but
(v(z).(2,9), (yw.2,1,3), (4,5)) # (1,3,4,5)

Remark 1. We assert a simple statement to illustrate how +, relates to the orig-
inal y-reduction. As expected, the v,-reduction relation is somewhere between
a y-reduction step and the reflexive and transitive closure of —.
If —, is defined as above, then
—>’Yg—>’ypg_»’y:_»7p .
Remark 2. In the following, we also use an additional simplification by assuming
that the abstractions are of the form ~(P).M with true as conditional element

C'. This assumption does not reduce the computational power of the ~y-calculus
(cf. [3]).

3 How to Associate P Systems to v-Terms

Let M be a vy-calculus term. We define the P-system associated with M as
I = (Ovﬂuwlw' '7wn7H7R17"'7Rn7p17"'7pn)
where

— O is an alphabet of objects, O = Atom, where Atom is a set of atomic objects.

— p is a membrane structure of n membranes,

— w; € M(0), 1 <i<n, are the initial contents of the n regions,

— Let H = Var U{o,p,p1,p2}, where Var is the set of variables occurring in
M and Atom is the set of atomic objects in M different from variables. Then
H is the set of labels. For the sake of simplicity we assume that we only have
variables, as in the untyped ~-calculus.

— R;, 1 <i<n, are the sets of evolution rules associated with the regions.

— We also use promoters and inhibitors assigned to rules. Moreover, besides the
usual parities we introduce new values ? and 7?7 for unknown parities.
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Intuitively, solutions are coded by the label o and patterns are abstractions
are coded as pairs, the first elements of which are the patterns labeled by p; and
the second ones are the bodies of the abstractions with labels py. The variables
occurring in patterns also appear as labels. Labels in the pattern part of an
abstraction get an additional subscript p. Moreover, pattern variables occurring
also in the body of the pattern also receive the subscript p. The membrane
implicitly containing the whole structure is the skin membrane. For example,
the term ~(z,y).(x,y, z) corresponds to a system

C0C0.,, (0y,10,1p, (0w, [0y, [121,,1,.

Notation 1. We use the following types of rules (cf. [2])

b; b;
1os, [urdy), ... fudsh — [vi ol .o [vidal
where 8§, U1, . .., Uk, Viyy - - - ,vil,tbé O*, 1<y <ig <b ... <y <k (filtering)
2.8, [urdy) ..., Lupdok —t, [v110, lwi g ..o, Lol [w g

where s, u;, v, w;, 1 <i <k, t€O* (membrane division)
8w, 00, 0% ... 0% — [v, 005, 0% 18w
where u,v,w € O* (subordination)

We assume that filtering has the highest priorities among all the rules. Observe
that membrane dissolution acts as a special case of filtering.

Remark 3. We note that the rules above are generalization of those applied in [2].
In our system we allow arbitrary number of membranes on the left- and righthand
side of the rules, moreover, we assume that any membrane has an infinite stock
of these rules. This unusual assumption can, however, be eliminated if we take
the rules in [2] and keep executing all prescribed operations until every intended
element or membrane is processed. Thus, our rules can be seen as a “shorthand”
notation for those in [2] that simplifies the presentation of the systems.

An other approach to limit the number of rules of our systems would be
through upper bounds on the size of the reduction sequences of the ~y-calculus.
At present, since, according to our knowledge, upper bounds for the sizes and
lengths of reductions for normalizable «-terms are not known, in contrast to the
A-calculus (cf. [8,11]), we are not able to give an upper bound for the number of
rules used in a membrane in order to keep a more parallel-like rule execution.

We simulate one +y,-reduction step by several computational steps of the
membrane system. We use promoters in addition, to make the presentation as
accessible as possible. We assume that promoters are elements of the set Prom =

The following group of rules finds the abstractions which are candidates for
taking part of reductions together with their arguments, and then initiates the
reductions by rendering the arguments to abstractions by subordination. We
have to make sure that no reduction takes place in a term chosen as an argu-
ment of a redex. The elements in Prom indicate the separate phases of the
computation.
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Proposition 1. The following rules initiate a ~y,-reduction-step by choosing
abstractions and arguments in the skin membrane and then letting the process
continue in the contained solutions.

rer (10,000, (00, — [01, [10, ..., [1, 1, 7redex,

T'd2 [15 — [#11°, ?solution,
T3 o — 12,
Td4a {Pl — @3,

promoter : 1.

The last line assigns the promoter for all the rules above it. In the sequel, we
resort to such notation.

Ezplanation.

1. rg1: an instance of subordination rule, abstractions receive arguments by this
rule. An element ?redex serves for keeping track of the successful reductions.

2. r¢o: reduction propagates to some of the solutions

3. r¢3: some of the terms remain unchanged O

Proposition 2. The following rules initiate the matching process of a ~yp-
reduction step.

re1 []01 —,  ( dissolution of []21)
0 0 & 0 (-
rez [y, [, o, — [g, - o,y 15,
res Oy, 1y , [inert]) — Oy, [15 | [inert]},
ros []gp, [non—inert]g — £,
res 01, [1% — 1., ], 65,
ro6 [_7?1;(92_> #, (O‘7£p2)7
Ter @23 [Jﬁp - 937 [J§p7
Tos Oy — Oy,
reg Os, []ﬁp, [inert]5 — Oy, (dissolution of membranes with A),

where O is the promoter of the first rule. Moreover, the first rule in the second
block has priority higher than that of the second rule, the third one has the lowest
priority. Moreover, rgs > ros and rog > ros.

Ezxplanation.

1. ro1: first we dissolve the membrane [] 21 so that the matching process can
begin

2. roo: the pattern variables match to arbitrary multisets

3. ros: inert solutions match with pattern solutions- their processing is post-
poned by one step. Furthermore, only one membrane containing inert is
treated at a time

4. re4: when a solution is non-inert, the reduction step fails
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5. ros: when we have no information whether a solution is inert, a sequence of
computational steps checks inertness. By introducing ©;,,, we achieve that
only one solution is checked for inertness at a time.

6. rog: we make sure that no elements has been left out from the multisets
matched to pattern variables and the solutions matched to solution patterns

7. ro7: membranes of inert solutions disappear by virtue of rgg9 and rg; leads
to reg

8. rog: the matching process will continue with the examination whether the
obtained match itself is well defined

9. reg: an inert solution is dissolved and we are led back to the matching O

By maximal parallelism, any solution which is not known to be inert will be
checked for inertness, which is triggered by the promoter ¥;. We continue with
the reduction step assuming we have a means already to test for inertness (we
will return to this later on).

The promoter O, initiates a test required for the correctness of the matching
process by the rule ©4 — Oy, init_match. Namely, we have to check whether any
two membranes labeled with the same pattern variable contain membranes corre-
sponding to equal y-terms. We give a recursive algorithm which decides whether
to every two occurrences of the same variable are assigned the same multiset of
membranes. In addition, the algorithm simplifies the result of the matching by
clearing the unnecessary repetitions. First we give an informal description of the
algorithm.

Description.

— input: a multiset of membranes with labels in Var, and polarity +
— output: a simplified assignment together with the element matchsucces ful in
the outermost membrane labeled p, or the element match fails

1. Find two membranes with the same label in Var,. We create auxiliary copies
of them, let they have polarities * and ? and **x and 77, respectively. If there
are no such membranes, the algorithm terminates with matchsuccessful. In
each step of the algorithm the actual membranes will have copies * and 7 and
xx and 77.

2. Let us take the longest sequence of membranes with polarity * such that each
element contains the next one in the sequence. Let Actual 1 be the copy of the
endpoint membrane with polarity 7. Similarly, let Actual 2 be the copy with
polarity ?7 of the farthest membrane in the sequence of membranes denoted
by .

3. In Actual 1 we choose a membrane labeled by a variable. Delete that mem-
brane and find in Actual 2 a membrane with the same label. Repeat the
process with roles of Actual 1 and 2 interchanged as long as possible. If there
are no membranes labeled by a variable in Actual 1 neither in Actual 2, go
to Point 5. Otherwise continue with Point 4.
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4. Delete Actual 1, take the original copy of Actual 1 labeled by * and make
a copy of it with polarity ?. Delete Actual 2 and restore the original copy
of Actual 2 and give it polarity —. If Actual 2 was the first element of the
membrane sequence with polarity 77, terminate with match fails. Otherwise,
in Actual 2 choose a solution with polarity 0 and give it polarity ?7. If no
such solution exists, indicate it with match fails. Otherwise, jump to Point 3.

5. Assume we are in Actual 1. If Actual 1 is empty, then go to Point 6. Otherwise
choose a solution in Actual 1, make two copies of it, one with polarity * and
the other with 7. Go to Actual 2, if Actual 2 is empty, go to Point 6. Otherwise,
choose a solution, make two copies of it, one with polarity #* and the other
with ??. Jump to Point 3.

6. Either of the collections is non empty: terminate with ?match fails. Otherwise
delete Actual 1 and Actual 2. If the actual membranes were the outermost
membranes with polarities ? and 77, delete membrane with polarity ** and
restore polarity * to 4+. Jump to Point 1. O

Now we present the algorithm corresponding to the equality check. We group
the rules in blocks following the points in the hint above. Through the algorithm
we use auxiliary elements to ensure control.

Algorithm.

Teql
{im’t,match, 0 Ip, (1 jp — [ ;?p, [1 22?7 > init_match — matchsuccessful}7

Teqz L[] ?3? — 05, [compare,vars];,
Teqs [] E*?? — [05", [compare_vars] ;3?,

Tegd { Lcompare_vars, [] 2]; — y_foundy, [] ?ﬁ,
Teqs  Lcompare_vars, [] 2] Z;? — y_founds, [] ?5? >
Teq6 compare_vars — compare,solutions},
Teq? y-foundy, N5 —  [y_findy1},
Tegs y-foundz, 0 —  [y-findi1},
Teq9 { Ly_findy, [1 (y)]; — [compare,vars]; >
Teq10 [y_findi1}, [0 — [findnew] , [findnewl },
Teqll { Ly_finds, [1 2] E,? — [compare_vars] Z}? >
Teql2 1 ?ﬁ, Ly_finds] ?ﬁ? — [findnew] ?ﬁ, [findnew] g‘] },
where § € Var, U {c}
Teql3 [findnew] ; — [findnew] %, newcopyi,
Teqld [findnew] ?ﬁ? — [findnew] 13, EWCOPY2,
Teqls newcopys, [1,° — newargument, [1,, (a ¢ Vary),
Teql6 newcopyy, (17, — [17%, [comparevars]’,,

Teqir {newargument, [15 — [1%°, [compare_vars] ™o
newargument — ?matchfails},
sk .
Teqls newcopys, [1 oy match fails,
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Teq19 { [compare_solutions, []2]2 — [0}, [compare_vars] ;]; >
Teq20 [compare,solutions]g — emptyy, []%},

BeVar,U{o},
Teg21 {[compare,solutions, []2]?5? — [, %", [compare_vars] (?,?];3? >
Teq22 [compare_solutions] ?ﬁ? — emptys, []hﬁ},
BeVar,U{o}

Teq23 {emptyl, emptys — both_empty >
Teq24 empty; — matchfails,
Teq25 emptys — matchfails},
T'eq26 both_empty, [15, [12* — newsolutions
Teq27 { [newsolutions, [] g] = [0 Z?] P>
T'eq28 [newsolutionsl’ — empty, },
Teq29 { [newsolutions, [ O1x [z,
Teq30 [newsolutions, [1,15" — [[] :*??] -
Teq31 [newsolutionsl; — emptys, },
Teq32 both_empty, [] ;p, ] ;z — iterate,

Teq33 iterate, [1 :p — init_match, [1 Ecp. O
Ezxplanation.

1. req1: the matching process is initiated. When no two membranes with the

same pattern variable as label exist, then the algorithm successfully termi-
nates.

. Teqa and 7¢g5 find variables in [] “and [17°.

. y_found;, y-find; look for and delete the membranes with equal variable
inside [17 and [17*

. Teq9-Teq12: When a variable is found in the other membrane of the comparison,
too, the process starts all over again. Otherwise, we try for new submem-
branes.

. Teq13-Teq18: the search for possible submembranes to compare begins. If there
are no more new arguments in membrane []™* or we are back to the original
membrane [] ;:, then the comparison fails, and, by this, the matching also
fails

. Teql9-Teq22: if the membranes with variable labels are consumed at a certain
level, then the contents of the solutions of that level are compared

. Teq19-Teq22: depending on whether there exist new solutions to be compared
in both membranes at the same level, we continue the process. If one of
the submembranes at the same level contain less solution than the other, a
message match fails is evoked. O

Here matchfails acts as follows. Whenever match fails is on the left side,

the rule has highest priority of all the rules. The element match fails penetrates
every membrane until it reaches ©@,4. In that case the rule

Oy, matchfails — #
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applies. When matchsuccess ful is created, it also elevates to the level of @4 and
we have

O4, matchsuccessful — Os.

The final stage in the reduction step is performing the substitutions them-
selves.

Proposition 3. The rules below perform the substitution itself.

Let [wl];rlp,..., [wj];rkp be all the immediate submembranes of the mem-

brane [J;‘ with labels in Var, and polarities +.

0
T'subl { []p2 -
0 0 ? ?

Tsub2 85; []ala R []aj - [95](11) R [95]aj796a

remainder,

wherea; # p1 and o; ¢ Var, U Var,

0 0 ? ?

Tsub3 [_7y1p7 o []yjp — [Ty s []yjp7 ary,,, ..., Tvary, ,
Tsubd promoter .  Os, ?

Tsubs {remainder, [1° —# > (wherea # p1,a ¢ Var),
Fews remainder, [], — []?a},

? i 70
rsubr [fvary, ..., Tvary, 1, — [s71,,vary, ..., Tvary, ,
+ + + + + +
Tsub8 []mp’ ce []MP7 Tvary, — 7suby,, []wlp7 []w1p7 e []xkp, []W,
0
T sub9 [s]o — L[5,
++ ot + + + 0

T'subl10 []a ) [];plp7' ) []Ikp - [[]zlp SRR L wkp’]ou

wherea # pranda ¢ Var, U Var,

rewnts [ 005 o [0 — [sync, [0F .. [T 10 a, € Vary,
rewtz syncy, 15 o O 08— synd), [T5, . D5
( []:jpisdeleted),
Tsubl3 [sync;-]gjp — lsub,,, ([];jpisdeleted).

Ezxplanation. The rules rgup1-Tsup7 perform some preliminary steps before the
actual substitution. They find the variables in the outermost submembrane [] py
and inform the membrane system about the maximal number of variables that
must be substituted for. The counter elements s store that number.

Rules 7sups-Tsup13 perform the actual substitutions. Rule 74,58 produces the
necessary copies of terms to be written in, while rule 74,59 and rgup10 pushes
the terms to be substituted toward their correct places enabling as many as k
terms to move inside a membrane. All membranes [] ;w oo [ ;rkp move together
according to rules 7gup10 and rgup11- When a substitution is done, an element
Isuby, is released.

The elements ?subyy, !sub,, perform a synchronization, when both appear in
the membrane containing @g they vanish. The inhibitor of creating an element
Ireder and deleting the outside membrane with label p is any one of ?sub,,. In
a similar way, ?redex is an inhibitor for sending out an element !solution from
any solution: when the same number of !redex elements have appeared in the
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skin membrane as that of ?redex elements, and likewise for the pair of elements
?solution and !solution, then the promoter ¢, appears again and the reduction
process is iterated. We assume that, in preparation to the simulation of the next
~p-reduction step, we restore polarities of membranes to 0, except for those with
polarity g, and remove all auxiliary elements from membranes with polarity 0. O

Prior to the inertness check, we have to make some preparations. Inertness
check starts with a solution with polarity 7 and a promoter element ¥; contained
in the solution. We would like to search exhaustively for redexes formed by imme-
diate submembranes of [](?, by giving all possible combinations of abstractions
(functional parts) and their arguments. We first enumerate the immediate sub-
membranes and designate the abstractions and possible combinations of argu-
mentg for them. We assume that an initial counter element, ag, is already present
in [1,.

Proposition 4. We determine the number of immediate submembranes of []3
by the following rules. Moreover, we also provide a unique mumbering to the
immediate submembranes which is expressed by the elements b.

0
Tinl {[Jmao - []Iaa()aa

Tin2 [] ;r — [b] ;r s
Tin3 U — W,
promoter : 'Z1 },

where the third rule has priority lower than the first one.

Ezxplanation.

1. 7;n1: when a new immediate submembrane is met, a copy of a is added to [] ;
2. Tino: at the same time, each immediate submembrane receives an element b.
3. Tin3: the process ends with the replacement of ¥. Observe that every imme-
diate submembrane will receive a unique number of b-s, which is between 1
and the number of a-s in the end. a

Let us denote by s the number of immediate submembranes in [17. The
number of b-s in each immediate submembrane of []Z is unique. In a way similar
to the generation of a-s we can count and enumerate the abstractions in []3.
Let the number of e-s give the number of abstractions which are immediate
submembranes of [] Z, and let the f-s inside the abstractions denote their number
in that enumeration.

Proposition 5. We enumerate the abstractions in []3: the e-s give the num-
ber of abstractions while the number of f-s provide a unique identifier to each
abstraction.

rina {1}, €0 — [I, ,eo,e,

Tin5 [J; - [f];7
Tin6 [J; - [@]Z,
Tin7 Yy — W,

promoter : Wy } ,

where Tipa > Ting, Tint and the inhibitor of ri.6 is e.
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Ezplanation. Rules r;,4 and 14,5 give the number of abstractions and enumer-
ate the abstractions in [](?T simultaneously. Rule r;,¢ acts in the case when no
abstraction is present. Then we immediately know that []3 is inert, which is
expressed by the element O. a

Let the number of abstractions present as immediate submembranes in [17
be t.

Proposition 6. The following rules produce t copies of []Z, where each copy
contains a designated abstraction.

Fins  [W3,e,e]’ — [Wy,e,el’, [Ws,e]”,
Tin9 [%&]; — [Wy,e]’,
Tinl10 617 [fl]; - [?fJ;+a?e>

Tinll {?6,6—># >
Tin12 Te — },
Tin13 {?f,f — #,
Tin14 7f - }a
Tinl5 ¥, — Us,

where the promoter of the third rule is Wy and the second rule has lower priority
than the first.

Explanation. After executing Rule r;,19, the computation can be continued only
if the number of e-s in the underlying copy of [:I?7 was exactly the same as the
number of f-s in the abstraction with which a filtering rule was applied. Rules
Tin11-Tin14 achieve this fact. The abstraction obtains an individual polarity by
Rule Tin10-

As the next step, we form all combination of arguments for all designated
copies of abstractions.

Proposition 7. The following rules produce all possible sets of arguments for
the abstractions.

d d
Tin16 [75,¥s — [1%, A1, whered # ++
? ?
Tinl7 W51, — [0,
? 7 = 7
Tin18 [a, A1, — [c,a,A],, [c,a,A],,
e T
Tin19 s, ca— [7b], ", e, ¢,
T'in20 {?b7 b—# >
Tin21 7 — },
T'in22 {7076 —# >
T'in23 7c—
T'in24 ¢—c},
Tin25 Aa— Ay,
T'in26 Aja — Ay,

Tin27 Ala []2"’1" [](;1_” [];]_ - [A27 []3417"'7 [](Oxj]:+7
Tin28 [, — #,
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where Tin16 > Tin17 And the Tules Ti,20 — Tin24 have priorities higher than those
of rules rinos and Tin26. Rule rino7 has lower priority than all the rules above it
and rin27 > Tin2s-

Ezxplanation.

1. Rules ri,16-Tin17 commence the process by either introducing a new control
element Aq, or, when there are no arguments at all, an element © indicates
that fact.

2. Rules 7;,18-Tin26 prepare the arguments by providing a term that will serve as
an argument with polarity ——. The trick is the same as by Proposition 6, we
ensure that each time precisely the next argument in the enumeration with
b-s follows. We choose or reject that membrane as an argument depending on
@ or @ is present in the actual copy of [19.

3. Rule r;,27 commences the reduction process itself. O

From this point on, the inertness check is the same as the reduction process
initiated by Rule rg;. The difference is: in this case special elements, ©, take
the role of #. When during the reduction matchfails is encountered, it acts as
before, only at the upper level instead of producing # it produces an element
©. Then

T fin [@]Z,—> []5),,
T fin2 [](}—> [][‘,,
T fin3 Oin — [non,inert]?,, O1,

where 7 fin2 > 7fin3 and, moreover, the rules with labels fin have lower priorities
than all the rules with labels in. The promoter for all the rules is ©;,.

The element matchsuccess ful acts as before with the exception that it allows
@ appear as an element of a membrane [] ; Then & obeys the rule

(012 - 0% e,
Oin, ®, [1, — Linert1%, 0.

By this the membrane system can return to the reduction process initiated
by ©1, and, eventually, after eliminating all possible solutions where being inert
is not known, the redex can be computed.

4 Conclusion

We have shown how chemical term reduction can be simulated as membrane
system computation. Our approach is rather tedious, which is due to the chosen
representation of y-terms in the labeled membrane structure of the correspond-
ing P system. We believe that with a different, and probably more appropriate
representation could very much simplify the simulation, and not only that, but
also would be able to take advantage of the parallel and nondeterministic rule
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execution of the membrane system model. One step in this direction we have
already performed in the present paper by defining a parallel version of the ~
reduction rule —, ~which could be a basis for finding a much more natural
correspondence between the computations of membrane systems and the reduc-
tion sequences of the calculus. We intend to pursue this research direction in a
forthcoming paper.
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Abstract. We study two variants of P colonies with dynamic envi-
ronment changing due to an underlying OL scheme: P colonies with
two objects inside each agent that can only consume objects, and
P colonies with one object inside each agent which uses rewriting and
communication rules. We show that the first kind of P colonies with one
consumer agent can generate all sets of natural numbers computed by
partially blind register machines. The second kind of P colonies with
two agents with rewriting/communication rules is computationally com-
plete. Finally, we demonstrate that P colonies with one such agent with
checking programs can simulate catalytic P systems with one catalyst,
and consequently, another relation to partially blind register machines is
established.

Keywords: P colony - Catalytic p system + OL scheme - Computational
completeness - Partially blind register machine

1 Introduction

P colony was introduced in [10] as a very simple variant of membrane systems
inspired by so-called colonies of formal grammars. See [14] for more informa-
tion about membrane systems and [11] for details on colonies in the context of
grammar systems theory.

There are three basic entities in the P colony model: objects, agents and the
environment. A P colony is composed of agents, each containing a collection of
objects embedded in a membrane. The objects can be placed in the environment,
too. Agents are equipped with programs composed of rules that allow interac-
tions of objects. The number of objects inside each agent is set by definition
and it is usually very low — 1, 2 or 3. The environment of a P colony serves
as a communication channel for agents: an agent is able to affect the behaviour
of another agent by sending objects via the environment, implementing thus a
blackboard architecture. There is also a special type of environmental objects
denoted by e which are present in the environment in an unlimited number of
copies.

A specific variant of P colony called eco-P colony with two object inside
each agent, where the environment can change independently of the agents, was
introduced in [1]. Evolution of the environment is controlled by a OL scheme
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DOI: 10.1007/978-3-319-54072-6_10
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applying context-free rules in parallel to all possible objects in the environment
which are unused by the agents in the current step of computation.

The activity of agents is based on rules that can be rewriting, communication
or checking; these three types were introduced in [10]. Furthermore, other three
types of generating, consuming and transporting rules were introduced in [5].

Rewriting rule a — b allows an agent to rewrite (evolve) one object a placed
inside the agent to object b.

Communication rule ¢ < d exchanges one object ¢ placed inside the agent for
object d from the environment.

Checking rule r1/ro, where each of r1,rs is a rewriting or a communication rule,
sets a priority between these two rules. The agent tries to apply the first rule
and if it cannot be performed, the agent executes the second rule.

Furthermore, other three types of generating, consuming and transporting
rules were introduced in [5].

Generating rule a — be creates two objects b, ¢ from one object a.

Consuming rule ab — ¢ rewrites two objects a,b to one object c.

Transporting rule of the form (a in) or (a out) is used to transport one object
from the environment into the agent, or from the agent to the environment,
respectively. The rule is always associated with a consuming/generating rule
to keep a constant number of objects inside the agent.

The rules are combined into programs in such a way that all objects inside
the agent are affected by execution of the rules in every step. Consequently, the
number of rules in the program is the same as the number of objects inside the
agent.

The programs that contain consuming rules are called consuming pro-
grams and the programs with generating rules are called generating programs.
The agent that only contains consuming (resp. generating) programs is called
consumer (resp. sender).

P colonies with senders and consumers without evolving environment were
studied in [5] and the authors proved their computational completeness (in the
Turing sense), as well as the computational completeness of P colonies with
senders and consumers with OL scheme for the environment. Many papers were
devoted to P colonies with rewriting and communication rules without evolving
environment, e.g., [4,6,12], and there are two book chapters in [3,14] describing
this topic.

In this paper we focus on P colonies with evolving environment. The paper is
structured as follows: The second section is devoted to definitions and notations
used in the paper. The third section contains results obtained during studies of
P colonies with consumers only. In the fourth section we study P colonies with
one object inside the agent and rewriting/communication rules. The fifth section
studies the relation of P colonies with evolving environment and catalytic P sys-
tems. The paper concludes with a summary of presented results and possibilities
of future work.



P Colonies with Evolving Environment 153

2 Definitions

Throughout the paper we assume the reader to be familiar with basic of formal
automata and language theory. We introduce notation used in the paper.

We use N-RE to denote the family of recursively enumerable sets of natural
numbers and N to denote the set of natural numbers.

X is a notation for the alphabet. Let X* be set of all words over alphabet
Y (including the empty word €). For the length of the word w € X* we use the
notation |w| and the number of occurrences of symbol ¢ € X' in w is denoted
by |w],.

A multiset of objects M is a pair M = (V] f), where V is an arbitrary (not
necessarily finite) set of objects and f is a mapping f : V' — N; f assigns to each
object in V' its multiplicity in M. The cardinality of M, denoted by card(M), is
defined by card(M) =3 oy f(a).

Any multiset of objects M with the set of objects V' = {a;,...7a,} can
be represented as a string w over alphabet V' with |w|, = f(a;); 1 <i < n.
Obviously, all words obtained from w by permuting the letters can also represent
M, and € represents the empty multiset. Because of string representation we can
denote the set of all multisets over the set of objects V by V*.

The mechanism of evolution of the environment is based on a 0L scheme.
It is a pair (X, P), where X is the alphabet of OL scheme and P is the set of
context-free rules fulfilling the condition Va € X' Jo € X* such that (¢ — «) € P.
For wi,ws € X* we write w; = wq if wy = a1ay...a,, w2 = @y ...aq,, for
a; > o; €EP1<i<n

A register machine [13] is a construct M = (m, H,lo, 1, P) where:

— m is the number of registers, H is a set of instruction labels,

— lp is the initial/start label, I, is the final label,

— P is the finite set of instructions injectively labelled with the elements from
the given set H.

The instructions of the register machine are of the following forms:

ly: (ADD(r),ls,l3) Add 1 to the contents of the register r and non-
deterministically choose one of the instructions (labelled with) Iy or I3
to proceed with.

li: (SUB(r),ls,l3) If the register r is not empty, then subtract 1 from its
contents and go to instruction o, otherwise proceed to instruction /3.

lp: HALT Stop the machine. The final label [, is only assigned to this
instruction.

Without loss of generality, one can assume that in each AD D-instruction
ly : (ADD(r),l2,13) and in each conditional SU B-instruction ly : (SUB(r), la,l3)
the labels Iy, l5, l3 are mutually distinct. The register machine M computes a set
N (M) of numbers in the following way: we start with all registers empty (hence
storing the number zero) with the instruction with label Iy and we proceed to
apply the instructions as indicated by the labels (and made possible by the
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contents of registers). If we reach the halt instruction, then the number stored
at that time in the register 1 is said to be computed by M and hence it is
introduced in N(M). Because of non-determinism of the machine, N (M) can be

an infinite set. The family of sets of numbers computed by register machines is
denoted by N-RM.

Theorem 1 ([13]). N-RM = N-RE.

Moreover, we call a register machine partially blind if we interpret the sub-
tract instructions in the following way: [y : (SUB(r);l2;l3) - if register r is
not empty, then subtract one from its contents and non-deterministically choose
to continue with one of the instructions ly or I3; if register r is empty when
attempting to decrement register r, then the program ends without yielding a
result.

When the register machine reaches the final state, the result obtained in the
first register is only taken into account if the remaining registers are empty.
The family of sets of non-negative integers generated by partially blind register
machines is denoted by N- RM ,;,. The partially blind register machine accepts a
proper subset of N-RE :

Theorem 2 ([7]). N-RM ,, = NMAT, where NMAT is the Parikh image of the

class of languages generated by matrix grammars without appearance checking.

2.1 Catalytic P Systems

Definition 1. An extended catalytic P system of degree m > 1 is a construct

II=(0,C, uwy,...,wn,R1,... Ry, i) where

1. O is the alphabet of objects;

2. C C O is the alphabet of catalysts;

3. v is a membrane structure of degree m with membranes labelled in a one-to-
one manner with the natural numbers 1,2,...,m;

4. Wi, ..., w, € O* are the multisets of objects initially present in the m regions
of p;

5. R;, 1 < i < m, are finite sets of evolution rules over O associated with the
regions 1,2,...,m of u; these evolution rules are of the forms ca — cv or

a — v, where ¢ is a catalyst, a is an object from O\ C, and v is a string from
((O\ C) x {here,out,in})*;
6. io € {0,1,...,m} indicates the output region of II.

The membrane structure and the multisets in IT constitute a configuration of
the P system; the initial configuration is given by the initial multisets wy, . . . , Wy, .
A transition between configurations is governed by the application of the evo-
lution rules, which is done in the maximally parallel way, i.e., only applicable
multisets of rules which cannot be extended by further rules have to be applied
to the objects in all membrane regions.
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The application of a rule v — v in a region containing a multiset M results in
subtracting from M the multiset identified by u, and then in adding the multiset
identified by v. The objects can eventually be transported through membranes
due to the targets in and out. We refer to [14] for further details and examples.

The P system continues with applying multisets of rules in the maximally
parallel way until there remain no applicable rules in any region of II. Then
the system halts. We consider the number of objects from O \ C' contained in
the output region ig at the moment when the system halts as the result of the
underlying computation of IT. The system is called extended since the catalytic
objects in C' are not counted to the result of a computation. The set of results
of all computations possible in IT is called the set of natural numbers generated
by IT and it is denoted by N(IT).

The problem how to count the catalysts in the case of generating catalytic
P systems can be avoided if using external output, i.e., the output is sent to the
environment, indicated by ig = 0. Denote by NOP,,(caty) the class of sets of
natural numbers generated by catalytic P systems with external output, with at
most m membranes and at most k catalysts.

2.2 Generalized P Colonies

Definition 2. A P colony with capacity ¢ > 1 is the structure
= Xe,fvg,Dg,B1,...,B,), where

— X is the alphabet of the colony, its elements are called objects,

~ e is the basic (environmental) object of the colony, e € X,

— f is final object of the colony, f € X,

— vg is the initial content of the environment, vy € (X — {e})*,

— Dg is OL scheme (X, Pg), where Pg is the set of context free rules,

- By, 1 <i<n, are the agents, every agent is the structure B; = (0;, P;), where
0; 1s the multiset over X, it defines the initial state (content) of the agent B;
and |o;| = ¢ and P; = {pi1,...,pik} is the finite set of programs of three
types:

(1) generating program with generating rules a — bc and transporting rules
(d out) - the number of generating rules is the same as the number of
transporting rules.

(2) consuming program with consuming rules ab — ¢ and transporting rules
(d in) - the number of consuming rules is the same as the number of
transporting rules.

(8) rewriting/communication program can contain three types of rules:

o a — b, called a rewriting rule,

o ¢« d, called a communication rule,

© 1r1/19, called a checking rule; each of ri,79 is a rewriting or a com-
munication rule.
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Every agent has only one type of programs. The agent with generating
programs is called sender and the agent with consuming programs is called
consumer. The capacity of a P colony with senders and consumers must be an
even number.

The initial configuration of a P colony is the (n 4+ 1)-tuple (o1,...,0n,vE),
with the interpretation of the symbols 01, . .., 0,,vg as in Definition 2. In general,
the configuration of the P colony IT is defined as (n+ 1)-tuple (wy, ..., w,, wg),
where w; represents the multiset of objects inside the i-th agent, |w;| = ¢, 1 <
i <n,and wg € (X — {e})* is the multiset of objects different from e placed in
the environment.

At each step of the (parallel) computation every agent tries to find one of
its programs to apply. If the number of applicable programs is higher than one,
the agent non-deterministically chooses one. At each step of a computation, the
set of active agents executing a program must be maximal, i.e., no further agent
can be added to it.

By applying programs, the P colony passes from one configuration to another
configuration. Objects in the environment unaffected by any program in the
given step are rewritten by the OL scheme Dpg. A sequence of configurations
starting from the initial configuration is called a computation. A configuration
is halting if the P colony has no applicable program. Each halting computation
has associated a result — the number of copies of the final object placed in the
environment in a halting configuration.

N II) = {|lwgl; | (o1,...,0n,vE) =" (wi,...,wn, wE)},

where (01,...,0p,,vg) is the initial configuration, (ws,...,w,,wg) is the final
configuration, and =* denotes reflexive and transitive closure of =-.

Let us denote NEPCOL(%, j, k,u, v, w) the family of the sets computing by
P colonies with at most 7 > 1 agents with ¢+ > 1 objects inside the agent and
with at most k > 1 programs associated with each agent such that:

u = check if the P colony uses rewriting/communication rules with
checking rules
u = no-check if the P colony uses rewriting/communication rules without
checking rules
u=s/c/sc if the P colony contains only sender/only consumer/both
sender and consumer agents
v = pas if the rules of OL scheme are of type a — a only,
v = act if the set of rules of OL scheme disposes of at least one rule of
another type than a — a,
w = int if the environment or agents contain initially objects different
from e, otherwise w is omitted,

If a numerical parameter is unbounded, we denote it by .
In [5] the authors deal with P colonies with senders and consumers with
“passive” environment and they show that

NEPCOL(2,3, *, sc,pas) = N-RE.
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In [1] there are results of P colonies with active environment:
NEPCOL(2,2,*,¢,act,ini) = N-RE

NEPCOL(2,2, *, sc,pas, ini) O N-RM py.

Other results are shown for P colonies with “passive” environment and rewrit-
ing/communication rules and with only one object inside the agent in [2]

NEPCOL(1,4, x, check,pas) = N-RE

and in [5]
NEPCOL(1,6, %, no-check, pas) = N-RE.

3 P Colonies with Consumer Agents

In this section we study computational power of P colonies with two objects
inside the agent - consumer and with active environment. We extend the previous
results reported in [1].

Theorem 3. N-RM ,, C NEPCOL(2,1, *,c, act,ini).

Proof. Consider register machine M = (m, H,lo,,, P). All labels from the set
H are objects in the P colony. The content of register r is represented by the
number of copies of objects a, placed in the environment.

We construct the P colony IT = (X, e, ay,lod, Dg, B1) with:

- XY= {liJI» 1 i,li‘7Li|li EH}U{(J,Z‘ | 1§i§m}u{e7d7f}7

1771

- Bl = (de,Pl).

At the beginning of computation there is object [y and auxiliary object d in the
environment. Object [y corresponds to the initial label of M.

An instruction l; = (ADD(r),l;, 1)) is simulated by the environment and the
agent by using the following rules and programs:

ENV : B :

Al — apljd; 1:{de — e;d in);
B :l; — a.lid,;

The computation is done in such a way that OL scheme works in the envi-
ronment, it executes adding one to the content of register r (generate one copy
of object a, — the rule labelled A or B) and generating of the objects [; or I,
label of instruction which will be executed in the next steps of computation of
register machine M. Agent By consumes object d from the environment. Notice
that there is at most one copy of d in the environment.

An instruction l; : (SUB(r),l;,l;) is simulated by following rules and
programs:
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ENV : By :
C:ly — Ll 2 : (de — e;1; in);
D: Il =1, 3: (lie — Lj;a, in);
E U — lily; 4: (lye — f;ein);
F:l; —ld; 5:(Ljar — el in);
Gl — lpd; 6:<Lar—>elkm);
B 7:(lje — e;d in);
8: (lye — e;d in);
9:(fe— f;ein);

If there is the object I; (the label of SUB-instruction) in the environment, the
OL scheme generates (using the rule labelled C) the object I;. This is the message
for the agent B; to try to consume one copy of object a, from the environment
(try to subtract one from the content of register r.).

If the agent is successful (using the program labelled 3), then in the next
step the agent consumes l or I and the computation will follow in simulation
of instruction labelled [, or [;.

If the agent does not consume object a, — there is no a, in the environment
or the agent non-deterministically chooses program 4 instead of the applicable
program 3 — the agent generates object f and the computation will never end
because the program 9 will be applicable.

For the halting instruction we add the rule I, — [, to the OL scheme, as
well as “passive” OL rules for other objects which are not changed by other
environmental rules (for example e — e, a, — a,,...). Whenever the simulated
register machine executes the HALT instruction, neither object d nor object
l; € H\{lp} will appear in the environment any more and the computation will
halt.

P colony IT starts its computation with object [y in the environment and the
simulation of the instruction labelled /y. By the rules and programs it places and
deletes from the environment the objects a,- and halts its computation only after
object I, appears in the environment. The result of a computation is the number
of copies of object a; placed in the environment at the end of the computation.
No other halting computation can be executed in the constructed P colony.

4 P Colonies with Rewriting/Communication Rules

In this section we deal with P colonies with active environment and with one
object inside agents. We prove that such a P colony with two agents can generate
every recursively enumerable set of natural numbers.

Theorem 4. NEPCOL(1,2, *, no-check, act,ini) = N-RE.

Proof. Let us consider register machine M = (m, H,ly, I, P). For all labels in
the set H we construct corresponding objects in the P colony I7. Again, the
content of register 7 is represented by the number of copies of objects a; placed
in the environment.
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We construct the P colony IT = (X, e, ay,lod, Dg, By) with:

- Zz{li7l£7l;I7TiaEaL7l}7l?7lfal?7Mi7MilaM712aM137Mi47NiaNilaN'L‘27Ni37Ni4 | li
S H}U{al ‘ 1 S'L_ m}U{e,d,f,g},
- Blz(eapl)

- BQ = (67P2)'

The object Iy corresponds to the label of the first instruction executed by the
register machine.

The instruction l; : (ADD(r),l;,1;) will be simulated by the environment
and the agent By by using following rules and programs:

ENV : By
Azl — aply 1: (e < d);
B:l; — aply; 2:{d — e);
C: 1 — l;d;
D : l;C — lkd;

The simulation of the ADD-instruction starts by rewriting the object I; to
object a, (adds one to the content of register r) by executing rule A or B and
object I; (rule C) or object I (rule D).

The instruction I; : (SUB(r),l;,1;) is simulated by using the following rules
and programs:

ENV : By : By :

E:l; — 1 3:{e<g)h 7:{e L)

Fly —I2d; 4:<g*>.£>§ 8;<l7-—>i>;

Gl =1 5:(f = L) 9:(I; & a,);

H 213 — lid; 6: (I; — e); 10 (a, — g);
4 - \bd ) sar 9);

J:Mi—>Mi; 12<NZ—>€>

K : M}! — M? = ’

L:M? — M} 13 (li = Mi);

M : M? — M 14: (M; — e);

N:Mi‘l—>ljd;

O : N; — N}g;

P:N!— NZ

Q: N? — N3

R: N} — N}

S: Nt — Lid;

The simulation starts with rule E generating objects [1l;. Object I} keeps
the environmental rules busy for 6 steps until actions of agents are completed.
Object [; causes the agent By to generate object I; and, in turn, to consume
object a,.

Table 1 shows the example of the simulation of the SUB-instruction when
the register to be decremented stores a value greater than zero. Symbol w in
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Table 1. The simulation of the SUB-instruction when register r is not empty

Step | wg wi | we | Applicable rules and programs
0 lida,w e |e |E |1|-
1 l}Earw d |e |F |2 7
2 l?darw e |I; 1G1

3 l?a,«w d i H 2

4 lfdiw e |a-|I |1]10
5 | MiNilw g | J 211
6 | Mlghiw e N; K 3 12
7 M2Lpw g |e L 4 -
8 Mf’iw f le |[M|5|—
9 | Mifw I, e N 6 -
10 | ldfw e |e |7 |1|-

the environment (column wg) denotes an arbitrary multiset containing objects
in {a; | 1 <4 < m}. Symbol ? in the last row means that the applicable rule
depends on the next simulated instruction labelled [;.

Table 2 shows the example of the simulation of the SUB-instruction when
register to be decremented stores zero. Symbol w in the environment (column
wg) denotes an arbitrary multiset containing objects in {a; | 1 <@ < m,i # r}.
Symbol ? in the last row means that the applicable rule depends on the next
simulated instruction labelled .

Table 2. The simulation of the SUB-instruction when register r is empty

Step | wg w1 | w2 | Applicable rules and programs
0 lid w e |le |E|1|-
1 Wiw |d e [Fl2| 7
2 |lfdw e |l; |[G|1] 8
3 Bw |d |, H 2 -
4 1dw e f I |1|-
5 | MiNaw | d I, O 213
6 | Nighw|e M P|3 14
7 Nfiw g e Q|4|—
8 Nf’iw f le |R|5|—
9 |Nfw L e S |6 -
10 I dfw e e |7 |1]|-
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For instruction I, : HALT we add the rule T : ;, — l;. The environment
does not produce object d any more. The computation halts as no agent can
execute a program. The result is the number of objects a; placed in the environ-
ment and it corresponds to the result of a successful computation in the register
machine.

5 P Colonies Versus Catalytic P Systems

In this section we study the relation of P colonies with communication rules,
and catalytic P systems in the generating mode. We show that any catalytic
P system with one catalyst can be simulated by a P colony with checking rules
and with one agent. As a consequence, a relation of these P colonies and partially
blind register machines is established.

Theorem 5. For an arbitrary extended catalytic P system II with one catalyst
there exists a P colony II' with checking rules and one agent containing one
object such that N(II) = N(II').

Proof. Note first that in the generating case, due to the existence of flattening
procedures described, e.g., in [8], one can assume without loss of generality that
the catalytic P system IT = (O, C, [],w, R,io) has a single membrane and that
its output is collected in the environment, i.e., ig = 0.

We construct the P colony IT"' = (X, e, f,w\ C, Dg, B;) as follows: each step
of IT is simulated by two steps of IT'.

1. In the first step the P colony checks whether the P system can apply at least
one rule (if not, the P colony halts in the next step). Then both catalytic
and non-catalytic rules are randomly applied in the environment, rewriting
all objects to their primed versions.

2. In the second step the agent checks whether at most one catalytic rule was
applied (if not, a trap symbol is produced). Simultaneously the environment
signals whether there had been unused objects in the previous step to which
catalytic rules could have been applied. If yes, and simultaneously if no cat-
alytic rules was chosen, the agent produces the trap symbol in the next step
(which is the first step of a new cycle). All primed objects are rewritten back
to their original versions.

Formally, let
O.={aec(O\C)|3u:(ca— cu) € Rand Av:(a —v) € R}

be the set of objects to which only catalytic rules can be applied. Let the alphabet
of the P colony be constructed as

Y=0U{d |ac(O\CO)}yu{d" |a€cO.U{c, f,k,n, st}

such that the newly added symbols do not appear in O. Define further a mapping
v : (0O\C) x {here,out} — X as follows:

f if dest = out,
a’ otherwise.

oladest) = {
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Let the agent of the P colony adopt the form By = (n, P;). We construct the
rules of the environment and the agent as specified in the following table:

Step | Programs of the agent | Rules of the environment

1 (n < s/n—k) {a = p(u)n | (a —u) € R} U
(c — k) {a = ¢(u)c| (ca — cu) € R} U
{a—ad"n|la€eO}U{s— ¢}
2 (k< c/k —n) {’ >alac€O} U

{a"" —as|a€O.} U

{c—=t, n—¢e}

In addition, the agent contains programs (k < t), (t — t), (s — s), and the
environment contains rules a — a for each object a € X not affected by any of
the rules described above.

In the first simulation step the agent contains object n and there is no s in
the environment, hence n — k is the only applicable rule. Simultaneously the
environment simulates the application of rules of the P system to all objects to
which any rule can be applied. If more than one rule is applicable to an object,
one is randomly chosen. Each application of a catalytic rule produces also one
object ¢ and a non-catalytic rule produces n.

When the simulated P system sends an object to the output region 0 by
applying a rule with target out, the P colony produces instead the final object
f, hence the number of final objects equals the number of objects in the output
region of the simulated P system.

In the second step the agent checks whether any rule of the P system was
applicable, i.e., whether there is at least one ¢ or n in the environment. If not,
the agent can run no program and the colony halts. Simultaneously, if there
were more than one object ¢ in the environment, indicating that more than one
catalytic rule has been applied, then at least one object ¢ is rewritten by the
environment to ¢t. Object t is the trap object — whenever it appears, the colony
never halts and produces no output (note the programs (k < t) and (t — t) of
the agent).

Finally, rules of the form a’” — as in the environment produce the object s. If
there is n in the agent and s in the environment in the next step, this means that
no catalytic rule was applied even if there were unused objects to which such a
rule was applicable, i.e., the maximal parallelism condition of the P system was
broken. In this situation the rule n < s is selected, and s enters the agent where
it acts as another trap symbol.

The whole cycle repeats again and again for each simulated step of the P
system II. As explained above, any incorrect simulation results in the appearance
of the trap symbol s or ¢ which forces the P colony to run forever and produce
no result. Hence only correct simulation results can be produced, and the P
colony halts if and only if so does the simulated P system. We can conclude that
N(IT) = N(IT").
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Corollary 1. N-RM,, € NEPCOL(1, 1, *, check, act,ini).

Proof. The paper [9] demonstrates that N- RM ,,;, C NOP; (caty). Then the state-
ment follows by Theorem 5.

6 Conclusions

In this paper we presented the results obtained during the study of P colonies
with evolving environment. We have shown that P colonies with one consumer
agent can generate all sets of natural numbers computable by partially blind
register machines. If we place two agents with one object inside each of them
and with no-checking rewriting/communication programs into the evolving envi-
ronment, the obtained P colony is computationally complete in the Turing sense.

Finally, we have demonstrated that when checking programs are allowed,
then a P colony with one agent is sufficient to simulate a catalytic P system
with one catalyst. Consequently, these colonies can generate all sets of natural
numbers computable by partially blind register machines. We conjecture that
this simulation principle is extensible to the case of more catalysts/more agents.

It remains an open problem whether any of the presented results can be
further strengthened by using a P colony with weaker parameters, or whether the
class N-RM ,y, forming a lower bound of generative power of the two mentioned
types of P colonies, is also their upper bound.
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Abstract. Membrane systems are described by a language in which
multisets of objects are encapsulated in hierarchical structures of com-
partments. The language provides primitives for parallel communication
of objects across membranes and a primitive for membrane creation. The
behaviour of each membrane is specified by means of multiset rewriting
rules. We provide a compositional semantics for membrane systems by
using the continuation passing style and metric spaces.

1 Introduction

Membrane systems are presented in [12], and several of their applications in [5].
In this paper we investigate membrane systems by using continuation pass-
ing style in the tradition of programming language semantics. By using metric
spaces, we provide a denotational semantics for a simple concurrent language in
which computations are specified by means of multiset rewriting rules distributed
into membrane-delimited compartments. The language provides a primitive for
membrane creation, but we ignore other operations that can be used for express-
ing the dynamics of systems with active membranes, such as membrane division
or membrane dissolution [12]. However, we are confident that most of the mem-
brane computing concepts that are investigated in the literature can receive a
denotational semantics by using the techniques that we employ in this paper.

The essential tools in this semantic investigation are the classic continuation-
passing style in which the control is passed explicitly in the form of a continu-
ation [2], as well as the continuations for concurrency [9,14]; both are used to
describe in a compositional manner the behaviour of dynamic hierarchical sys-
tems. An important feature of this semantic approach is compositionality: the
meaning of a compound construction is determined solely on the basis of the
meanings of its components.

The aim of this paper is to offer a semantic investigation in the area of
membrane computing by using methods and tools from the tradition of pro-
gramming language semantics, viz., denotational semantics and continuations.
We use a language L ¢ in which the syntactic constructions are statements and
programs. When referring to the behaviour of an £y, program we use the term
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execution. An Lyc program comprises a list of membrane declarations, which
is similar to a list of class declarations in an object-oriented language. The list
of membrane declarations is followed by an £y;c statement which is executed in
the skin membrane.

1.1 Semantic Investigation of Membrane Systems

We present a semantic investigation in the area of membrane computing employ-
ing the discipline of denotational semantics, a formal method consecrated in
the tradition of programming language semantics. In the denotational approach
semantic definitions are compositional: the semantics of a compound language
construction is determined solely on the basis of the semantics of its compo-
nents. The foundations of denotational semantics are given by the mathematical
theory of domains. In the definition of a denotational semantics, one can use
classic domains [11] or complete metric spaces [4]. In this paper we employ the
mathematical methodology of metric semantics. The main mathematical tool in
the metric approach to semantics is Banach’s theorem, which states that con-
tracting functions on complete metric spaces have unique fixed points. In Sect. 2
we recall some basic notions from metric semantics; for further details the reader
may consult the monograph [4].

A denotational semantics can describe rigorously the behaviour of computer
programs. In this paper we investigate the possibility of using denotational
semantics to describe the behaviour of membrane systems. For this purpose
we define a formal language £ in which multisets of objects are encapsulated
in hierarchical structures of compartments delimited by membranes. £ pro-
vides primitives for parallel communication of objects across membranes and a
primitive for membrane creation. The behaviour of each membrane is specified
by means of multiset rewriting rules. We define a denotational (compositional)
semantics for £y;c. We employ a fixed point construction to describe the seman-
tics of multiset rewriting computations. The denotational semantics is designed
with metric spaces and continuations. The final yield of the denotational seman-
tics is an element of a metric powerdomain [13] which is used to describe non-
deterministic behaviour in L£y;c. An element of the powerdomain is a collection
of sequences of observables representing dynamic membrane structures.

1.2 Contribution

In previous papers we have defined the operational semantics for membrane
systems [3,6], and proved certain semantic properties. In [7,8] we have applied
continuation semantics for concurrency [14] in providing denotational semantics
for a simple multiset rewriting concurrent language. In [10] we have investigated
the semantics of a language where computations are distributed to membrane-
delimited regions, but without any feature for transmembrane communication.

The languages described in [7,10] are all subsumed by the language Lo
investigated in this paper. The language Lo combines various advanced con-
trol concepts, including maximal parallelism, nondeterministic behaviour and the
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sequencing of phases within each computation step. In order to achieve a com-
positional approach of the complex control structures incorporated in L0, we
employ a domain of continuations combined with a powerdomain construction.
This is the first paper presenting a denotational semantics for the combination
of features embodied in Lyc.

2 Mathematical Preliminaries

Mathematical preliminaries are those presented in [10]. The notation (x €)X
introduces the set X with typical element x ranging over X. P(X) denotes the
set of all subsets (the powerset) of X. P, (X) denotes the set of all subsets of X
with property 7. A multiset is a generalization of a set; intuitively, a multiset is a
collection in which an element may occur more than once. One can represent the
concept of a multiset of elements of type X by using functions from X — N, or
partial functions from X — NT, where Nt = N\ {0}. Let (z €)X be a countable

not.

set. We use the notation [X] = UAepfmm(X){m | m € (A — N*t)}, where
Prinite(X) is the set of all finite subsets of X. Since X is countable, Pyinite(X)
is also countable. [X] is the set of all finite multisets of elements of type X.

It is also possible to represent a multiset m € [X] by enumerating its elements
between parentheses ‘" and ‘. For example, [| is the empty multiset, i.e. the
function with empty graph. As another example, [z1, 22, 2] is the multiset with
one occurrence of z1 and two occurrence of x, i.e. the function m : {z1, 22} —
NT, m(z1) =1, m(xz2) = 2. Note that the elements of a multiset are not ordered.
For example, m = [x1,x2, 23] = [x2,%1,22] = [x2,29,21]. There are several
operations defined on multisets m, mo € [X], defined as in [10].

2.1 Metric Spaces

The denotational semantics given in this paper is built within the mathemati-
cal framework of 1-bounded complete metric spaces. We work with the following
notions which we assume known: metric and ultrametric space, isometry (dis-
tance preserving bijection between metric spaces, denoted by ‘="), complete met-
ric space, and compact set. For details the reader may consult [4]. We recall that
if (My,d1), (Ms,ds) are metric spaces, a function f:M; —Ms is a contraction if
deeR,0< <1, Va,y € My : do(f(2), f(y))<c-di(z,y). In metric semantics
it is customary to attach a contracting factor ¢ = % to each computation step.
When ¢ = 1 the function f is called nonexpansive. In what follows we denote

the set of all nonexpansive functions from M; to My by M, —1>M2. The following
theorem is at the core of metric semantics.

Theorem 1 (Banach). Let (M, d) be a non-empty complete metric space. Each
contraction f : M —M has a unique fized point.

If (z,y €)M is any non-empty set, one can define the discrete metric on M
(d: M x M — [0,1]) as follows: d(z,y) = 0 if x = y, and d(x,y) = 1 otherwise.
(M, d) is a complete ultrametric space.
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Definition 1. Let (M,dyr), (My,dar ), (Ma,dar,) be (ultra) metric spaces. On
(x €)M, (fe)My —Ms (the function space), (x1,x2)EM1 XMy (the Cartesian
product), u,vEMy + My (the disjoint union of My and Mas, which can be defined
by: My + Mo = ({1} x M1) U ({2} x M3)), and U, V,WeP(M) (the powerset of
M, i.e. the set of all subsets of M) one can define the following metrics:

(a) d%_N[ZMXMH[(Ll], d%. ( ):
(b) dM1 My : (Ml —>M2) X (Ml —>M2) [0 1
dM1 _>M2(f7 fh) = SUPgz, e, dar, (f(21), f
(C) dMlXJ\/IZ : (M1 X Mg) X (M1 X Mg) [0
dMl XMQ((J:17$2)’ (xllv ‘TIQ)) = max{dM1 (I17x/1)7dM2 (1:2’:5,2)}7
(d) dnry4n1, + (My + M) x (My + Mz) —[0,1]
dagy 401, (u,v) = if (u,v € My) then dpy, (u,v)
else if (u,v€M>) then dy, (u,v) else 1,
(e) dg : P(M) x P(M)—I0,1],
du (U, V) = maz{sup,cy d(z,V),supcy d(z’,U)},
where d(x, W)=inf, cw dpr(x, ') and by convention sup 0=0, inf §=1 (dg is
the Hausdorff metric).

We use the abbreviation P, () to denote the powerset of non-empty and com-
pact subsets of . We often suppress the metrics in domain definitions, and
write, e.g., - M 1nstead of (M,ds. ).

Remark 1. Let (M, dM), (Ml,dMl)(Mg,sz),d%,M7 dMl _>M2adM1><M2’ dM1+M2
and dy be as in Definition 1. In case das,dar,,dy, are ultrametrics, so are
dl,[\/[7 dMl — My dM1><M27 dM1+M2 and dH MOI‘GOVGI‘ if (M d]y[) (M17dM1)

(Ms,dpr,) are complete, then - M, My —Msy, M, —>M2, My x My, My + My, and
Prco(M) (with the metrics deﬁned above) are also complete metric spaces [4].

3 Syntax and Semantics of Ly

We assume that O is a countable set. Let (w €)W = [O] be the set of all finite
multisets of O objects, and (M €)Mname be a set of membrane names.

Syntax of Lc is given by

(a) (Statements) xz(€ X) == o | in(o) | out(o) | new(M,y) | z|x
where y(€Y) u=o|y|y

(b) (Rules) r(eR) u=r|w=a;r

(¢) (Membrane declarations)
d(e MD) ::= membrane M {r}
D(e MDs) == d|d;D

(d) (Programs) p(€ Lyc) = D;x.
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An Lyc statement may be either an object 0, a communication statement in(o)
or out(o), a membrane creation statement of the form new(M,y), where M is a
membrane name and ¥y is a statement of the type Y, or a parallel composition of
two Lpc statements of the form x; || z2. Note that a statement y € Y may be
either an object, or a parallel composition of two or more objects, but y cannot
contain communication or membrane creation primitives. Obviously, Y C X.

A statement out(o) indicates that the object o must leave the membrane
where it is currently located, and becomes an element of the surrounding region.
A statement in(o) indicates that the object o must enter one of the child mem-
branes, nondeterministically chosen.

The execution of a membrane created by a statement new(M,y) will always
begin by a multiset rewriting step. In the first step after its creation, a membrane
cannot perform any communication or membrane creation operations. However,
by using the rewriting rules specified in the definition of M, the newly created
membrane (instance) can next immediately create new inner membranes and
communication objects and it can proceed as any other membrane.

An Ly program D;z consists of a list D € M Ds of membrane declara-
tions and a statement x € X. A membrane declaration introduces a type of
membranes, which can be instantiated. In Ly we speak of membrane types,
and membrane instances. Each membrane instance has a (unique) label. The
execution of the program D;x starts with the creation of an instance of the first
membrane type in the declarations list D, which becomes a skin membrane; the
skin membrane starts the execution of the program by executing statement x.

A membrane declaration membrane M {r} indicates the name M € Mname
of the membrane (type) and a (possibly empty) list of rules r € R, which specify
the behaviour of objects inside any instance of a membrane of the type M. A
rule w = z is composed of two elements: a multiset w € W and a statement
x € X. An Lye statement is a concurrent composition of objects, which behave
as a multiset. In this interpretation w = x is a multiset rewriting rule, specifying
that w is rewritten as x. Intuitively, a rule w = z is like a ‘procedure’ definition,
with ‘name’ w and ‘body’ . The objects o1, - - , 0, in the multiset w = [01 - - - 0y,]
are ‘fragments’ of the procedure name. Only when all the ‘fragments’ of such
a ‘procedure name’ are prepared for interaction a rewriting rule is applied, and
so replaces the ‘name of the procedure’ with its ‘body’. The ‘body’ (the right
hand side) of a rule is a statement. Further explanations concerning the syntactic
constructions for specifying membranes and rules in £y;c are provided in [10].

If we consider the analogy with object-oriented programming, we can state
clearly that in £y an object o € O is not an instance of a membrane. In £,
an object is just an elementary statement, a symbol taken from the alphabet O.
The reader may wonder why we use the semantic notion of a multiset in the
syntax definition of L. According to the syntax, we can use rules of the form
j = x, where j ::= o | j&j is the set of ‘method names’. We use multisets as
‘method names’ because the order in which fragments occur in such a ‘method
name’ is irrelevant.
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Semantics of Ly;c is given by using a denotational approach. Denotational
semantics (known also as mathematical semantics) is an important step in for-
malizing the meanings of languages/systems. The most important principle in
denotational semantics is compositionality: the meaning of a compound con-
struction is determined solely on the basis of the meanings of its components.
In general, denotational semantics assigns to every construction of a language
a certain formal meaning, which is an element from a suitably chosen mathe-
matical model. Following [4], we choose to use the mathematical framework of
complete metric spaces for our semantic description. In this approach, one can
prove the semantic properties by making use of Banach’s theorem which states
that contracting functions on complete metric spaces have unique fixed points.

We introduce the metric domains to express the behaviour of £ ;- programs,
and then give a continuation-based denotational semantics for L. The final
yield of the denotational semantics is an element of a linear time domain [4].

We assume given a (countably) infinite set (I €)L of membrane labels. Let
also (¢ €)Prinite(L) be the set of all finite subsets of L. We also assume given
a function v : Pyipie(L) — L, such that v(s) ¢ ¢, for any ¢ € Prinite(L). We
obtain a possible example of such a set L and function v by putting L = N, and
v(s) =14 max{n | n € ¢}, with the convention that v(f) = 0.

Following [3], we define the set (1 €)Mb of membranes inductively:

— If M € Mname is a membrane name, | € L is a label and w € W = [O] is a
multiset of O objects then (M, | w;) € Mb; (M,1 | w;) is called a (simple or)
elementary membrane;

— If M € Mname is a membrane name, [ € L is a label, w € W is a multiset
of O objects, and p1,...,pu, € Mb then (M,l | w;pu1,...,un) € Mb; (M,1 |
Wi W, . .-, fbn) is called a composite membrane.

We provide a continuation-based denotational semantics for £ o in which we use
the linear time domain (p €)P = Ppo(Q), where (¢ €)Q = {e} + (Mbx - Q).
In this domain equation, the set Mb is endowed with the discrete metric (i.e.
an ultrametric). The composed metric spaces are built up using the composite
metrics of Definition 1. According to [4], the above domain equation has a unique
solution (up to isomorphism). The solution is a complete ultrametric space.

An element of the domain P is a non-empty and compact collection of Q
sequences. Q is a domain of finite and infinite sequences over Mb; € is the
empty sequence. Instead of (1, (42, ... (tn,€)...)) and (u1, (u2,...)), we write
U1 - - - fin, and pqps . . ., respectively. In particular, instead of (u, €) (a sequence
of length 1) we write just p. Nondeterministic behaviour in Ly is defined by
using the operator + : (P x P) — P defined by p; + p2={q | ¢ € p1 Upa,q # €}
U{e | € € p1 Npa}. Tt is easy to see that + is well-defined, non-expansive, asso-
ciative and commutative [4]. Also, we use the following notations: u - ¢ = (i, q)
and pu-p={p-q|q € p}, forany p € Mb,q € Q,p € P. Based on the results
presented in [4], we have d(u - p1, - p2) = %~d(p1,p2).
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Let (o €)A = Mb — Prinite(Mb). We define a set (0,9 €)O of actions:

— 6y € O (b is a distinct element of O);

If « € A then a € O, for any o € A;

~ Ifaoe Aand 6 € O, then (-,a,0) € O; we use a triple (-, «,0) to represent a
sequential composition between « and 6, but write « - 6 instead of (-, a, 6);

If 61,02 € O, then (|,61,02) € O; instead of (||,01,062), we use 61 || 62 for
parallel composition between 6, and 0.

We define a valuation 7[-] : © — A by

T[0o] = M- {u},
Tla] =Tl - 60] = «,
Tla - 0] = M. ULTION) | 1 € alu)} if 6. 6o,
710 || 0] = 100 | 6] = T16].
T[6r I 02] = TT6:] I 71621,

where the operator m : (A x A) — A is given by

arflaz = Mo ({pz | € ar(u)opz € as(un)} U{m | p2 € az(p),mn €
(12)})-

Clearly, m is well-defined, i.e. 6, m 0y € A for any 61,02 € A. Well-definedness
of T[6] follows by an easy induction on the structure of 6.

In the following definitions, @ is just a set endowed with the discrete metric.
We define the domain D of computations, and the domain K of continuations
by (p €)D = KSF and (k €)K = (0 x ©) — F, where F = Ppinie(L) —
Mb — P. In the domain definitions, the sets ©, Pyinite(L) and Mb are endowed
with discrete metrics, and D is a domain of nonezpansive functions [4].

Definition 2. (Semantics of parallel composition)
(a) We define ||: (D x D)—1>D by

o1 || 2 = M. @1 (A(01,91) . 02 (M0, 92) . 6(6; || 62,01 | 92)));

b) For any n € N we define ||* () : D" —- D (D™ = D X --- x D n times,
( y

n>1) by ' (p) =g, and "' (p1,.. ., ons1) =01 | (I" (92, Pny1))-
For readability, we write o1 || -+ || ©n instead of || (p1,...,0n).

Proposition 1. The operator for parallel composition || is well-defined and non-
expansive in both arguments.

The above property is not difficult to prove. Other properties, e.g., the associa-
tivity or the commutativity of ||, are more difficult to establish. A formal proof
of the fact that || is associative employs the technique introduced in [9].

In order to define the semantics of Lo statements we need some aux-
iliary operators on membranes. Given a membrane u, add(o,l’, ) adds the
object o to the multiset stored in the membrane region indicated by label 1.
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newns (Mpew, lnew, ', ) creates a new membrane region with label ¢, of the
type Mpew as an inner membrane (a child) of the membrane region with label I’.
The operator out(o,’, i) sends the object o from its membrane (instance) to the
surrounding region. The operator in(o,l’, 1) sends the object o from its mem-
brane into a child membrane, nondeterministically chosen. The operator in is
used to specify the fact that an object enters into a child membrane which is
nondeterministically selected. If there is no child membrane, in is inoperative.
The operators are defined by induction on the structure of the membrane
hierarchy, considering the fact that membranes (regions) are labelled in a one-
to-one manner with labels from the given set L. All definitions are recursive.
We only provide the definitions for some representative (non-recursive) cases,
leaving the other cases to the reader. W is the multiset sum operation [1].

add : (O x L x Mb) — Mb,

, o O el wws) i =1
add(o,l,(M,Hw,))—{<M’l|w’> Ifl/#l
newys : (Mname x L x L x Mb) — Mb,
/ Ay ) ML ws (Myew, bnew | []5)) i U =1
et e bew, U, ET03)) = { (M1 | w;) if 1/ 1
(O x L x Mb) — Pfinite(Mb);
07[7<M7l|w5>):{<M7l|[O]Lﬂw§>}7
o,l,<M,l|w,,LL1,,<Ml,l,\w7,u11,,u,m),,un)):
{Mal‘w7/j/1aa<Mlvlz|[O]&lea/’(‘zl?a,U/lnL>77,U/n>|1§Z§n}7
out : (O x L x Mb) — Mb,
OUt(O’l/7<M7Z|w;u17~'~7un>):<M7l|[O]ww;ula-~-aﬂn>a
if I € {label(p1), ..., label(pun)} .

Definition 3. Denotational semantics [-] : X — L — D of Ly statements is
defined by

HO]] (l) = Ak H()‘N’ . { add(ov la :U')}v 90)»
[in(0)](1) = Ak . k(M. in(o,1, 1), 00),
[out(0)](1) = k. k(Au . {out(o,l, u)}, o),
[new(M,y)](1) = Ar. Xs. let ' = v(s);¢' = {I'}Ug in
A0, ) . (0o, (A { newns (M, 1,1, ) }) - (6] 9)))(<"),

[yl(
([z10@) | ([221())-

l/
]
denotational mapping [-] is well-defined.
) is non-expansive for any r € X, 1 € L.

[z1 || 22](1) =

Proposition 2. The
In particular, [x](

The denotational mapping [z](I) takes as parameters a statement z € X and
a label | € L. The parameter [ is the membrane label where the statement
x is executed. Each continuation takes as parameter a pair of actions (6,4).
The action 6 represents the behaviour of object and communication actions.
The action ¢ represents the behaviour of membrane creation actions. Within
each computation step the two actions 6 and ¥ are executed in this sequence by
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the initial continuation xq: first the action #, then the action 1. However, note
that only one observable is produced by each computation step.

All equations are straightforward, except the equation handling membrane
creation. In the equation defining the semantics of new(M,y), a new label I’ is
created. Next, the body y of the statement new(M,y) is executed. The mem-
brane creation action Ap.{newn (M,U',1, 1)}) is executed before 6 || . Thus,
the actions produced by [y] are executed in the newly created membrane with
label I’ only after the new membrane is created.

The mapping appRules(r,w') computes a (finite) set of pairs, each pair con-
sisting of a multiset of rules applicable to w’ and an irreducible submultiset of w’.
C and \ are operations for submultiset testing and multiset difference [1].

appRules : (R x W) — Prinite(R x W),
appRules(r,w) = if aux(r,w) =10 then {(re,w)} else
{(w=z0r,w") | (W,T),w) € auzx(r,w), (r',w") € appRules(r,w’)},
where auz : (R X W) — Prinite (W x X) x W),
aux(re,w) =0,
aux(w' = ' 0Or,w) =
if (w' Cw) then {((w,2"),w\ W)} Uauz(r,w) else auz(r,w).

We define a scheduler mapping sched : (Mb x MDs) — Pjpinite(D x Mb)
by induction on the structure of the membrane. The function sched(u, D) takes
as arguments a membrane p and a list of membrane declarations D, and yields
a finite set of pairs, each pair consisting of a computation and a corresponding
membrane. It uses appRules to compute the applicable rules for each mem-
brane region. We use sched in a fixed point construction required to define the
semantics of parallel rewriting of multisets in a compositional manner.

sched({M,! | w;),D) =
{Qd@) - 1 Ln] @) [ o) N -+ 1 Tom] (@), (M E]5))
| (', w') € appRules(rules(D, M), w),
Y =w; = X155 Wy = T T w = (01,4, 0m] )
sched({M,l | w;u,...,pg), D) =
{Tzd@) - 1 [2nl @) 1] o] -+ ] [omI @) |

1 |- [l ors (MU [l 045 -5 7))
| (7', w") € appRules(rules(D, M), w),
v =w; = x5 Wy = Ty T w = (01,0, 0m),

(¢1,17) € sched(pr, D), ..., (¢k, ) € sched(puy, D)}

Given a list of membrane declarations, we also define a mapping haltMb :
(Mb x M Ds) — Bool which decides whether the membrane system has reached
a halting configuration. haltMb is defined with the aid of an auxiliary mapping
haltM : (Mname x MDs x W) — Bool, based on the mapping appRules.

halt Mb({M,1 | w;), D) = haltM (M, D, w),
halt Mb({(M,1 | w; 1, - -, i), D) =

halt M (M, D,w) A halt Mb(p1, D) A -+ A haltMb(py,, D),
haltM (M, D,w) = (appRules(rules(D, M), w) = {(re, w)}).
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We define a mapping ¥ : MDs — K — K by

w(D)(k)(0, 19)( )(p) =
+{pz - (if (haltMb(p, D)) then {e} else (r)(<)(u5))
| w1 € TO](n), 2 € T[9](pa), (¢, 1) € sched(pz, D)}

For any D € M Ds, we define the initial continuation kg € K by kg = fiz(¥(D)).
This definition is justified by Proposition 3 which states that ¥ (D) is % contrac-
tive for any D € M Ds. According to Banach’s Theorem, ¥(D) has a unique

fixed point for any D € M Ds.

1
Proposition 3. ¥(D) € K 5K for any D € MDs, i.e.

d(Z(D)(k1)(0,9)(s) (1), ¥(D)(k2)(0,9)(s) (1)) < 5 - d(k1, ko)
for any D € MDs, k1,52 € K, (6,9) € O x O, ¢ € Psinite(A) and p € Mb.

Proof. If haltMb(u, D) = true, then

d(¥(D) (k1) (8,9) () (1), ¥(D) (k2)(8,9) () (1)) = 0 < 5 - d(k1, iz).-
Otherwise, if haltMb(u, D) = false, we have

d(¥(D)(51)(0,0)(<) (1), ¥(D) (k) (6, 9)(6) (1)) [+ is nonexpansive]
< 5 - maz{d(p(k1)(s) (1), P(r2) (<) (1)
| pr € TIO)(s), o2 € TI9)ir), (9, 5) € sched(uz, D)}
[since ¢ € D, ¢ is nonexpansive]
< 5 - d(k1, K2).

Definition 4. Semantics of Ly programs is defined by D[] : Lye — P,
D[D; x] = [x](lo)(r0)(c0) (o).

where D = membrane My {ro}; --- ; membrane M,, {r,}, ko = fiz(¥(D)),

lo=v(0), <o = {lo} and po = (Mo, 1o | [I;)-

The function D[p] defines the semantics of an £y program p = D; x, where
D € MDs and z € X. The execution of an Lz program begins with the
creation of the skin which is an instance of the first membrane type in the dec-
laration list D. The label of the skin is v(@); the statement z is executed in
the skin membrane. In the spirit of denotational semantics, the initial continu-
ation kg € K is defined as a fixed point of the higher-order mapping ¥.

Example 1. We consider the L program p = D;x, where D is:

membrane M {
[01,04] = 02 || 043
[02] = in(05) || new(My,o01 || 05);
[02] = 04,
[05] = in(04);
[03] = in(05)

h
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membrane M; {
[01] = 02 || out(o3);
[02] = 03

h

and « = 0y || 04. Let pq, po, 3, pa, pis, e € Mb

p1 = (Mo, lo | [01,04];)

po = (Mo, lo | [02,04];)

pz = (Mo, lo | [04,04]3)

pa = (Mo, lo | [04,05]; (M1, 11 | [01,05];))
ps = (Mo, lo | [03,04]; (M, 11 | [02,04,05];))
e = (Mo, lo | [0a]; (M, 11 | [03, 04, 05,05];))

One can check that D[p] = {p1paps, f1pafiapis e}

The denotational specification presented in this paper was developed following
a prototyping approach; we used the functional language Haskell as a prototyp-
ing tool (and metalanguage) for this denotational semantics. A couple of £
programs (including the £y example discussed above) are provided, and can
be tested by using the semantic interpreter available at
http://users.utcluj.ro/~eneia/CMC17-semMC.hs.

The semantic interpreter is a complete Haskell implementation of the deno-

tational semantics presented in this paper.

4 Conclusion

In this paper we introduce a language Lo in which computations are speci-
fied by means of multiset rewriting rules applied in a maximal parallel way into
membrane-delimited compartments. In £ ;¢ there is a notion of membrane dec-
laration, and membranes are grouped into classes based on their rewriting rules.
There exist primitives for parallel communication of objects between adjacent
membranes, and a primitive for membrane creation (instantiation).

We present a denotational semantics designed with complete metric spaces
for Lpjc. For illustration, we presented a small £, example program; other
examples are available on our Haskell implementation webpage.
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Abstract. A biochemical network modeled by a multiset grammar may
be investigated from a dynamical viewpoint by a linear recurrence sys-
tem. This interesting connection between computation by a multiset
grammar and a (network) recurrent dynamics poses a minimization prob-
lem, which turns out to be NP-hard.

Keywords: Metabolic computing + Multiset grammar - NP-hardness *
Optimization

1 Introduction

Metabolic networks (usually having many more interactions/edges than sub-
stances/nodes) may be modeled by a set of (usually thousands) rewriting rules
(see, for example [21]), where reactants are replaced by their products in each
step of computation. Namely, multiset grammars represent a computational
model for substances transformation (i.e., a metabolic dynamics), where rewrit-
ing rules process in parallel mutisets of objects/substances (i.e., symbols of a
given alphabet), according to an application strategy. The structure of such a
grammar may be pictured by a direct network over the substances (see Fig. 1),
labeled by natural numbers (where labels equal to one are omitted).

The intent to employ multiset processing as a framework to study real biolog-
ical systems is vivid in literature, along with variants of P systems enriched with
other features, often inspired by biology [10], and having a specific rule appli-
cation strategy different from the traditional nondeterministic maximal paral-
lelism [20]. A very applicative trend of membrane computing provides us with
models for metabolism called MP systems [15,16], which are monomembrane
multiset grammars, with rules regulated by (real) state functions computed by
regression from observed data [6,10,15]. Other approaches in membrane com-
puting to model biological systems include state probability functions, assigned
to rules to guide their application at each step [5]. All biological models based
on membrane systems (even those employing the strategy of non-deterministic
maximal parallelism [8]) exhibit a computation strategy where the multiset of
rules which is applied at each step depends on the current state of the system.
This is indeed very intuitive, as any rule to be applied requires the presence of
sufficient matter in the system. For example, aab — ¢ needs 2n copies of object
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a and n copies of b in order to be applied n times. In fact, the system state (or
current multiset) is usually seen as the vector of object quantities, i.e., a natural
vector.

Although motivated by an applicative interest towards computation of mul-
tiset grammars meant as dynamics of metabolic networks, in this paper we work
at an abstract level, where a multiset grammar transforms multisets with pos-
sibly negative multiplicities (states are integer vectors), and focus (as an initial
setting) on minimal grammars keeping given dynamical/computational proper-
ties (indipendently on where the states of the dynamics are located in the vector
space). This setting has been recently investigated in membrane computing, in
terms of computational power and complexity [2,3].

In this work, we search for the smallest cohorts of rewriting rules, from a given
grammar, required to exhibit one given dynamics (for all variables involved in
the system). We formalize such a search as a quadratically constrained optimiza-
tion problem, so finding a standard way to “efficiently” (as possible) compute
a minimal grammar (i.e., having a minimal set of rules) which guarantees a
given systemic dynamical pattern (e.g., periodic, oscillating, increasing, decreas-
ing ...). In other words, we reduce the problem to that of finding solutions of
minimal support to integer linear problem in canonical form (Az = b, of which
a solution Z is given).

The problem arises by an interest both in discrete modeling of metabolic
dynamics and in integer multiset grammar computation. It has been however
already investigated in this form [1], under different assumptions and in different
contexts [18,22]. Namely, this work has been ispired by problems opened up
in [9], in the context of metabolic computing, where also rule covering properties
have been discussed.

Similarly to our approach of minimization, in recent literature of synthetic
biology, synthetic genomes are generated by suitable assemblying of a minimal
set of genes necessary to keep the cell working, or performing a given specific
function. For instance, the genome of Mycoplasma mycoides was replaced with a
synthetic genome in 2010 [12], while more complex organisms (of yeast species)
have been synthetically generated more recently [4,13]. In these cases, original
genomic sequences are “edited”, namely by specific deletion of “dispensable”
DNA sequences and by replacement of particular regions by others performing
the same task. Deletion of the “non-essential genes” allows the genome size to be
reduced: a feature designed to determine the smallest cohorts of genes required
to perform a given function (or necessary for survival under a particular growth
condition).

A description and a formalization of our problem is proposed in the fist two
sections, along with a simple example, while its complexity is analyzed in the
third section, followed by some conclusions.

2 Grammar Computation as a Recurrent Dynamics

Deterministic evolution of an abstract container of objects, having integer mul-
tiplicities, may be naturally modeled by a grammar where a multiset of rules is
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applied at each step to transform integer vectors (states). Hence, an application
strategy is established for the number of times that each rule is applied. On
multisets with integer multiplicities, namely, rules have no conflict to be applied
(just as in some traditional P models, where an environment was assumed to
provide our system with unlimited resourses [20]). Our interest is focused on the
dynamics of the system, that is, on the string of states.

Let us consider a one-membrane P system with integer multiplicities, having
numerical vectors emerging as a sequence of states computed by transitions,
where rules are applied a natural number of times. This is the most intuitive
strategy, although to model biological phenomena rational numbers are often
necessary to meet different scales of times (or velocity) for different rules [7].

Ezample 1. As a toy example, we are given a grammar with five reactions (we
call in the order rq,r9,73,7r4,75):

ab — aa
bcec — a
G =< abc — bb
c —ab
ab — ¢

they may be all applied in one transition, each of them once, to modify an
arbitrary (initial) state («,3,7), which is an integer vector. The transition is
computed by means of the stoichiometric matrix:

1 1-1 1-1
M=|-1-1 1 1-1
0-2-1-1 1

according to the equation M x (1,1,1,1,1) + (o, 8,7) = (e« + 1,6 — 1,7 — 3),
where x denotes the ordinary matrix product.

In general, given a multiset grammar over the alphabet X = {z1, 9, ..., 2, },
with rules R = {ry,7a,...,7m}, with m > n, if k; represents the number of times
each rule r; is applied (in one transition step), fori = 1, ..., m, then the following
recurrent dynamics describes the grammar computation:

X[i+1] = kivi + X[i] = M x U + X[i]
=1

where X[i] € Z" is the current state of the system, ¢ the computational step, U =
(k1,ka, ... k) € N™ and vy,vs,...,v, the m columns of the stochiometric
matrix M, reporting the substance variation by application of r1,7ra, ..., 7.
This is an MP system with natural fluxes, where the dynamics is formalized
by a recurrence equation, which updates the current state X[i] by adding the
vector M x U, given by the specific linear combination Zyil k;v; of the m vectors
of Z™ corresponding to the rules. Our goal here is to minimize the number of
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rules in the system, by keeping unaltered such a state variation at each step
(i.e., the dynamics). To be able to reduce the number of rules (i.e., vectors v;,
t=1,...,m) of course we need to change the given U into a different vector U*
with a smaller number of positive components, and the question is:

which is the minimum number p of rules, p < m, such that: kj v;, + kj,vj, +
oo kv, = kivr 4+ kove -+ kv and G € {1,2,...,m} for i€ {1,2,...,p}?

In the toy system above, we have a given state variation b = M x U of

1 1-1 1-1
(1,-1,-3), with U = (1,1,1) and M = [ =1 -1 1 1-1 |, and by basic
0-2-1-1 1

algebra one realizes that 4vy + 3vs = v1 + v2 + v3 + v4 + v5. The minimal set
of rules to get the dynamics in that step is {ri,r3} (see Fig.1). In fact, the
cardinality of such a set cannot be further reduced, as no column of M is a
multiple of (1,—1,—3). This solution p for one step of computation needs to be
extended with those for the other steps, as one wants to minimize the grammar
generating the whole dynamics.

U=(1,1,1,1,1)

b= (17 _17 _3)

Fig. 1. Network representation of grammar G.

The above question recalls a problem of flux balance analysis [5,21], where
the equation system M x U = b is studied as the homogeneous system obtained
by adding —b as a further column of M and 1 as a further component of U.
Network freedom degrees are here given by the dimension of the matrix rank and
the solution is found in the flux cone computed by positive linear combinations
of the matrix columns.



Minimal Multiset Grammars for Recurrent Dynamics 181

In our case, instead, the minimum number p has no relation with ranka,.

Consider the following counterexamples: M x U = b, with either M = (} (2)>’

U =(0,3) and b= (6,0), or M = (11 22>, U=(1,1) and b = (3,-3).

If the vector U is constant, the dynamics of X is linear, that is, each variable
increases or decreases monotonically. Let us thus assume that U is not con-
stant at each step, but we have its value for each of r steps of given dynamics:
Uy,Us, ..., U,, with corresponding values M x U; = b;. In this case, all solutions
of minimal support for the r systems M x U; = b; have to be compared, and the
ones having a maximal common support, meaning that share more zeros on same
components, have to be chosen. A more elegant formulation (see next section)
requires to find a further constrained minimal support for the linear problem
having as matrix a (7 x n) X (r x m)-dimensional block matrix, with blocks equal
to M along the diagonal, and the remaining blocks equal to the null matrix, vari-
able equals to (U1, Us,...,U,) and product vector given by (b1, ba,...,b.). The
constraint on the solution U* requires to maximize the number of components
which are all zero when equivalent modulo n.

In order to compute any function as a dynamics, we need a vector U which
depends on the state, as it is usually the case for multiset grammars in both
traditional P systems (where the number of times to apply rules depends on the
current multiset) and MP systems, where U is given by state functions computed
by data-driven regression [17]. It has been shown [15,19] how efficiently complex
functions may be computed by such a (universal) discrete model of computation.

Next section reports in mathematical terms the problem introduced so far.

3 A Minimization Problem

For every natural n, let [n] := {1,...,n} denote the set of the first n natural
numbers. Let A € ZI™*["] be an integral m - n matrix with n > m, and b € Z["
be an integral vector of dimension n. The support of a vector z € NI is the
set S(x) := {i € [n] : = > 0}. Among the integral solutions to an integer
linear programming problem in canonical form {Az = b,x > 0,z integral} we
are interested in those for which |S(z)| is minimum.

We may consider |S(z)| as the cost of solution z, and define the problem as:

INPUT: an integral m - n-matrix A € ZM™>" an integral n-vector b € ZM,
and an m-vector T € NI"™l such that A x T = b.

OUTPUT: a minimum cost vector 2 € N[ which is also a solution to {Az =
b,z > 0, x integral}.
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3.1 Formulation as a Quadratic Problem

A clear formalization of the problem is in terms of quadratically constrained
optimization:
min 3" y;

yiE{O,l} z €L z;>0
S ziyivi = b
where v; are the columns of given matrix A.

Intuitively this is a version of the knapsack problem [1], where a minimum
number of objects is taken, even in quantity, for the knapsack where the whole
volume has to be filled in.

As informally introduced in the previous section, the problem above pre-
sented for one step of dynamics computation makes sense and is complete when
proposed for the entire given dynamics, with 7 steps.

In conclusion, we are interested in the following problem:
min i i

> ziyivi = b
yiE{O,l} z €L z; >0

where v; are the columns of the A-block-diagonal-matrix of dimesion (r X n) x
(r x m), which may be computed by the Kronecker product M ®Z,, of the sto-
ichiometrix matrix by the identity matrix, and b = (b1, ba,...,b;) of dimension
7 X n, with single components computed by b; = A x w; for given m-dimensional
Uiy b= 1,...,7.

Since we are seeking to eliminate rules from the grammar (i.e., to minimize
it) by keeping the whole dynamics as an invariant, we need to add this further
constraint on the solution z:

mazy . Yk

> ziyivi = b
yr €{0,1} 2z, =0 i=k-y; modm

Notice that the dimension of this problem for real applications is quite
high. As an example, the real metabolic network analyzed in [21] involves 1,445
metabolites and 2,589 reactions. If observed along 100 steps, it would provide
us with a quadratic system, having matrix of dimensions 14,450 x 25, 890.

The assumption to work on integer vectors (as states) did not simplify the
complexity: indeed, the constraint of having a dynamics with natural vectors
would just bound the values of integer variables z in the system above.

4 Computational Complexity

In this section, we prove that the problem presented above is NP-hard in the weak
sense even when matrix A contains one single row. This negative result is sharp,
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as shown in Subsect. 4.3 where the existence of pseudo-polynomial algorithms
and other positive results is discussed for the special case in which the number
of rows of A is bounded by any fixed constant. The proof is organized into stages
so that a richer and modular variety of negative results is actually obtained, or
can easily be foreseen from the treatment in this section.

Short Reminder on Weak NP-hardness and Pseudo-Polynomial Algo-
rithms (see [11]). We assume some knowledge about the standard notion of
NP-hardness: (1) when a problem is NP-hard then, unless P = N P, no algorithm
solves it in time polynomial in the length of a reasonable encoding of the input;
(2) to prove that a target problem is NP-hard, we reduce to it, by means of a
polynomial transformation, another problem A already known to be NP-hard.

A positional system for the representation of numbers (like our base 10 sys-
tem, and, in general, as soon as the base b is at least 2) allows to compactly
represent (and manipulate), in just n digits, all naturals from 0 to ™ — 1, that
is, we represent numbers whose magnitude (i.e., their face value) is exponen-
tial in the encoding lenght n. This tremendous power might well be the reason
behind the computational complexity of certain problems comprising numbers
in their inputs. Indeed, whereas no algorithm with running time bounded by a
polynomial in the encoding length of the instance is known for SUBSETSUM (see
more below for the definition of this problem), and no such algorithm can actu-
ally exist unless P = N P, since SUBSETSUM was shown to be NP-hard (in the
weak/standard sense), still a practical algorithm of complexity O(nB) is known.
Such an algorithm is called pseudo-polynomial since its running time is bounded
by a polynomial in two key parameters of the instance: its encoding length but
also the magnitude of the biggest number occurring into it. The standard notion
of (weak) NP-completeness does not rule out the possibility of pseudo-polynomial
algorithms. A problem is called strongly NP-hard if it remains NP-hard even
when restricted to those instances where all numbers in the input are bounded
by some polynomial in the length of the input. No pseudo-polynomial algorithm
can exist for a strongly NP-hard problem (unless P = NP).

SUBSETSUM is a problem appearing in the list of NP-complete problems com-
piled in [11]. It was proven to be NP-complete in the weak sense by Richard Karp
in its celebrated 1972 paper [14]. Let I = (w1, ..., w,; B) € N"*! be an instance
of SUBSETSUM. The problem asks to find out whether there exists an index set
J C [n] such that B = 3. ;w;. As such, SUBSETSUM is a decision problem.
Given our purposes, we are naturally interested into the following optimization
version of SUBSETSUM.

INPUT: an instance I = (wy,...,w,; B) € N™! of SUBSETSUM and a first
solution to it, i.e., an index set J C [n] such that B =}, 5 w;.

OUTPUT: a solution J C [n] to the equation B =}, ; w;, with |J| as small
as possible.
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This optimization version of SUBSETSUM admits the following ILP formulation.

min e,
jel Wi%i = B,
z; € {0,1} for every j € [n].

In Subsect. 4.1, our optimization version of SUBSETSUM is shown to be NP-
hard. This result, combined with the above ILP formultation, shows the NP-
hardness of finding a minimum support 0/1-solution to a single equation all
of whose parameters are natural numbers, even in the case at least one 0/1-
solution is guaranteed to exist (and actually one such 0/1-solution has been
possibly provided).

Our main interest is however in minimizing the support for solution vectors
whose components are over the naturals (not restricted to be 0/1). To cover
for this case, the proof will comprise a subsequent and more technical stage.
Recall that SUBSETSUM is known to be NP-complete even in its version with
multiplicities, a fact that is generally phrased by saying that even checking the
feasibility of the unbounded knapsack problem (UKP) is NP-complete. Let I =
(wi,...,wy; B) € N"" be an instance of UKP. The UKP problem asks to
find out whether there exists a vector of multiplicities z € N” such that B =
> j€ln] WiTs- Again, we will consider the following optimization version of UKP.

INPUT: an instance I = (wy,...,w,; B) € N"T! of UKP and a first solution
to it, i.e., a vector T € N™ such that B = Zje[n] W;T;.
OUTPUT: a solution x € N” to the equation B = )

| Wi, with the
support of x as small as possible.

JjENn

In Subsect. 4.2, our optimization version of UKP is shown to be NP-hard,
building on top of the result obtained in the previous stage. As above, this
negative result directly implies the NP-hardness of finding a minimum support
solution vector, now over the naturals, to a single equation all of whose parame-
ters are natural numbers, even in the case at least one 0/1-solution is guaranteed
to exist (and actually one such 0/1-solution has been possibly provided).

4.1 Weak NP-hardness: The SUBSETSUM Case (Zero-one Solutions)

In this subsection, SUBSETSUM in our non-standard optimization form is shown
to be weakly NP-hard by reducing the generic instance I = (wy, ..., wy; B) from
the SUBSETSUM problem in its classical decision form.

Given I, we have to find an index set J C [n] such that 3, ; w; = B. Notice
first that, for every possible solution J to I (we possibly have no solutions), the
fact that |J| < n — 2 can be enforced. Indeed, this can be easily achieved by
simply adding two extra objects, both of weight B + 1 (and thus of no use) to
the list of n objects.
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Let X =} e T
Y - B;B' = %) € N*"! plus J' = [n], of SUBSETSUM in our non-standard
optimization form. Notice that the new instance I’ has the following three prop-
erties.

w;. Consider now the instance I' = (w1, ..., Wy, Wpt1 =

1. the index set J’ = [n] is a solution for I’ with |.J'| = n.

2. If J is a solution for I, ie., B = >, ;wj, then ¥ = (¥ — B) + B =
Wnt1 + Y5y wj. Therefore, J' := J U {n + 1} is a solution for I" with
=T -,

3. If J' is asolution for I" with [J'| < n—1, then, since } . ;, w; = X, it must be
the case that w,41 € J' and > jeangni1y Wi = X — (& — B) = B. Therefore,
J :=J"\ {n+ 1} is a solution for the original instance I of SUBSETSUM in
its classical decision form.

Therefore, the above reduction shows that given an instance I’ of SUBSETSUM
in its non-standard optimization form, it is NP-hard (in the weak sense) to
compute a solution whose size of the support is minimum, even in case we have
been given in input a proof of the fact that I’ is feasible in the form of a first
feasible solution .J'.

4.2 Weak NP-hardness: The UKP Case
(Solutions over the Naturals)

We build on the result in the previous subsection as follows. We propose a
reduction from SUBSETSUM to UKP, in which every item w; of the SUBSETSUM
instance gets represented by three items w; 1, w;2, w;3 of the UKP instance
in such a way that: for every solution A of the UKP instance, and for every
j € [Tl], either )\j,l =1 and )\j,g = )\jyg =0or )‘j,l =0 and Aj72 = )\j,g = 1, with
the first option simulating the picking up of item w; in the original instance of
SUBSETSUM and the second option simulating that item w; is not used.

Now, to implement this ideal plan, assume all numbers wy,...,w,, B com-
prising the original instance are represented in binary, with say ¢ bits, and,
for g =1,...,t, let wilg],...,ws[q], Blg] denote the g-th bits of these numbers
(less significant bit for ¢ = 1). Then, the set of numbers {w; 1, w; 2, w;3 : j =
1,...n} U{B’} comprising the new instance are specified by their binary encod-
ings in 4n + t bits which are defined as follows.

low /parity zone:

(1) wj1[2¢ —1] = w;j2[29 = 1] = w; 3[2 — 1] = w;1[2q] = w; 2[2q] = w;3[2¢] = 0
for every j € [n] and every q € [n], ¢ # j;
(2) wji[25 — 1] = w;1[2j] = B'[2j — 1] = B’[2j] = 1 for every j € [n];
(3) wj2[2) — 1] = w; 3[2j] =1 for every j € [n]
(4) w;3[2j — 1] = w;2[24] = 0 for every j € [n]

)
)
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middle zone:

(5) B'lq + 2n] = Blq| for every g € [t];
(6) wji[g+ 2n] = wj[q] for every j € [n] and every ¢ € [t];
(7) wjslg+2n] = w;2lg+ 2n] =0 for every j € [n] and every q € [t];

high/heavy zone:

(8) wj71[2q + 2n -+ t— 1} = wj,g[Qq -+ 2n + t— ].] = wj’3[2q + 2n -+ t— 1] =
w;i1[2¢+2n+1t] = w; 22+ 2n+t] = w; 3[2¢+2n+t] = 0 for every j € [n]
and every ¢ € [n], ¢ # J;

(9) wj1[2) +2n+t—1]=B'[2j+2n+t— 1] =0 for every j € [n];

10) w;1[2j +2n+t] = B'[2j +2n+t] = 1 for every j € [n];

11) wj2[2j +2n+t — 1] = w; 3(2j +2n+t — 1] =1 for every j € [n];

12) w;3[2j + 2n+t] = w;2[2j + 2n +t] = 0 for every j € [n].

Just to get the key idea, explore what these values imply on the first item

j = 1, where the situation is as follows:

1. the binary encoding of B’ ends in 11 (i.e., B’ =4 3).
2. the binary encoding of all items ends in 00 (i.e., all divisible by 4) except for
the binary encoding of

w;1 which ends in 11.
w;j o which ends in 01.
wj 3 which ends in 10.

3. wj,1 is so big that we can take at most one copy of this item.
4. wj o and w; g are two roughly equal numbers such that w; 1 +w; = w;2+w; 3.

Notice that for none of them a feasible solution can pick up more then two copies.
If a feasible solution takes w; 1, then it picks up no copies of them. Otherwise,
if it avoids w; 1, then it must pick up at least one wj; 3 copy (to make for an odd
sum) and picking up precisely two would set us with the wrong parity; therefore,
in this case, it would necessarily pick precisely one copy of both w;» and w; 3.
Since wj o +wj 3 = wj1 + wj, this faithfully simulates having picked up item w;
in the original instance. And leaves a clean situation after the choice of what to
do with these three items, so that inductive thinking can be applied.

Notice that, after having performed the above check for j = 1, one can work
out a sound proof of the “hard lemma” for the correcteness of the reduction
by working recursively on j, emplying the very same arguments above, which
each time force a binary choice. As for the “easy lemma”, that can be proven by
observing that the definitions of the numbers comprising the target instance, as
given in (1-12), comply with our ideal plan that the picking up of w;1 (A\j1 =
1,2 = Aj 3 = 0) simulates taking w; (A; = 1) whereas the simultaneous picking
up of wj o and wjz (Aj1 = 0,2 = A3 = 1) simulates not taking w; (A; = 0).
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4.3 Pseudo-Polynomial Solutions When the Number
of Equality Constraints is Bounded

In this section we give a pseudo-polynomial algorithm for the case of one single
equality constraint. We remark that this positive result holds even for natural
multiplicities and can be easily extended to the case where the number of equal-
ity constraints is bounded by any fixed constant. Moreover, it proves that the
weak NP-hardness result for the case of one single row is essentially tight and
makes clear that the relation between this special case of our problem and the
SUBSETSUM (or the UKP) problem is a very close one, to the point that it can
also be exploited on the positive, allowing to translate a great whealt of positive
results (approximations, FPTASes, approaches to exact algorithms) from a well
studied problem like SUBSETSUM (or UKP) to our problem in the case matrix
A has one single row. Most of these positive results retain their validity under
the weaker assumption that A has at most k rows, for some constant &k (with k
small, for the theoretical result to retain any practical validity).

We exemplify all this by adapting the classical dynamic programming pseudo-
polynomial algorithm for SUBSETSUM (or UKP) to our problem (both in the case
a 0/1-vector x is seeked for and in the case a vector z € N is seeked for).

Assume the equation is () a;z; = B.

The family of problems is the following:

for every j € [n], and for every natural b € [B], denote by cost[j, b] (or by
costy/1[7,b]) the minimum cost of a non-negative integral (or binary, resp.)
solution to Zie[j] a;x; =b.

The recurrence is

cost[j,b] = min{cost[j — 1,b],1 + cost[j — 1,b'] with b’ = b — ha; for someh € [[b/a;]]}
In the 0/1-case the recurrence is
costo/1[j,b] = min{costy/[j — 1,b],1 4 costo[j — 1,0 — ay]}

where, in both case, the inizialization is costg,1[0,b] := cost[0,b] := oo for
every b € [B].

In the 0/1-case the time complexity of this dynamic programming is O(nB).
In the case of general (non-negative) integer multipliers, note that the possible
values of h that have to be considered in the recurrence are at most b < B, thus
a dynamic programming computation of all the cost[j,b] values based on the
above recurrence will take O(nB?) time. Though more expensive, this anyhow
delivers a pseudo-polynomial algorithm.

5 Conclusion

Given a multiset grammar and one of its computations in a certain number of
steps, this is seen as a discrete dynamics over integer vectors. Here we pose
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the problem of finding a minimal number of rules (of the grammar) generating
the same dynamics. This problem corresponds to find solutions with minimal
support to an integer linear system, which turns out to be NP-hard.

A related apparently simplified problem could be that one to (initially) select
a set of rules involving all the variables as own reactants, as this is a necessary
condition to effect the whole dynamics, and starting from such a “covering set”
to build up a minimal set of rules reproducing the given dynamics.
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Abstract. The study of genes is an important field of biology. A way to
understand genetic composition is through finding regularly occurring
nucleotide sequences, or motifs, in a DNA sequence. However, finding
these motifs is difficult and is shown to be NP-complete. In this paper,
we use a variant of P systems called Evolution-Communication P systems
with Energy using string objects to solve the Motif Finding Problem in
O(lt)-time where [ is the length of the motif and ¢ is the number of DNA
sequences given.

Keywords: Membrane computing - Evolution-communication P
systems with energy - Motif finding

1 Introduction

Genes are very important in the field of biology. They not only contain infor-
mation about the traits of an organism, but also instructions on carrying out
biological functions e.g. production of antibodies to counteract antigens. Iden-
tifying what gene affects a specific function can be very helpful to scientists.
For example, in [6], various fruit fly immunity genes contain a specific string of
nucleotides that occur regularly in the genome. These strings are called NF-kB
binding sites, an example of regulatory motifs. It is said that these motifs are
involved in the production of proteins that would destroy the pathogen that
infected the fruit fly. Motifs of small non-coding RNAs called miRNAs, are also
critical in understanding the pathogenesis of diseases (analysis relating to asso-
ciations between miRNA and diseases can be found in [13,14]).

The problem of finding a pattern within a given set of strings (or DNA
sequences) is better known as the Motif Finding Problem (in short, MFP) [6].
Finding regularly occurring nucleotide sequences, or motifs, can be challenging
since the pattern describing these motifs is not known at the onset. Motifs may
also vary across genomic regions due to mutations. As a consequence, solving
MFP entails finding a set of substrings that are the most similar, given a set of
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sequences from a genome. With the exponential number of possible combination
of substrings, a brute force algorithm (in [6]) solves MFP in O(In')-time where
[ is the length of the motif, n is the number of nucleotides in a DNA sequence,
and ¢ is the number of DNA sequences given. In [13], a comprehensive discussion
of techniques to identify disease-related miRNAs using biological interaction
information is given.

In this paper, we use the maximally parallel nature of P systems [9] to address
MFP. This paper is a continuation of the effort in [5] where we introduced a P
system variant for solving a restricted version of MFP (referred as MFP’). To
the best of our knowledge, solving MFP in the context of membrane computing
have not yet been explored in literature earlier than our work. In our previous
study, we used a modified variant of Evolution-Communication P systems with
energy [1] that manipulates strings as objects. We call this system Evolution-
Communication P systems with energy using string objects or ECPe-str. In this
system, we introduced nature-inspired string operations in our P system solution.
These string operations are inspired from the processes in the Central Dogma of
Biology: transcription and translation [7]. Using this system, we have achieved
a solution to MFP’ in P systems that runs in O(It)-time where [ is the length of
the motif and ¢ is the number of DNA sequences. For this study, we use the same
P system variant, ECPe-str. However, this time, we use it for the unrestricted
Motif Finding Problem. We have achieved a solution to MFP in a P system that
also runs in O(It)-time where [ is the length of the motif and ¢ is the number of
DNA sequences.

The outline of this paper is as follows: Sect. 2 provides a description of MFP.
Section 3 includes a discussion on ECPe-str, the model used to solve MFP. The
main contribution of this paper can be found in Sect. 4. Here, we utilize new and
previous results to form an ECPe-str solution to MFP. We conclude our work in
Sect. 5.

2 Motif Finding Problem

Readers are assumed to be familiar with common string operations and notations
used in formal language theory [12]. Before we proceed with the discussion of
our problem of interest, we will first define some terms.

Definition 1 (l-mer). An l-mer of a string s is an l-length substring s’ of s.

We now introduce the following notations given n-length string(s) and l-mers
where n > [:

— Given an n-length string s and a length [, let LM ERS(s,l) be the set of all
l[-mers of s. Note that the cardinality of LM ERS(s,!l) is at most n — + 1.

— Given a set S of n-length strings and a length I, let LM ERS:(S,1) =
{LMERS(s,l)|s e S}.
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In Motif Finding Problem (MFP), a set Seq of DNA sequences and a length
[ are given. The main goal is to find a combination of l-mers (one for each string
in Seq) such that the chosen I-mers are ‘most similar’. The next definitions are
used to formalize the concept of similarity:

Definition 2 (Alignment Matrix). Given a set L = {s1, $a, ..., st} of [-mers
and each string s; = S8;18;2 ..., the alignment matrix of L is a t X | matriz
M = [myjlixi where mi; = s;5,1 <i<t,1<j<l.

Definition 3 (Profile Matrix). Given a set L = {s1, Sa, ..., st} of l-mers
and its corresponding alignment matriz M = [my;lixi, the profile matriz of M is
a 4 x| matriz [pij}4><l such that b1 = Aj, b2; = Cj, p3; = Tj, P4 = Gj. The
value X; represents the count of X’s in the Gt column of M, the base X € {A,
C, T, G}.

As can be observed, the alignment matrix is formed when the strings in a
given set of DNA sequences are stacked such that each string occupies a row.
The profile matrix given an alignment matrix is used to count the number of
occurrence of each base per column. Figure 1 illustrates an example of an align-
ment matrix and a profile matrix for a set L = {ATTGACT, CAATGTC,
AACTGCT, GAATCTC}. The top four rows in Fig. 1 corresponds to the align-
ment matrix while the profile matrix is in the bottom four rows. The value 2 in
the first column and first row of the profile matrix is obtained by counting the
number of A’s in the first column of the alignment matrix. The values 1, 0 and
1 in the succeeding rows of the profile matrix corresponds to the count of C,
T and G, respectively, in the first column of the alignment matrix. The other
columns of the profile matrix are filled up in a similar manner.

ATTGACT
CAATGTC
AACTGCT
GAATCTC

QRQ >

3
0
1
0

= Ww o o

2320100
1 1 122
0113022
1001200
Fig. 1. An example alignment matrix (top four rows) and profile matrix (bottom four
rows). The underlined letters (not part of the profile matrix) indicate the letters to
consider per row in the profile matrix.

Definition 4 (Consensus Score). Given a set L of l-mers, the t X1 alignment
matriz M for L, and the 4 x | profile matriz P for M,

!
Score(L) = Zmam{pij |1 <i<4}. (1)

Jj=1
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The consensus score can be used to define the degree of similarity among a
set of l-mers. As can be observed, higher score implies greater similarity. The
score ranges from [t/4 to It. The highest possible score implies that the pattern
is highly conserved, i.e. only one base per column in the profile matrix has a
nonzero value. The minimum score implies that on each column of the profile
matrix, all bases have the same number of occurrences. We go back to the profile
matrix in Fig. 1 to compute for the score of a set L = {ATTGACT, CAATGTC,
AACTGCT, GAATCTCY}. By summing the maximum value per column of the
profile matrix, we have Score(L) =2+3+2+3+2+2+2=16.

We now give a formal definition of the Motif Finding Problem (MFP). At
this point, it is apparent that MFP is an optimization problem where the aim
is to find a set L of I-mers that maximizes Score(L). We recall from [2] that
a combinatorial optimization problem can be defined as a 4-tuple (I, f,m,g)
where I is a set of instances, f is a function with input « € I and f(z) is the
set of all feasible solutions for instance z. The function m takes as input an
instance x and a feasible solution y € f(x). The value m(z,y) is a real number
that indicates the score of solution y for instance z. Finally, g is a function that
takes x as input and outputs either the minimum or maximum of function m.
As a shorthand, the 4*" element of the tuple can be one of min or max. The
notation max implies g(z) = max{m(z,y") |y’ € f(x)}.

Definition 5 (Motif Finding Problem). The Motif Finding Problem (MFP)
is a combinatorial optimization problem represented by the quadruple (I, f,m,g),
where:

- I ={(Seq,l) | Seq is a set of n-length strings, | < n},

- f(x) =81 xSy x...xS; where each S; € LMERSet(x) and © = (Seq,l) € 1,
- m(x,y) = Score(y), given © = (Seq,l) € I, y € f(z),

- g = maxz.

Notice that given an instance x, the set f(z) can have a cardinality at most
(n — 1+ 1), where ¢ is the number of strings in an instance of the problem.

3 A P System for MFP

The P system we used to solve MFP is an extension of a model defined in [1]
called the Evolution-Communication P system with energy (ECPe system). An
ECPe system computes by evolving objects through evolution rules and com-
municating objects through symport and antiport rules (similar to Evolution-
Communication P system (ECP system) introduced in [3]). The main difference
that distinguishes ECPe from ECP system is the requirement imposed during
communication. This is where the special object e, called energy, plays an impor-
tant role. During evolution, it is possible to produce some copies of e through
rules of the form a — ve® (a is an object, v is a multiset, i > 0). In such rule, i
copies of e are produced. The object e’s are eventually consumed as a require-
ment during communication. Symport rules of the form (ae’,in) or (ae’,out)
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requires that ¢ copies of e be consumed in order to transfer a. Similarly, antiport
rule of the form (ae’,in;be’, out) require that j copies from a region h and i
copies outside region h be used to swap objects a and b across membrane h.

We extended ECPe systems to handle string objects so that there is a direct
encoding of the input strings in the system used. Handling string objects have
also been explored in several P system papers (e.g. in [8]). In such case, regions
contain several strings instead of having several atomic objects. While there
are no order on the strings present in a region, there is an arrangement on the
symbols comprising a single string. We shall thus refer to a group of strings in a
region as a multiset of strings. A string is treated as a single entity as it passes
through membranes. Also, each string is processed by one rule only. Maximal
parallelism is manifested when all strings with an appliable rule are processed
simultaneously. If several rules are applicable to a string, then we take only one
rule and only one possibility to apply it.

We handle string objects using the idea of some rules found in [8]. One type of
rule is called the rewriting rule. Given strings u and v, where |u| > 0, a rewriting
rule is of the form u — v. When this rule is applied to a string s = zuy, s
becomes zvy in the next step. When there are several occurrences of u in a
string s, all occurrences of u are replaced with v.

Another type of rule is called the replication rule. Given strings
U, V1, V2, ..., U, Where |u| > 0 and n > 2, a replication rule is of the form
u — v1||va]|...||vn. When this rule is applied to a string s = zuy, s is con-
sumed producing n strings xviy, zvsy, ..., T0,Y. As in a rewriting rule, when
several occurrences of u exists in a string s, all occurrences of u are replaced.
Note that in such case, n strings are still produced; in one resulting string, all u
is replaced with v1, in another string, all u is replaced with v, etc.

Apart from general features, the system we used to handle MFP employs
additional features. First, we shall introduce a type of rule called a projection
rule inspired by DNA-based biological processes in cells. We also include some
modification to the evolution rules so that several strings can be consumed to
produce a string. Finally, we employ the use of priority on rules.

Introducing Projection Rules. We model the phenomena transcription and
translation in Central Dogma of Biology through the use of what we call pro-
jection rules. These rules are of the form Project(k, ', k"), where k is a start
symbol, &’ is a stop symbol, and " is a new symbol. When a rule of this form
is applied to a string x = x1kuk’z2, x becomes 1 k'ux’To and produces a string
k"uk”. When there is more than one occurrence of the start and stop symbols
in the strings present in the region, we only consider the leftmost occurrence of
the start and stop symbol.

Upon application of projection rule x, a copy of the substring w is produced.
This is abstracted from the way a portion of the DNA sequence is copied during
transcription. The symbols x and x’ works in a similar manner as how start and
stop codons work during translation. At the end of the application of projection
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rule, the produced copy is identified using the new symbol " which replaces the
start and stop symbols in the original string x.

Modification on Evolution Rules. In the P system that we will use for
solving MFP, we include an evolution rule of the form uy, us, ..., u, — v, where
Uy, Uz, ..., U, and v are strings, |u;| > 0 and n > 2. We call this multi-string
cooperative rule. When a rule of this form is applied on a region h, the strings
Uy, Uz, - - . , Uy found in region h are all consumed to produce a string v.

Priority on Rules. Given a priority relation, a rule with a higher priority
is executed first. A rule with a lower priority can be executed if and only if a
rule with higher priority is not applicable to the objects present in the region.
This gives a way to control the flow of computation by lessening the degree
of nondeterminism in P system. In [10], the notation p = r; > Tjyeoo T > Ty
is introduced, where r;, r;, rp and r; are rules and the symbol > denotes the
priority relation over the rules. The rule on the left of > symbol has higher
priority than the rule on the right.

We now provide the P system we used for MFP. This was initially introduced
in [5]. The system mainly manipulates strings, however, one special symbol e
functions as an atomic object. Some copies of this special object e can be pro-
duced during evolution and consumed during communication, however, it cannot
be a part of any other string.

Definition 6. Fvolution-Communication P Systems with Energy Using String
Objects (ECPe-str) is a construct of the form

I = (6767/1431017 cee 7wm,RlaR,17pla .. '7R7n7R;n7pm7iO)7

— m is the number of membranes;
— O is the tuple (0, S, Z, N);
e O is the alphabet of string objects;
e S is the set of start symbols, S C O;
e 7 is the set of stop symbols, Z C O;
e N is the set of new symbols, N C O;
The sets S, Z and N are disjoint;
— e is a special object for energy and e ¢ O. The value e cannot be a part of
any string and is treated as a separate object in the region;
—  is the membrane structure of the system;

— wy, ..., W, are multiset of strings over O* where w; denotes the multiset of
strings present in the region ;
— Rq,..., R, are sets of evolution rules, with each Rj associated with a region

k. An evolution rule can be:

e A rewriting rule of the form u — v, e?, where u € O", v € O* and i > 0.
This rule is applicable to a string s containing u. When this rule is applied
to a string s, every occurrence of u in string s is replaced by v and i copies
of e are produced in the region.
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o A replication rule of the form u — vy||va]|. .. ||vn, €, where u,v; € O for
1<j<n,n>2and? > 0. This rule is applicable to a string s containing
u. When this rule is applied to string s, the string s is consumed and n
strings y1, ¥2, - - ., Yn and i copies of e are produced in the region. Each
string y; is obtained by replacing all occurrences of u in s by the string v;.
It is also possible that v; = ... = v,. In such case, suppose all v; = v
(1 <i<mn), we use the form v — v||™v as a shorthand notation.

o A multi-string cooperative rule of the form w1, ua,..., un, — v,e’, where
UL, U, .., U, € OF, v € Of, n > 2 and i > 0. Upon application of
this rule, the strings wy,us, ..., u, found in region k are all consumed to
produce a string v and 4 copies of e in the region.

e A projection rule of the form Project(k,x’, k"), e', where k € S, k' € Z,
k" € N, and i > 0. When this rule is applied to a string z = x1kur’z2,
(where u, 21, x2 € O*), in the next step, x is replaced with zkux’zs. In
addition, a string x”ux’ and i copies of e appear in the region. When two
or more occurrences of x and ' a in z, only the leftmost x and x’ are
considered.

For the above rules, when i = 0 (meaning no e is produced), we omit the
notation e’ for simplicity.

~ RY,...,R), are sets of communication rules; each Rj is associated with a
membrane k in g. A communication rule can be:

e A symport rule of the form (a,e’,in) or (a,e’,out), where a € O and
¢ > 1. During the application of this rule, ¢ copies of e are consumed
to transport string with substring a inside (denoted by in) or outside
(denoted by out) membrane k.

e An antiport rule is of the form (a,e?,in;b, e/, out) where a,b € OF and
1,7 > 1. Applying this rule, there should be a string with substring a in
the region immediately outside membrane k. Also, a string with substring
b should exist inside the region bounded by membrane k. The string with
substring a and the string with substring b are then swapped, consuming
1 and j copies of object e in their respective regions.

~ p1,---,Ppm are partial order relations over evolution rules, each p; (1 <i < m)
is associated with the evolution rules of region 1.

— i, € {0,1,...,m} is the output membrane. If i, = 0, this means that the
output of the computation of this system will go to the environment.

The rules in ECPe-str are applied in a nondeterministic and maximally parallel
manner. If there are two or more rules applicable to a string, the system will
nondeterministically choose only one rule to be applied to the said string. Also,
all strings with an applicable rule are processed simultaneously. Strong priority
(as defined in [10]) is employed in ECPe-str system, i.e. when a rule r; has
priority over rule ro and rule ry is applicable, ro cannot be applied regardless if
there are objects that were not affected by ;.

An Example. We adapt an example from [5] to demonstrate how the sys-
tem works. The system checks if two strings s and s’ with distinct symbols are
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anagrams of each other. Each input string is encoded in the system such that
a symbol a and a symbol § are placed before and after every element of the
string, respectively. In effect, an input string s = s185...s, has the encoding
enc(s) = as1fasaf ... as, where n is the length of string s. The system used
to determine if s and s’ are anagrams has the form:

II = (Ove7uaw17R17R/1ap17iO)7

where: O = (0,5,Z,N); O = {A,B,C,...,Z,0,8}; S = {a}; Z ={8}; N =
{v}; = [1]1; w1 = {enc(s),enc(s)}; R1 = {r1 : Project(c, 8,7),r2 : v — A,
r3: A,A—0,e,ry: B,B—0e...,108:2,7Z —0,e,799: A— 8§, r30: B—
$,...r5a:Z — 8,155 :8 =8 R ={r] : (0,e,0ut)}; p1 = {r1,7r3, 74, ..., T28 >
720,730, - -+ T54}; G0 = 0;

We say the strings are anagrams of each other if the system halts. If the
system does not halt, regardless of the objects in the environment, then the two
strings are not anagrams of each other. The system computes as follows:

Given input strings s and s’, the initial configuration of the system has the
encoding enc(s) and enc(s’) in region 1. In the next time step, the system applies
projection rule 1 on enc(s) and enc(s’). This produces two 3-length strings; one
containing the first symbol of s and the other containing the first symbol of s’.
The produced strings start and end with the symbol . After applying rule rq
in enc(s) and enc(s’), the first occurrence of the start symbol « in each string
evolves to the stop symbol 3. As a result, the symbol next to the occurrence of
the first o in these strings will become the target of application of projection
rule r; in the next time step. In the second time step, aside from the application
of rule r1, rule ro will also be used to erase the v symbols in the strings produced
from the previous step. Application of rule r; and use of rule 5 in the next step
continues until all « in the encodings have been replaced by .

After every application of rule 79, it is possible that in the next time step, one
or two letter will occur twice in region 1. This indicates that the letter occurs
in both input strings. When this happens, the next time step will also include
the use of at most two rules from r3 to rog. As a result, each application will
consume the involved letter in order to produce a string 6 as well as a copy of the
special object e. This e is used to communicate the string 6 to the environment
via the symport rule r7.

When all letters in the input strings were processed this way, then the system
will halt. This shows that all letter of input s is also present in input s’ and
vice versa. Since the strings are assumed to have distinct symbols, s and s’ are
anagrams. On the other hand, if the input strings are not an anagram of each
other, the system will reach a configuration where no rules from r; to rqg are
applicable yet there are still some distinct letters floating in region 1. This letters
will eventually evolve to a trap symbol $ through any rule from rog to r54. This
trap symbol will evolve continuously through the rule r55. This prevents the
system from halting.

Shown below is the step-by-step computation for two input strings s = ARMY
and s’ = MARY. String s has the encoding enc(s) = aAfaRBaMpBaY [ and
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string s" will have the encoding enc(s’) = aMBaABaRBaY 3. For each config-
uration below, we use paired square brackets to represent a membrane, and the
strings contained in a membrane are separated by commas.

0: [1 cABaRBaMpaY p, aMpaABaRBaY B |
=1: [ BABaRBaMBaY B, FMpBaABaRBaY B, vAYy, YM~ |1
=2: [} BABBRBaMBaY B, BMBBABaRBaY B3, A, M, yRy, yAy |1
=3: [1 BABBRBBM BaY 3, BMBBABBRBaY B, A, M, R, A, yM~, vRy |1
=4: |1 BABBRBBMBBY B, ]ﬁMﬂﬂAﬁﬁRﬂﬂY@ M, R, M, R, vY~,
YY, 0, el
t=5[ 5A55RﬁﬂM55Y57 BMBBABBRBBY B, Y, Y, 0, 0, e;e]1 0
t=6:[1 BABBRBBMBLY B, BMBBABBREBBY B, 0, e |1 97 0, ¢
t="T[1 BABBRBBMBLY B, BMBBABBREBY 311 0, 0, 0, 0

4 A Solution to Motif Finding Problem Using ECPe-str

In this section, we present a modification of a solution presented in our previous
work [5]. We take note of the parameters in building the system for our solution:
n is the length of the DNA sequences, ¢ is the number of DNA sequences, and
[ is the length of the motif. Furthermore, to simplify the solution in the next
subsections, we denote some expressions as: p = n—I+1, and ¢ = p' = (n—[+1)*.

Throughout the whole section, we shall use the definition and notations for
MFP in Definition 5. That is, we represent MFP as (I, f,m,g), such that for
each instance x € I, x = (Seq,l) where Seq = {D1,Ds,...,D;} and D; =
dirdia ... diy for 1 < i < t. Also, we let y € f(z) as a possible solution, where
from Definition 5, f(z) = 51 x ... S, each S; € LM ERS ().

For this solution, we refer to each nucleotide in each DNA sequence (D;)
as d;j. For example, given Seq = {ACCTG, GGACT, TGATG}, dy; repre-
sents A, since it is the nucleotide that is in the first position in the first DNA
sequence. The symbol dss represents T, since it is in the fifth position of the
second sequence. We use this notation in constructing our P system.

4.1 Previous Work: On Alignment Matrices and Computing Score

We first recall the approach presented in [5]. In previous work, only a restricted
version of the problem (referred in the paper as MFP’) was addressed. The task
of solving MFP’ was divided into three main parts: generation of alignment
matrices, computation of score, and the search for a maximum score. The last
part can be represented as finding the largest number in a given set of numbers.
It was assumed that the largest number is unique (no two numbers have the
largest value). Each part of solving MFP’ was formulated as a problem, and an
ECPe-str solution was provided for each of this problem. These solutions were
then incorporated as subsystems of an ECPe-str system that solves MFP’.

For our solution to M FP, we shall employ two of the subsystems given
in [5] (with some slight modification). Specifically, we use the subsystems for
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generating alignment matrices and computation of score. The main difference
between the solution in [5] and in this paper is the subsystem for determining
the largest score. In our previous work, it was assumed that the largest number
among a set of scores must be unique. The subsystem developed can only find
the largest score, if the largest is unique. In this work, such restriction is already
removed. As a consequence, we have improved our previous work such that our
solution is applicable to any instance of MFP. The first part of the Motif Finding
Problem is the generation of alignment matrices.

Definition 7 Generation of Alignment Matrices Problem (GAM). Given an
instance x = (Seq,l) where Seq = {D1,Da,...,D:}, |D;| = n, and a length
I < n, generate a set ALG = {M | M is an alignment matriz fory € f(zx)}.

Note that |ALG]| is at most ¢. For every D;, there are at most p l-mers. Given
t DNA sequences, we generate ¢ possible combinations of [-mers.

Lemma 1 [5]. The GAM problem can be solved using ECPe-str in O(t)-time
where t is the number of DN A sequences.

To illustrate the constructed ECPe-str for Lemma 1, we provide an example
construction for a given set of DNA sequences. We shall name the subsystem, I7;.
Given a set of DNA sequences Seq = {ACTG, ATTG,CTGG} withl =3,n =4
and t = 3, we obtain the following system:

Hl = (O7eau7w17R1aR/17pla 1)7

Where O = (O,S,Z,N); O = {A7C,T7G7ﬁ1,...,,6471,2}; S = {au,...,agg};
Z ={d}q, ..., b3}t N=0; u=[1]1; Rf = p1 = 0; wy = B1. The rules of Ry are
as given below:

Ry = {r1: f1 — a11Aa] 0120 13T 3621 || a11Calja12T ol ya13G 0 5622,
/ ! ! / !

By — azlACXQlaQQTOzQQanTa’Qg,B;gl [l ag1Tag agaTay,a23Gas3332,
! ! / ! ! !

B3 — az1Caf azaTab,a33Gas3041 || az1Tah; azaGagyazzGalsBa2}

'We now proceed with a description of the computation:

At t = 0, region 1 only contains ;. Applying a rule r; to §; produces two
strings o171 Aaj 1200 5003T o) 5021 and a11Ca) 02T o) 5013G A 5622, These
strings represent l-mers AC'T and CTG respectively. These [-mers correspond
to the possible first rows of all alignment matrices from Seq. At t = 2, G5 evolves
the same way as (31 using a rule r;. These strings represent all possible first and
second rows of all alignment matrices from Seq. This process continues until the
strings contain (4. At the last time step, the strings given below are present in
region 1. These strings represent all alignment matrices, as follows:

! In [5], the formal definition of IT; has an initial membrane structure containing
two membranes, i.e. 1 = [1[2]2]1. However, it is apparent that even when removing
membrane 2 and relocating the initial content of membrane 2, i.e. 81, and the rules
of region 2 in the skin region, the algorithm still works almost the same. The only
difference is the resources used.
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11 Ao/l1a120a/12a13Ta/13a21Aa/21 a22Ta/22 a23Ta1230é31 CO/31 0532Ta,320133 Ga§,3ﬁ4 111
anAaiio2CalsonsT ol zaz Aas aoeTabsazsTaszasi Tals; ass GasaassGass $4211
anAaion2CataonsT o)z Tas anTass ez Gangas CagrazeTasassGass 4121
al1Aall1a12COé/120(13TO[,130621TO/210522TO[,220523 GO/230431T04:310432 GaQQ a33Ga'33ﬁ4221
a11Cah a12T ol pa13G ) 3001 Aty oo Tl aas Tahzas1 Calyy aze Tz azs Gay3 34112
011Caha12T ol sa13G o 3001 Aahy oo T aha a3 T bz azr Tasy a3 Gaso 3z G5 34212
11 CO/HOC12TO/120413 Ga'lgango/Ql QQQTQIQQ a23Ga,230531 COé:o,loé32TOé:o,20433 Gaggﬁ4 122
anCaiianTaian3Gazan Tas aoeTabasGaszas Tag asy GazaassGass 34222

At this point, there are no more rules left to apply. This, in effect, halts the com-
putation of the system. In the halting configuration, each string represents one
possible alignment matrix. Specifically, a string having a suffix of ijk represents
the alignment matrix involving the following l-mers: (a) l-mer of the first input
string starting at the k" position, (b) I-mer of the second input string starting
at the j position, (c) I-mer of the third string input starting at the i*" position.
We now proceed with the problem of computing score given an alignment matrix.

Definition 8 Computation of Score Problem (CoS). Given an instance x =
(Seq,l), y € f(x), an alignment matric M = [Myy]txi fory, and a profile matriz
P = [pijlaxi fory, compute for the consensus score of y i.e. Score(y).

Lemma 2 [5]. The CoS problem can be solved using ECPe-str in a constant
amount of time.

To illustrate the constructed ECPe-str for Lemma 2, we provide an example
construction. We shall name the subsystem, I15. For our illustration, we consider
the same set Seq = {ACTG, ATTG,CTGG} (in example for Lemma 1), with
l=3,n=4andt = 3. We choose an alignment matrix M with starting positions
111. The alignment matrix M is

ACT
ATT
CTG.

We construct the following system:

H2 = (O’ehuawsawlaw27w37RS7R;ap&RlaRllvplaRQaRévaaR37Réap37S)7

where O = (0,S,Z,N); O = {A,C,T,G,as}; S =0; Z =0; N = 0; p =
[s[i]1[2)2[3]3]s; w1 = {A,A,C}; wy = {C,T,T}; wy = {T,T,G}; ws = Ry =
R. = ps = (). The following rules are for each R; (1 <i < 3):

Ri={r:ACT,G—ase ro:AC,T — as,e
r3: A,C,G — as,e, r4: C,T,G — ag, e,
rs: A, T,G — as,e,rg : A, C — ag, e,
rr: AT — ag,e,rg : A, G — ag,e,rg : C,T — ag, e
ro:C,G — ag,e,r11 :T,G — ag,e,712: A — ag, e,
r13:C — ag,e,r14: T — ag,e,115 : G — ag, e};
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Also, for 1 < i < 3, R, = {r] : (as,e,out)} and p; = {r4 > ro,...,15 >
rGy..-,T11 > T12,...,715}; The step-by-step computation for the example is
given below:

tZOZ[S[lA, A,C] [207 T7T]2[3T, T,G]g]s
t=1[sh A as, eli[2as, e, T]2 3T, as, el3 s
t=2:[s[1as, e]i [2as, €2 [3as, €3 as, as, as |s
t:3[ [1 1 [2 }2[ }3 as, Qg, Qg, Ag, Ag, Ag ]s

S

Computation proceeds as follows: At the initial configuration, nucleotides are
grouped according to their columns in M. Each column is represented by one
membrane. For column 1, it corresponds to membrane 1. Column 2 corresponds
to membrane 2. Lastly, column 3 corresponds to membrane 3. For t = 1, rule r¢ :
A,C — ag, e is applied in region 1 since there are no other possible combinations
available. While in region 2, rule rg : C, T — ag, e is applied and lastly, in region
3, rule 11 : T, G — ag, e is applied. At t = 2, the a, strings produced in region
1,2 and 3 from ¢ = 1 are transported to region s. Rule 715 : A — ag,e is used
in region 1 and rule r14 : T' — as, e is used in regions 2 and 3. For the last time
step, all as strings inside the column membranes are transported to region s.
Here we see 6 copies of ag strings in membrane s. This is interpreted as the score
computed for the given alignment matrix M, which is 6.

4.2 Search for Maximum Score

Our main contribution in this paper is a solution for finding the maximum score.
Recall that this is the last part in solving MEFP. To search for the maximum score,
we first define a problem for finding the maximum integer.

Definition 9 Search for the Mazimum Integer Problem (SM). Given v positive
integers My, N2, .., My, find the maximum integer. The output to the problem is
the mazimum integer n; such that Vj #i,m; > n;.

Lemma 3 The SM problem can be solved using ECPe-str in time linear with
respect to the value of the maximum input number.

Proof We now provide a formal definition for the subsystem that will be used
in solving the search for the maximum integer problem. The subsystem is of the
form:

H3 = (O7e7u7w87w17 e 7wvaRsaR;7pS7R1aR/17p1a .. '7RU7R2ﬂpvvo)7

where O = (0,5, Z,N); O = {ai, zi, 21, 2/, xi, i, biy b, | 1 < i <v}U{k,$}; S =
0;: Z=0; N=0; p=[s]1---[olols;ws ={ci | 1 <i<v}UD={$,...,$} and
|D| = v; For 1 < i <w,w; = {2, Xi,3} UG where |G| =n; and G = {a;,...,a;}.
The next set of rules are for R,:

Rs={r1:$—e ro:a;zi = aizl || ci,e,rs : aizl — a2, ra 1 b; = U || aizi,
rs b, 0 — ke ka2 — kaizl |1 <i <ol
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The set R, = {r] : (ka;z!,e,out)}; also, ps = {re > r3}. The next set of
rules are for each R; (1 <i<w,):

Ri={rr:$—e rg:ci— z,er9: a2 — QiZi, 10 : Xi» % — bi};

For 1 < i < v, the set R, = {r} : (a;2,e,out;c;,e,in),rh : (b;,e,out)}; and
lastly, p; = {rg > r10}-

The solution for finding the maximum integer is based on the vertical search
found in [4], but we changed a few rules to separate the evolution from communi-
cation rules, and incorporate energy objects. We also included some modification
to handle the case wherein the maximum integer is not unique.?System II3 con-
sists of an outer membrane (labeled s), and v inner membranes (labeled i, where
1 <4 < ). Membrane i corresponds to 7;. In the initial configuration, the integer
7; is represented by the multiplicity of string a; in region i.

During the first part of the solution, there are v copies of $ strings in region
s, one for each 7;, and also one $ string inside each inner membrane. These $
strings evolve to produce one copy of e each using rules r; and r7. At the same
time, z; strings are concatenated to the a; strings in each inner membrane using
rules of the form rg. Then, using rules of the form r), exactly one a;z; string
is transported outside of each inner membrane and one ¢; string is transported
inside membrane 7 at the same time step. After this, rules of the form ry is
applied to all a;z; strings, each producing an a;z, string, a ¢; string, and an e
object. Simultaneously, rules of the form rg is applied in each region i, causing
the evolution of the ¢; strings to z; strings, and producing an e object each. In
the next time step, a;z] strings evolve to a;z) strings using rules of the form
r3. Concurrently, the z; strings produced in the previous time step are again
concatenated to a; strings in region 7. This enables us to apply rule 7} again.
For each inner membrane, we repeat the whole process until there are no more
a; strings left in the region.

Once there are no more a; strings inside region i, a rule of the form rg is no
longer applicable. This allows a rule of the form 719 to be applied, consuming the
z; and x; strings in the region to produce a b; string. A rule of the form rj is then
applied, communicating the b; string outside of membrane i. This signals that
membrane i is already empty. Once the b; string is transported to membrane
s, a rule of the form r4 will be applied, producing a b, and an a;z; string. In
the next time step, a rule of the form ry would be applied to the a;z; string.
The a;z] string produced this way would evolve using a rule r3 in the next time
step. Note that not all inner membranes would be emptied out at the same time
since the multiplicity of each a; string in each membrane are different from each
other. Thus, the b; strings in each membrane would not be transported to the
skin membrane at the same time.

2 This is an entirely new subsystem compared to the subsystem IT3 in [5]. In [5], we
were only able to solve for the restricted version of MFP because it can only find
the motif if it has a unique maximum score. Otherwise, the system will just output
an indication that the maximum score is not unique and therefore, won’t solve the
problem.
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Once all b; strings from each inner membrane are transported to region s and
have evolved to b}, rule r5 can then be applied, producing a % string. Prioritizing
rule 7 over rule r3, we consume the % string and an a;z] string to produce a
string of the form Ya;2/, instead of evolving a,z; to ;2. In the case that there
are multiple strings of the form a;z}, the system will nondeterministically choose
to apply a rule of the form rg.

Observe that the strings a,z; are produced from b; strings that are the latest
to evolve to b;. This means that strings of the form a;z] that can be consumed
in rule rg denote the maximum integer, since the membranes with the maximum
integer are the last to transport their b; string. At the end of the process, a string
of the form ¥a;z! is transported outside of membrane s using the rule ;. The
system halts after this.

From Definition 9, the SM problem requires that the maximum integer is out-
put. Using system I3, this occurs when the system halts with a %a;z{ string in
the environment. The a; substring in the Ja;2! string represents the maximum
integer, 7;. Note that in the case where two or more 7; have values equal to the
maximum, only one of those would be outputted by this subsystem.

The steps needed for the solution depends on the value of the maximum
integer, M. One step is needed for starting the system through the evolution of
$ and the application of rule rg. Afterwards, there are 3M + 1 steps needed to
empty all inner membranes. Then, one step each is taken to apply rules of the
form r4, r5, and rg. One last step is taken for transporting the string of the form
%a;z! to the environment. The total steps needed is 3M + 6. O

An Example for Finding the Maximum Score. Given v = 3 and positive
integers 1, 2, 2, we construct the following subsystem to find the maximum value:

H3 = (Ovea/u‘7w$7w15w2aw37RS7RfmpSaR17Rllapl7R25R57p27R3aRé7p370)7

where O = (0,0,0,0); O = {ai, zi, 2L, 21 xiy ¢iy 03, 0 | 1 <4 < 3}U{%,$}; mem-
brane structure g = [s[1]1[2]2][3]3]s; ws = {c1,¢2,¢3,%,8,8}; w1 = {z1,x1,%,a1};

we = {29, x2,%, az,a2}; ws = {23, x3,$, as, az}. For the set Rs:

Ri={rm:%3—c¢, ry by — by || a1z,
ro a1z — a12y || 1€, by — b || azza,
Ty i U, 2 — ;% bs — by || aszs,
aszz — a3z.‘/3 || €3, ¢, Ts: /1a /Qabé - *7
ry:ai1z] — a2y, re : %, a12] — kaizy,
a9zh — aszl, *,a0zh — ka2,
aszh — azzy, *,a3zh — kazzy };

The set R, = {r] : (%ka;2!,e,out) | 1 < i < v} and ps = {re > r3}.
For each set R; (1 < i <wv): R, ={r;:$ — e,rg : ¢; — z,e,79 : a;,% —
a;ziyT10 © Xis2i — bi}; The set R = {rh : (a;z;,e,0ut; c;, e,in),ry = (b;, e, out)}
and p; = {rg9 > rio}.
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Note that At time ¢ = 11, it also possible that a string Yas 24 is produced instead
of the string %asz4. The string a2z} implies that the number represented by

the

4.3
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An example step-by-step computation for the example is given below:

t=0:[s[18,a1,21,x1 ]1 [2 8,02,a2,22,x2 |2 [3 $,a3,a3,23,Xx3 |3
$a$a$7cl7027c3 ]s
t=1: [ [1ea121,x1 1 [2 € 02,0222, X2 ]2 [3 €, a3,a323, X3 |3
€,€,€,C1,C2,C3 |5
2: [ [1en,xa 1 [2 a2 c2,x2 ]2 [3 a3, ¢3,x3 |3 @121, a222,a323 |5
=3 [S [1 €, 21, X1 ]1 [2 €,a2,22, X2 }2 [3 €,as, 23, X3 ]3
a12y, 22h, a3zs, c1,ca,C3,€,€,€ |5
t=4[5[1e0b1]1[2ea222,x2 ]2 [3 €,a323,x3 |3
alzlllﬂ G/QZé/va?)Z{/}Iv C1,C2,C3,¢€,€,€ ]s
t=5[s[1]il2coxalzlscsxsls
ar12y, a2l azzy, c1,b1, asz2, a3z3, € |
t=06:[s[1]12e22,x2 ]2 [3€23,x3]3c1,e2,c3,¢,¢,
alzll/’a225/7a32g7b,17a1217a22/2/aa2253a32§5/7a32é ]s
t=T[s[1]1[2ebal2[3ebs]sby,c1,c1,02,c3e60€0¢
a2y, 12y asz2l a2l azzy aszl s
t=8[s[1]1[2]2 3]s 01,b2,03,c1,c1,¢2,c3,¢,€,¢,€
" 1 " " 1 "
a1z, a12), a2y, a2zl aszl , aszzy s
t=9: [S [1 ]1 [2 ]2 [3 ]3 bll,bé,bé,Cl,Cl,CQ,Cg,e,e,e,e
a2y, a12Y  aszae, anzl aszl, aszs, azzy a2y s
t=10:[s [1]1 [2]2 [3 |3 c1,c1,C2,Ca,c3,c3, K, e,e,e,e,¢,€
a1z, a12), azh, axzl aszl aszh, azzy, aszl |s
t=11:[s 1)1 [2 ]2 [3 |3 c1,c1,C2,Ca,c3,c3,€,€,€,e,e,€
a1z, a12), a22h, axzl, axzl, Jaszy, azzy, aszy s
=12 [S [1 ]1 [2 ]2 [3 ]3 C1,C1,C2,C2,C3,C3,€,€,€,€,€
a2y a12y anzl) aszl aszl aszy, aszy s kaszy

string a3 possesses (one of the) the largest value.

Integrating All Subsystems to Solve MFP

now provide a theorem for solving the Motif Finding Problem using the

subsystems discussed.

Theorem 1 The Motif Finding Problem can be solved using ECPe-str in O(lt)-
time where [ is the length of the motif and t is the number of DNA sequences.

Proof We construct the system for solving MFP using the systems defined in
previous lemmas as subsystems of our solution. We now have the system:

the

— () / /
HMFP - (ana,uywuawla"'7wi7w113"'awid;RuvRu7puaR17R17pla
/ / /
"'7Ri7Ri,pi;Rll7Rllapll7"~7Rid,Ridapid)7
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where O = (0,5,Z,N); O = {A,C,T,G,B1,...,0e41,1,...,0,a;, 2, 2, 2/,
XisCiy b0 | 1 <@ < q} U { $} = {a11,...,au}; Z = {ahy,..., a4}
N ={v1,...,yvul; p=[ulilia]in .- lialialr - - [iladin - - - [salialile where 1 <4 <

gand 1 <d <l w, = {ﬂl}U{CZ | 1 §z§q}UDz{$,...7$} where |D| = g;
For1<i<gqgand1<d<1I, w; ={z,x:,8} wig = 0. The set of rules and
priority relations are as follows. For 1 <i<gand 1 <d<:

w = { T : ﬁk — Lkl/BkJrl].H . ||Lkpﬂk+1p | 1 S k § t} where
Lij = anidpjdyy - . ady(jpi—1yag, forall 1 <k <t, 1<j5<p
U{re:$—e r3:az — aizl|ci, e,
Ty iz, — a2, rs by — bl|aiz,
76 1 by b — k7 Kk a2 — kaz! | 1< < g}
U {rs: Bip1 — Al
Ri={rg:$—e rig:¢; — z,e,
T11t Qi Zi — GiZiy T12 © Xiy Zi — bi}
U {r13 : Project(cca, &g, Yea)se | 1 <ec<t,1<d<lI}
Rig={ra4:ACTG—a;e rs: A CT— a;e,
re: A, C,G— a;,e, r7: C,T,G— a;,e,
rg: AT,G — aj,e,r9: A, C — ay, e,
rog: A, T — a;,e,191 : A,G — aj,e,r99 : C, T — ay, e,
rog : C,G — aj,e,ro4 : T,G — a;,e,ro5 : A — a;, e,
rog : C — aj,e,ro7 : T — a;,e,r98 : G — a;, e}
U {reg:vea — A1 <<t}
R, = {rh (eaelse,out) | 1< 1 < q);
R} = {rh : (a;z;, e, 0ut; ¢;, e,in), 5 : (b, e, out) } U{r} : (map(i),e,in)};
R, ={rf : (ai,e,out) } U{rs : (Yea,e,in) | 1 <e<t,1<d<lI}
w = {r7 >T1aks
pi ={ri1 >ri2k;
pid = {714 > T15, .., T18 > T195. .-, 724 > T25,...,7T28};

Membrane 1 in I7; (used in Lemmal) coincides with membrane s of IT5 (used
in Lemma 3). For ITy;pp, we label this membrane as membrane u. In the same
region bounded by membrane u, we have ¢ number of Il subsystems and we
label these as membrane i for 1 < i < ¢. We call each membrane i as score
membranes. Lastly, inside each score membrane ¢ are the column membranes
and we label these as membrane id for 1 < d <.

Recall that the system I (used in Lemma?2 solves the score of only one
alignment matrix. Since there are g possible alignment matrices, we assign each
alignment matrix to a membrane 7. To do this, we define a one-to-one mapping
function map(i):

1—11...11 p+1~—11...21 g—p+1pp...pl
2—11...12 p+2—11...22 G—p+2pp...p2

p—11...1p 2p—11...2p q+—pp...pp
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The system works as follows: subsystem II; will work in the same way as dis-
cussed in Sect. 4.1. Once II; halts, all strings representing an alignment matrix is
now found in membrane u. These strings contain substring s;. Observe that s; is
similar to the values of map(i) discussed above. We utilize this similarity to trans-
port each alignment matrix (represented by a string) to their assigned score mem-
branes. To do this, we use communication rules of the form 7 : (map(i), e, in)
associated to each score membrane i. The energy objects needed for this rule
will come from evolving ;41 present in each string representing an alignment
matrix to A using rule rg.

After transporting all these strings, we project each nucleotide using projec-
tion rules of the form 713 : Project(ccd, 0ys Ved), €, for 1 <ec<tand1<d <l
defined in each score membrane i. We use the e objects produced by this rule
to transport each nucleotide to their respective column membranes. We do this
through communication rules of the form 7§ : (.4, €,in) associated to each col-
umn membrane id.

Once all nucleotides are in their respective column membranes, we use an
evolution rule rag : 7.4 — A associated to each region bounded by each column
membrane id. Notice that each score membrane i resembles the initial configu-
ration of I15. For the system to proceed with the process discussed in Sect. 4.1,
we change some rules in I75. Instead of evolving combinations of nucleotides to
string as, we now evolve it to a; since the score membranes are now labeled as ¢
where 1 < ¢ < q. Once the system is done with the process in Sect. 4.1, the score
of the alignment matrix assigned to each membrane ¢ is now represented by the
multiplicity of string a; found in membrane .

Lastly, the system now executes the process discussed in Sect. 4.2. Note that
the variable v in I13 is now equal to ¢ since we are now searching for the maximum
value among ¢ positive integers. These ¢ positive integers are the scores of our
alignment matrices. As seen in Sect. 4.2, the %a;z! string corresponding to the
integer with the maximum value will be found in the environment once I35 halts.
Thus, once II3 halts, the %a;z} string that is found in the environment will be
pertaining to an alignment matrix with the maximum score.

Getting the i from Ja,z string that is now in the environment of out Il pp,
we use our map(i) function to know the corresponding alignment matrix of 4.
Reading the value of map(i) from right to left, we now have the starting positions
of the [-mers that produces the maximum consensus score.

The total time steps needed for the whole solution to MFP using the system
above is 3lt + 1+t + 14: t time steps are needed for Iy, the transition from Iy
to Il5 takes I + 3 time steps, 5 time steps are needed for II, and 3it + 6 time
steps are needed for I13. |

5 Final Remarks

In this paper, we have presented a solution to MFP using ECPe-str. Through
this system, MFP is solved with the maximum runtime equal to 3t +1+t+ 14
where [ is the length of the motif and ¢ is the number of DNA sequences. It can
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Fig. 2. Schematic diagram illustrating the membrane structure of IIy;rpp from the
membrane structures of I, I1s and I13.

be observed that our initial solution can still be further improved by looking into
several factors. First, the set of rules and membranes used are exponential and
very powerful rules are employed in our solution. Thus, our improvement may be
in the direction of minimizing the resources used, and exploring solutions where
some of the additional features in the current system are not included. We may
also look into how the current solution can be improved if we capitalize the use
of energy objects. Finally, the solution presented is non-uniform [11]. It remains
an open problem to explore a uniform solution for MFP (Fig. 2).

Future studies may look into another way to solve MFP faster using a branch
and bound algorithm, discussed in [6]. In this paper, we computed for the score
of all possible alignment matrices and then compare all of them to find the
maximum. Through the branch and bound method in [6], one can devise a
solution that would enable the system to sort through “bad” solutions and reduce
the number of alignment matrices compared.
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Abstract. In this paper we consider three restricted variants of P sys-
tems with active membranes: (1) P systems using send-out communica-
tion rules only, (2) P systems using elementary membrane division and
dissolution rules only, and (3) polarizationless P systems using dissolu-
tion and unit evolution rules only. We show that every problem in P can
be solved with uniform families of any of these variants using reason-
ably weak uniformity conditions. This, using known results on the upper
bound of the computational power of variants (1) and (3) yields new
characterizations of the class P. In the case of variant (2) we provide
a further characterization of P by giving a semantic restriction on the
computations of P systems of this variant.

Keywords: Membrane computing - P systems with active membranes -
Computational complexity

1 Introduction

P systems with active membranes were introduced in [20]. These P systems
have the possibility of dividing elementary (or even non-elementary) membranes.
It was soon discovered that this feature (combined with maximal parallelism)
makes this variant a rather powerful computational device, and efficient solutions
of problems that are complete in NP [10,20,25,31] (or even in PSPACE [1,29])
were given. In order to establish the connection between classical complexity
classes and P system families, recognizer P systems were introduced in [24].
Since then recognizer P systems are considered as the natural framework to
study the computational power of various classes of P system families. Among
the many research lines in Membrane Computing, one is to find efficient solutions
of computationally hard problems by various types of recognizer P systems with
active membranes (see e.g. [2-4,17,18,23]).

It is not too surprising that membrane division is necessary in these systems
to solve computationally hard problems efficiently [31]. However, in [21] P&un
conjectured that polarization is also necessary. More precisely, Paun’s conjecture

© Springer International Publishing AG 2017
A. Leporati et al. (Eds.): CMC 2016, LNCS 10105, pp. 209-232, 2017.
DOI: 10.1007/978-3-319-54072-6_14
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(which is also known as the P conjecture in the literature) sounds as follows:
polarizationless P systems with active membranes working in polynomial time
can solve only problems in P if non-elementary membrane division rules are not
allowed. Although the P conjecture has not been proven yet, there are some
partial results. In [8] it was shown that without dissolution rules these systems
can solve exactly the problems in P. The conjecture was also confirmed in the
following cases: when dissolution rules are allowed, but the P systems can employ
only restricted, so-called symmetric, division rules [12], and when the initial
membrane structure is a linearly nested sequence of membranes, and the system
can employ only dissolution and elementary membrane division rules [30].

It was observed in [13] that the P lower bound in the characterization of P
in [8] comes from the polynomial uniformity of the examined P systems. In fact,
according to [11] the used uniformity condition dominates the computational
power of uniform families of polarizationless P systems with no dissolution rules.
This initiated a sequence of papers where P systems with active membranes
under reasonably tight uniformity conditions were examined [15,16]. Moreover,
several solutions of problems in P with restricted classes of P systems under
tight uniformity conditions were given [5,9,14,15].

In this paper we continue the work in this research line. First we show that
uniform families of P systems with active membranes using send-out communi-
cation rules only can solve every problem in P. Then we show a similar result
when the applicable rules are elementary membrane division and dissolution
rules. The proofs are given by solving a restricted, but still P-complete variant
of the well know HORNSAT problem, the satisfiability problem of Horn formulas.

Finally, we show that uniform families of polarizationless P systems with
active membranes using dissolution and unit rules can simulate polynomial time
Turing machines efficiently (a unit rule is such an evolution rule which intro-
duces exactly one object during its application). This result is stronger than
the one appearing in [6] since there communication and not restricted evolution
rules were used too. In [15] a solution of a P-complete problem was given using
dissolution and restricted evolution rules only, however the presented family of
P systems was semi-uniform.

Using the P upper bound given in [31], our first and third results give new
characterizations of P in terms of Membrane Computing techniques. In our sec-
ond result we use P systems where the initial membrane structure is a linearly
nested sequence of membranes, and during the computation the number of mem-
branes on the deepest level is at most two. It can be seen that the set of those
problems that can be solved by those P systems with active membranes which
have this semantic restriction during their computations are in P. This yields
another characterization of the complexity class P.

2 Preliminaries

Here we recall the necessary notions used later. Nevertheless, we assume that the
reader is familiar with the basic concepts of formal language theory, propositional
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logic, and Membrane Computing techniques (for a comprehensive guide to these
topics see e.g. [7,22,27], respectively). N denotes the set of natural numbers. For
n,m € N, n < m, [n,m] denotes the set {n,n+1,...,m}. If n =1, then [n,m]
is denoted by [m)].

Propositional Formulas and the HORNSAT Problem. A propositional variable is
a variable whose value can be either true or false. If it is not confusing, we will
often call propositional variables simply variables. We fix an infinite set Var =
{v1, va,v3,...} of variables. For a number n € N, Var,, is the set {v1,...,v,}. An
interpretation of the variables in Var,, is a function 7 : Var,, — {true, false}.

The propositional variables and their negations are called literals. | is a pos-
itive (resp. negative) literal, if | = x (resp. | = —), for some x € Var, where
the operator — denotes the negation. A clause C is a disjunction of finitely many
pairwise different literals satisfying that there is no x € Var such that both x
and —x occur in C. A clause C is a positive unit clause if it contains exactly one
positive literal and no negative literals. A formula in conjunctive normal form
(CNF) is a conjunction of finitely many clauses. For example, the following is a
formula in CNF: x Ay A (-2 V —y), where z,y € Var and the operators A and V
denote the conjunction and disjunction, respectively. Due to the commutativity
of these operators, a formula in CNF can be considered as a finite set of clauses,
where the clauses are finite sets of literals. Let ¢ be a formula in CNF. ¢ is sat-
isfiable, if there is an interpretation under which ¢ evaluates to true. Moreover,
w is a Horn formula if every clause in ¢ contains at most one positive literal.

The HORNSAT problem sounds as follows: given a Horn formula ¢, decide
if @ is satisfiable. It is known that HORNSAT is P-complete (see e.g. [19]). Let
HORN3SAT be that restriction of HORNSAT where every clause of the input
formula can contain at most three literals. Moreover, let HORN3SATNORM be
that restriction of HORN3SAT where the input formula is in the following normal
form: every clause of the formula is either a positive unit clause or it contains
exactly two negative literals and at most one positive literal. For example, z A
(mxVy)A(-yV-zVu) (z,y,2,u € Var) is an instance of HORN3SAT, but not of
HORN3SATNORM, since (—z V y) neither is a positive unite clause nor contains
exactly two negative literals. However, z A (-2 V —y) A (—yV-zVu) is an instance
of HORN3SATNORM.

Next we show that HORN3SATNORM is P-complete. The proof resembles the
standard NP-completeness proof of the 3SAT problem (the 3SAT problem is the
satisfiability problem of those formulas in CNF which can have only clauses with
three literals, see e.g. [28]).

Proposition 1. HORN3SATNORM is P-complete.

Proof. Since this problem is a restriction of HORNSAT, it is in P. Thus, it
is enough to show that HORNSAT can be reduced using logarithmic space to
HORN3SATNORM. First we show that HORNSAT reduces to HORN3SAT. Let
¢ be a Horn formula over the variables in Var, (n € N). We construct an
instance ¢’ of HORN3SAT such that ¢’ is satisfiable if and only if ¢ is satis-
fiable. Let C be a clause in ¢. If C has at most three literals, then let C be



212 Z. Gazdag and G. Kolonits

a clause of ¢’. Otherwise, assume that C = x; V —xg V -+ V —x for some
k € [4,n] and z; € Var, (i € [k]). It can be easily seen that C is satisfiable
if and only if (z1 V —z2 V —y) A (y V —x3 V - -+ V —xy) is satisfiable, where y is
a new variable, not included in Var,. In this way we can construct the formula
(21 V=2 V-y ) A(y1 VxsVoya) A+ - A(Yr—3V k1 V —xy ), which is satisfiable
(over Var, U{y1,...,yx—3}) if and only if C is satisfiable (over Var,). To a clause
with no positive literals one can give a very similar construction. Then we add
these new clauses to ¢’. Clearly, ¢’ is satisfiable if and only if ¢ is satisfiable,
and the mapping ¢ — ¢’ can be carried out by a deterministic Turing machine
using logarithmic space in the size of .

Next we show that HORN3SAT reduces to HORN3SATNORM. To this end let
 be an instance of HORN3SAT with variables in Var,,. We construct an instance
¢’ of HORN3SATNORM such that ¢’ is satisfiable if and only if ¢ is satisfiable.
For every clause C of ¢, if C corresponds to the restrictions made on the instances
of HORN3SATNORM, then let C be a clause of ¢’. Otherwise we replace C with
the set C’ of clauses defined as follows:

— if C = —z, then let ¢’ = {~z V —w,y},
— if C = x1 V —xo, then let ¢ = {371 V oxg V _‘y7y}7 and
— if C = —xy V —z9 V —xg, then let C' = {—z1 V —zo Vy,—y V x5},

where x,x1, 22,23 € Var, and y is always a new variable not used yet during
the construction. Clearly the clauses in C’ have the desired forms, and ¢’ is
satisfiable if and only if ¢ is satisfiable. Moreover, the described construction
can be carried out by a logarithmic space Turing machine. Thus, since loga-
rithmic space reductions are closed under composition, we have that HORNSAT
can be efficiently reduced to HORN3SATNORM, which finishes the proof of the
statement.

Turing Machines. In this paper we will use that variant of Turing machines
which appears, e.g., in [28]. A (deterministic) Turing machine is a 7-tuple M =
(Q) 27 F7 67 q0,4a, QT) where

— @ is the finite set of states,

— X is the input alphabet,

— I is the tape alphabet including X' and a distinguished symbol LI ¢ X, called
the blank symbol,

-6 :(Q —{qa,qr}) x I' = Q x I' x {—1,1} is the transitionfunction; the ith
component of §(¢, X) (i € [1,3],¢ € Q — {¢qu, ¢}, X € I') is denoted by
proj, (3(g, X)),

- qo0,Yqa, and g, are the initial, accepting, and rejecting states, respectively.

M works on a single infinite tape that is closed on the left-hand side. During
the computation of M, the tape contains only finitely many non-blank symbols,
and it is blank elsewhere. Let w € X*. The initial configuration of M on w is
that where w is placed at the beginning of the tape, the head points to the first
letter of w, and the current state of M is gg. A computation step performed
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by M is described as follows. If M is in state p and the head of M reads the
symbol X, then M changes its state to ¢ and writes X’ onto X if and only if
o(p, X) = (¢, X', d), for some d € {—1,1}. Moreover, if d = 1 (resp. d = —1),
then M moves its head one position to the right (resp. to the left) (by definition,
M can never move the head off the left-hand end of the tape even if the head
points to the first cell and d = —1). We say that M accepts (resp. rejects) w, if
M can reach g, (resp. ¢.) starting from the initial configuration on w. We note
here that M can stop only in these states. The language accepted by M is the
set L(M) consisting of those words in X* that are accepted by M.

P Systems with Active Membranes. In this paper we consider several restricted
variants of P systems with active membranes. In general, a P system with active
membranes [20] is a construct of the form IT = (I', H, p, wy, . . ., Wy, R), where m
is the initial degree of the system, I" is the alphabet of objects, H is a finite set of
labels of the membranes; p is a membrane structure consisting of m membranes
and labelled with elements of H; wy,...,w,, C I'* are the initial multisets of
objects placed in the m regions of u; and R is a finite set of rules defined as
follows:

(a) [a— )5, foree {+,—,0},he Haecl,vel™
(object evolution rules, associated with membranes and depending on the
label and the charge of the membranes, but not directly involving the mem-
branes);

(b) a[ |7} — [b];2, for e1,e2 € {+,—,0}, h€e H,a,be I’
(send-in commaunication rules; an object is sent into a membrane, maybe
modified during this process; also the polarization of the membrane can be
modified, but not its label);

(c) [al;} — [ 1320, for e1,e0 € {+,—,0}, h€e H,a,be I’
(send-out communication rules; an object is sent out of the membrane,
maybe modified during this process; also the polarization of the membrane
can be modified, but not its label);

(d) [alf, = b, fore€ {+,—,0}, he H,a,be I’
(membrane dissolving rules; in reaction with an object, a membrane can be
dissolved, while the object specified in the rule can be modified);

(e) [a];} — [b]52[c]}?, for e1,e2,e3 € {4+,—,0}, h€ H, a,b,ce I’
(division rules for elementary membranes; in reaction with an object, the
membrane is divided into two membranes with possibly different polariza-
tions; the object a specified in the rule is replaced in the two new membranes
by (possibly new) objects b and ¢ respectively, and the remaining objects
are duplicated).

As it is usual in membrane computing, P systems with active membranes work in
a mazximally parallel manner: at each step the system first nondeterministically
assigns appropriate rules to the objects of the system such that the assigned
multiset S of rules satisfies the following properties: (i) at most one rule from
S is assigned to any object of the system, (ii) a membrane can be the subject
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of at most one rule in S, and (iii) S is maximal among the multisets of rules
satisfying (i) and (ii).

We call an evolution rule [ — v]f, with |v] =1 a unit rule. A layer is a non-
branching membrane structure, that is a layer has the form [...[ ]p, .. .]Jp, (n >
L,hi,...,hn, € H). For two layers py = [...[ |n, ..o, and po = [...[ Jg, -+ Jgs
(4, k>1,h1,...,hj, 91,...,9x € H), the composition pi[us] of p1 and ps is the
layer [...[[...[ lg, -+ -lgulny - - ]n,; - For improving the readability of the paper, we
will often call a composition of finitely many layers a block.

Recognizer P Systems. A recognizer P system [24,26] is a P system IT with a
designated input membrane and having the following properties. The alphabet
I' of objects has two designated elements yes and no. Every computation of IT
halts and sends to the environment the same object which is either yes or no, and
these objects are sent out in the last step of the computation (if the examined P
system model does not have send-out communication rules, then the output of
the system appears in the skin membrane). The input of IT is a multiset over I,
which is added to the input membrane of the system in the initial configuration.

Uniform Families of P Systems. A family II = {II(n)},en of recognizer P
systems decides a problem L if, for every instance x of L with length n, starting
II(n) with an appropriate encoding of z in its input membrane the following
holds: II(n) sends into the environment yes if and only if z € L.

We will use uniform families of recognizer P systems to solve problems in P.
Clearly, we should use such a uniformity condition that is reasonably weak to
work with in class P. According to the widely believed fact that Turing machines
using logarithmic space are strictly weaker than Turing machines working in
polynomial time, we will use logarithmic space uniform families of P systems.
We denote by L the family of functions that can be computed by Turing machines
using logarithmic amount of space.

Assume that a family II = {II(n)},en of recognizer P systems decides a
problem L. IT is called (L,L)-uniform if and only if (i) there are functions
fycod € L such that, for every n € N, II(n) = f(1") (i.e., the P system IT(n)
can be constructed by a logarithmic space Turing machine from the unary rep-
resentation of n); (ii) for every instance x of L with size n, cod(x) is a multiset
encoding x over the alphabet of objects in IT(n).

For a type F of recognizer P systems, we denote by (L, L) — PMC the class
of those problems that can be decided by (L, L)-uniform families of P systems of
type F working in polynomial time. AM 4oyt (resp. AM . 1q) denotes the fam-
ily of P systems with active membranes having send-out communication (resp.
division and dissolution) rules only. Similarly, A./\/liu, ¢ denotes the family of
polarizationless P systems having unit rules and dissolution rules only.

3 Results

Here we show that recognizer P systems of type AMyour, AMie 14,
or AM&W 1q and working in polynomial time are capable to solve every
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problem in P. First we consider two solutions of HORN3SATNORM, then we
give an efficient simulation of Turing machines.

3.1 The Solution of HORN3SATNORM

By definition, if ¢ is an instance of HORN3SATNORM, then every clause of ¢ is
either a positive unit clause or it has exactly two negative literals. In the rest of
this section by a clause we mean a clause having this property. Using the well
known equivalences of propositional logic, a clause having exactly two negative
literals = and —y can be written in the form z Ay — | or x Ay — z, where z
is a variable, — denotes the operation of implication and | denotes a formula
with constant false truth value. We will often use these expressions to denote
the corresponding clauses of the input formula (in fact, we will often call these
expressions clauses, although strictly speaking they are not clauses). Moreover,
for the sake of simplicity, we will not indicate the operator A in the left-hand
side of these expressions. Notice that the order of the variables on the left-hand
side is irrelevant, since, as we have mentioned above, clauses can be considered
as sets of literals.

Let ¢ be an instance of HORN3SATNORM with variables in Var,, (n > 1).
Clearly, if ¢ is true in an interpretation Z, then Z(z) = true must hold for every
positive unite clause {z} in ¢. Assume now that C = 2y — z (x,y € Vary,,
z € Var, U{l}) is a clause of ¢. We observe that if Z(z) = Z(y) = true,
then C is true in 7 if and only if z is true too. That is, if z = |, then z,y, 2
cannot be all true in Z. We will use these observations in the following algorithm
H3SN, which decides if ¢ is satisfiable or not. Let A/ (n) denote the set of those
clauses over variables in Var,, which contain exactly two negative literals, and let
m = |N(n)|. In the rest of this section we assume a fixed enumeration cy, ..., Cpy
of clauses in N (n).

Algorithm. H3SN

1. input: A formula ¢ in CNF with variables in Var,, (n > 1)
2. X:={z e Var, |z € ¢} // x is a positive unit clause of ¢
3. Fori=1...ndo

4. Forj=1...mdo

5 If c; =2y > u€ypandz,y€ X then X := X U {u}
6. If | is in X then return no

7. else return yes

To demonstrate the work of H3SN consider the following example (see also the
solution of HORNSAT in [19]). Let ¢ = 2 Ay A (zy — 2) A (xz — |), where
x,y,z € Vary,. Then, initially, X = {z,y}. Since z,y € X and 2y — z € p, X
becomes {x,y, z}. Then, since z,z € X and zz — | € ¢, X becomes {x,y, z, | }.
After this the value of X remains the same until H3SN halts. Thus, since | € X,
H3SN outputs no. This is correct as ¢ is unsatisfiable.

In this section we give two families of P systems with rather restricted sets of
applicable rules to solve the HORN3SATNORM problem in polynomial time. Both
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solutions are based on Algorithm H3SN. In these solutions the P systems can-
not employ evolution and send-in communication rules. In addition, in the first
solution dissolution and membrane division rules, while in the second solution
send-out communication rules are also not allowed.

In both solutions the constructed P system, roughly, works as follows. Let
¢ be an instance of HORN3SATNORM with variables in Var, (n > 1). The
initial membrane structure consists of n blocks, and the innermost membrane
contains cod(p) (that is, the encoding of ). The ith block, counted from the
innermost membrane, will be used to implement the ith round of the main loop
in Algorithm H3SN.

For an arbitrary clause C with variables in Var,, cod(¢) contains an object
O3 or O? (but not both) according to whether C occurs in ¢ or not. Moreover,
for every clause xy — u € N (n), the ith block has a layer | whose membranes
are indexed by this clause. The objects in the inner membrane of [ go through [
(either by send-out communication or by dissolution rules, according to the used
model), and during this the system performs the following task. It first checks
whether all the objects O;'y_)u, o2, 03, and Of are present in the innermost
membrane of [. If yes, then the system rewrites Of to OZ2. In this way the system
can determine which variables of ¢ must be true in order to make ¢ true in an
interpretation. After performing the above task in all layers of the nth block,
the skin contains either Of or Of If O? occurs in the skin, then ¢ cannot be
satisfied and the system introduces an object mo, otherwise it introduces an
object yes. Notice that while H3SN computes the set of those variables that
must be true in order make ¢ true in an interpretation, the above described
computation considers these variables as they were positive unit clauses of the
formula. However, this behaviour is correct, since if we know that a variable x
should be true in any interpretation that makes ¢ true, then ¢ A x is satisfiable
if and only if ¢ is satisfiable.

Formally, we encode an instance ¢ of HORN3SATNORM with variables in
Var, as follows. First, let

Y(n)={0°|0 €V(n)uC(n),ec {3,8}},

where V(n) = {V, | u € Var, U{|}} and C(n) = {C¢ | C € N(n)}. Then the
encoding of ¢ is cod(p) = {03 € X(n) | C € p} U{O} € Z(n) |C & p} U {Vf}.
That is, for an object O¢ (C € Var,,UN(n),e € {3,3}),if O = C, then this object
corresponds to a clause having exactly two negative literals, while if O = V', then
it corresponds to a positive unit clause. Consider, for example, ¢ = x A (—zV—y),
where z,y € Vary. Then cod(p) = {ViViVﬁ,CEy_w}. We note here that
there is no need to distinguish in the notation between positive unite clauses
and clauses having exactly two negative literals. Nevertheless, we decided to do
so to improve the readability of the constructions. Since the size of ¢ is clearly
polynomial in n, it can be seen that cod is a function in L.

A Solution Using Send-Out Communication Rules Only. Here we solve
HORN3SATNORM with a family II; = {II;(n)},en of recognizer P systems
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(%1% —L,0)

Fig. 1. The initial membrane structure of I7;(2)

of type AM i out, where ITi(n) = (I'(n), H(n), u(n), W(n), R(n)) is defined as
follows:

— I'(n) = X(n) U{V2* |z € Var, U{]}} U{yes,no}.
- H(n)={(C,a) |CeN(n),a €{a,b,c}} U{si | k € [m+n]}U{skin}.

= p(n) = S[ra[rn—1[...r2[r1]...]], where S = [[[ ]s, - Js,.sn)skin and, for every
i € [n], r; is a block defined as follows. 7; = l¢, [. .. l¢,[le,] - . . |, where, for every
J € [m], the layer I.; has the form [[[ ](c; a)](c;.0))(c;.c) (the initial structure of
II1(2) can be seen in Fig. 1; notice that in this case the only clause in N (2) is
T1Xg —>l>

— The input membrane is the innermost membrane in the initial membrane
structure.

— W(n) is the sequence of empty initial multisets.

— R(n) consists of the following subsets of rules, where zy — u is a clause in

N(n):
( ) [Czy—m](()zyﬁu a) - H?;:y—m a) Cﬂ?y—m’
[ xy—»u](zy—»u 1) [ ]?wy_,u75)03y—>u?

(2)

(3)

[ Iyﬂu](my—wu, ) - [ ](;ayﬂu,a)cfyﬂu (Ol € {a’7 ba 0}7 ﬁ € {bv C})

These rules are used to initialize the layers in the following sense: an
object representing a clause in ¢ sets the charge of the first membrane in
the corresponding layer to positive, and keeps the neutral charges of the
second and third membranes in that layer, while an object representing
a clause not in ¢ sets the charges of all membranes in the corresponding
layer to negative.

Oy~ Uy u©@ (O € Z)).
Every membrane with negative charge lets all of the objects in X'(n) pass
through itself.
[Va](ﬂcy—»u a)
[Va+1e

[](_xy—>u7a) JZEI+’
[]+ 3

(zy—u,b) L zy—up) Ve
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If a membrane with label (zy — u,a) has positive charge (notice that
in this case » must contain the clause zy — wu) and V> exists in this
membrane, then these rules are used to store this information in the
positive charge of the membrane with label (zy — u,b).

[Vya]ayﬁu,b) - [](xyﬂu,b)vyzpr’

[Vy3+]?wy—>u,c) - Hayeu,c)vya'

If the membrane with label (xy — w,b) has positive charge and Vy3 exists
in this membrane, then these rules are used to store this information in
the positive charge of the membrane with label (zy — u, c).

Vil yue) = Dy Vi

The positive charge of the membrane with label (xy — wu,c) indicates
that xy — w is a clause of the system and that both variables z and y has
to be true in an interpretation in order to make ¢ true. Thus, with this
rule the system rewrites Vf to V.2 indicating that u must be also true to
make ¢ true.

[Vua]?gcyﬂu,a) - [ ](;y*)u,a)vua (p € {+7 0}7 o€ {a” bv C})

If the system already knows that u must be true to make ¢ true, then
the charges of the corresponding membranes are set to negative by these
rules.

[Vﬁj]€my—>u,o¢) - []Emyeu,oz)vmjv
[Vy ]?ij—)u,a) - [](xyﬁu,a)vy (p € {+’ 0}7 o€ {a7 b7 C})'

If any of the variables on the left-hand side of a clause zy — wu is not
considered to be true yet, then the charges of membranes of the corre-
sponding layer are set to negative by these rules; in this way V,> cannot
be introduced in this layer by the rule in (5).

[Vf]gk — [ }gk Ve, [‘/E](s)kzn - Hgkinno’ [Vﬁ]gkm - H(s)kinyes

(ke [m+n]ec{3,3).

The first rule is used to move object Vf' or VE towards the skin membrane.
When they arrive at the skin, the system sends to the environment the

correct answer.

Correctness, Running Time, and (L, L)-uniformity. First we observe that during
the computation of IT;(n) the following holds.

1. If all the membranes in a layer [ have negative charge, then [ does not con-
tribute to the computation, i.e. all objects pass through the membranes of [
without any change.

2. For every C € N (n), either CF or Céﬂ (but not both) occurs in the system
(the same object during the whole computation).

3. For every z € Var, U{|}, exactly one of V.2, V2% or Vf occurs in the system
(not counting the last configuration, where VE (resp. VE) is already rewritten
to no (resp. yes)). Indeed, the rules that can change an object of this form
before the last step are rules in (3)—(5). Rules in (3) (resp. in (4)) change
Vi to VT (resp. V! to V1) and V7T to V7 (resp. VT to V7). Rules in
(5) remove Vf and introduce V2. Thus the observation remains true after
applying these rules.
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4. Tf an object V.2 occurs in the systems, then Vf will not be introduced during
the computation.

Now consider a layer l;,_,, for some 2y — u € N(n). For every object in
I'\ {yes, no} passing through this layer the following holds.

D. ny_,u, ny_,u, ij, Vf, and V.2 are unchanged (but they may change the
polarizations of the membranes in the layer).

6. V.2 and Vy3 can evolve only when the corresponding membrane’s charge is
positive (first rules in (3) and (4)). However, if they evolve, then the second
rules in (3) and (4) will be applied in the next step.

7. Vf can evolve to V.2 only when the corresponding membrane’s charge is
positive (rules in (5)).

8. Any other objects are unchanged (and they do not change any of the polar-
izations in the layer). Moreover, they can only pass through membranes with

negative polarization in this layer.

Using these observations and also the comments given after the rules, the
computation in the layer l;,—., can be described as follows. At the beginning of
the computation every membrane in l,,_., has neutral charge. Now, according
to the objects that occur in the system at the beginning of the computation in
this layer we can distinguish the following two cases.

1. All of the objects C’fyﬂu, V2, Vya, and Vf occur in the system. It can be
seen that these objects can pass through the membranes of I,_.,, only in the
above order (i.e., nyﬁu is the first one that leaves the layer, and Vf is the
last one). Thus, the last such step of a computation involving all the above
objects must be the application of the rule in (5). That is, in this case the
system rewrites Vjﬂ to V2.

2. Any of the objects C’fyﬂu, Vf, V?ﬁ or V.2 occurs in the system. Then by
observations 2 and 3 above, the system cannot contain all of the objects

C’Eyéu, V3, Vya, and Vf. Thus, although a computation described in the

previous case may start here as well, it cannot be completed. On the other

hand, using any of the objects nyﬁm VE, Vyﬂ, or V.2, the system can set the
charge of every membrane in I;,_., to negative. In this way the system can
ignore this layer (see observation 1 above) and continue the computation in
the next layer. (Notice that in this case the computation is not deterministic
but confluent, i.e., all the possible computations in the layer yield the same

result. For an example of such a computation see Fig. 2.)

As one can see from the above discussion, the objects passing through layer
lyy—w simulate step 5 of Algorithm H3SN. Thus, sending objects through a
block corresponds to performing steps 4-5 of this algorithm. Since steps 4-5 are
performed n times by the algorithm, the work of the P system in the n blocks
corresponds to the work of the algorithm. Thus, VE or Vﬁ eventually appears
in membrane s;. In the next m + n steps this object gets to the skin by rules in
(8). There the system computes yes or no accordingly, which is then sent to the
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(xy - u,a)

o V& W W

Fig. 2. One of the possible computations in a layer lgy—. of II1(n) when it contains
ny_,u, Vf, Vf, and Vf,

environment. It can be seen that during this computation all the other objects
occurring in the system arrive to membrane s;, and the computation halts.

This justifies the correctness of II;(n). Since I1;(n) has polynomial number
of objects in the initial configuration and no evolution rules are performed during
its work, sending all the objects through a block takes polynomial steps. Thus
the running time of I7;(n) is also polynomial.

It can be seen that all the ingredients of IT;(n) can be enumerated by a log-
arithmic space Turing machine. Thus, using Proposition 1, we get the following
result.

Theorem 1. P C (L,L) - PMCq,,,,-

A Solution Using Elementary Membrane Division and Dissolution
Rules Omnly. In this subsection we solve HORN3SATNORM with a family
II; = {IIs(n)}nen of recognizer P systems of type AMy. 4. The solution
is similar to the one given in the previous subsection, however, there is a sub-
stantial difference: here the presence of the necessary objects to simulate step
5 of Algorithm H3SN are checked by the application of membrane division
rules. Consequently, those objects that do not take part in the simulation are
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duplicated several times. In particular, at certain points of the computation the
P system has multiple copies of objects of the form Vf. However, the correctness
of the computation requires that at the beginning of the work in a layer there is
at most one copy of these objects. Therefore we will apply special layers that will
remove those objects that could cause the system to give incorrect results. The
following is the formal definition of IIs(n) = (I'(n), H(n), u(n), W(n), R(n)):

I'(n) = X(n) U {w,w,ws, #,$} U {yes,no}.

— H(n) = {skin,s} U{(C,a) | C € N(n),a € {a,b,c,d}} U{do | O € V(n)U
C(n) U{w}}.

— p(n) is defined as follows (see also Fig.3). Let C = zy — u be a clause in
N (n) and Ic be the layer D¢[Mc|, where D¢ and M are defined as follows:

Me = [[[[[] Jic.olepldulc.o)ldwlc.a)

and D¢ is a layer which, for every O € V(n) U C(n), contains the membrane
[ ]ao, once if O = V,,, and fifteen times, otherwise. Intuitively, M is that part

)
\ : y :
- ﬂg \ ‘
N \ |
(a) The structure of the regions in (b) The structure of the
II5(n) layers in a region r;
s N
\
(¢c) The structure of a (d) The membranes in
layer lcj a layer Mcj

Fig. 3. The initial membrane structure of II2(n)
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of the layer which is responsible to simulate step 5 in Algorithm H3SN, and
layer D¢ is used (together with membranes with label d,, in M¢) to remove
those objects that are produced by the used division rules, but should be
removed in order to keep the behaviour of the system correct.
To finish the construction, let u(n) = Slry[ra—1[...7r2[r1]...]]], where S =
[[ ]s]skin and, for every i € [n], r; is the block I, [... 1l [lc,] -]

— The input membrane is the innermost membrane in the initial membrane
structure.

- W(n

) is a sequence of empty initial multisets.

— R(n) consists of the following subsets of rules, where zy — u is a clause in

(1)

AL U o o

[Va](myﬂu a) [wl](wyﬂu a) [#](;yﬂu a)’

These rules are used to decide if V73 or V2 is present in a membrane with
label (zy — u,a). If V? is present, then the system introduces w which
indicates that the system should work further to decide if V.2 should be
introduced or not. Object w; indicates that V,? is present in the system
and thus it should not be introduced later. # indicates that the membrane
containing it is not used effectively in the computation.

[w](;cy—m,a) - w, [@1
[ y—uay = 5
These rules pass the information computed by rules in (1) to the mem-
brane labelled with (zy — u,b). $ is a dummy object not used later.

ey —ua) = T

3 0 3 + 3
[ny—m](zy—m,b) - [Czy—m](zy_m’b) [ny—m](xy—»u,b)'
These rules decide if object O3 or C? exists in the system. The

TY—UuU

result is stored in the polarizations of the new membranes.

—U

Wy —uty = @5 [0y sy = T2,
Wﬂ@wmb) = W1 [W1] () = Wi

These rules introduce objects that will control the computation accord-
ing to the information computed by the previous subsets of rules. For
example, if w and nyﬂu is present in the inner membrane, then ws
is introduced. In this case V,” will not be introduced at the end of the
computation in this layer (see rules in (8)).

V18
%

Y ](a:y—m c)

N+ 3

(zy—u,c) [Vyﬁ](xyﬂu,C) [Vyﬂ](zyﬂuyc)’
- [Vy ](my—>u7c) [Vy ](zy_,u,cy
These rules decide if object Vf or Vf exists in the system. The result is
stored in the polarizations of the new membranes.

+ - —
() Geysue) = 0 )y ey = T2
1]y = T @1y ) = B,
@2y sy = T2 [D2] gy ) = -
These rules introduce objects that will control the computation according
to the information computed by the previous subset of rules.
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1+
]mwu Ve oy—u.a)

(7) VIR
These rules decide if object V.2 or Vj exists in the system. The result is
stored in the polarizations of the new membranes.

(8) [y oy = Vit [0y oy — Vi

Wl]a‘y*u,d) -V, @)yt = -V
V2.

(=) 5

Tyt = Vi [Ty ) =
These rules are used to handle the different cases of possible computa-
tions in a layer. For example, w indicates that at the beginning of the
computation in a layer the system contained objects V?ﬂ C’xyﬁu, and Vya.

(9) [0°]q, — 8, [w]g, — 8, [@]y, — %
(0 €V UCH),e e {3,1i € 2)).
These rules are used to remove certain objects from the system.

(10) [VFI2 — [nol; [8];, [VEI® — [yesl; S]5, <], — & (x € {yes, no}).

These rules are used to introduce the computed answer in the skin mem-
brane.

Correctness, Running Time, and (L, L)-uniformity. First we observe that during
the computation of IT5(n) the following holds.

1. The membrane structure has the form [...[M]z, ...]Jn, (h1,...,hx € H(n)),
where M is either a membrane or it is of the form [ ], [ g, (91,92 € H(n)),
and

2. Objects occur only in the innermost membranes.

The correctness of the system follows from the following lemma.

Lemma 1. Let C = zy — u be a clause in N'(n) and consider the layer lc =
Dc[Mc). Assume that, for every O € C(n)UV (n), either one copy of O or one
copy of O? occurs in le. Let O be an object in lc. Then the following holds:

1. If O € 2(n) — {V}, then after dissolving all the membranes in lc, IIy(n)
contains exactly one copy of O.

2. If O = Vf and lec contains all of the objects CC, V2, and V3 then after
dissolving all the membranes in lc, Ila(n) contains no Vﬂ and ezactly one
copy of V..

3. IfO = % and l. contains C’éﬂ, Vj, or Vyﬂ, then after the work in le Is(n)

contains exactly one copy of Vf.

Proof. By assumption, [¢ contains exactly one copy of O. Then Statement 1 can
be seen by distinguishing the following two sub-cases:

Case 1. O # V2. Then during the work in M¢, O is duplicated by the corre-
sponding rules in (1), (3), (5), and (7), and the other rules are not applied to
O in M. This yields sixteen copies of O in D¢. Out of these copies fifteen ones
are removed during the computation in D¢.
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Case 2. O = V2. Then the second rule in (1) removes first V.2 and introduces
one copy of W . After this, the membrane with label (C, a) is dissolved using rules
in (2). In the next two steps, w; is duplicated first due the division of membrane
(C,b) by rules in (3), then the yielded membranes are dissolved by rules in (4).
Thus, at this point of the computation two copies of w; are in membrane d,,.
However, in the next step one copy is removed due to the corresponding rule in
(9). After this, membrane (C, ¢) is divided (rules in (5)) and the new membranes
are dissolved (rules in (6)). At this point, two copies of W; are in membrane
d., and one copy is removed by the corresponding rule in (9). Finally, w; is
duplicated by rules in (7), and then the two copies of w; introduce two copies
of V2. During the dissolution of membranes in D¢ one copy of V.2 is removed
which proves the statement.

Statement 2 can be seen as follows. The computation starts with removing
the object V;? and introducing one w (first rule in (1)). Then the new membranes
with label (C,a) are dissolved by the corresponding rules in (2). In membrane
(C,b) the first rule of (3) is applied and thus w is duplicated. At this point
membranes with label (C,b) have positive charges, thus only the first rule in (4)
can be applied. After this the corresponding rule in (9) removes one copy of w.
During the next step the first rule in (5) is applied, and then only the first rule
in (6) can be used. Again, one copy of w is removed by the corresponding rule
in (9). Then the first rule in (7) divides membrane (C,d), w is again duplicated,
and by the first rule in (8) each w introduces one copy of V2. During the work
in D¢, one copy of V.2 is removed.

The system has several different computations in the case of Statement 3.
We discuss here only one of them, the remaining ones can be treated similarly.
Assume for example that [¢ contains Cg and Vyﬂ. Then the computation goes
in the same way as in the case of Statement 2 until the application of the
corresponding dissolution rules in (4). But then the second rule in (5) is applied,
and thus, in the next step, only the second rule in (6) can be applied. Therefore
here two copies of wo are introduced. Then the computation continues similarly
as in Case 2 in the proof of Statement 1. However here, when rules from (8)
are applied the system has two copies of ws, and thus two copies of Vf are
introduced by the fifth and sixth rules in (8). One of these copies is eliminated
during the work in De¢. ad

By definition, the initial configuration of ITy(n) satisfies the conditions of
Lemma 1. Then, by the iterated application of this lemma, we get that the com-
putation in a layer l¢ in a block r, (k € [n]) corresponds to the step 5 of
Algorithm H3SN when ¢ = k and ¢; = C. Therefore, the whole computation
of IT5(n) corresponds to the complete work of this algorithm. This justifies the
correctness of ITz(n).

Since I15(n) has polynomial number of membranes in layer ¢, and in ¢ the
number of the applied division rules is constant, we have that dissolving all the
membranes in [ takes polynomial time. As in the initial configuration there are
n blocks and each block has polynomial number of layers, it follows that the
running time of I1s(n) is also polynomial.
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Finally, it can be seen that all the ingredients of IT(n) can be enumerated
by a logarithmic space Turing machine. This, using Proposition1 yields the
following theorem.

Theorem 2. P C (L,L) — PMC g, -

3.2 Simulating Turing Machines

Here we show that, for every polynomial time Turing machine M, an (L,L)-
uniform family Il of polarizationless recognizer P systems can be constructed
such that the members of ITg can simulate the work of M efficiently using only
dissolution and unit rules.

Let M = (Q,X,I,6,90,qa,q-) be an f(n)-time Turing machine, for some
polynomial f(n). Notice that M can use at most f(n) cells of its tape during its
computations. Let k = |Q| and m = |I'|. Assume that Q = {s1,..., sx}, where
$1 = qo, Sk—1 = qq and s = g,. Likewise, assume that I' = {X1, ..., X, }, where
X, = U. The idea of the simulation is the following. The initial membrane
structure p is a composition of f(n)+ 1 blocks (see Fig. 4). The input membrane
is the innermost membrane. During the simulation of the tth step of M, the
objects in the innermost membrane will dissolve all the membranes in the tth
block as follows. Assume that after t — 1 steps M is in state s; (¢ € [k — 2]), the
position of the head is p, and the head scans X;. Then the innermost membrane
of the tth block contains an object O that represents s; and p, and another object
O’ representing X; on the pth position of the tape. The blocks are composed
of k-m - f(n) membranes (that is, in every block, for every state-tape symbol-
position triple there is a corresponding membrane). During the simulation of the
tth step of M, O dissolves all the membranes that correspond to a state s;; with
i/ < i or a position p’ < p. Meanwhile O’ evolves using a counter and at the
appropriate time step it starts to dissolve all the membranes corresponding to

(ff(, \\\

l (5, p, X1, t)

(a) The structure of the re-  (b) The structure of the lay-  (¢) The membranes
gions in [13(n) ers in a region r; in a layer ls, p

Fig. 4. The initial membrane structure of II3(n)
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si, p, and tape symbol X, with j° < j. After this the simulation of one step
of M is performed using the value 6(s;, X;). Then the remaining membranes in
the tth block are dissolved, and the system continues with the simulation of the
next step of M.

Construction of the P System. The uniform family of P systems that will perform
the above described simulation is defined as follows. Let w = a1 . .. a, be an input
of M (ay,...,a, € X) and N = f(n) - k- m. Let cod(w) be a multiset over the
alphabet

2(n) = {(X;,p.0), (s1,p,) |
j €[mlie[k],pe[f(n)],tel0,f(n)],ce [O,N],CI € [0, N +m]}

defined as follows: cod(w) = {(a1,1,0)? ... (a,,n,0)0®} U {(Un +
L0)O (W, £(n),0) O} U (s1,1,0)©. Intuitively, an object (X;,p,t)( in
XY (n) represents the fact that after ¢ steps M has X; on the pth position of
its tape. We call these objects position objects. Similarly, an object (s;,p, t)(c/)
represents the fact that after ¢ steps M is in state s; and the head points to the
pth position of the tape. We call these objects state objects. The indexes ¢, ¢’ are
counters used for technical reasons. It can be seen that cod € L.

Let I3 = {II5(n)}nen be a uniform family of P systems, where II3(n) =
(IC(n), H(n), u(n), W(n), R(n)) is defined as follows:

— I'(n) = X(n) U {yes, no}.

— H(n) ={(si,p, Xj,t) | i € [k],p, t € [f(n)], ] € [m]}.
Intuitively, a label (s;,p, X;,t) corresponds to the following configuration of
M after t steps on w: the current state is s;, the position of the head is p, and
the scanned symbol is X;. We will often call s;, p, and t the state, position,
and time labels of the corresponding membrane, respectively.

— p(n) is a composition S[rye,[...[r1]]] of blocks, where S = [ Jskin, and a
block r; (t € [f(n)]) is a composition of layers defined as follows. For every
i € [k] and p € [f(n)], let Is, pe = [ [ Jsip.x1.8) -+ (50,0, Xm 1), and let 7y =
Lo, po)tle - Lot - Loy pony el Usi el -] - ]] -+ ] (see also Fig. 4).

— The input membrane is the innermost membrane in p(n).
— W (n) is a sequence of empty initial multisets.
— R(n) consists of the following sets of rules:
(1) [(Si’pat)(o)](s,i/,p’,Xj,t+1) - (Siapv t)(o)
(j€lm],ie€k—2],7 €lk], p,p €[f(n)],t€]0,f(n)—1],and ' < i or
P’ <p).
These rules are used to find the first such membrane whose state and
position labels correspond to the state and position stored in the state
object.
(2) [(X;,p.0@ = (X500, x,t1)
(jajl € [m],z € [k]»papl € [f(n)}vt € [Oaf(n) - 1}70 € [O7N - 1])
These rules are used to increment the counter ¢ in the position objects.
When this counter equals to N, the system can start to use rules in (3).
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(3)

[( i Ps ) ](s“p,Xz t+1) — (Xj)pv t)(N)v

[( ]7p7 ) - (XJ ,p,t + 1)(0)](51'7177Xj,t+1)a
[( jvp t)(N) - (Xjap/at + 1)(0)](Si7p7X17t+1)
(jvl € [ ] l<j,ie [k - 2]a pvp/ € [f(n)]a p 7ép/7 te [O7f(n) - 1]7 and
Xjr = proj,(d(si, X;)))-
If the position stored in an object (X j,p,t)(N ) corresponds to the posi-
tion label of the current membrane, then this object starts to dissolve
the membranes until a membrane whose label stores X; is found. When
this membrane is found, (X;,p, t)(N ) evolves according to the value of
d(ss, X;), its counter is reset, and its component ¢ is incremented. Those
position objects that store a different position than the position label of
the current membrane evolve immediately such that their counter is reset
and their component ¢ is incremented. Notice that after performing the
computations by these rules, the position objects have no impact on the
computation in block 7.

(4) [(Si’pa t)(c) - (Sivp’ t)(c+1)](5i,p>xz,t+1)’
[(Siapa t)(N+m) - (Si/7p/7 i+ 1)(0)](81717,)(1,75-"-1)
(ielk—2]i"€lkl,pe[f(n)],t€0,f(n)—1], c€ [N+m—1], 1€ [m],
sir = proj (d(si, X)), p' = max{p + projs(d(si, X1)), 1}).
The counter of the state object is incremented using the first rule. Until
this counter reaches N + m, the appropriate position object can find
the corresponding membrane using rules in (3). Then the state object
evolves according to the value of the transition function of M. Moreover,
its counter is reset and its component ¢ is incremented.

(5) [(Si7p7t + 1)(0)}(si/,p/,Xj,t+1) - (Siap7t + 1)(0)
(i€ [k—2,i" €[k],p,p’ € [f(n)],j € [m],t €0, f(n) —1]).
After simulating a step of M using rules in (1)—(4), the remaining mem-
branes in block r;;; are dissolved by these rules.

(6) [(Skflapv t)(o) - yes]hv [(skvpa t)(o) - TLO]h,
[yes]n: — yes, and [no]p — no
(p,t € [f(n)],h € H(n),h" € H(n) — {skin}).
These rules are used to produce the answer of IT3(n) according to which
halting state is reached by M on the input.

Correctness, Running Time, and (L,L)-uniformity. Let w = a1...a, be an
input of M (ay,...,a, € X). We show that IT3(n) produces yes started with
cod(w) in its input membrane if and only if w € L(M). The work of IT5(n) can
be described as follows. Initially, the object (s1,1,0)() (representing that M
starts its work in its initial state and the head is positioned to the first letter of
the input) is in the innermost membrane of block 1. Now assume that II3(n)
has already simulated t steps of M, that is, the innermost membrane of IT3(n) is
the most deeply nested membrane of block r;; 1, and this membrane contains an
object (s;,p,t)(®), for some i € [k] and p € [f(n)] (see Fig.5). If i € [k—1,k], i.e

M has reached one of its halting states, then IT5(n), using rules in (6) computes
the answer of the system accordingly. Otherwise, rules from (1) are applied until
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a membrane with label (s;,p, X1,t + 1) is reached. Meanwhile, the counter ¢
in position objects is incremented using rules in (2). By the time this counter
becomes N, the corresponding membrane is reached by the rules in (1). Now
those position objects that store different positions than p evolve by the third
rule in (3) to such objects that will be used next time only in the next block
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rey2 (i.e., in the simulation of the next step of M).
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Concerning the position object storing p, assume that this object is
(Xj,p, t)). Then (X,,p, t)™) is used to find that membrane in layer Lo, p+1
whose label contains X;. When this membrane is found, (Xj;,p, t)(N ) evolves
according to the transition function of M. Moreover, its counter is reset and its
time component is incremented. Thus this object is not used any more in this
block.

Meanwhile, rules in (4) are used to increment the counter ¢ of (s;,p,t)(®).
By the time this counter becomes N + m, the position object (X;,p, t)(N) has
reached the membrane it searched for. Now the second rule in (4) is used to
produce object (s, p’,t 4+ 1)) where s; and p’ are calculated according to the
transition function of M. Finally, (s;,p’, t41)(?) is used to dissolve the remaining
membranes of ry1. If this is done, the system is ready to simulate the next step
of M. With this we have seen that IT3(n) simulates correctly the computation
of M on w'.

It can be seen that dissolving a block in the membrane structure takes O(N)
steps and N = O(f(n)). Moreover, IT5(n) has f(n) blocks. Thus the running
time of the system is O(f?(n)), that is, polynomial in n. The (L, L)-uniformity
of I3 follows from the observation that the size of II3(n) is also polynomial in
n. Thus we have the following result.

Theorem 3. P C (L,L) — PMCAM%,M'

As we have observed on page 16, our solution of HORN3SATNORM by P
systems of type AM ¢ yq is such that the number of membranes occurring
on the same level in the membrane structure is at most two during the whole
computation of the system. Let k be a fixed positive integer. We say that a
P system IT is k-bounded, if the number of membranes occurring on the same
level in the membrane structure is at most k in every configuration of each
computation of IT. For a type F of P systems, denote (L,L) —PMC£_, the set
of those problems that can be decided in polynomial time by such (L, L)-uniform
families of P systems of type F which have k-bounded members only. Denote
AM _, those P systems with active membranes that do not employ membrane
division rules. It was shown in [31] that PMC 4, C P. It can be seen by
the generalization of the proof of this result that (L, L) — PMC n_, C P also
holds. Using these and the results obtained in the paper we can give the following
new characterizations of P.

Corollary 1. P = (L,L) - PMCnm,,,, = (L, L) — PMCynm,, 4o,
(L,L) — PMCAMO+H=+d,

1 As we have seen, the main idea in the proof is to use dissolution and object evolution
rules to pass information from the state objects to the position objects, and vice
versa. According to a clever idea appearing in one of the referee reports on a previous
version of this paper, this cooperation could be implemented using only a constant
number of cells per blocks in the initial membrane structure.
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4 Conclusions

In this paper we have shown that uniform families of the following restricted
variants of P systems with active membranes can solve all problems in P: (1)
P systems where only send-out communication rules are used, (2) P systems
where only elementary membrane division and dissolution rules are used, and (3)
polarizationless P systems where only dissolution and unit rules are used. Using
the obtained results concerning variants (1) and (3), and known results about the
upper bound on the power of these variants we could give new characterizations
of P in terms of Membrane Computing techniques.

It remained an open question if the variant (2) could solve problems outside
of P. It is known that this is not possible if the polarizations of the membranes
are not used and the initial membrane structure is a linearly nested sequence of
membranes [30]. It fact, giving a solution of a P-complete problem with variant
(2) when polarizations are not allowed seems to be a challenging task. Never-
theless, we could give another characterization of P using variant (2) where we
made a simple semantic restriction on the computations of this variant.
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Abstract. A kernel P system (kP system, for short) integrates in a
coherent and elegant manner many of the P system features most suc-
cessfully used for modelling various applications and, consequently, it
provides a framework for analyzing these models. In this paper, we illus-
trate the modelling capacity of kernel P systems by providing a number
of kP system models for sorting algorithms. Furthermore, the problem
of testing systems modelled as kP systems is also discussed and a test
generation method based on automata is proposed. We also demonstrate
how formal verification can be used to validate that the given models
work as desired.

1 Introduction

Membrane systems were introduced in [27] as a new natural computing para-
digm inspired by the structure and distribution of the compartments of living
cells, as well as by the main bio-chemical interactions occurring within compart-
ments and at the inter-cellular level. They were later also called P systems. An
account of the basic fundamental results can be found in [28] and a comprehen-
sive description of the main research developments in this area is provided in
[29]. The key challenges of the membrane systems area and a discussion on some
future research directions, are available in a more recent survey paper [20].

In recent years, significant progress has been made in using P systems to
model and simulate systems and problems from various areas. However, in order
to facilitate the modelling, in many cases various features have been added in an
ad-hoc manner to these classes of P systems. This has led to a multitude of P
systems variants, without a coherent integrating view. There have been investi-
gations aiming to produce unifying approaches for several variants of P systems
[13,14], looking mainly at the computational aspects, syntax and semantics. The
concept of kernel P systems (kP systems) [17,18] integrates in a coherent and
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elegant manner many of the P system features most successfully used for mod-
elling various applications and provides a generic framework for specifying and
analyzing these models. Furthermore, the expressive power of these systems has
been illustrated by a number of representative case studies [18,19]. The kP sys-
tem model is supported by a modelling language, called kP-Lingua, capable of
mapping a kP system specification into a machine readable representation. Fur-
thermore, kP systems are supported by a software framework, kPWORKBENCH
[21], which integrates a set of related simulation and verification tools and tech-
niques.

Another complementary method to simulation and verification is testing, a
major activity in the lifecycle of software systems. In practice, software products
are almost always validated through testing. Testing has been discussed for cell-
like P systems and various strategies, such as rule coverage based and automata
based techniques have been proposed [16,24]. Until now, however, testing has
not been discussed in the context of kP systems.

In this paper we further illustrate the modelling capacity of kP systems by
providing a number of kP system models for sorting algorithms. Furthermore,
the problem of testing and formally verifying systems modelled as kP systems
is also discussed.

The key contributions of the paper are: (a) illustrate the modelling capabil-
ity of kP systems by implementing a number of sorting methods - the method
presented in Sect. 3.1 is an extension of the approach introduced in [17,18] which
includes a stopping condition, whereas the other sorting methods are new; (b) inte-
grate the kP systems with a test generation method based on automata; and (c)
formally verifying the sorting problems using the kP WORKBENCH environment.

2 kP Systems - Main Concepts and Definitions

We consider that standard P system concepts such as strings, multisets, rewriting
rules, and computation are well-known and refer to [28] for their formal notations
and precise definitions. The kP system concepts and definitions introduced below
are from [17,18]; some are slightly changed and this will be mentioned.

Definition 1. T is a set of compartment types, T = {t1,...,ts}, where t; =
(Ri,04), 1 <1i <s, consists of a set of rules, R;, and an execution strategy, o;,
defined over Lab(R;), the labels of the rules of R;.

Remark 1. The compartments that appear in the definition of the kP systems
will be instantiated from these compartment types. The types of rules and the
execution strategies will be discussed later.

Definition 2. A kernel P (kP) system of degree n is a tuple
kIl = (A7/1/a 017 ey C’n7i0)7

where A is a finite set of elements called objects; u defines the initial membrane
structure, which is a graph, (V, E), where V are vertices indicating components,
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and E edges; C; = (t;,w;), 1 <i <mn, is a compartment of the system consisting
of a compartment type t; from T and an initial multiset, w; over A; i, is the
output compartment where the result is obtained.

2.1 kP System Rules

Each rule r may have a guard g and its generic form is r {g}. The guards
are constructed using multisets over A, as operands, and relational and Boolean
operators. Let us first introduce some notations.

For a multiset w over A and an element a € A, we denote by |w|, the number
of objects a occurring in w. Let us denote Rel = {<,<,=,#,>,>}, the set of
relational operators, v € Rel, a relational operator, and a™ a multiset. We first
introduce an abstract relational expression.

Definition 3. If g is an abstract relational expression va™ and w a multiset,
then g applied to w denotes the relational expression |w|,yn; g is true with
respect to the multiset w, if |w|,yn is true.

One can consider the Boolean operators — (negation), A (conjunction) and
V (disjunction). An abstract Boolean expression is either an abstract relational
operator or if g and h are abstract Boolean expressions then —g, g Ah and gV h
are abstract Boolean expressions. The concept of a guard is a generalisation of
the promotor and inhibitor concepts utilised by some variants of P systems.

Definition 4. If g is an abstract Boolean expression containing g;, 1 <1i < n,
abstract relational expressions and w a multiset, then g applied to w, denoted
gw, means the Boolean expression obtained from g by applying g;, 1 <1 < n, to
w. The guard g is true with respect to the multiset w, if the Boolean expression
qw 18 true.

Example 1. If g is the guard > a®A > b® V = > ¢ and w a multiset, then gw is
true if it has at least 5 a’s and 3 b's or no more than one c.

If r {g} denotes a rule then its guard, g, is defined by an abstract Boolean
expression. A rule may or may not have a guard. A rule r {g} is applicable to a
multiset w when the left-hand side of r is contained into w and gw is true.

Definition 5. A rule from a compartment Cy, = (t;,,w;,) will have one of the
following types:

- (a) rewriting and communication rule: x — y {g},

where x € AT and y has the form y = (a1,t1)...(an,tn), h >0, a; € A and
t; indicates a compartment type from T — see Definition 2 — with instance
compartments linked to the current compartment; t; might also indicate the
type of the current compartment, t;,, (in this case it is not present on the right
hand side of the rule); if a link does not exist (i.e., there is no link between
the two compartments in E) then the rule is not applied; if a target, t;, refers
to a compartment type that has more than one instance connected to Cj,, then
one of them will be non-deterministically chosen;
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~ (b) structure changing rules; the following types of rules are considered:

e (b1) membrane division rule: [z], — [y1ls,, - - [Yple,, {9}
where x € AY and y; € A*, 1 < j < p; the compartment C, will be
replaced by p compartments; the j-th compartment, instantiated from the
compartment type t;, contains the same objects as Cy,, but x, which will
be replaced by y;; all the links of Cj, are inherited by each of the newly
created compartments;

e (b2) membrane dissolution rule: [J;, — A {g};
the compartment C;, will be destroyed together with its links;

e (b3) link creation rule: [l : [y, — [, — o, 9}:
the current compartment is linked to a compartment of type t;; and x is
transformed into y; if more than one instance of the compartment type i1,
not yet linked to t;, exist then one of them will be non-deterministically
picked up; g is a guard that refers to the compartment instantiated from
the compartment type t;, ;

e (b4) link destruction rule: [z];, — []tli = [Yle,; []tzi {g}:
is the opposite of link creation and means that the compartments are dis-
connected.

The membrane division is defined slightly differently here compared to [17,
18], where each y;, 1 < j < p, is composed of objects with target compartments.

2.2 kP System Execution Strategies

In kP systems the way in which rules are executed is defined for each compart-
ment type ¢ from T — see Definition 1 and Remark 1. As in Definition 1, Lab(R)
is the set of labels of the rules R.

Definition 6. For a compartment type t = (R,o) from T and r € Lab(R),
r1,...,7s € Lab(R), the execution strategy, o, is defined by the following

— 0 = A, means no rule from the current compartment will be executed;

— o ={r} — the rule r is executed once;

-0 = {r1,...,rs} — one of the rules labelled r1,...,rs will be chosen non-
deterministically and executed; if mone is applicable then mone is executed;
this is called alternative or choice;

—o0 = {ri,...,rs}* — the rules are applied an arbitrary number of times
(arbitrary parallelism );

~ o ={r1,...,ms}" — the rules are evecuted according to maximal parallelism
strateqgy;

-0 =o01&...&0,, means executing sequentially o1, ...,0s, where o;, 1 < i <

s, describes any of the above cases, namely X\, one rule, a choice, arbitrary
parallelism or mazimal parallelism; if one of o; fails to be executed then the
rest is no longer executed;

— for any of the above o strategy only one single structure changing rule is
allowed.
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Arbitrary parallelism and maximal parallelism for rewriting and communi-
cation rules, as well as for structure changing rules (cell division, dissolution),
are discussed in [29].

Remark 2. In certain cases the operator & will be ignored and the sequential
execution will be denoted as 0 = 01 ...0s.

3 Sorting with kP Systems

Sorting is a central topic in Computer Science (see [25]). A variety of approaches
to sorting have been investigated, for different algorithms, and with different P
system models. A first approach was [3], in which a BeadSort algorithm was
implemented with tissue P systems. Another approach was [6], in which algo-
rithms inspired from sorting networks were implemented using P systems with
communication. Other papers ([1,30]) use different types of P systems, and refine
the sorting problem to sorting by ranking. A first overview of sorting algorithms
implemented with P systems was [2]. A dynamic sorting algorithm was proposed
in [7]. The bitonic sort was implemented with P systems [8], spiking neural P
systems were used for sorting [10], other network algorithms were implemented
using P systems [9]. Another overview of sorting algorithms implemented with
P systems is provided by [11]. First implementations of sorting with kP systems
were proposed in [17,18].

The problem can be stated as follows: suppose we want to sort x1, -+, x,, n >
1, in ascending order, where x;, 1 <14 < n, are positive integer values. Each such
number, z;, 1 < i < n, will be represented as a multiset a;*, 1 < i < n, where
a; is an object from a given set. In the next sections we will present two sorting
algorithms using different representations of the sequence of positive integer
numbers. More precisely, we start with an algorithm already studied in several
other papers, [2,6] for various types of P systems. Here we implement it using
kP systems, by representing each element x; by a*, 1 < ¢ < n. The multisets
a®,1 < i < mn,are stored in separate compartments, C;, 1 <i < n (Sect.3.1). In
Sect. 3.2 these positive integer numbers are represented by a;’, 1 < i < n, and
stored in one compartment C7; an additional one, Cs, is used for implementation
purposes. In Sect. 3.3 is used again the representation a;’, 1 < i < n, but a more
complex structure of compartments is provided in order to maximise the parallel
behaviour of the system implementing the sorting algorithm. The algorithm used
in Sects. 3.1 and 3.2 makes comparisons of adjacent compartments by employing
a two stage process. In the first stage all pairs “odd-even” are compared (Ca;_1
with Cy;, @ > 1) and in the second stage all pairs “even-odd” are involved (Co;
with CQ»L'+1, 7 Z ].)

3.1 Sorting Using kP Systems with an Element per Compartment

The approach presented below follows [17,18], but stopping conditions have been
also considered and the sequence of numbers is obtained in ascending order.
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Let us consider a kP system, kII;, having n compartments C; = (¢;, w; ),
where t; = (R;,0;), 1 <i < n, and a set of objects A = {a,b,¢,p,p'}. In each
compartment, C;, the initial multiset, w; ¢, 1 < i < n, includes the representation
of the positive integer number ;, i.e., a®, the multiset ¢2(»~1) and the object p
for all odd index values, when n is an even number, and for all odd index values,
but the last, when n is odd. The objects p stored initially in compartments
indexed by odd values indicate that one starts with stage one, whereby “odd-
even” compartment pairs are compared first. The multiset ¢2"~1) will be used
in a counting process, in each of the compartments, that will help stopping the
algorithm when the sorting is complete.

Let us consider for n = 6 the sequence 3, 6, 9, 5, 7, 8. Then the initial
multisets are: wy,0 = aBClop; wa, 0 = aﬁclo;w&o = agclop; Wy,0 = a5clo;w5,o =
a’cpywe o = a®c!®. As n is even, p appears in all compartments indexed by
odd values, i.e., C1, C5, and Cs.

In each compartment Cj;, t; contains the following set of rules, denoted R;,
1<i<n,

r,ca— (byi+1) {>p},i<n;

T2 p— P

rs; P — (p,i+1), for i odd and i < n;
3,0 — (p,i—1), for i even and i > 1;
rag:ab—ala,i—1),4>1;
r5;:b—a,t>1;

ric— A\

The rule 7 is used for implementing the counting process mentioned above.
By using the two stage process of comparing “odd-even” pairs of compartments
and then “even-odd” ones, one needs at most n—1 stages to complete the sorting.
As will be explained below, each stage will involve two steps and consequently
after 2(n — 1) steps one expects to stop the sorting process.

In each compartment C;, the execution strategy is defined according to o; =
{rH{rii,rairsirai}’ {rsi} ", if i is odd; for even values of 4, r3; is replaced
by Té,i~ The execution strategy, o;, tells us that a sequence of three sets of rules
are executed in each step. The first one indicates that one single rule is applied
and then two sets of rules are used, each of them applied in a maximal parallel
manner.

We assume that any two compartments, C;, C;jy1, 1 < i < n, are connected.

In the first step, of the “odd-even” stage, in every compartment one c is
removed by applying r : ¢ — A; then the only applicable rules are ry;,72; in
all compartments indexed by an odd value. Given the presence of p in these
compartments, rules r; ; move all objects a from each compartment with an
odd index value, 4, ¢ < n, to the compartment C;;1 by transforming them into
bs and rules 75 ; transforming p into p’. In the next step, another ¢ is removed
from every compartment and rules r3;,r4;,75,; are then applied. The rules 73 ;
are applied in compartments with an odd index value and r4; are applied in
compartments with an even index value, this means p’ is moved as p from each
C;, 1 an odd value and i < n, to compartment C;;; and every ab, in each Cj,
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j an even value and j > 1, is transformed into an a kept in the compartment
and another ¢ moved to C;_;. At the end of the step, in each compartment Cj,
j an even value and j > 1, and in accordance with the execution strategy, the
remaining b objects, if any, are transformed into as. These two steps implement
comparators between two adjacent compartments, in this case “odd-even” pairs.
If a® from C; and a®+! from Cj;yq1, © < n, are such that x; > x;41 then the
multiset a” is moved to C;11 and a®+* to C;. In the next step, the first of
the second stage, ps appear in even compartments and the comparators are now
acting between pairs of compartments C;, C; 11, where i is even and i < n.

Given that the algorithm must stop in maximum 2(n — 1) steps, one can
notice that in step 2(n — 1) the counter, ¢, disappears, i.e., becomes A, and the
first rule from the execution strategy, r, is no longer applicable and then the next
sets of rules are not executed either. Hence, the process stops with the multisets
codifying the positive integer values in ascending order.

The table below presents the first four steps of the sorting process.

Compartments - Step 01 CQ 03 04 05 Ce

0 a3CIOp aﬁclo a9610p asclO a7CIOp aSCIO
1 Cgp/ a6b3 09 CQPI a5 b9 CQ Cgp/ a8b7 CQ
2 a’c® aﬁcsp a’c® agcgp a’c® ascsp
3 (13 C7 C7p/ a5b607 C7p/ a7b967 CLSC7p/
4 a® cep a®c® a606p a’c® a® cﬁp a8c®

Now, one can state the result of the algorithm presented above and the
number of steps involved.

Proposition 1. The above algorithm sorts in ascending order a sequence of
n,n > 1, positive integer numbers in 2(n — 1) steps.

3.2 Sorting Using kP Systems with Two Compartments

In this section we use a representation of the positive integer numbers 1, -+ , x,
as multisets ai',---,aZ", where aj,---,a, are from a given set of distinct
objects. We consider a kP system, k2, with two compartments C; = (¢, wj o),
1 < j <2, which are linked and A = {ay,...,an,c}. The initial multisets are
wio=aj' a1 and wy g = "L

Finally, the kP system kIl will lead to a multiset agfil ---ap™ in compart-
ment C, such that z;, <--- <z, .

In compartment Cy the rules are
Ry ={aiait1 — (a4,2)(aiz1,2) |1 <i<n A iis odd};
Ro1 ={a; = (ai4+1,2) | 1 <i<n A iisodd};
R31 = {ai — (a;,2) |1 <i<n}.
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We also consider the rule r : ¢ — A, like in the previous section.
Compartment C5 has the rules

Ry 2 ={a;ai+1 — (@i, 1)(ai+1,1) |1 <i<n A iiseven};
Roo={a; — (ai+1,1) |1 <i<n A iiseven};
Rz = {a; — (a;,1) | 1 <i < n};

and the rule r defined above.

The execution strategies of these compartments are the following: o; =
{r}Lab(RLj)TLab(Rgﬁj)TLab(Rg’j)T, ] = 1,2

In compartment C; one implements “odd-even” comparison steps and in
Cy “even-odd” steps. The process starts with compartment Cy. The execution
strategy in each compartment starts by decrementing the counter (using r), then
the comparators are implemented by executing first R; ; and then Ry ;, j = 1,2,
both in maximally parallel manner. After that all the pairs a;,a;+1 are sent to
the other compartment and when af* and a;}}" are such that z; > x;;1 then
a; is transformed into a;41 and sent to the other compartment, i.e., a; and a;41
are swapped and sent to the other compartment. In the last part, are moved to
the other compartment all the objects a;, 1 < ¢ < n, that remained there after
comparisons. This is the case when a pair a; and a;41 has its objects with their
multiplicities, x; and x;41, respectively, in the right order, i.e., z; < z;41.

Clearly after at most n — 1 steps the objects aq, -, a, have their multiplic-
ities in the ascending order and the sorting process stops at step n — 1 as r is no
longer applicable and the execution strategy is not applicable any more.

Proposition 2. The above algorithm sorts in ascending order a sequence of
n,n > 1, positive integer numbers in n — 1 steps.

One can produce a similar implementation whereby the comparison of two
neighbours is made more directly and with simpler rules, but with more complex
guards.

In this case we extend the definition of a guard, by allowing fa™ to be of the
form faf(*), where f(z) is a function over the multisets of objects returning a
positive integer value. For the current multiset z, one can define, for instance,
fo(2) = ||y, Then a rule a — b{> a/*()} is applicable to z if the guard is true,
ie., |z]la > |2]b.

The extended definition of the guard allows us to implement a comparator
with simpler rules than in the previous case. We have the pair of integers x1, 2
represented as a1*!, as"?. Consider the pair of guarded rewriting rules

a1 — ag{> alf‘w(‘)} and as — ar1{< azfal(')}

where fu, (w) = |w|q, and fq, (w) = |w|a, . Then both guards codify the condition
xr1 > T9.

If 1 < x5 the rules are not applicable, while if z1 > x5, then the z; copies
of a; are rewritten as as, and xo copies of ay are rewritten as aj, interchanging
the values and achieving eventually z; < xs.
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A kP system, k13, is defined now for sorting the sequence of n,n > 1, positive
integer numbers. It consists of two compartments C; and Cy which are linked.
They have the same initial multisets like kII5. The sets of rules associated with
these compartments are

— R; consisting of the following subsets of rules (R; is responsible for “odd-even”
stages):
o {c—\};
o Riy={ai— (a1, 2{>a" "} [i= 13 A i<n)
o Ry ={ais — (a:,2){< afi"} i =13 A i <)
L] R371 = {a,- — (ai,2) | 1= 1, ,’ﬂ}.

The function f,, is defined fq,(2) = |2|q;, 1 <@ < n, for any multiset z.

Similarly, one defines Ry in compartment Cy, which is used to implement
the “even-odd” stage. The execution strategy is given by o; = {r}Lab(R; ; U
Rg,j)TLab(R&j)T,j = 1, 2.

Proposition 3. The above algorithm sorts in ascending order a sequence of
n,n > 1, positive integer numbers in n — 1 steps.

Remark 3.

1. The kP system kIl3 has simpler rules (non-cooperative) than kII, (coopera-
tive rules), but the guards of the rules in k1T, are simpler than those belonging
to kUg

2. The number of rules applied in each step to interchange af’ and ajj}' is
mazx{x;,x;11} for kIly and x; + x;41 for kll3. Hence, kIIy uses less rules
than kI3 in each one of the n — 1 steps.

3.3 A kP System for Sorting in Constant Time

We present two sorting methods exploiting more the massive parallelism of the
P systems in general and of the kP systems in particular. In both cases we
consider the integers to be sorted z1,---x, distinct. In the first case one uses
n? 4+ 2n compartments with specific initial multisets and a special arrangement
of links amongst them. In the second case the n? compartments are replaced by
n compartments with simpler initial multisets.

For the first sorting method we consider n? 4+ 2n compartments:

— Ci 4,1 <i,7 < n, where each C; ; will be responsible for a comparison;
- C;, 1 <1i < 2n, where each C;, 1 <14 <n, will collect the results of comparing
x; to the rest; and C;, n + 1 < i < 2n, will collect the sorted result.

The connections between compartments are given by the set of edges

E=U" E;
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where

Each C; ;, 1 < 4,5 < n, will contain the initial multiset w; ;o = a;*a;%a and
the rules

I ) iV et ) Fi(N. .
i ai — a; F{>a;77)}; T a; — a{< a;7"V}; i a — a;

rija — (F,i){> F},

where f;(2) = |2]s, and f;(2) = |2]a;-

The execution strategy is o5 ; = {r] ;,r};, 7", 1}

Note that the rules r; ;,r}; implement a comparator between z; and z;,
similar to the one of the previous section. The modified comparator produces
also a symbol F' (False) when x; > x;, signifying that x; < z; is false. If the
rewriting rules r{ ;,r'; and r{’; have acted, then a single I will be sent to
compartment C; (by using the rule r; ;).

In compartment C;,1 < i < n, we have the initial multiset w; o = a;"*a and

the rules

rira—a;r!ad —ad’;
rio:a;, = (an+D{<FA=ad}rg:a — (a,n+k+1){= FE A =a"},
1<k<n-1.

The execution strategy is o; = {r/, 7/ 750, * ,Tim_1} -
Compartments C;,n + 1 < i < 2n, are initially empty and contain no rules.
The functioning of the system is as follows. Initially, in compartments C; ;,

1 < 4,5 < mn, the rules 77 ;, 7/';, and r}"; act. If z; > z; the values will be

1,79 7,

interchanged and some F's will bje producejd (rules rg,j, r;’j are used), signifying
that z; < z; is false. Also r;”j is used to transform a in a’. If at least one F is
produced in Cj ;, then a single F' will be sent to C;, using rule 7; ;. In parallel,
in each compartment C;, 1 < i < n, in the first two steps the rules 7} and 7} are
applied.

After these two steps, no rules are applicable in C; ;, 1 < 4,5 < n, and in
Ci, 1 <i <mn, the rules r; 5, 0 < k <n — 1, might be applicable, depending on
the number of F's collected. The number of F's tells us how many comparisons
z; < xj, 1 < j < n, are false. If we have k such F's in C}, it means that x; is
greater than exactly k other values, which means that in the sorted order it must
be the (k + 1)-th component. This is accomplished by sending a® in Cjigy1.
The maximum number of F's in C; is n — 1 because C;; will never produce an
F. If there are no F's in C;, this means that x; is the minimum, and a®* will be
sent to Cp41. Compartments C,1;, 1 < i < n, collect the result of sorting. Each
such Cj,4+; will contain at the end of the computation the string a**:, z;, being
the i-th value in the sorted order. The computation has three steps, the first two
ones in which C; ;, 1 <i,5 < n, work, and a third one in which C;, 1 <14 < n,
work.

Proposition 4. The above kP system sorts n integers in 3 steps.
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Remark 4. This algorithm makes extensive use of the n? additional compart-
ments, C; ;, 1 < 14,j < n, their contents, a;’ and a’’, and links with the first
n components, C;, 1 < i < n. This solution, although computationally efficient,
requires an initial, quite complex, setting, i.e., some precomputed resources of
size O(n?). This can be simplified as shown by the next sorting method.

In the second sorting method we consider 2n compartments C;, 1 < i < 2n,
as above and replace the n? compartments, Cij, 1 <1,5 < n, by a much simpler
set of n compartments from which C; ;, 1 < ¢,5 < n, compartments are obtained
by using membrane division rules. Let us say that the new set of compartments
are C, 2n+ 1 < k < 3n, and each C} is connected to a C;, 1 < ¢ < n, such
that £ — 2n = 4. Each compartment Cy, 2n + 1 < k < 3n, contains the initial
multiset wy o = s, where s is a new object. Membrane division rules can be used
to transform each Cj, 2n +1 < k < 3n, in one step, into n compartments C; ;,
1<j<nand k—2n=14,1<1i<n. We could use the rules

[sle = [a1™ @™ aliy -+ [a; ai™ali - - [an™" @i alim

2n+ 1<k <3n,k—2n=1.

Hence one additional step will be added to the algorithm. The rules of C;
will be modified to account for this additional step. We can now formulate the
following result.

Proposition 5. The above kP system sorts n integers in 4 steps.

Remark 5. This algorithm requires 3n compartments, the first 2n have similar
structure to the first 2n compartments presented in the first sorting method,
hence the entire initial settings is much simpler.

4 Simulating and Verifying kP Systems

In Sect. 3, we have illustrated that kP systems provide a coherent and expressive
language that allows us to model various systems that were originally imple-
mented by different P system variants. In addition to the modelling aspect,
there has been a significant progress on analysing kP systems using various sim-
ulation and verification methodologies. The methods and tools developed in this
respect have been integrated into a software platform, called kPWORKBENCH,
to support the modelling and analysis of kP systems.

The ability of simulating kernel P systems is an important feature of this
tool. Currently, there are two different simulation approaches, kP WORKBENCH
SIMULATOR and FLAME (Flexible Large-Scale Agent Modelling Environment).
Both simulators receive as input a kP system model written in kP—Lingua and
output a trace of the execution, which is mainly used for checking the evolution of
a system and for extracting various results out of the simulation. The simulators
provide traces of execution for a kP system model, and an interface displaying
the current configuration (the content of each compartment) at each step. It
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Table 1. List of properties derived from the property language and their representa-
tions in different formats.

Prop. | Pattern (i) Informal query, (ii) Formal query using patterns

1 Existence (i) The numbers will be eventually sorted, i.e. the
multisets representing the numbers will be in
ascending order in the compartments

(ii) eventually (c1.a <=c2.a & c2.a <=c3.a &
cs.a <=cg.a &&cs.a <=cs5.a & cs.a <= cs.a)

2 Universality | (i) Counters in different compartments are always
sync’ed

(ii) always (c1.c = ca.c & cz.c = ¢c3.¢c & c3.c =
ca.c & ca.c = cs5.¢ & ¢5.c = cg.¢)

3 Steady-state | (i) In the steady-state, the numbers are sorted

(ii) steady-state (c;.a <=cz.a & cz.a <=c3z.a &
cs.a <=cg.a &&cs.a <=cs5.a & cs.a <= cs.a)

4 Existence (i) The algorithm will eventually stop

(ii) eventually (c;.c = 0)

5 Response (i) An unsorted state of two adjacent compartments
will always be followed by a sorted one

(11) (ci.a > ci+1.a) followed-by (Ci.a <= Ci+1.a)

is useful for checking the temporal evolution of a kP system and for inferring
various information from the simulation results.

Another important analysis method that kPWORKBENCH features is for-
mal verification, requiring an exhaustive analysis of system models against some
queries to be verified. The automatic verification of kP systems brings in some
challenges as they feature a dynamic structure by preserving the structure chang-
ing rules such as membrane division, dissolution and link creation/destruction.
kPWORKBENCH employs different verification strategies to alleviate these issues.
The framework supports both Linear Temporal Logic (LTL) and Computation
Tree Logic (CTL) properties by making use of the SPIN [22] and NUSMV [15]
model checkers.

In order to facilitate the formal specification, kPWORKBENCH features a
property language, called kP-Queries, comprising a list of natural language state-
ments representing formal property patterns, from which the formal syntax of
the SPIN and NUSMYV formulas are automatically generated. The property lan-
guage editor interacts with the kP-Lingua model in question and allows users
to directly access the native elements in the model, which results in less ver-
bose and shorter state expressions, and hence more comprehensible formulas.
kP-Queries also features a grammar for the most common property patterns.
These features and the natural language like syntax of the language make the
property construction much easier.
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Some of the commonly used patterns are “existence”, “absence”, “universal-
ity”, “recurrence”, “steady-state”, “until”, “next”, “response” and “precedence”.
The details can be found in [21].

We now illustrate the usage of the query patters on the sorting algorithm
given in Sect.3.1. The other algorithms can be considered in a similar manner.
In order to verify that the algorithm works as desired, we have constructed a
set of properties specified in kP-Queries, listed in Table 1. The applied pattern
types are given in the second column of the table. For each property we provide
the following information; (i) informal description of each kP-Query, and (ii)
the formal kP-Query using the patterns. The queries given in Table1 capture
that the algorithm given in Sect. 3.1 works as desired.

We note that both the kP-Lingua model and the queries are automatically
converted into the languages required by the corresponding model checkers. So,
the verification process in kP WORKBENCH is carried out in an automatic manner.

5 Testing kP Systems Using Automata Based Techniques

In this section we outline how the kP systems obtained in the previous sections
can be tested using automata based testing methods. The approach presented
here follows the blueprint presented in [16,24] for cell-like P systems. We illus-
trate our approach on kII,, the application of our approach on the other kP
system modelling sorting algorithms is similar.

Naturally, in order to apply an automata based testing method to a kP model,
a finite automata needs to be obtained first. In general, the computation of a kP
system cannot be fully modelled by a finite automaton and so an approzimate
automaton will be sought. The problem will be addressed in two steps.

— Firstly, the computation tree of a P system will be represented as a deter-
ministic finite automaton. In order to guarantee the finiteness of this process,
an upper bound k on the length of any computation will be set and only
computations of maximum k transitions will be considered at a time.

— Secondly, a minimal model, that preserves the required behaviour, will be
defined on the basis of the aforementioned derivation tree.

Let My = (Ak, Qk, Go,k, Fx, i) be the finite automaton representation of the
computation tree, where Ay is the finite input alphabet, @}, is the finite set of
states, qox € Q is the initial state, Fj, C @ is the set of final states, and
hi @ Qr X Ap — Qy is the next-state function. Ay is composed of the tuples
of multisets that label the transition of the computation tree. The states of Ty
correspond to the nodes of the tree. For testing purposes we will consider all the
states as final. It is implicitly assumed that a non-final “sink” state gg;nx that
receives all “rejected” transitions, also exists.

Consider k117, the kP system in Sect. 3.1, n = 6 and the sequence to be sorted
3,6,9,5,7, 8. Then the initial multisets are: w; o = a3c'Op; Wo 0 = ab¢10; w30 =
a’c'Op; W40 = asclo;w5,o = a’c'Op; We,0 = a8c'%. As kIT is a deterministic kP
system, there is no ramification in the computation tree. For k = 3, this is
represented below.
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Compartments - Step | Cq Cs Cs Cy Cs Cs

0 rr:f,ler r TT%37'273 r 1"7{51"2,5 r

1 rTr31 7”7’2’2 73,3 7”7’247‘45{4 rr3,5 TTZ,G
2 r rr?,Qrg,z r rr?,4r2,4 r 72,6
3 r T30 rr?73r573 T34 r7{5r§,5 TT36

Let us denote

o = (rrilrzyl,r, rr?73r2,3,r, rri5r2,5, T),

oo = (rr371,rri’g,7"7“3’3,7"7“247“;4,1“7“375,7"7“1’6),
ag = (1,8 oro 0, 7,11 4ro 4, T, E),

ay = (r, 1“7"572,7“7"337“573,7"7"574,7“7"{757“%75,7"7“576).

Then, for k = 3, Mk = (Ak;Qkaqo,kyFkyhk); where
A = {ar, a9, 03,04}, Qr = {qok, 91k, 92,k 93,k Qak ) Fk = Qp, and hy, the
next-state function, is defined by: hy(gi—1.5, %) = ik, 1 < i < 4.

As M, is a deterministic finite automaton over Ay, one can find the minimal
deterministic finite automaton that accepts ezactly the language defined by M.
However, as only sequences of at most k transitions are considered, it is irrelevant
how the constructed automaton will behave for longer sequences. Consequently,
a deterministic finite cover automaton of the language defined by M, will be
sufficient.

A deterministic finite cover automaton (DFCA) of a finite language U is
a deterministic finite automaton that accepts all sequences in U and possibly
other sequences that are longer than any sequence in U [4,5]. A minimal DFCA
of U is a DFCA of U having the least possible states. A minimal DFCA may
not be unique (up to a renaming of its states). The great advantage of using
a minimal DFCA instead of the minimal deterministic automaton that accepts
precisely the language U is that the size (number of states) of the minimal
DFCA may be much less than that of the minimal deterministic automaton that
accepts U. Several algorithms for constructing a minimal DFCA (starting from
the deterministic automaton that accepts the language U) exist, the best known
algorithm [26] requires O(n log n) time, where n denotes the number of states of
the original automaton. For details about the construction of a minimal DFCA
we refer the reader to [24,26].

A minimal DFCA of the language defined by My, k = 3, is the following:
M = (A,Q,qo, F,h), where A = A, Q = {q0,91,92,93}, F = Q and h defined
by: h(gi—1, ;) = ¢;, 1 <1i < 3 and h(qgs, aq) = qo.

Now, suppose we have a finite state model (automaton) of the system we want
to test. In conformance testing one constructs a finite set of input sequences,
called test suite, such that the implementation passes all tests in the test suite
if and only if it behaves identically as the specification on any input sequence.
Naturally, the implementation under test can also be modelled by an unknown
deterministic finite automaton, say M’. This is not known, but one can make
assumptions about it (e.g. that may have a number of incorrect transitions,
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missing or extra states). One of the least restrictive assumptions refers to its
size (number of states). The W-method [12] assumes that the difference between
the number of states of the implementation model and that of the specifica-
tion has to be at most 3, a non-negative integer estimated by the tester. The
W-method involves the selection of two sets of input sequences, a state cover S
and a characterization set W [12].

In our case, we have constructed a DFCA model of the system and we are
only interested in the behavior of the system for sequences of length up to an
upper bound k. Then, the set suite will only contain sequences of up to length &
and its successful application to the implementation under test will establish that
the implementation will behave identically to the specification for any sequence
of length less then or equal to k. This situation is called conformance testing
for bounded sequences. Recently, it was shown that the underlying idea of the
W-method can also be applied in the case of bounded sequences, provided that
the sets S and W used in the construction of the test suite satisfy some further
requirements; these are called a proper state cover and strong characterization
set, respectively [23]. In what follows we informally define these two concepts
and illustrate them on our working example. For formal definitions we refer the
reader to [23] or [24].

A proper state cover of a deterministic finite automaton M = (A, Q, qo, F, h)
is a set of sequences S C A* such that for every state ¢ € @, S contains a sequence
of minimum length that reaches q. Consider M the DFCA in our example. Then
A is the sequence of minimum length that reaches qg, o is a sequence of minimum
length that reaches g1, ajas is a sequence of minimum length that reaches go,
aasag is a sequence of minimum length that reaches ¢3. Furthermore, we can
use any input symbol in A\ {1} to reach the (implicit) “sink” state, for example
ag. Thus, S = {\, a1, 19, a1asag, as} is a proper state cover of M.

A strong characterization set of a minimal deterministic finite automaton
M = (A,Q,qo, F, h) is a set of sequences W C A* such that for every two distinct
states ¢q1,q2 € Q, W contains a sequence of minimum length that distinguishes
between ¢; and ¢o. Consider again our running example. A distinguishes between
the (non-final) “sink” state and all the other (final) states. A transition labelled
aq is defined from ¢g, but not from ¢, g2 or g3, so ay is a sequence of minimum
length that distinguishes gg from g1, g2 and ¢3. Similarly, as is a sequence of
minimum length that distinguishes ¢; from ¢2 and g3 and ag is a sequence of
minimum length that distinguishes between ¢; and g3. Thus W = {\ a1, as, a3}
is a strong characterization set of M,

Once we have established the sets S and W and the maximum number 3
of extra states that the implementation under test may have, a test suite is
constructed by extracting all sequences of length up to k from the set

S(A°UAtU---UAHW,

where A’ denotes the set of input sequences of length i > 0.

Note that some test sequences may be accepted by the DFCA model - these
are called positive tests - but some others may not be accepted (they end up in
the (non-final) “sink” state) - these are called negative tests.
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6 Conclusions

In this paper, we have illustrated the modelling power of kernel P systems by
providing a number of kP system models for sorting algorithms. These prove
that the kP systems approach provides a coherent and expressive language that
allows us to model various systems that were originally implemented by differ-
ent P system variants. We have also discussed the problem of testing systems
modelled as kernel P systems and proposed a test generation method based on
automata. Namely, we have outlined how the kP systems can be tested using
automata based testing methods. Furthermore, we have demonstrated how for-
mal verification can be used to validate that the given models work as desired.

In our future work we aim to show how other problems can be solved, tested
and verified by using kP systems and also to prove how existing classes of P
systems can be expressed with this formalism.
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Abstract. The capability of self-organisation belongs to the most fas-
cinating features of many living organisms. It results in formation and
continuous adjustment of dedicated spatial structures which in turn can
sustain a high fitness and efficient use of resources even if environmental
conditions or internal factors tend to vary. Spatial structures in this con-
text might for instance incorporate topological arrangements of cellular
compartments and filaments towards fast and effective signal transduc-
tion. Due to its discrete nature, the P systems approach represents an
ideal candidate in order to capture emergence and evolution of topologies
composed of membranes passable by molecular particles. We introduce
grid-exploring P systems in which generalised membranes form the grid
elements keeping the grid structure variable. Particles initially placed at
different positions of the grid’s boundary individually run through the
grid visiting a sequence of designated membranes in which they become
successively processed. Using artificial evolution, the arrangement of
membranes within the grid becomes optimised for shortening the total
time duration necessary for complete passage and processing of all par-
ticles. Interestingly, the corresponding framework comprises numerous
practical applications beyond modelling of biological self-organisation.
When replacing membranes by queue-based treads, tools, or process-
ing units and particles by customers, workpieces, or raw products, we
obtain a multi-purpose optimisation strategy along with a simulation
framework. Three case studies from cell signalling, retail industry, and
manufacturing demonstrate various benefits from the concept.

1 Introduction and Background

Living organisms appear almost perfectly adapted to environmental conditions.
A plethora of elaborated survival strategies in concert with highly optimised
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form and function enables maintenance of individuals (autopoiesis) as well as
long-term persistence of entire biological species or colonies. Impressive exam-
ples range from nanoscaled intracellular pathway mechanisms [9,14] via shapes
of tissues or seeds [17] up to complex behavioural patterns of ant colonies,
construction of insects’ nests, or positioning of foxholes within a bumpy land-
scape [3,4,18]. All these phenomena have in common that spatial structures and
arrangements follow the best possible way to fulfil a useful function in helping
the organism to cope with realities.

Sometimes, a more or less static formation of a structure is sufficient. Let
us consider for instance the common sunflower (Helianthus annuus). Its florets
in the head are arranged in a way to assure a maximum exploitation of light
energy since the individual florets have small offsets to each other. This in turn
gives two advantages: Firstly, the shadow induced by a floret cannot significantly
cover another floret. Secondly, the total number of florets within the sunflower’s
head reaches its maximum by close packaging [20]. To this end, the florets form
centered spiral structures (Fermat’s spirals) whose rotation angle resembles the
golden ratio expressed by Fibonacci numbers, see Fig. 1 left part.

The scenario becomes more complicated when considering temporally
dynamic control of spatial structures in an adaptively continuous manner instead
of a one-time static formation. Resulting systems turn out to be highly robust
against perturbations and damages [8]. An illustrative example in this context
can be seen in the wide cardiovascular network of human blood vessels [21]. The
existence and reliability of this circulatory system is essential for supply of each
single cell with nutrients, metabolites, hormones, and other messengers. The
underlying topology of the cardiovascular network obviously follows its function
taking into account a minimum need of material resources and mechanical energy
[23]. Mostly, this becomes evident by the placement of branches and junctions
successively dividing arteries and capillaries towards more and more fine-grained
spatial structures sketched in Fig. 1 right part. Interestingly, the cardiovascular
network topology re-organises during the whole life time [15].

Both aforementioned biological examples — arrangement of florets in sun-
flower heads as well as the cardiovascular network topology of human blood
vessels — demonstrate the capability of self-organisation. There are much more
examples in many facets of biology and medicine. In all cases, spatial structures
exhibit a certain flexibility which has been permanently utilised to find out the
best possible topology to achieve adaptively under present constraints. Modi-
fications affecting the topology have been initiated endogenously which means
without any external control. Inspired by its potential in nature, we are going
to develop an abstract descriptive framework for exploration of self-organisation
in-silico on a two-dimensional grid along with a corresponding software for sys-
tem’s configuration and behavioural simulation. The P systems approach in gen-
eral provides an ideal candidate to formalise this framework since it can directly
cope with dynamical structures due to its employment of algebraic elements and
flexible hierarchically nested compositions from that.
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network of capillaries

arrangement of florets in sunflower artery vein

Fig. 1. Biological examples of spatial structures emerged from self-organising formation
and maintenance. Left: Close two-dimensional packaging of florets in a sunflower head
forming Fermat’s spirals [20]. Right: Schematic representation of a cardiovascular
network structure composed of blood vessels by self-organisation.

What stands out after study of diverse systems equipped with self-
organisation is that in a majority of cases the optimised topology has been
passed by particles. Typically, the particles carry a dedicated meaning for the
underlying system such as providing information, energy supply, or messages.
For instance, hormones as particles within the blood stream should fast and
safely reach their specific destination cells coupled to the blood vessels. Pho-
tons assumed as particles should intensively and homogeneously penetrate the
sunflower florets instead of getting lost aside. In other words, the entirety of
particles passing through the topology defines the fitness of the topology on its
own. During passage, a particle is allowed to consult a predetermined sequence
of destinations within the topology in terms of a signalling cascade. Here, each
destination acts as a processing unit for particles which in turn successively pro-
ceed and finally leave the system or get consumed. In the end, the whole amount
of time necessary to completely process a given initial setting of particles mea-
sures the quality of the underlying topology under study. Slight modifications of
the topology can lead to a better, worse, or unchanged quality. Those produc-
ing a better quality are retained. Modifications of the topology characterise an
adaptive self-organisation able to manage varying settings of particles over time.

2 Identification of Interdisciplinary Application Scenarios

Potential applications of self-organising topologies are not restricted to mod-
elling of pure biological phenomena. Particularly, the fourth industrial revolution
(“Industry 4.0”) comes along with an increased need of so-called self-X proper-
ties [13]. Formerly large-volume fabrication of uniform products has been more
and more transformed into assembly of highly individualised products. To this
end, instead of mass-products, a huge variety of customised goods emerges. In
order to successfully manage the underlying production processes, a continuous
self-configuration, self-optimisation, and self-organisation of involved machines,
processing units, and manufacturing facilities becomes essential. So, the place-
ment and arrangement of moveable machines within a factory building could
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re-organise according to the current production order. In this way, groups or clus-
ters of machines placed close to each other enable a cascaded form of production
with short transportation distances of raw products. Here, a self-organised topol-
ogy of machines aims at fastest passage and successive processing of raw products
towards final products. In this scenario, the raw products act as particles while
the underlying two-dimensional grid is composed of regions (“membranes”), each
of them covered by a machine or forming a paved area for transportation. Hav-
ing in mind that several types of machines can exist and raw materials prior to
raw products may enter the grid at different entries, a non-trivial optimisation
problem occurs in which the best possible topology needs to be found. Whenever
there is a change of the production order, the optimisation problem arises again.
Coping with dynamical structures within a formal framework turns out to be a
final clue which opens a new field of applications for the P systems approach.
Another non-biological example of a self-organising two-dimensional grid of
membranes passed by particles comes from retail industry when considering
a typical supermarket. Nowadays, the arrangement of products at the two-
dimensional ground follows a sophisticated scheme resulting from modern sales
psychology. Customers should stay for a long time in the supermarket discover-
ing more and more attractive products alongside their route from the entry to
the cashpoints. In contrast, let us imagine an alternative form called “Supermar-
ket 2.0” reflecting the habit of educated customers: They know in advance what
products they are looking for. In addition, they permanently suffer from lack of
time. This type of customers is interested in finding all desired products as fast
as possible walking across the supermarket at the shortest possible path. Scan-
ners in concert with contact-free automatic payment could further accelerate the
shopping. While passing a supermarket’s exit, the customer confirms the price
to pay simply by pressing a button and having the debit card in the pocket. This
concept has been already under test study [6,25]. It avoids the queue in front
of conventional cashpoints. In this context, an optimal placement of products
adapted to the preferences of educated customers defines an appealing scenario
for a self-organisation framework in which customers represent the particles.
Motivated by these and many further application scenarios, we introduce
grid-exploring P systems for topological optimisation of cascaded processes.
Here, self-organisation towards fastest passage and processing of particles is
carried out using artificial evolution which in turn cares for variation of grid
elements. Since grid elements constitute membranes able to be entered and left
by particles, the metaphor of walking membranes depicts the central idea traced
throughout this paper. Principles of self-organisation have been addressed in
the field of membrane computing from time to time. Tissue P systems [16]
reflect the idea of a membrane grid. By grid-exploring P systems, we extend
the notion of tissue P systems by dedicated transmembranous instructions
(sequences of processing units) to be executed by each particle. Modelling of
swarm-based multi-agent systems succeeded using population P systems [27]. In
[2], self-assembly by consecutive membrane division in population P systems was
modelled. Self-adaptive and reconfigurable distributed computing systems were
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introduced in [1]. Here, self-organisation is employed to minimise failures in
network partitioning. Each node in the network stands for a uniform type of
processor. When looking at self-modifiable sequences of instructions able to com-
pose functional chemical units (modules) on the fly, we refer the reader to [12].
In [10], evaluation, accumulation, and categorised counting of particles initially
positioned at a planar two-dimensional surface was considered for image analysis
using blotting P systems. Some approaches in membrane computing are directed
at modelling of dynamical structures in various facets. For instance, variable
molecular structures expressed by modifiable character strings became apparent
in [11] while active membranes flank the notion of P systems almost from its
beginning [19].

In the following section, we familiarise the reader with the general concept of
grid-exploring P systems which also sheds light on the assumptions made towards
an abstract, flexible, and nevertheless widely practicable framework. After that,
Sect. 5 is dedicated to define the underlying formalisms and algorithms compris-
ing the framework of grid-exploring P systems and their behaviour over time.
Our model comes along with three case studies revealing the overall capability of
explorative two-dimensional grid optimisation in different application scenarios.
First, we address biological cell signalling by taking into consideration several
pathways (Sect.6.1). Placement of receptors in conjunction with downstream
signalling cascade destinations can induce a broad spectrum of latencies prior to
cell response depending on the type (urgency) of stimulus signal. Beyond biology,
Sect. 6.2 is focused on a production scenario in manufacturing. Here, an opti-
mised placement of processing units for cascaded production of several goods is
exemplified by a cabinet maker’s workshop. The advantage of specific islands of
machine tools over conventional production lines becomes visible. In Sect. 6.3, we
develop an experimental idea of a possible alternative supermarket in the future
whose arrangement of products follows the needs of educated customers in hurry.
Even if a bit visionary, this example could sketch a new prototype of supermarket
dominated by groups of frequently chosen product combinations. Final remarks
discuss the concept of grid-exploring P systems regarding its extensibility for
further work.

3 General Concept

Basic prerequisite for the topological optimisation is a configurable initial n x m
grid composed of membranes as grid elements. In this context, a membrane
represents a square-shaped region or area able to be entered, passed, and left by
particles. In addition, membranes can also process or consume particles during
passage. According to its functional purpose, we assume different predefined
types of membranes:

— A paved area allows particle transportation. The corresponding membrane
can be passed by particles in all directions without any processing or modi-
fication. Each paved area comes with two individual parameters: Its capacity
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defines the maximum number of particles permitted to stay inside the mem-
brane at the same time. In case of exhausted capacity, no further particles can
enter. Another parameter is the duration of passage, expressed by a natural
number > 0. Its value marks the minimum number of time steps each particle
must reside inside the membrane. Afterwards, it can leave the membrane by
entering an adjacent membrane if possible. In its entirety, paved areas make
accessible the grid for particles. When placed adjacent to each other, sequenced
paved areas develop pathes throughout the grid to be trodden by particles.
Paved areas placed at the outer boundary of the grid act as combined entries
and exits. Each grid must have at least one entry/exit.

— A blocked area is a permanently empty membrane forbidden to become
entered by particles. Using blocked areas, fixed zones can be excluded from any
topological consideration and variation. This enables incorporation of specific
immutable features of the underlying landscape or ground.

— A processing unit specifies a membrane able to affect particles which are
permitted to enter from all adjacent paved areas. Since processing of particles
can happen in a varied manner, we distinguish different types of processing
units. The number of processing unit types can be arbitrarily chosen but at
least one is mandatory. For simplicity, we assign a capitalised letter starting
from A for each processing unit type. The grid example shown in Fig. 2 utilises
three types denoted by A, B, and C. Addressed by its name, each processing unit
type comprises two attributes for its behavioural specification. The processing
duration, a natural number > 0, indicates the number of time steps necessary

a 8 BABC

types of membranes
processing unit type A

Iz‘ kind of processing: * —> * (passage)
processing duration: 3

processing unit type B
B kind of processing: * —> * (passage)
processing duration: 1

c 7 ABAB b 8 aBC

processing unit type C
C B kind of processing: a + b —> d (assembly)

processing duration: 1

d 10 B

paved area for transportation
particle capacity: 50
duration of passage: 1

D blocked area forbidden to enter

Fig. 2. Example of a predefined 9 x 11 grid with 7 entries/exits and 7 processing
units marked by capitalised letters. From each processing unit, any processing unit of
different type can be reached via paved areas. Initially, particles are placed in front
of entries. There are four categories of particles called a, b, ¢, and d. Each particle is
obliged to consult the corresponding sequence of processing units. By doing so, it can
either be consumed within a processing unit (like in unit C which assembles a+b — d
by consumption of particles a and b) or finally runs to the nearest entry/exit after
completion of processing.
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to carry out the processing. Furthermore, the kind of processing is given. Here,
either the mode passage or assembly are available.

e Passage, marked by * — *, leaves intact each entering particle which
migrates to an adjacent membrane after processing as soon as possible.
At the same time, at most one particle is allowed to be present in the
processing unit.

e Assembly emulates a composition, incorporation, or unification of two
particles which results in a particle again. Let particles a, b, and ¢ be
present within the grid, assembly can be of the form a +b — ¢ (compo-
sition) but also a + b — a (incorporation) or a + a — b (unification). In
the assembly mode, exactly two particles of the processed form are per-
mitted to reside simultaneously within the processing unit. Along with
assembly, these two particles are consumed releasing the corresponding
product particle to leave the membrane as soon as possible.

Several instances of processing units of each type might be placed at the
initial grid. Each processing unit must be reachable via at least one paved
area. Adjacent positioning of processing units is forbidden in order to imply
a transportation phase between subsequent processing steps.

Figure 2 illustrates an example of an initial grid configuration complemented by
the placement of particles before passing the grid. For system’s setup, we distin-
guish an arbitrarily chosen but final number of particle categories, for simplicity
named by lower-case letters beginning from a. Each particle category comprises
the total number of individual particles together with a uniform final sequence of
processing unit identifiers to be passed. All particles from the same category are
collectively placed in front of an arbitrary entry/exit of the grid. In the example
shown in Fig.2, there are four categories of particles (a, b, ¢, and d). Within
this example setting, a total amount of 8 particles from category a are situated
on top of the only entry/exit at the upper bound of the grid. Each particle from
a must migrate to the nearest processing unit from type B, then A, B again, and
finally C. Since C consumes particles of category a, their passage is finished there.
Otherwise, particles after all steps of processing run to the next entry/exit to
leave the grid.

Having the initial grid with its membranes and placement of particles at
hand, a behavioural simulation traces the passage of the particles through the
grid over time until all particles from all categories left the grid or got consumed.
The corresponding total number of times steps taken from a global clock marks
the fitness of the grid under study. The fitness measure reflects the suitability
of the grid for processing all particles in the desired manner. In the example
given in Fig. 2, we obtain a fitness of 98 time steps. Please note that a particle
must wait inside a membrane if the subsequent membrane on its route cannot be
entered since it is fully occupied. In this way, the passage could get delayed. By
variation of the topological arrangement of processing units within the accessible
part of the grid, the corresponding fitness values might deviate from each other.
The faster a grid can process all particles, the higher its fitness. It may happen
that a grid cannot completely process all particles due to two reasons: In case
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of a deadlock (circular path of membranes whose capacities are exhausted) or
in case of persisting particles unable to become assembled due to lack of their
counterparts, the overall duration of passage (execution time) is set to co which
implies worst possible fitness. Out of the initial grid, a variety (“population”)
of grids is generated using artificial evolution. To this end, we introduce two
operators called recombination and shift able to modify the grid topology:

— Recombination randomly selects two processing units out of the whole
grid. Both processing units get exchanged with each other. In case that either
processing units are from the same type, the recombination has no effect, and
the original grid is reproduced.

— Shift randomly picks one processing unit which swaps its place with one of
the adjacent paved areas which in turn have been also identified by random
in equipartition.

The initialisation phase of the artificial evolution creates a population of
grids. Here, a number of copies (“individuals”) from the initial grid is produced.
Each of them undergoes either a recombination or a shift in which the occurrence
of both operators is kept in parity. All grids emerged in this way are checked
for validity. Invalid grids become removed from the population and replaced by
additional ones until the desired population size is reached. A typical popula-
tion size in our case studies comprises 50 grids. An individual fitness evaluation
reveals the qualities of all grids in the population. The ascending order of fitness
values identifies at its end a number of worst grids (20% of the population size)
to be eliminated from the population. From the surviving grids, an appropriate
number of copies is made and each of them tackled once by an evolutionary
operator in order to fill up the population. So, the new generation of the grid
population consists of a mixture of parents and offsprings in which the original
initial grid always persists independently of its fitness in order to ensure a revi-
talisation of the population if necessary. We run the evolution loop until there
is no improval of the best fitness over 100 generations. An optimisation result of
the initial grid exemplified in Fig. 2 is shown in Fig. 3.
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Fig. 3. Four evolutionary cycles can improve the fitness from 98 time steps (initial grid,
left part) to 75 time steps (final grid, right part). Placement of particles and parameter
setting of processing units and paved areas remain unchanged. The underlying artificial
evolution carries out a self-organising optimisation of the grid topology in order to
diminish the overall time of passage for all particles from the initial placement.
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4 Reflecting Related Paradigms and Heuristic Concepts

The intended topological grid optimisation turns out to be a hard computational
task. A complete enumeration of all potential grid layouts representing all combi-
nations for placement of processing units implies a finite but huge search space.
Its size exponentially grows with the number of grid areas. From a technical
point of view, grids with approximately 30 or more areas elude an optimisa-
tion conducted by complete enumeration due to the infeasible need of computa-
tion time. In this context, employment of suitable heuristics appears to be the
method of choice in order to obtain practicable results close to the global opti-
mum within reasonable time. All heuristics have in common the incorporation
of random in order to select elements from the search space whose quality as
a solution candidate is evaluated. Based on this outcome, further search could
prefer similar (related) elements in case of a high quality or distant elements
otherwise. A large variety of heuristics at hand differs in the specific manner
on how these steps are organised. Interestingly, the no-free-lunch theorem states
that over many combinatorial optimisation problems and problem instances,
different heuristics produce final solutions with similar quality and with similar
performance in average. There is no “better” or “worse” heuristics in general [5].
Among the variety, artificial evolution comes with several beneficial properties.
Most notably, effective evolutionary operators able to explore the search space
intuitively result from the compositional nature of the grid. While recombination
(see previous section) emphasises a rough exploration of the search space due to
its strong influence on the grid topology, the shift operator in contrast carries
out a fine tuning. This interplay of operators along with efficient fitness evalu-
ation and well-tried experiences in setting and parameterisation of evolutionary
programming schemes makes artificial evolution our favourite tool. Moreover,
its intention comprising a population of individuals composed of algebraic ele-
ments comes close to the notion of membrane systems. Other formalisms like
for instance cellular automata [24] or Petri nets [22] require additional effort in
order to manage a population of grids. Furthermore, the practicability of fitness
evaluation necessitates extensions of the formalisms as well. Alternative heuris-
tics beyond artificial evolution are worth to be discussed [7]. Although inspired
by different approaches, some of them lead to analogical implementations. Rein-
forcement learning gives an example for that. Here, a modification of the grid
topology is also obtained by move or exchange of processing units. Modifications
inducing a better solution become successively rewarded. Simulated annealing
also follows the idea of stepwise grid modification taking into account that in
the beginning of the optimisation process more tremendous topological changes
are allowed than in a later phase which is controlled by a temperature function
which in turn seems hard to parameterise for our purpose. Swarm-based methods
and hill climbing exhibit a widely gradual approximation towards the optimum
ideally for fitness landscapes with a low number of local optima. However, a
topological grid optimisation needs to cope with numerous local optima widely
distributed within the search space. In consequence, we decided on implementa-
tion of an evolutionary programming approach based on a membrane system.
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5 Grid-Exploring P Systems: Definitions and Formalisms

5.1 Algebraic and String-Operational Prerequisites

Let A and B be arbitrary sets, () the empty set, N the set of natural numbers
including zero. The term |A| denotes the number of elements in A (cardinality).
The Cartesian product of A and B is written by A x B. A multiset over A is a
mapping F' : A — N. A multiset can also be specified by unordered enumeration
of multiple elements like for instance {a, a, b, a,b} instead of {(a,3), (b,2)}. The
support supp(F) C A of F is defined by supp(F) = {a € A|F(a) > 0}. A
multiset F' over A is said to be empty iff Va € A : F(a) = 0. The cardinality

|F| of F over Ais |F| = > F(a). Let Abeaset,a € A,and F: A — N a
acA
multiset. We define the removal F\{a} < F(a) := F(a)—1 and the incorporation

F U {a} & F(a) := F(a) + 1, respectively.

Let X be an alphabet, € the empty word, and w € X* a word over Y. The
symbol z € X is called prefix(w) iff w = a2y and y € X*. The symbol z € ¥
is called suffiz(w) iff w = yz and y € X*. Let u,v € X* words over the same
alphabet. Concatenation u@v := uv appends v to u. For removal of the leftmost
symbol z from a word w, we define w © z := y with w = xy.

5.2 Definition of System Components

A grid exploring P system I1 is a construct
HD = (m, n, 2F7 EP; Gmbrn57 Gcapam Gdurata F; P)

with its components

meN\{0} number of grid columns
ne N\ {0} ... number of grid rows
D P alphabet of processing unit types
D alphabet of particle categories

Gmbrms - {1,...,m} x{1,...,n} — XpU{#}U{L}
grid of membranes, denoted by a matrix and represented by a func-
tion whose arguments identify column and row. Assigned function
values provide the type of membrane at the corresponding grid
position. Available types are processing units (€ X'r), paved areas
(#), and blocked areas ().

Geapac : {1,...,m} x{1,...,n} — N
capacities of grid elements which define the maximum number
of particles allowed to be present at the same grid membrane
simultaneously. Blocked areas are assumed to have a capacity of 0.
All other membranes should constitute individual capacities > 0.
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Gaurat : {1,...,m} x {1,...,n} — N\ {0}
durations necessary for particle passage or processing individu-
ally assigned to each membrane within the grid. Each duration is
expressed by a number of time steps.

F:Yp — {x}UX? .mode (kind of processing) for each processing unit type

P:{((&,5),p. f)|ie{l,....m}nje{l,....n}ApeX,NfeXs} — N
finite multiset of particles. Each particle comes with individual
attributes such as its position (i,7) at the grid, its category p,
and a finite sequence (word) f of processing unit types to be
consecutively passed through.

5.3 Auxiliary Data to be Obtained Prior to System’s Evolution
Undirected Graph (V, E) of Routes Through the Grid of Membranes
V= {(a,b) | Grabens(@,b) € Sp U {#}} and E C V x V with

E= { ((a” b)7 (C, d)) ’ ((Cv d)7 (a” b)) | Gmbrns(avb) €EXr U {#} A
Gubms(c,d) €ZpU{#} A (la—c| =) Ab=d)V(([b—d =1)A(a=c)))}

The graph (V, E) identifies the adjacence structure of grid membranes. Each
accessible membrane of the underlying grid results in a node while adjacent
membranes get bidirectionally connected by edges.

Shortest Routes Through Graph (V, E)

Using the Floyd-Warshall algorithm [26], the shortest path from each node to
each other node along with its length is calculated by filling two matrices.
matrix of shortest routes Hyoute : V XV — V*

matrix of shortest distances Hgist : V XV — N U {00}

for (i,j) €V xV:
Hroute@,j) =&
Hdist(i7j) = {

for (k,l)eV:
for ((o,p),(q,7)) € E:

dist 1= Hdist((07p)7 (kv l)) + Hdist((kv l)7 (Q7 T))
if (diSt < Hdist((07p)7 (q> ’f’))):
Hais((0,p), (g, 7)) = dist
Hroute((0,p), (¢, 7)) := Hroute((0,p), (k,1)) & (k,1) ® Hroute((k,1), (¢, 7))

Check for Validity of the Grid of Membranes

Since the grid must be passable by the particles in the desired sequence of

processing units, a validity check of the grid prior to its fitness evaluation and

optimisation is required. Invalid grids cannot be handled. We formulate the
validity check by a number of constraints which have to be met in conjunction:

1 iff (4,j) € E
oo otherwise
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— at least one entry/exit is available in the grid

— no processing unit is placed at the outer grid boundaries

— there are no adjacent processing units

— each processing unit type is reachable from each other processing unit

— each route from an any processing unit to another one takes course exclusively
via paved areas

— from any processing unit at least one entry/exit is reachable

— from each entry/exit each processing unit type is reachable

Auxiliary Function Estimating Next Membrane Towards Nearest Exit
After a particle has passed all processing units, it runs to the nearest exit. To
do so, we provide an auxiliary function which detects for all accessible grid
membranes (for all nodes in V) the next membrane to be entered in order
to reach the nearest exit. We implement succ_to_exit : V — V called by
succ_to_exit(Z,j) in pseudocode.

min = 0o for be {1,...,n}:
Ti=c if (Hgist((4,7), (1,0)) < min):
if (i=1Vi=mVj=1Vj=n): min = Hgit ((2,7), (1,0))
succ_to_exit (i, j) := (4,]) x := Hroute((3,7), (1,0))
else if (Hgist ((4,7), (m, b)) < min):
for a € {1,...,m}: if (Hgist((4,4), (m, b)) < min):
if (Hdist(M7 (a,1)) < min): min = Hyist((4,5), (m, b))
min = Hdist((ivj)7 (av 1)) min = Hdist((ivj)v (m7 b))
z 1= Hroute((1,7), (a,1)) z 1= Hroute((1, ), (M, b))
if (Hgist((4,7), (a,n)) < min): if (z=¢):
min = Hyist ((4, 7), (a,n)) succ_to_exit(s,j) := (4,7)
z = Hroute((%,7), (a,n)) else

succ_to_exit(s,j) := prefiz(x)

Function Estimating Next Membrane Towards Next Processing Unit
Analogously, we make available an auxiliary function succ_to_proc_unit :
V x X — V which detects for all accessible grid membranes (for all nodes in
V') the next membrane to be entered in order to reach the nearest processing
unit from type f € F. The function is called by succ_to_proc_unit((i,j), f).
min .= o00; T :=¢
1 (Grapens(ir7) = f): suce_to_proc_unit((i,5), f) = (i, )
else
for a € {1,...,m}:
for be{l,...,n}:
if ((Gmbrns(a7 b) = f) A (Hdist((ivj)v (a, b)) < mm))
min 1= Hdist((ivj)a (av b )
@ := Hroute((4,4), (a,b))
if (z =¢): succ_to_proc_unit((,7), f) := (4,7)
else

=

succ_to_proc_unit((4,7), f) := prefiz(x)
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5.4 Passing the Particles Throughout the Grid for Estimation
of Total Overall Execution Time

The fitness of a grid together with its initial placement of particles is
expressed by the overall execution time which means the number of time
steps necessary to process all particles and run them outwards the grid.
The formal description of the fitness evaluation is based on a global clock
counting the number of time steps on the one hand and the succes-
sive progression of the P system’s configuration on the other. Let @ =
{(@9),p f)lie{l,....m}nje{l,....n}Ape U, ANfe X} — N be an
arbitrary multiset of particles located within the membrane at grid position (i, j).
We capture a configuration of I at time ¢ by a triple (Qprocessing: @migratable; t)
in which t € NU {oco} marks a point in time. Qprocessing : V — (supp(Q)xN —
N) assigns to each grid position (4, j) a multiset of particles present in this mem-
brane and being processed. Along with insertion of a particle into Qprocessing, &
time stamp is assigned. This is necessary in order to decide when the processing
is over. In addition, Qmigratable : V' — @ contains for each grid position all par-
ticles locally processed and ready to migrate to the adjacent membrane as soon
as possible. The fitness function fitness : (IIg) — ¢ determines the number
of time steps to pass all particles up to the finally empty grid. To this end, the
global clock starts with 0, the initial configuration is set up, and afterwards a
loop becomes iterated in which the configuration is updated and the number of
elapsed time steps increased by 1.

t:=0
for a€ {1,...,m}:
for be {l,...,n}:

Qprocessing(aw b) = 0

Qmigratable(a7 b) =10

for ((i,5),p, f) € P:

it ((a=i)A(b=7)):
Qprocessing(a7 b) = Qprocessing(aa b) U {((M’p’ f)7 t)}

while <Z Z (|Qprocessing(aa b)| + ‘Qmigratable(aa b)|) > 0) :
b=1a=1
t:=t+1

for a€ {l,...,m}:
for be {l,...,n}:
for (((ivj)7pa f),T) € Qprocessing(% b)5
if ((a=i)A(b=j)):

if (t > T+ Gdurat(a, b))
Qprocessing(a7 b) = Qprocessing(a, b) \ {(((ivj)vp, f)7 T)}
Qtrligratable(a7 b) == Qmigratable(av b) U{((4,9),p, )}

for ((i,j),p, f) € Qmigratable(a7 b):
if (Gmbros(a,b) = #):

if (f=e¢):
if ((=1)Vv@E=m)v({i=1)V({=n)):
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Qmigratable(a7 b) = Qmigratable(av b) \ {((171)7pf)}
elseif (|Qprocessing(succ_to_exit(i,j))| +
Qmigratable (succ_to_exit(i,7))| < Geapac(succ_to_exit(i,5))):
Qmigratablc(a’ b) = Qmigratablc (av b) \ {((7'7 j)7p7 .f)}
Qprocessing (succ_to_exit(, j)):=Qprocessing (Succ_to_exit(s,5))
U {((succ_to_exit(s,j),p, f),t)}
if (Gmbrns(a7 b) €Xr A F(Gmbrns(a7 b)) = *):
if (f=¢):
if (|Qprocessing(Succ—to—exj-t(ivj))| +
Qmigratable (succ_to_exit(i,7))| < Geapac(succ_to_exit(i,j))):
Qmigratable(a7 b) = Qmigratable(a7 b) \ {((i,j),p, f)}
Qprocessing(succ—to—eXit(i7j))::Qprocessing(Succ—to—exj—t(ivj))
U {((succ_to_exit(i,5),p, f),t)}
elseif (|Qprocessing(succ_to_proc_unit((i,J), prefiz(f))| +
Qmigratable(succ—to—proc—unit((iv .7)7 preﬁx(f))\ <
Geapac(succ_to_proc_unit((, 7), prefiz(f)))):
Qmigratable(a7 b) = Qmigratable(av )\ {((G,5):p, )}
Qprocessing(Succ—to—Proc—unit((i7j)7 p"'eﬁz(f) )
Qprocessing(Succ—to—proc—unit((iv J3), prefiz(f))) U
{((succ_to_proc_unit((i, ), prefiz(f)),p, f © prefiz(f)). 1)}
if (Gubrns(a,b) € Xr A F(Gmbrns(a, b)) # *):
if (p = preﬁx(F(Gmbrns(av b))))
q = F(Gubens(a, b)) © prefic(F(Gupms(a, b)) ©
suffiz(F(Gmbrns(a, b))

partner := false
if ((('Lv] + 1)7 q, Gmbrns(av b+ 1)) € Qmigratable(av b+ 1)) :

partner := true
Qmigratable(a7 b+ 1)) = Qmigratable(a: b+ 1)) \
{((7"] + 1)a q, Gmbrns(a: b+ 1))}
elseif (((ZaJ — l)a q, Gmbrns(aa b— 1)) € Qmigratable(aa b— 1)):
partner := true
Qmigratable(a7 b— 1)) = Qmigratable(aa b— 1)) \
{((17] — 1)7 q, Gmbrns(az b— 1))}
elseif (((1+1,7),q, Gmbms(a+1,0)) € Qmigratable(a +1,b)):
partner := true
Qmigratablc(a +1, b)) = Qmigratablc(a +1, b)) \
{(w7 q, C;mbrns(a + 17 b))}
elseif (((7’ — 17j)7 q, Gmbrns(a -1, b)) € Qmigratable(a -1, b))
partner := true
Qmigratable(a - 1,0)) = Qmigratable(a - 1,0)\
{((Z — laj)v q, Gmbrns(a -1, b))}
if (partner = true):
if (f=e):
if (‘Qprocessing(Succ—to—exj—t(ifj))‘ +
|Qmigratable (succ_to_exit(i,5))| < Geapac(succ_to_exit(i,5))):
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Qmigratable (av b) = Qmigratable(a7 b) \ {((Zv .7)7 b, f)}
Qprocessing(succ_to_exitw) =
Qprocessing(succ—to—exj-t(7:7.7)) U
{((succ_to_exit(i, j), suffi(F(Gmbrns(a,b))), f © prefiz(f)), t)}
elseif (|Qprocessing(succ_to_proc_unit((i,j), prefiz(f)))| +
|Qmigratable(Succ—to—Proc—unit((iv j)v preﬁaj( )))‘
Geapac(succ_to_proc_unit((i, j), prefiz(f)))):
Qmigratable(av b) = Qmigratable(aa D\ {(G,9),p, 1)}
Qprocessing(Succ—to—proc—unit((iv J), prefiz(f))) =
Qprocessing(Succ—to—proc—unit((i7j)vpreﬁx( ))) U
{((S'LICC to proc_unit((i,j), p?’eﬁx(f)), Su]:ﬁx(F(Gmbrns(a: b)))7 f © preﬁx( t)}
fitness(IIg) :=t¢
We are aware of unlikely but potentially possible situations in which the num-
ber of time steps will infinitely grow without termination. This can happen due
to two reasons: A circular path of membranes whose capacity is exhausted might
cause a deadlock. Moreover, in case of utilisation of processing units assembling
two particles into a resulting product, some particles could stuck in a mem-
brane but their counterpart is permanently absent. These particles are unable
to get completely processed. We can cope with both situations by inspection of
Qprocessing ad Qmigratable over time. If there is no modification of both matrices
over a long period of time steps, the fitness evaluation terminates by return of co.

5.5 Artificial Evolution

For the artificial evolution, we induce a list (population) of grid exploring P sys-
tems (II4) in which the index ¢ identifies the individuals. After the initialisation,
the evolution loop drives the generations, see pseudocode:

g:=0; i:=1; ¢o:= fitness(ITY)
while(i < population_size) :
II} := duplicate(IT3)
mutate(I174)
if (validity_check(m,n, Gumbrns, Hdists Hroute)s) :
=1+ 1
while(g < max_number_of_generations) :
¢i = fitness(IT}) Vi€ {l,..., population_size}
sort_by_fitness()
= |0.8 - population_size]
remove(ﬂ%) Vj € {k,..., population_size}
7:=1
while (j < population_size) :
Hé = dupl:.cate(Hmndum([0 e 1]>)
mutate (7))
if (validity_check(m,n, Gubrns, Hdists Hroute)i) :
ji=j+1
g=g+1
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For duplication of an individual, we prepare the function duplicate. mutate
randomly decides whether a recombination or a shift occurs and carries out
the corresponding mutation. remove eliminates an individual from the list.
sort_by_fitness permutates the list of individuals in ascending fitness order
(Figs. 4, 5 and 6).

6 Case Studies

6.1 Cell Signalling Cascades

initial grid

a+b->a
processing duration: 1

a+c->a
processing duration: 1

s *

processing duration: 1

‘o
processing duration: 3

particle capacity: 70
duration of passage: 1

receptor

passage of all particles: 60 times steps

= microtubuli

Fig. 4. Signalling in an eucaryotic cell. Signalling molecules a, b, ¢, and d reach recep-
tors at the outer cell membrane. From there, they enter the cell (for instance by
endocytosis) passing through a signalling cascade. Transported via microtubuli of the
cytoskeleton, they become successively processed within compartments and organelles
embedded into the cytosol. The initial grid predefines an abstracted cell structure which
exhibits a fitness of 88 time steps to process all signalling molecules in the desired man-
ner. Within A and B, complex formations are carried out incorporating b and c into a.
D represents the nucleus for gene expression. The resulting cell response leaves the cell
via C. There are two signalling pathways. One of them is initiated by a, the second one
by d. Evolutionary structural optimisation improves the fitness to 60 time steps.
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6.2 Manufacturing in a Cabinet Maker’s Workshop

A

initial grid

drilling and screwing
* —>*; processing duration: 1

cutting, planing, and grinding
* —> *; processing duration: 3

machine-based veneering
* —>*; processing duration: 1

chipped wood compression and press sizing
* —>*; processing duration: 1

raw product capacity: 40
duration of passage: 1

W (=] [o] [=] [=]

passage of all raw products: 61 time steps

grlfi_o.ptlmlsed _by 10 oach mapuglly ) 70 oAch
artificial evolution optimised grid
D B B Di
A Al
C C
D
C
b 10 BCA B A b 10 BCA B D
passage of all raw products: 50 time steps passage of all raw products: 48 time steps

Fig. 5. Cascaded processing of raw products in a cabinet maker’s workshop. Raw prod-
ucts called a and b have been delivered at different entries/exits of a factory work floor
depicted as grid. Processing units available in multiple copies allow for completion
of a specific work step. We distinguish four types of machines: A (drilling, screwing),
B (cutting, planing, grinding), C (veneering), and D (press sizing). Raw products a
require the processing sequence DACA while those called b need to pass BCA. The initial
grid arranges all processing units at the outer walls. By evolutionary optimisation, we
observe a self-organisation of so-called production islands, clusters of processing units
corresponding to the individual workflows for both product lines. This diminishs the
overall execution time from 61 to 50 time steps. A manual optimisation reveals a best
possible result of 48 time steps. From a variety of independently conducted optimi-
sation studies starting from the same initial grid, we obtained numerous topological
arrangements. Interestingly, they achieved similar fitness values ranging from 50 to 52
which confirms the observation that artificial evolution typically ends up with results
close to but away from the global optimum.
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6.3 Alternative Supermarket

initial grids

j 6 ABCDEFGHIJ
5 GHIJ

3 DIF

1 EJFG

customer capacity: 150
duration of passage: 1

IZI fruit, vegetables

*—>*; proc. duration: 1

bread, bakery products
* _>*; proc. duration: 1

|E| milk, dairy products
passage of all customers: 146 time steps *->* proc. duration: 1 passage of all customers: 135 time steps
‘ IEI meat, sausages ‘
- .. *=>*; proc. duration: 1
grids optimised by
egr = . IEI newspapers, magazines
artificial evolution *=>*; proc. duration: 1

IEI beverages
*—>*; proc. duration: 1
|E| confectionery

* > *: proc. duration: 1
III frozen foods

* > * proc. duration: 1
III ingredients, tins

* —>*; proc. duration: 1

|I| non-food bargains
* —>*; proc. duration: 1

passage of all customers: 120 time steps passage of all customers: 116 time steps

Fig. 6. Upper left grid: Initial placement of product groups in a typical German
supermarket with one central entry/exit, customer routes in anticlockwise orientation
and strictly separated classes of goods. In the example study, 131 customers reflecting
frequently observed selections of product combinations visit the supermarket which
requires 146 time steps in total. Lower left grid: After artificial evolution, a re-
arrangement of product placement reveals clusters of complementary products like
bread /breakfast cereals (B) with bargains (J) or frozen products (H) with confec-
tionery (G). Some products like fruit/vegetables (A) are offered at different places.
For the sample customers, the overall duration has been decreased to 120 time steps.
Upper right grid: The same initial placement of product groups and the same setting
of customers like in the upper left grid is considered but now the supermarket possess
two additional exits. This action on its own without further optimisation succeeds by
a corresponding fitness of 135 time steps. Lower right grid: The fitness can further
improve by artificial evolution finally resulting in 116 time steps. To this end, the origi-
nal ample straight-forward pathes have been replaced by more or less local round tours
preventing customers from crossing most parts of the supermarket. Especially products
in demand near the new exits can effectively accelerate the shopping process for many
customers in hurry. By leaving the supermarket earlier with all desired products, they
less intensively hamper exhaustive shoppers which in turn can also finalise faster.
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7 Discussion and Conclusions

The concept of topological grid optimisation by self-organising dynamical struc-
tures using grid-exploring P systems opens one more field of broad applications
of membrane-based computing inspired by bionics. Interestingly, formalisation of
modifiable spatial structures mainly exploits algebraic elements along with their
nested composition. Dynamics on that is typically driven by algorithmic denota-
tions in an imperatively or rule-controlled manner rather than prone to explicite
formulas or closed analytical terms. We believe that the inherent complexity of
structural dynamics suggests an incorporation of algorithmical components into
corresponding P systems. In this paper, we exemplified this idea by means of
artificial evolution which includes an algorithm for fitness evaluation. Its para-
meterisation follows common and empirically reliable assumptions. A population
size of 50 grids seems to be large enough to create a sufficient variety in which
80% survive for the next generation. No improvement of the best fitness for 100
generations implies termination of the artificial evolution. This turns out to be
enough to enable an effective fine tuning that can lead to grid structures with
improved quality. Dedicated formation of processing islands is an example for
this. We obtained the best experimental results by utilisation of both evolution-
ary operators (recombination, shift) in parity and by permanent survival of the
initial grid within the population. Unequivocally, the success of artificial evo-
lution also depends on predefinition of a suitable initial grid with a balanced
degree of freedom. A free version of the software implemented in JavaScript is
available at http://www-user.tu-cottbus.de/~weberlea/gridtool/ and from the
authors upon request. This version supports processing units in passage mode
as well as incorporation in assembly mode. Further work is aimed at making
the fitness evaluation “smarter”. Instead of simply running each particle to the
nearest destination of the desired type, the underlying algorithm could inter-
pret temporary delays, particle jam, or overcharged processing units which ends
up with flexible generation of alternative bypass routes individually for each
particle.
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Abstract. Motivated by the problem of tiling the plane, puzzle gram-
mars were introduced as a mechanism for generating languages of picture
arrays in the two-dimensional plane. On the other hand BPG array P
system with array objects and basic puzzle grammar (BPG) rules was
introduced as a variant of array generating P systems that were devel-
oped with a view to link the two areas of membrane computing and
picture array grammars. Here we incorporate the feature of permitting
symbols in the rules of the BPG array P system, thus introducing per-
mitting array P system with BPG rules (pAP(BPG)). We show that
the permitting feature gives more generative power to the BPG array
P system with one or two membranes. We also show that a pAP(BPG)
with only two membranes under t—communication mode, can generate
picture arrays of square frames.

1 Introduction

Syntactic methods of picture array generation are well-known [15,16,24,31] for
their structure-handling ability in the field of pattern recognition and image
analysis. Among various kinds of picture array generating models [10], puz-
zle grammars [12] and a subclass called basic puzzle grammars introduced by
Subramanian et al. [28] are array generating two-dimensional grammars moti-
vated by the problem of tiling the plane. These grammars have been subsequently
investigated for their different properties and applications [11,19,25-27,29].

The area of membrane computing, initiated by Paun [13] introducing a new
computability model known as P system, has proved to be a suitable frame work
for a variety of application problems [14,32]. The problem of handling picture
© Springer International Publishing AG 2017

A. Leporati et al. (Eds.): CMC 2016, LNCS 10105, pp. 272-285, 2017.
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array languages using P systems has been of great interest and investigation [20].
Ceterchi et al. [1] introduced array-rewriting P system, linking the two areas of
membrane computing and picture grammars. Several variants of array P system
have been proposed (see, for example, [2,3,8,22,23]). Using a well-known tech-
nique of regulating rewriting [7], permitting array P system was introduced in
[22], associating permitting symbols with rules in the regions of an array P sys-
tem [1] so that an array is rewritten by a rule only when the permitting symbols
of the used rule are present in the array rewritten. On the other hand in [21,25],
an array P system that uses BPG type of rules in its regions was considered.
We denote this kind of array P system with m membranes as AP,,(BPG).

Here we consider the array P system with BPG type of rules associating
permitting symbols with the rules. Denoting the resulting array P system with
m membranes as pAP,,(BPG), we examine the generative power. In particular
we show that the language family generated by AP;(BPG) is properly included
in pAP;(BPG), for i € {1,2}. We also show that when t—communication [21],
is used, geometric figures such as a hollow square frame with “corner supports”
is generated by pAP>(BPG). Thus in this approach, there is a reduction in the
number of membranes in generating the picture arrays of square frames when
compared to the BPG array P system model.

2 Preliminaries

We refer to [10] for notions related to picture array grammars and languages and
to [13] for concepts pertaining to P systems. For notions of formal grammars and
languages we refer to [17,18]. We recall here needed notions and results.

A word or string w over a finite alphabet X is a sequence of symbols from
2. The set of all words over X, including the empty word A with no symbols, is
denoted by X*. A picture array or simply an array over X' in the two-dimensional
plane is composed of a finite number of labelled pixels or unit squares, with the
labels belonging to the alphabet Y. The unit squares in the plane not labelled
with symbols of X, are assumed to have the blank symbol # ¢ X. An array can
be pictorially represented indicating the nonblank pixels. The set of all arrays
over X will be denoted by X**.

A formal representation of a picture array is to list the coordinates of the
unit squares of the array and the corresponding labels of the unit squares. For
example, for the picture array in Fig. 1 describing the picture token P, the coor-
dinates of the unit squares of the array can be specified as follows, taking the
origin (0,0) at the lowermost unit square of the left vertical line of a’s.

{((0,0),a), ((0,1),a), ((0,2),a), ((0,3),a), ((0,4),a), ((0,5),a),((0,6),a),

((_176)’(1)’ ((—2,6),(1), ((1 6) )7 ((2 6),@) (( )aa)v ((4 6) )
((4,5),a), ((4,4),a), ((4,3),a), ((3,3),a), ((2,3),a), ((1,3),a)}

We now recall the notion of a basic puzzle grammar [28].
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aagaaaaa

a a
a a
aaaaa
a
a
a

Fig. 1. An array describing picture token P

Definition 1. A basic puzzle grammar (BPG) is a 4-tuple G = (N,T,R,S)
where N and T are finite sets of symbols; N N'T = (); Elements of N are called
non-terminals and elements of T', terminals; S € N is the start symbol or the
aziom; R consists of rules of the following forms:

AH@B,A—ML,A—)B@,AH@,A—)7A—>@,

A—»E Ao ZoAs B A—>

B’ [B] [a] a
where A, B € N and a € T. We may omit the box in the rule with a single a on
the right side.

Derivations begin with S written in a unit square in the two-dimensional
plane. All the other squares contain the blank symbol #, not in N UT. In a
derivation step, denoted =, a non-terminal A in a unit square is replaced by the
right-hand member of a rule whose left-hand side is A. In this replacement, the
symbol enclosed by a box in the right-hand side of the rule used, occupies the
square of the replaced symbol and the other symbol (not enclosed in a boz) in
the right side of the rule, occupies the square to the right or the left or above or
below the square of the replaced symbol depending on the type of rule used. Note
that the replacement of the square to be filled in by the symbol not enclosed in a
bozx, is possible only if it contains a blank symbol.

The basic puzzle language (BPL) generated by the BPG G, is the set L(Q)
of picture arrays over T, derivable in one or more steps from the start symbol.
We denote the family of BPL by L(BPL).

Remark 1. (i) As an illustration of the application of the rules of a BPG,

we exhibit the result of application of one of the BPG rules. For example, if

A# . Lo .
p1 = Z%f a Z& is an array which is rewritten by a rule A — a, then the result-

ing array is ps = ng. If the rule is A — [a]C, then the resulting array is
_ #aC
P3= gaa

(i) Extending the Chomsky string grammars, array grammars were introduced
and extensively investigated for theoretical properties as well as possible appli-
cations [10,15]. These array grammars generate picture languages consisting of
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picture arrays in the two-dimensional plane. A regular array grammar (RAG)
[30,31] consists of array productions of the following forms:

A a # B
A# — aB,#A —- Ba, — , — A —a
# B A a

These rules can be written in the form of BPG rules and are respectively
given by

A—a]|B,A— Bla],A— %],AH %,A%@.

We denote by L(RAL) the family of the regular array languages (RAL) generated
by RAGSs. It is known [28] that L(RAL) C L(BPL).

With a view to handle picture array languages by P systems, Ceterchi
et al. [1] introduced array-rewriting P system with objects as arrays and array-
rewriting rules as evolution rules in the regions of the system. When the rules
are regular array rewriting rules, the language family of the system with m
membranes is denoted as AP,,,(REGA). A variant of the array P system was
considered in [21,25], by having the rules in the membranes as basic puzzle
grammar (BPG) rules. We recall this system here.

Definition 2. [25] An array P System of degree m(> 1) with BPG type of rules
18 a construct

H:(%Ta#au,Fla"' aFvala"' 7Rm,i0)

where V is the total alphabet, T C V is the terminal alphabet, # is the blank
symbol, pu is a membrane structure with m membranes labeled in a one-to-one
way with 1,--- ,m; Fy, -+ | Fy, are finite sets of arrays over V initially associated
with the m regions of u; Ry, -+, Ry are finite sets of BPG kind of rules over
V UT associated with the m regions of u; the rules have attached targets, here,
out, in (in general, here is omitted); finally, i, is the label of an elementary
membrane of v (the output membrane).

A computation in this array P system is defined similar to a string rewriting
P system [13]. Each array in every region of the system that can be rewritten by
a rule associated with that region, should be rewritten. In other words one rule
s applied with the rewriting being sequential at the level of arrays. The resulting
array s placed in the region indicated by the target associated with the rule used;
“here” means that the array remains in the same region, “out” means that the
array exits the current membrane - thus, if the rewriting was done in the skin
membrane, then it can exit the system; arrays leaving the system are “lost” in
the environment, and “in” means that the array is immediately sent to one of
the directly lower membranes, non-deterministically chosen if several exist (if
no internal membrane exists, then a rule with the target indication in cannot be
used). A computation is successful only if it stops reaching a configuration where
no rule can be applied to the existing arrays. The result of a halting computation
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consists of the arrays composed only of symbols from T placed in the membrane
with label i, in the halting configuration.

The set of all such arrays computed (or generated) by a system II is denoted
by AL(IT). The family of all array languages AL(IT) generated by systems IT
as above, with at most m membranes, is denoted by AP,,(BPG). Note that the
regular array rewriting (REGA) rules are also BPG rules and so when REGA
rules only are used in the regions, we call the family as AP, (REGA). In [25],
the families AP,,(BPG) and AP,,(REGA) are denoted as EAP,,(BPG) and
EAP,,(REGA) respectively, with the letter E indicating that the array P system
tnvolves nonterminals.

We give an example.

Ezxample 1. Consider the picture array language L, consisting of picture arrays
(one of these is shown in Fig.2) with two equal “arms” of a’s and “single pro-
trusions” of €’s to the left of the vertical arm of a’s and below the horizontal
arm of a’s. This picture language is generated by the following array P system
11, with basic puzzle grammar rules.

A
Hl = {A,B,C,D,X,Y,Z,cue},{a,e},[1[2 ]2]17 ea Ba®7R17R272

e

The rule sets are given by

c . A
Rlz{rleH@,(m),rg:CHe,r;;:X%E],(m)}

Ry ={ry: B —[a]Y,(out), r5:Y — 16 1 Z —[a]B, (out),

67
r7:Z —[alD,rs: A—a,r9: D —a}
A

A computation starts with the initial array p = e a B in region 1. Note that
e
there is no initial array in region 2. An application of the rule r; to p yields the

C

array “ _ which is sent to region 2 where an application of the rule r4 yields

a B

a
ea
a
eaaaaq
€ €

Fig. 2. L-like Picture array with equal “arms” of a’s and “protrusions” of €’s
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C
the array . Z 0y which is sent back to region 1. Here application of the rule
e
A
ea
ro followed by r3 yields the array a which again is sent to region 2 where
eaayY
e
A
ea
the application of the rules r5 followed by rg yields the array a which
eaaal
e e

again is sent to region 1. The process can repeat. On the other hand in region 2,
if the rule r5 is followed by r7, then the rules rg and r9 can be applied yielding
a picture array as in Fig.2, which remains in region 2 and is collected in the
language generated. Thus II; generates the picture language L.

3 Array Rewriting P Systems with BPG Rules
and Permitting Symbols

Several mechanisms regulating rewriting in string grammars [6,7] as well as
array grammars [9], are known. Associating symbols with a rule that permit the
application of the rule when the symbols are present is one such technique which
has been studied by researchers [6,7]. In [22], a permitting array P system with
regular array rewriting rules having associated permitting symbols, is considered.
We now introduce here a permitting P system with BPG kind of rules.

If ¢ is a subarray of p then p \ ¢ denotes the array formed by the labelled
squares of p that are not labelled squares of q. The set of all symbols in the
labelled squares of the array p is denoted by I(p). A permitting BPG rule is
of the form (r,per), where r is the BPG rule and per is a subset of the set
of nonterminals of the BPG. If per = (), then it is not mentioned in the rule.
The application of permitting BPG rule (r, per) to an array p can be done only
when all the symbols in per are present in I(p) \ { A} where the left side of rule r
has label A. For example, given the permitting BPG rules (r1, perl), (rq, per2)
where rq is the rule A — a with the set of permitting symbols perl = {B}
and ry is the rule B — [a]D with the set of permitting symbols per2 = {C}.

A

The rule r; can be applied to the array p = . @ as the permitting symbol B

a B
e
is present while rule 7o cannot be applied to p as the permitting symbol C' is not
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aC
present. Application of rule 1 to p yields the array ¢ = . Z B Now the rule 7y
e
aC
. . a
can be applied to the array g to yield the array caaD"

e

Definition 3. A permitting array P system of degree m > 1 with BPG type
rules, (pAP,,(BPG), is a construct

II = (‘/?Ta#nuaFla'";FmaRla“';RmviO)a

where the components V. T, #, u, F1, ..., Fy, i, are as in the array P system with
BPG type rules given in Definition 2. The rules in the sets Ry, ..., R,, are per-
mitting BPG rules of the form (r,per) where r is a BPG rule and per CV —T
with V. — T being the set of nonterminals.

A computation in pAP,,(BPG) takes place as in the array P system in
Definition 2 except that a permitting BPG rule of the form (r,per) is applied in
rewriting an array in any region. In fact, in deriving an array from a given array,
the symbols of per requlate the application of the rule r as described earlier. The
halting configuration gives rise to a successful computation. The picture arrays
over the terminal alphabet T collected in the output membrane ig in the halting
configuration, constitute the picture language generated by II.

We denote by pAP,,(BPG), the family of all array languages generated by
permitting array P systems with BPG type rules and at the most m membranes.

We illustrate with an example.

Example 2. Consider the picture language L consisting of picture arrays p,
which is similar to the “perpendicular” symbol (L). The picture array p has a
horizontal line of a’s having the symbol ¢ in the middle with single “protru-
sions”of €’s below the horizontal line on alternate squares and a vertical line
of a’s above the unit square labelled ¢. One member of L, is shown in Fig. 3.

ISEESS IS

a
aagaacaaaa
e e & e

Fig. 3. An Array in L
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A permitting array P system II> of degree 2 with BPG type rules generating
L, is given by

H2 = ({AvachvXaKZvavcve}v{avcae}v[1[2 ]2]17 {ASB} 7®7R17R2a2>

The rule sets are given by

we o (12 Plimer) s (5 ey

U{rgz(C—e[FT{D,E}>,n1:u)—»A[leLP})JE:(E—e[jB,L&}ﬂ)}
U {7"6 : (F — , {A,B}) LT (F — , {A7B}) (m)}

Ry={rs:Z—a,rg: A—a,r9:B—a}

A computation starts with the initial array p = in region 1. Note that

C
AcB
there is no initial array in region 2. The rule r; can be applied to p as the per-

C
mitting symbols B, C are present, yielding the array D ¢ B. Now the rule ry
e
C
is applicable as the symbols C, D are present, yielding the array D ¢ E. Like-
e e

wise, if the sequence of applicable rules r3, 74,75, 76 is applied now, the resulting
C

array is The process can then repeat. On the other hand, if the rule

a
AacaB’
e e

Z

r7 is applied instead of rg yielding a picture array Aa Z 0B’ then the array

e e
is sent to region 2 where the application of the rules generates a picture array
which remains in region 2 and is collected in the language generated. Thus Iy
generates the picture language Li. One member of L; is shown in Fig. 3.

We now examine the generative power of the permitting array P system
with BPG rules. By definition it follows that for m > 1, pAP,,(BPG) C
pAP,,+1(BPQG)

Theorem 1. (i) pAP,(REG) — AP,(REG) # 0
(ii) pAP(REG) C pAP\(BPG)
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Proof. In order to prove statement (i), consider the picture array language L;
consisting of T" shaped arrays, one member of which is shown in Fig. 4, over the
symbol a with the symbol ¢ in the “junction” and having all three “arms” equal in
length. In otherwords, the number of a’s to the left and right of ¢ in the horizontal
line and the number of a’s below c¢ in the vertical line, are equal. A permitting
array P system with two membranes and regular array rules is given in the proof
of Theorem 5 in [22] to generate L; (with a small change of the symbol a replacing
symbol ¢, in the picture arrays of L;). A slight modification in the construction
of this permitting array P system as given in [22], enables us to generate L; by
a permitting P system IIs with one membrane and regular array rules, given by

H3 = ({A,B,C,D,E,F,Z,a,c},{a,c},[l]l,{ACC,B} aRlal) where

Ry = (7“1Z#AHDG,{B,C}),(TQIB#—>G,E,{D,C}),
C
H#

{

( — 7AD,E}), (ra: D — A{E,F}),
(7‘5 Y D B,{A,F}), (7’5 F— C’,{A,B}),
(

(

re: F — Z, {A,B}), (Tg A —a, {B,Z}),
rg: B Ha,{Z}), (r10 : Zﬂa)}.

aagaacaaaa
a

a
a
a

Fig. 4. T—shaped array with equal arms

In a computation starting with the initial array, the sequence of rules 1 to rg
extend the three arms (to the left and right of the symbol ¢ and the vertical line
below ¢) by one a each and the process can be repeated. If insted of 7 the rule 77
is applied, then the rules rg,rg, 19 are to be applied generating a picture array
in L;. This language L; cannot be generated by an array P system with two
membranes and regular array rules, since regular array rules can maintain equal
length at the most in only two arms, by sending back and forth the generated
array in the two membranes. This proves statement (7).

The inclusion in statement (i7) is clear since every regular array rule
is also a BPG rule. The proper inclusion in (é) can be seen by notic-
ing that the picture language L; consisting of L-like picture arrays (one of
these is shown in Fig.(2) with equal “arms” made of a’s and “single pro-
trusions” of €’s on alternate squares to the left of the vertical line of a’s
and below the horizontal line if a's, is generated by the permitting array P
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system with one membrane and basic puzzle grammar rules given by Iy =
A
{A7B7C,D,E,F,X,a,e}7[1]17 ea B 7R171
e
The rule set is given by

Ri— {n : <A—> &r{B}) Ty (c—w@,{B})}
Udrs: (B—[alB,{D}),ra: (E— I:,{D} s (D= 2 (F)
{ ( )ors: (0= @ )]

U{TG:(FH@B,{A}),W: (D—> %}’{F})}
U{rs: B — a,{X}, r9: X — a}

The idea of a computation is that the rules r; to rg extend the vertical and
horizontal arms simultaneouslybut when r; is applied, it should be followed by
rg and rg generating picture arrays in the picture language L;. Again regular
array rules cannot handle the “protrusions” of e’s in the picture arrays of I;
even using permitting symbols, although equal growth between the horizontal
and vertical directions can be maintained. This proves statement (7).

Theorem 2. (i) AP, (BPG) C pAP,(BPQ)
(i1) AP2(BPQG) C pAP»(BPG)

Proof. The inclusions in both the statements follow from definition. In order to
prove proper inclusion in statement (), consider the picture array language L in
the proof of proper inclusion of statement (éi) in Theorem 1. A permitting array
P system with one membrane and B PG rules is shown in Theorem 1 to generate
this language. But without the permitting symbols, this language cannot be
generated in one membrane with BPG rules as the vertical and horizontal arms
of the picture arrays in L; can be “grown” freely and there is no way to regulate
their growth. Hence L; ¢ AP, (BPG).

Proper inclusion in statement (i¢) can be seen by considering the picture
language Lperp in Example2. The language Lperp, cannot be generated by an
array P system with two membranes and BPG rules (and without permitting
symbols), since these rules can handle equal length at the most only in two arms
of the picture arrays of Lye,p by sending back and forth the generated array in
the two membranes. Hence Lye,, ¢ AP2(BPQ).

4 Array P Systems with BPG Rules
and t-Communication

In several studies on grammar models for language description, a maximal mode
or terminal mode (t-mode) of derivation has been considered. A t-communication
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mode has been introduced [4] in string rewriting P systems with a view to link
string grammar systems [5] and string-objects P systems. As a natural extension
of the study, Subramanian et al. [21] extended this ¢-mode of communication to
array P systems.

We mention here only certain essential features of a t-communicating array P
system of type tin considered in [21]. A t-communicating array P system [21] of
degree m > 1 and of type tin, the components are defined in an array P system
[21] but the system does not have rules with target indication in. In fact, the ¢-
mode derivation performed enforces the in target command. This means that an
array-rewriting rule can be without any target indication and the array to which
this type of rule is applied, is retained in the same region so long as the array can
be rewritten further. But if no further rule can be applied to the array in that
region, then it is sent to the immediately direct inner region if one such region
exists. On the other hand, if an array-rewriting rule with target indication out
is applied to an array, then the resulting array is sent to its immediately direct
upper region.

Generation of picture arrays corresponding to geometric figures like rectan-
gles and squares over {a} has been studied in the area of picture grammars
[30]. In [21] array P systems with array objects and basic puzzle grammar rules
in the regions of the system are considered incorporating the t—communication
feature. Here we consider this {—communication in a permitting array P system
with BPG rules. Let Spf be the set of all “hollow square frames” represented
as digitized picture arrays over the symbol {a}, a member of which is shown in
Fig. 5. We construct a permitting tin type array P system [l with two mem-
branes and having ¢{—communication in order to generate Syyr. We note that a
t—communicating array P system with five membranes and regular array rules is
constructed to generate these picture arrays. Thus the use of permitting feature
and B PG rules provide an advantage, although not unexpected, in reducing the
number of membranes from five to two. The P system Il is given by

a
H4: ({AyB7C7D7E7F7X7KZ7K7P7Q7a’}7[1 [2}2]17{0‘ a B}7®7R17R272> .
A

The rule sets are given by

Ry — {n : <A—> %],{B}) ot (B —[@lD, {C}) s : (cﬁ ,{D})}

U{m: (D—>a,{X}) T (C—>,{D}) TG - (D—>,{A})}
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a a a a

a a T a

Q@ Q8 8 8 8 & 2
Q QL 2 2 8 e

Fig. 5. A square frame of a’s

U{rloz (FH @],{I}) 711 (Iﬂv{J}>,}
U{hz: (J*a{E}) 713 (I*@Zv{F})}

Ry = {7‘14:(F—>a,(2)),r15 (B —[a]K,{F}),re: (KHECL,{F})}

U{r17: (P—> ,{F}> ,T18 ¢ (QH@,{F})}

The idea in the computation is that the upper and left “arms” are grown
equally until the left arm begins to turn right and the upper arm, to turn down.
The lower and right arms are then grown together until they meet at which point
the rule I — [a]Z cannot be applied and no more rule is applicable in region.
The array at this point enters region 2 due to tin type of the system. Note that
the single “protrusions” at the corners are taken care of by the BPG rules. In
region 2, the computation reaches a halting configuration and the square-frame
generated is collected in the language.

5 Conclusion

Here we have considered array P system with BPG rules and with per-
mitting symbols associated with the rules. It remains to investigate whether
pAP;(BPG) is properly included in pAP,(BPG) and in more general terms
whether pAP,,(BPG) is properly included in pAP,,+1(BPG). It also remains
to examine whether the number of membranes in the constructions of the P
systems can further be reduced.
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Abstract. Kernel P systems (or kP systems) bring together relevant
features from several P systems flavours into a unified kernel model which
allows solving complex problems using a straightforward code program-
ming approach. kPWorkbench is a software suite enabling specification,
parsing and simulation of kP systems models defined in the kernel P—
Lingua (or kP-Lingua) programming language. It has been shown that
any computation of a kP system involving only rewriting and commu-
nication rules can be simulated by a family of Communicating Stream
X-Machines (or CSXM), which are the core of FLAME agent based simula-
tion environment. Following this, kPWorkbench enables translating kP-
Lingua specifications into FLAME models, which can be simulated in a
sequential or parallel (MPI based) way by using the FLAME framework.
Moreover, FLAME GPU framework enables efficient simulation of CSXM
on CUDA enabled GPGPU devices. In this paper we present an exten-
sion of kPWorkbench framework to generate FLAME models from kP—
Lingua specifications including structural rules; and consider translation
of FLAME specifications into FLAME GPU models. Also, we conduct
a performance evaluation regarding simulation of equivalent kP systems
and CSXM models in kPWorkbench and FLAME respectively.

Keywords: Membrane computing - Kernel P systems - Communicating
stream X-machines - Agent-based simulation

1 Introduction

Membrane computing is, to date, the youngest Natural Computing discipline.
It was introduced in 1998 by Gheorghe Pdun, as a paradigm which addresses
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models taking inspiration form the structure and functioning of cells present in
living beings, considering such cells as living entities themselves able to process
and generate information.

Computing devices of membrane computing are called membrane systems or
P systems [22]. Basic ingredients of a P system are (i) a membrane structure,
consisting in a set of regions delimited by membranes; and (ii) multisets of
objects placed within the regions. Objects may be transformed according to some
evolution rules, which are applied in a non-deterministic maximally parallel way
(emulating how chemical reactions take place among compounds). To emulate
cell membrane permeability, evolution rules can transform existing objects within
a region and, additionally, transfer them among adjacent regions — objects pass
through the membrane separating the regions.

Basically, there are three ways to categorize membrane systems: cell-like P
systems, tissue-like P systems and neural-like P systems. In cell-like P systems,
membranes are arranged in a hierarchical way, inspired by the inner structure of
the biological cells. In tissue-like P systems, cells are set in nodes of a directed
graph, inspired from the cell inter-communication in tissues. Similarly, in neural-
like P systems, cells are arranged in nodes of a directed graph, taking inspiration
from the way in which neurons exchange information by the transmission of elec-
trical impulses (spikes) along axons. Neither tissue-like nor neural-like consider
the possibility of cells containing inner compartments, that is, in such variants
cells are elemental compartments.

Kernel P systems (or kP systems) [6] are a novel variant of membrane systems
aiming to bring together relevant features from several P systems flavours into
a unified kernel model which allows solving complex problems using a straight-
forward code programming approach. In particular, a kP system model is defined
by placing compartment type instances in the nodes of a dynamic graph. Each
type represents a kind of elemental compartment which is associated with a
sequence of rule blocks. Following this, each rule block is defined by both a set
of gquarded evolution rules and an execution strategy. A guarded rule associated
to a compartment type is an extension of a classic evolution rule where a new
syntactical element, the guard, is added. A guard is a logical condition over the
multiplicity of objects belonging to the multiset associated to any instance of the
corresponding type. Evolution rules may be either rewriting and communication
rules or structure changing rules (cell division, cell dissolution, link creation or
link destruction rules). A given compartment instance executes its rule blocks
sequentially, with applicable rules to be executed for each block according to the
its own execution strategy.

P-Lingua framework [27], possibly the most widely known simulation soft-
ware for membrane computing, provides support for a reduced version of kP
systems, known as simple kernel P systems. As a separate effort from that of P—
Lingua, a brand new software project, known as kPWorkbench [7,28], was created
aiming to provide full support for kP systems as well as advanced model check-
ing features. kPWorkbench allows the specification of kP systems in the kernel
P-Lingua (or kXP-Lingua) programming language, which share some similarities
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with the original P-Lingua one. kPWorkbench framework features a native sim-
ulator, allowing the simulation of kP system models written in kP-Lingua. On
the other hand, kPWorkbench’s model checking environment permits the formal
verification of kernel P system models.

Regarding parallel simulation of kP systems, in [20] it was shown that any
computation of a kP system involving only rewriting and communication evolu-
tion rules can be simulated by a family of Communicating Stream X-Machines
(or CSXM), which are extended forms of state machines, having memory and
processing functions. CSXM can be efficiently simulated in a parallel way by
means of two template-based software frameworks called FLAME (Flexible Large-
Scale Agent Modelling Environment) [29] and FLAME GPU [30]. FLAME allows
MPT [31] based efficient simulation of CSXM models written in the FLAME agent-
based specification language, while FLAME GPU allows CUDA (Compute Uni-
fied Device Architecture) [12,19,21,32] based efficient simulation of CSXM mod-
els written in the FLAME GPU specification language, an extension/variant of the
FLAME one. Both FLAME and FLAME GPU have been used in several experi-
ments, which were performed on High Performance Computing (HPC) platforms
due to the scale of the associated models and, subsequently, resource-intensive
simulation tasks. Some examples include modelling oxygen-responsive transcrip-
tion factors in Escherichia coli [1] or the complex cellular tissue simulation [24].

Following this, in [8] kPWorkbench was extended to provide automated trans-
lation from kP systems models written in kP-Lingua into CSXM models written
in FLAME specification language. This translation addressed kP systems involv-
ing only rewriting and communication evolution rules, with the transformation
of systems involving structural rules left as an open issue. Moreover, no support
for automated translation to FLAME GPU was provided either.

In this work, we take a step forward regarding the aforementioned results
tackling new challenges. Firstly, we address an extension of the kPWorkbench
framework to generate FLAME models from kP-Lingua specifications includ-
ing structural rules such as division and dissolution rules. Secondly, we address
the translation of FLAME specifications into FLAME GPU models. Finally,
we conduct a performance study regarding the simulation of equivalent kP sys-
tems and CSXM models in kPWorkbench and FLAME (serial and parallel mode)
respectively. This is conducted following the trail of [2,13]. In particular, [13] pre-
sented the first approach of implementing the pulse generator model in FLAME
GPU [13], conducting a performance comparison with FLAME. Remarkably, the
FLAME GPU model used was manually translated, since there was no public
available tool to automate the conversion.

This paper is structured as follows. Section 2 outlines previous related work.
Section 3 introduces the theoretical background. Section 4 presents our modelling
approach in FLAME, while Sect. 5 presents the possible ways of extending it to
FLAME GPU. A case study illustrating the cited approach is discussed in Sect. 6.
Finally, conclusions and further work are drawn in Sect. 7.
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2 Related Work

In this section, we briefly outline the state-of-the art of parallel simulation of P
systems on High Performance Computing (HPC) platforms.

Both P-Lingua and kPWorkbench, as a vast majority of software tools for
membrane computing, implement the simulation algorithms in a sequential way.
This effectively neglects the inherent parallelism of P systems, and leads to non-
efficient simulations from the computational complexity point of view. Fortu-
nately, an increasing variety of simulators specially intended to run on massively-
parallel platforms have been developed along the years. Such HPC platforms
include Field Programmable Gate Array circuits (FPGAs) [23], microcontrollers
[9], computer clusters [3,4,26] and General-Purpose Graphic Processing Unit
(GPGPU) devices.

In particular, GPGPU hardware comprises a very affordable technology, pro-
viding in a single device hundreds of massively parallel processors supporting
several thousand of concurrent threads. To date, many general purpose appli-
cations have been successfully migrated to GPGPU platforms, showing good
speed-ups compared to their corresponding sequential versions. Two are the
main programming models enabling software development oriented to GPG-
PUs. On the one hand, CUDA (Compute Unified Device Architecture) program-
ming model, [12,19,21,32] and on the other hand, Open Computing Language
(OpenCL) framework [18,25,33].

An updated exhaustive list of parallel simulators for P systems regarding the
aforementioned approaches can be consulted in [14], with the reader also encour-
aged to check [5,15], from where an encyclopaedic knowledge can be obtained.
Finally, a couple of surveys summarising the topic can be consulted in [16,17].

With respect to parallel simulation of kernel P systems, to the best knowledge
of the authors, there are only a few related software applications due to the
novelty of the model. On the one hand, a parallel implementation on GPGPU
architectures using CUDA is reported in [11]. On the other hand, regarding the
simulation of kP systems with agents, FLAME and FLAME GPU simulation
platforms are detailed in [2,13,20], as we discussed above.

3 Background

This section gives the basic definitions and major results regarding kernel P
systems and communicating stream X-machines, largely following those in [6,20].
For this, we will assume that the reader is familiar with usual notations from
formal languages, membrane computing and finite automata domains and refer
to [6,10,20] for further technical details and examples.

We first begin recalling the formal definition of kernel P systems (or kP
systems).

Definition 1. A kP system of degree n is a tuple kIl = (A, u,C1,...,Ch, i),
where
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— A is a finite set of elements called objects;

— p defines the membrane structure, which is a graph, (V,E), where V are
vertices representing components (compartments), and E edges, i.e., links
between components;

- C; = (ti,wip), 1 < i < n, is a compartment of the system consisting of a
compartment type, t;, from a set T and an initial multiset, w; o over A; the
type t; = (R, p;) consists of a set of evolution rules, R;, and an execution
strategy, pi;

— ig is the output compartment where the result is obtained.

A kernel P system can have several compartment instances of the same type:
while they share the same set of rules and execution strategies, they may have
different multiset of objects at different computation steps and different neigh-
bours according to the graph relation specified by (V, E). Within the kernel P
systems framework, the following kinds of evolution rules have been considered
so far:

— rewriting and communication tule: x — y{g}, where z € AT and y repre-
sents a multiset of objects over A* with potential different compartment type
targets (each symbol from the right side can be sent to a different compart-
ment, specified by its type; if more compartments of the same type are linked
to the current compartment, then one is randomly chosen).

Compared to cell-like P systems, the targets in kP systems are the type of
compartments to which the objects will be sent, not particular instances. Also,
for kP systems, complex guards can be represented, using multisets over A
with relational and Boolean operators.

For example, rule r : ab — be{> a®>A < b?} can be applied if and only if the
current multiset includes the left hand side of 7, i.e., ab and the guard holds:
the current multiset has at least 3 a’s and less then 2 b’s.

— structure changing rules: membrane division, membrane dissolution, link cre-
ation and link destruction rules, which all may also incorporate complex
guards and that are covered in detail in [6].

As we stated above, besides of a set of evolution rules, each compartment
type in a kP system has an associated execution strategy. Execution strategies
offer a lot of flexibility to the kP system designer, as the rules corresponding to
a compartment can be grouped in several blocks, every block having one of the
following strategies:

— sequential: if the current rule is applicable, then it is executed, advancing
towards the next rule/block of rules; otherwise, the execution terminates;

— choice: a non-deterministic choice within a set of rules, one and only one
applicable rule will be executed if such a rule exists, otherwise the whole
block is simply skipped;

— arbitrary: the rules from the block can be executed zero or more times by
nondeterministically choosing any of the applicable rules;

— mazximal parallel: the classic execution mode used in membrane computing.
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On the other hand, a stream X-machine is an extended form of finite state
machine in which the transitions are labelled by (partial) functions (called
processing functions) instead of simple symbols. Remarkably, the machine has a
memory M, that can be imagined as the domain of the variables of the system to
be modelled. The input received by the machine is processed in order: depending
on the current state of the machine and the input symbol to be processed, one
of the processing functions will read the current input symbol, discard it from
the input sequence and produce an output symbol while (possibly) changing
the value of the memory and taking the machine to a different state. Finally,
if several processing functions can compute the same input, then one of them
is randomly chosen (non-determinism). Formal definition of stream X-machines
follows:

Definition 2. A Stream X-Machine (SXM for short) is a tuple Z =
(X, 1,Q,M, ,F,1,T, mg), where:

- X and I are finite sets called the input alphabet and output alphabet respec-
tively;

- @ is the finite set of states;

- M is a (possibly) infinite set called memory;

- @ is the type of Z, a finite set of function symbols. A basic processing function
¢: M x X — I' x M is associated with each function symbol ¢.

~ F is the (partial) next state function, F : Q — 29 As for finite automata,
F is usually described by a state-transition diagram.

— I and T are the sets of initial and terminal states respectively, I C Q, T C Q;

- mg s the initial memory value, where mg € M ;

— all the above sets, i.e., X, IQ, M, P, F,I,T , are non-empty.

Several theoretical frameworks have been developed addressing communi-
cating stream X-machines, that is, concurrent systems where different stream
X-machines work in parallel exchanging data via communication channels. In
what follows, we recall the one from [10], which is the closest to the the imple-
mentation of FLAME, according to [20].

Definition 3. A Communicating Stream X-Machine System (CSXMS for
short) with n. components is a tuple S, = ((Z;)1<i<n, E), where:

- Zz = (EiuFi7QiaMiai)hFiaImTivmi,O) 18 the SXM with number ’i, 1 S ) S n.
- E = (eij)1<ij<n s a matriz of order n x n with e;; € {0,1} for 1 <i,j <n,
i#£jand e; =0 for1 <i<n.

The CSXMS works as follows:

Each individual Communicating SXM (CSXM for short) is a SXM plus an
infinite input queue (FIFO structure); the CSXM consumes inputs from its
queue.

An input symbol received from the external environment (also a FIFO struc-
ture) will move to the input queue of one CSXM, if it is contained in its input
alphabet. If more than one CSXM satisfies such condition, then the symbol
will enter the input queue of one of these in a non-deterministic fashion.
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— Bach pair of CSXMs, say Z; and Z;, have two unidirectional communication
channels. The communication channel from Z; to Z; is enabled if e;; = 1 and
disabled otherwise

— There exists the possibility for an output symbol produced by a CSXM, say
Z;, to pass to the input queue of another CSXM, say Z;, providing that the
communication channel between them is enabled, and if the symbol is included
in the input alphabet of Z;. If several CSXMs satisfy these conditions one of
them is non-deterministic chosen, whereas if none exists the symbol goes to
the output environment (also a FIFO structure).

One important result proving the possibility of simulating kP systems with
CSXMs is given in the following theorem from [20].

Theorem 1. For any kP system, kll, of degree n and using only rewriting and
communication rules, there is a communicating stream X-machine system, Sy,11,
with n + 1 components such that for any multiset w computed by kIl there is a
complete sequence of transitions in S,y leading to s(w).

In this theorem, w is the final configuration of the kP system, w = (wy, ...,
wy, ), where each w; represents the final multiset occurring in compartment . On
the other hand, s(w) corresponds to any of the strings obtained by concatenating
the symbols occurring in w. Remarkably, the Proof of this Theorem, as shown
in [20], suggests the manner in which a FLAME model for a given kP system
can be constructed. We will briefly examine this in the next section.

4 Modelling Kernel P Systems with Structure Changing
Rules in FLAME

In this section, we describe how kernel P systems incorporating structure chang-
ing rules can be mapped into FLAME specification language. We start recalling
the way in which Communicating Stream X-Machines Systems are defined in
that language.

FLAME framework provides an environment for defining communicating
agents, specified in an XML format, which contains information regarding their
memory variables, name of processing functions, message structures that can be
exchanged for communication, etc. FLAME uses an implementation of CSXMs
in which: (a) the associated automaton of each CSXM has no loops (this ensures
that the execution will end after a finite number of processing functions calls);
(b) the CSXMs receive no inputs from the environment — inputs are usually
those produced in the previous computation step or the ones defined in the ini-
tial configuration file; and (c) the processing function scripts are written in C
files.

The input Communicating Stream X-Machines System is defined in XMML
format (X-Machine Mark-up Language), which is translated by FLAME into
simulation program source code, either in its serial or parallel (MPI) version.
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Next, this program can be compiled together with the agent processing func-
tions script files (written in C) by any C/C++ compiler, giving place to simu-
lation executable code can be run, in the case of the parallel version, on High
Performance Computing (HPC) platforms.

To take advantage of the aforementioned efficient simulation capability of
FLAME, in [8] kPWorkbench was extended to provide automated translation
from kP systems models written in kP-Lingua into CSXM models written in
FLAME specification language. This translation addressed kP systems involving
only rewriting and communication evolution rules, with the transformation of
systems involving structural rules left as an open issue. In what follows, we
outline the main ideas in which such transformation process relies on (additional
details can be found in [8,13,20]):

— Each compartment type in the kP system is associated an agent type in
FLAME, while each compartment type instance is associated an agent of
the corresponding agent type.

— Multisets of objects from each compartment type instance are stored in the
corresponding agent memory using, in general, dynamic arrays of complex
data types.

— Execution strategies (sequential, choice, arbitrary, maximal parallel) of the
compartment types are encapsulated in C functions.

— Communication between compartments is materialized by using FLAME’s
agents message passing mechanism. In particular, communication among
linked compartments is ensured by means of message filtering, while the non-
deterministic choice among one of the possible target compartments is ensured
by means of non-deterministic message processing.

— Finally, the graph structure of the kP system, which maps the links among
compartments, can be stored in a distributed way among each agent memory
as a dynamic array containing the identifiers of the agents representing the
compartments sharing an active link with the compartment represented by
the current agent.

Next, we address how kP systems incorporating structural rules (membrane
division, membrane dissolution, link creation, link destruction) can be translated
into FLAME. Let us notice that previous experiments regarding kP systems to
FLAME translation, such as the ones references above, did not considered kP
systems having structural rules. We start describing the process for membrane
dissolution, link creation and link destruction, which is quite straightforward
compared to that of membrane division:

— Membrane dissolution can be implemented by either (1) extending the agent
memory with a flag-type data value storing whether the corresponding com-
partment is active or has been dissolved; or (2) removing the corresponding
FLAME agent, when the membrane dissolution takes place. The first approach
should be used when keeping trace of kP system evolution is required and,
subsequently, agent deletion is not aimed. In both approaches, each time that
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a dissolution takes place, all the agents having connections to the “dissolved”
agent have to be notified via messages, in order to update their connection
arrays.

— Link creation and link destruction rules can be implemented by adding or
removing elements in the connection arrays accordingly.

In what follows we address transformation of kP systems involving division
rules. Translation of such rules is the most challenging to implement and, con-
sequently, we devote a specific part of this paper to its study.

4.1 Implementing kP Systems Division Rules in FLAME

Let us recall that, in general, P systems operate by applying rewriting rules
defined over multisets of objects associated to the different membranes, in a syn-
chronized non-deterministic maximally parallel way. P systems show a double
level of parallelism: the first level comprises parallel application of rules within
individual membranes, while the second level comprises all the membranes work-
ing simultaneously, that is, in parallel. These features make P systems powerful
computing devices. In particular, the double levels of parallelism allow a space-
time trade-off enabling the generation of an exponential workspace in polynomial
time. This is usually accomplished by applying iteratively membrane creation
rules, such as division rules.

As such, P systems are suitable to tackle relevant real-life problems, usually
involving NP-complete problems. Moreover, P systems are excellent tools to
investigate on the computational complexity boundaries, in particular tackling
the P versus NP problem. In this way, by studying how the ingredients rela-
tive to their syntax and semantics affect to their ability to solve NP—complete
problems in a feasible way, computational properties, sharper frontiers between
efficiency and non-efficiency can be discovered.

In order to take advantage of the full power of P systems, it is required to
simulate them on HPC platforms, which can suitably manage the demanding
resource requirements of their inherent double parallelism. In the particular case
of kernel P systems, this involves efficiently simulating division rules on massively
parallel devices. This can be accomplished by transforming the corresponding
kP systems models into FLAME specification language.

Regarding this, FLAME inherently favours the possibility of simulating mem-
brane division, since it supports adding new agents during the simulation exe-
cution in such a way that all the newly created agents are introduced at the
beginning of the next iteration. Nevertheless, several tasks have to be performed
to properly simulate membrane division of a given compartment:

— The newly created agent memory has to be initialized with the data corre-
sponding to the multiset of the underlying newly created compartment.

— The connection arrays of both the newly created agent and each agent repre-
senting a compartment linked to the original dividing one have to be updated.
As such, it is required to implement a mechanism for the newly created agents
to be associated unique identifiers.
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— This is accomplished by creating in the system a single instance of a new
agent type, called the instance manager. This agent will receive and process
requests of new identifiers from agents representing dividing compartments via
message passing. The instance manager will then provide — again via message
passing — a new identifier that will be used by the “dividing” agent to initialize
the newly created agents and to send a connection array update signal to all
its linked agents.

Figure 1 shows the visual representation of a FLAME model incorporating
different kind of translated evolution rules. In particular, this state machine visu-
alisation is automatically drawn by the FLAME editor, based on the kPWork-
bench generated model of a kP system solving SubSetSum. States are represented
with ellipses, processing functions with rectangles, and messages exchanged
between agents with green parallelograms.

Comparing the Main and Output compartments in Fig. 1, one can check that
the Main compartment has additional states and transitions corresponding to the
application of division rules, preliminaries for the creation of new membranes,
request identifiers or receive identifiers messages.

It is worth pointing out that a FLAME agent structure will vary depending on
the execution strategies and blocks from its corresponding kP system compart-
ment. For example, comparing the kP-Lingua specification from Fig.2 and its
corresponding FLAME model in Fig. 1, one can easily identify that each choice
block has a corresponding processing function and next state in the CSXM.
Similarly, the execution order with respect to several strategies is reflected in
the agent structure. In addition, ramifications may appear for the cases when a
structural rule is chosen to be applied.

Following the process outlined above, the existing kP-Lingua to FLAME
kPWorkbench translator module has been extended to support translation of
division and dissolution rules with the corresponding algorithm included as an
Appendix at the end of this paper. The new module has been successfully used
to generate FLAME models for instances of SubSetSum. Such instances have
then been used in the experiments detailed in Sect. 6.

5 Adapting the Modelling Approach to FLAME GPU

In this section we briefly discuss some design constraints when translating
FLAME models to FLAME GPU and recommended workarounds.

Although FLAME GPU framework is an extension of FLAME, models
designed for FLAME are not supported by FLAME GPU. Apart from small dif-
ferences that could be easily tackled, e.g. using a slightly different XML schema,
with different namespace or tag names, there are also important differences in
the data types which can be used by each environment.
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Fig. 1. Graph of the states, functions and messages between agents, corresponding
to the FLAME model for Subset Sum problem, having two agent types for the com-
partments types Main and Output, plus an additional main instance manager agent
in charge of the Main compartment division process (for allocation of new identifiers)
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In order to address these issues, some design guidelines have to be taken into
account, as noted in [13], where authors manually translated a model of a pulse
generator from FLAME to FLAME GPU, in order to have it implemented in
both frameworks and compare their performance with kPWorkbench.

Firstly, memory in FLAME GPU is pre-allocated due to CUDA programming
model constraints. As such, agents memory neither support dynamic arrays nor
fixed arrays with complex types. The recommender workaround is the serializa-
tion of dynamic arrays (with/without composed objects) which appear in the
FLAME models into static arrays of basic types, recommended to have fixed
length equal to a power of 2.

Secondly, although in FLAME it is possible to add several new agents in
one step, which is useful for example when a membrane is divided into 3 new
compartments, in FLAME GPU only one agent is possible to be added per func-
tion. Consequently, the recommended workaround implies creating additional
functions in the X-machine structure, to add the remaining membranes to be
created.

Finally, contrary to FLAME, in FLAME GPU each agent can only create a
single message, which clash with communication rules semantics, where multiple
compartments may receive different objects. The recommended workaround is
to expand the memory space for each message, allowing it to contain data for
multiple targets.

6 Case Study: Subset Sum Problem

As previous work on modelling kP systems with FLAME [2,20] and FLAME
GPU [13] addressed models with communication and rewriting rules, in this
section we will illustrate the case of a kP-Lingua model consisting in a kP
system family solving SubSetSum, which involves division rules as well as other
kernel P systems specific features, such as presence of guards plus sequential and
choice execution strategies.

The SubSetSum problem can be roughly described as: “Given the set S,, =
{ay,as,...,a,}, is there a subset of S, having the sum of elements equal to ?”
Regarding to our model, in order to ensure that the computation will continue
until all the possible membrane divisions have been applied, we have considered
Sn = {1,2,...,n} and the expected sum = = n(n + 1)/2, which will return
the yes answer in this case. The kP-Lingua specification considered for n =
4 is given in Fig. 2, however corresponding files have been generated for each
n € {2,3,...,20}, more details and a complete folder containing all the files
and scripts needed to run the experiments are provided for download on the
kPWorkbench website®.

5 http://kpworkbench.org/index.php/case-studies.
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The model shown in Fig.2 is a slightly adapted version from that of [§],
and was chosen because of its programming-like structure (sequential blocks)
and its simplicity regarding beforehand computation of the number of expected
execution steps (n+ 1) and number of membranes in the last configuration (2" +
1). Two compartment types are used, named Main and Output, respectively. The
Main compartment type contains two choice blocks to (1) generate the positive
answer when required; and (2) generate the subsets to be checked by applying
division rules. The Output compartment type take care of (1) controlling the
execution by means of a counter object; and (2) generating the negative answer
when required.

Simplicity of the model eased the experimentation process, since the goal
was to conduct non-deterministic experiments but assuring that the computa-
tion would end after the same number of steps, with a maximum number of
membranes created by division, but different execution traces each time.

type Main {

choice {

= 10x: a -> {yes} (Output)
> 10x: a -> halt .

}

choice {

'ri: a > [a, r1][x, a, ri]

'r2: a -> [a, r2][2x, a, r2]
'r3: a -> [a, r3][3x, a, r3]
'rd: a -> [a, r4][4x, a, r4]
}

}

type Output {

choice {

start -> step .

<bstep : step -> 2step .

<yes & =bstep: step -> 2step, no, halt .

}

3

main {a} (Main) - output {start} (Output) .

Fig. 2. kP-Lingua specification for SubSetSum (n=4)

In order to assess the performance of the different modelling approaches
and implementations for kPWorkbench and FLAME, we conducted several
experiments involving different instances of the presented kP system solution
to SubSetSum, and their translated FLAME counterparts, respectively. With
respect to FLAME, besides the serial simulation of the models, which was
addressed in previous works like [2,13,20], also the parallel MPI based simula-
tion provided by FLAME was considered. Since FLAME does not support MPI
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Table 1. Average time for solving Subset sum problem for different n values

n | Compart | Flame | kPWorkbench | Flame NP 2 | Flame NP 3 | Flame NP 4
2 4 0.00 0.09 0.00 0.00 0.18
3 8 0.00 0.09 0.00 0.00 0.22
4 16 0.00 0.09 0.00 0.00 0.18
5 32 0.00 0.10 0.00 0.00 0.23
6 64 0.01 0.11 0.19 0.19 0.21
7 128 0.02 0.14 0.21 0.25 0.28
8 256 0.05 0.15 0.18 0.27 0.43
9 512 0.10 0.24 0.27 0.43 0.51

10 1024 0.15 0.36 0.47 0.67 0.85

11 2048 0.26 0.65 0.82 1.10 1.74

12 4096 0.53 1.29 1.52 2.19 3.42

13 8192 1.04 2.78 3.03 4.74 6.33

14| 16384 2.33 6.73 6.47 9.59 14.91

15| 32768 5.30 17.69 15.03 22.73 30.10

16| 65536 13.41 52.56 35.56 53.58 70.36

17| 131072 36.17| 202.01 89.81 138.66 187.16

18| 262144 | 106.16| 832.31 250.45 387.24 507.62

19| 524288 | 352.28 | 3388.19 793.75 1211.27 1609.34

201048576 | 1088.26 | 13605.23 3575.90 5787.97 7885.79

simulation in Windows environments, the Sevilla HPC Server [34] mulhacen was
configured with FLAME and Open MPI [35] to conduct the experiments.

Comparisons were realised between average execution times for: kPWork-
bench, FLAME in serial mode and FLAME in parallel version, run with differ-
ent number of processors, NP € {2,3,4}, running all on the same machine, a
Xeon Server, having 4 cores, Intel i5 Xeon E3-1230V3 @ 3.30 GHz, main memory
32 GBytes DDR3 @ 2400 Mhz.

For each instance of SubSetSum, n € {2,3,...,20} and each tool configura-
tion, 3 runs were considered. In each case the user time and system time were
recorded, and the average total time for these three runs was considered.

Table 1 shows the statistics after 3 runs. Columns have the following mean-
ing: n value; the number of compartments resulted from division at the end of
computation (2™ of type Main); average time needed by Flame serial version,
by kPWorkbench, by Flame parallel version using 2, 3 or 4 processors. All the
times are given in seconds and were measured by /usr/bin/time -v, in order
to have the same metric for all the tools.
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Tools configuration. Because the execution time would have been increased
by FLAME saving to disk all the intermediary configurations, we have chosen
to output the same amount of information with each tool (chosen rules and new
configurations) and save only the last configuration file in XML format for the
FLAME simulation.

Comparing our case study with previous experiments assessing FLAME and
kPWorkbench performance [2,13], this is the first time when FLAME is not
saving large XML files after each iteration. This modification, realised in order
to have equal conditions, is explaining why the FLAME simulator is obtaining
better time in this case study, compared to kPWorkbench, although in previous
experiments it has been different. Also, another important difference is the type
of the model, previous experiments did not use division and this could result in
different execution times.

As in the previous experiments only the serial version of FLAME was
employed, we lack of other results to compare with, in order to address the
question: why is the time obtained in the parallel version much higher than the
serial version? One explanation could be that model chosen does not have very
complex processing functions, so the time needed for communication between
processors is increasing the total time needed, without benefiting from the par-
allelism. Another explanation could be some tweaking settings of FLAME or
Open MPI, which could be better configured, in order to get the best perfor-
mance for the parallel implementation.

Also, in Table1 we have provided the number of compartments for each n
as a rough estimator of the space used: with a larger n the number of rules
and also of object types for the compartment increases. So, a larger number of
compartments comes also with more rules and more object types to be stored.

In order to have a better visualisation of the experimental results, the data
from Table 1 have been represented in Fig. 3. The left plot shows the average time
versus the number of compartments, the right plot displays for the horizontal
axis the logarithmic scale of its left counterpart.

Performance Comparison Performance Comparison

== Flame =4=Flame

——kPWorkbench

~@=kPWorkbench

Flame NP 2 Flame NP 2

=>=Flame NP 3 ==Flame NP 3

Average time (sec.)

8

=sfeFlame NP 4 —f=Flame NP 4

50 200050 400050 600050 800050 1000050 50 500 5000 50000 500000
Number or compartments Number or compartments (logarithmic scale}

Fig. 3. Comparative simulation results for kPWorkbench, FLAME serial and parallel
versions, with NP 2, 3 and 4
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Unfortunately, at the time of writing this paper, there are neither public
available tools for conversion from kP-Lingua specifications to FLAME GPU,
nor from FLAME models to FLAME GPU. This is the reason why FLAME
GPU models were not considered in the evaluation, although we have studied
this possibility. However, as reported in a previous article [13], where a pulse
generator model was translated manually to FLAME GPU, better execution
time is expected for GPU version, but the construction of the model is much
more tedious compared to the FLAME version.

7 Conclusions and Further Work

This paper presents recent efforts towards modelling of kernel P systems with
structural rules in two agent based simulation environments, known as FLAME
and FLAME GPU. In this context, we have extended the module of kPWork-
bench for automated generation of FLAME models from kP-Lingua specifica-
tions to consider kP systems with division and dissolution rules. We also pro-
vided an overview of the differences between FLAME and its GPU version, and
outlined the main issues that should be taken into account for a model transfor-
mation.

Finally, we have conducted experiments to compare the performances of
FLAME, serial and parallel versions, with respect to kPWorkbench, for a kernel
P system with division rules.

As future work, we will tackle the automated translation from either kP—
Lingua specifications or their FLAME counterparts models to FLAME GPU
specifications, based on the main ideas presented here. Also we will address
alternative MPI implementations and realise performance comparisons about
the application of division and dissolution rules on more complex examples.
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A Appendix

Algorithm 1. Transforming a kP Systems into Flame algorithm

1: procedure ADDTRANSITION(startState, stopState, strategy, guard)
> procedure adding the appropriate transition strategy to the current agent stack given as
parameter and FLAME function applying rules conforming to execution strategy
> guard is an optional parameter that represents the transition guard
2 if strategy is Sequence then
3 agentTransitions.Push(startState, stopState, SequenceFunction, guard)
> FLAME function SequenceFunction applies rules in sequentially mode
4: else if strategy is Choice then
5: agentTransitions.Push(startState, stopState, ChoiceFunction, guard)
> FLAME function ChoiceFunction applies rules in choice mode
6 else if strategy is ArbitraryParallel then
7 agentTransitions.Push(startState, stopState, ArbitraryParallelFunction, guard)
> FLAME function ArbitraryParallelFunction applies rules in arbitrary parallel mode
8 else if strategy is MaximalParallel then
9 agentTransitions.Push(startState, stopState, MaximalParallelFunction, guard)
> FLAME function MazimalParallelFunction applies rules in maximal parallel mode
10: end if
11: end procedure

> main algorithm for traforming a kP system into Flame

14: agentsStates.Clear()
15: agentsTransitions.Clear()
> empty state and transition stacks of agents
16: foreach membrane in kPSystem do
> for each membrane of kP system build corresponding agent, consisting of states and tran-

sitions
17: agentStates.Clear()
18: agentTransitions.Clear()
> empty state and transition stacks of agent that is built for the current membrane
19: agentStates.Push(startState)
> adding the initial state of the X machine
20: agentStates.Push(initializationState)
> adding initialization state
21: agentTransitions.Push(startState, initializationState, IsNotPreviousApplyStructureRule)

> adding transition between the initial and initialization states; this transition performs
objects allocation on rules and other initializations; if the agent is active, no rule of
structure has been applied in the previous iteration
22: agentTransitions.Push(startState, endState, IsPreviousApplyStructureRule)
> adding transition between the initial and end state; if the agent is inactive, a rule of
structure has been applied in the previous iteration

23: foreach strategy in membrane do
> for each strategy of the current membrane the corresponding states and transitions are
built
24 previousState = agentStates.Top()
> the last state is stored in a temporary variable
25: if is first strategy and strategy.hasNext() then

> when the strategy is the first of several, state and transition corresponding to the
ezecution strategy are added

26: agentStates.Push(strategy.Name)
27: AddTransition(previousState, strategy.Name, strategy)
28: else
29: if not strategy.hasNext() then
> if it is the last strategy, the transition corresponding to the execution strategy is
added
30: AddTransition(previousState, completedExecutionState, strategy)

31: else
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Algorithm 1. Transforming a kP Systems into Flame algorithm (continued)

32:
33:
34:

35:

36:
37:

38:

47:

48:
49:
50:

51:

52:

53:

54:
55:

56:

agentStates.Push(strategy.Name)
> add corresponding state of the current strategy
if strategy.Previous() is Sequence then
> verify that previous strategy is of sequence type
AddTransition(previousState, strategy.Name, strategy, IsApplyAllRules)
> add transition from preceding strategy state to the current strategy state.
The guard is active if all the rules have been applied in the previous strategy
transition.
agentTransitions.Push(previousState,completedExecutionState,IsNot Apply AllRules)
> add transition from preceding strategy state to state in which all strategies
were finalized. The guard is active if not all rules have been applied in the
previous strategy transition
else
AddTransition(previousState, strategy.Name, strategy)
> add transition from preceding strategy state to the current strategy state
agentTransitions.Push(previousState,
completedExecutionState, IsApplyStructureRule)
> add transition from preceding state strategy to state in which all strategies
were finalized. The guard is active when the structural rule has been applied
on the previous strategy transition
end if
end if
end if
end for
agentStates.Push(completed ExecutionState)
> adding state in which all strategies were finalized
agentStates.Push(PrepareTheNewMembranes)
> adding state in which id(s) is required for newly created membrane(s)
agentTransitions.Push(completedExecutionState, PrepareTheNewMembranes,
. IsApplyStructureRule)
> add the transition to the prepare the new membranes state on which id(s) is required for
newly created membrane(s), if the structure rule has been applied. The request is made
through messages to the instance manager, agent that allocate new IDs for new agents
of current type.
agentStates.Push(CreateNewMembrane)
> adding state in which IDs are received through messages from instance manager agent
and the new agents are created
agentTransitions.Push(PrepareTheNewMembranes, CreateNewMembrane)
> on this transition the new agents are created with the new received ids
agentStates.Push(applyChangesState)
> adding state in which changes produced by the applied rules are committed
agentTransitions.Push(completedExecutionState, applyChangesState, IsNotApplyStruc-
tureRule)
> add transition to the apply changes state where changes produced by rules are applied, if
has not been applied any structure rule
agentTransitions.Push(applyChangesState, receiveState)
> adding transition on which changes produced by the applied rules are committed
agentStates.Push(receiveState)
> add state that receives objects sent by applying the communication rules in other mem-
branes
agentTransitions.Push(receiveState, endState)
> add transition to the end state that receives objects sent by applying the communication
rules in other membranes
agentStates.Push(endState)
> add the final state
agentsStates.PushAll(agentStates.Content())
> add the contents of the stack that holds the current agent states to the stack that holds
the states of all agents
agentsTransitions.PushAll(agentStates.Content())

57:

> add the contents of the stack that holds the current agent transitions to the stack that
holds the transitions of all agents
end for
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Shallow Non-confluent P Systems
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Abstract. We prove that non-confluent (i.e., strongly nondeterminis-
tic) P systems with active membranes working in polynomial time are
able to simulate polynomial-space nondeterministic Turing machines,
and thus to solve all PSPACE problems. Unlike the confluent case, this
result holds for shallow P systems. In particular, depth 1 (i.e., only one
membrane nesting level and using elementary membrane division only)
already suffices, and neither dissolution nor send-in communication rules
are needed.

1 Introduction

Families of confluent recogniser P systems with active membranes [9] are known
to characterise PSPACE in polynomial time [13,14]. In this kind of P systems
the computations can be locally nondeterministic, but the final result (accep-
tance or rejection) must be consistent across all computations. This result seems
to require that the membrane nesting depth of each P system in the family
depends on the length of the input (the published results show that a linear
depth suffices [13]); furthermore, all known algorithms employ non-elementary
membrane division (i.e., division of membranes containing further membranes,
resulting in the replication of whole subtrees of the membrane structure).

More recently, it has been proved [2] that when only elementary division
(i-e., division for membranes not containing further membranes) is available, the
power of P systems decreases to P#F | the class of problems solved in polynomial
time by deterministic Turing machines with an oracle for a counting problem [8];
this class is conjectured to be strictly smaller than PSPACE. More specifically,
P systems of depth 1 (consisting of an outermost membrane containing only
elementary membranes) already characterise P#F [3], and thus increasing the
depth without also allowing non-elementary division does not increase the com-
puting power. P systems of depth 0, where there exists only one membrane and
division is unavailable, are known to characterise P [3,15].

Fewer results are known for non-confluent P systems, where the computa-
tions need not agree on the result, and the overall behaviour is accepting if and
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only if there exists an accepting computation (i.e., a strongly nondeterministic
behaviour analogous to Turing machines). Clearly, all lower bounds of confluent
P systems hold for non-confluent ones. The only other published result concern-
ing non-confluent recogniser P systems with active membranes, to the authors’
best knowledge, is a characterisation of NP by means of polynomial-time non-
confluent P systems with active membranes without any kind of membrane
division [11].

Membrane division in confluent P systems is commonly used to simulate the
effect of nondeterminism, by exploring in parallel all possible nondeterministic
choices and combining the results by disjunction [15], threshold or majority [3],
or alternation of conjunctions and disjunctions [13], depending on which rules
are available and the depth of the membrane structure. It is then natural to ask
whether these results can be somehow improved by employing actual nondeter-
minism, i.e., by exploiting non-confluence in addition to membrane division.

In this paper we prove that this is indeed the case, since the lower bound
PSPACE can actually be reached by “shallow” (small-depth) polynomial-time
non-confluent P systems: specifically, depth 1, and thus division only for ele-
mentary membranes, already suffice for reaching PSPACE. Furthermore, the
P systems employed can be monodirectional [1,4], i.e., without using send-in
communication rules. Monodirectionality is known to decrease the power of con-
fluent P systems; for instance, polynomial-time monodirectional confluent P sys-

tems of depth 1 characterise PFP (the class of problems solved in polynomial

time with parallel queries to an NP oracle, conjectured to be smaller than P#F),
and PNP (the class where the oracle queries are not restricted to be parallel,
which is probably smaller than PSPACE) if the depth is unbounded [4].

2 Basic Notions

In this paper we use P systems with active membranes [9] using only object
evolution rules [a — w]®, send-out communication rules [a]} — | ]g b and
elementary membrane division rules [a]f — [b]g [c]}.

The depth of a P system is defined as the depth of its membrane structure
when considered as a rooted tree, i.e., as the length of the longest path from the
outermost membrane to an elementary membrane.

In particular, we are dealing with recogniser P systems II [10], whose alpha-
bet includes the distinguished result objects yes and no; exactly one result object
must be sent out from the outermost membrane to signal acceptance or rejection,
and only at the last computation step. If all possible computations of IT agree on
the result, the P system is said to be confluent. In this paper, however, we only
deal with the more general non-confluent recogniser P systems, where different
computations need not agree on the result, and the final result is acceptance if
and only if at least one computation is accepting.

A decision problem, or language L C X* is solved by a family of P sys-
tems IT = {II, : ©+ € X*}, where II, accepts if and only if x € L. In that
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case, we say that L(IT) = L. As usual, we require a uniformity condition [6] on
families of P systems:

Definition 1. A family of P systems IT = {II, : x € X*} is (polynomial-
time) uniform if the mapping x — II, can be computed by two polynomial-time
deterministic Turing machines E and F as follows:

- F(1™) = II,, where n is the length of the input x and II, is a common
P system for all inputs of length n, with a distinguished input membrane.

- E(x) = w,, where w, is a multiset encoding the specific input x.

— Finally, I, is simply IT,, with w, added to its input membrane.

The family IT is said to be (polynomial-time) semi-uniform if there erists a
single deterministic polynomial-time Turing machine H such that H(x) = II,
for each x € 2.

The class of decision problems solved by uniform families of non-confluent
P systems with active membranes working in polynomial time is denoted
by the symbol NPMC 4. The corresponding class for families of P sys-
tems with depth-1 membrane structures using only object evolution, send-
out communication and elementary membrane division rules is denoted
by NPMC 4r4(depth-1,—i,—d,—ne), Where —i, —d, and —ne denote the lack of send-
in, dissolution, and non-elementary division rules, respectively. For the complex-

ity classes defined in terms of Turing machines, such as NP, Ph\IP, PNP  p#P,

and PSPACE we refer the reader to Papadimitriou’s book [8].

3 Simulating Nondeterministic Turing Machines

Let N be a nondeterministic Turing machine working in polynomial space p(n).
Let X be the tape alphabet of NV, and let @ be its set of states. Without loss of
generality, we assume that N has a unique accepting configuration, consisting
of a unique accepting state, an entirely blank tape, and the tape head located
on the leftmost position. We can assume that all computations of N halt within
exponential time t(n) = |X[P(™) x |Q| x p(n).

Suppose that string = is an input for N, and let m = p(|z|) + 3. A config-
uration C of N can be encoded as a delimited string $a; - - ar_1qay - --ap(n)$
of length m over the alphabet X U @ U {$}. This denotes that the tape of N
contains the string a; - - - ax_1ag - - - ap(y), that the machine is in state ¢, and that
the tape head is located on the k-th tape cell.

Deciding whether N accepts an input x is equivalent to deciding whether
the unique final accepting configuration C’ is reachable from the initial config-
uration C on input = within ¢(|x|) steps. Let C; and Cy be configurations of N,
let C; — Cy denote that Cy is reachable from C; via a single computation step,
and let C; —' Co denote reachability within ¢ steps. Then, we have

Cl *>1 C2 iff Cl = CQ or Cl — CQ
C, =t Cy witht >1 iff there exists C such that C; —[t/21 ¢ 1t/2) Co
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The Turing machine IV on input x of length n is simulated by a P system II,,
whose initial configuration is

a1 ce Am,m
bl,m+1 e bm,,2m (1)
iog t(n)1

Y€S2x [log t(n)]+r(n)+2

Here the string a1 - - - a,,, encodes the initial configuration of N on input z, that
is, aq - - - am = $gozIP™M~"$ with U denoting a blank cell and ¢o the initial state
of N; these symbols need a further subscript in I7, in order to keep track of their
position within the string. Analogously, the string b; - - - b,,, encodes the unique
accepting configuration of N, that is, by ---b,, = $qyesup<")$, where gyes is the
accepting state. In this case, the symbols are subscripted with m + 1,...,2m
as if the P system stored a single string a; - - - @, b1 - - - byy; this will prove useful
in a later phase of the simulation. The other objects do not encode informa-
tion about N, but play an auxiliary role in the simulation; in particular, the
function r(n), appearing in the subscript of the object yes, will be defined later.

For the whole first phase of the computation of IT, (including the initial con-
figuration) the membranes with label h maintain, as an invariant, a configuration
of the form

T1,1 o Tmym
Y1,m+1 " Ym2m (2)

dy
h

where 1 < ¢ < [logt(n)], the charge « is either 0 or +, and =11 Tmm
and Y1 m+1 - Ym,2m are multisets respectively encoding the strings xq---zy,
and Y1 - Ym, which in turn encode two configurations C; and Cy of N as
described above. This invariant is restored every two steps of the first phase
of the computation of II,.

The purpose of this membrane, for ¢t > 1, is to guess a computation path of
length at most 2¢ from C; to Cy; computation paths from C; — --- — Cq shorter
than 2! are padded to length 2¢ by repeating some intermediate configurations
(recall that C —! C for all C). If ¢ = 0, the membrane checks whether the
configuration Cy is reachable by N in one step from Cy; if it is the case, then
it outputs an object yes, and otherwise an object no after exactly 2t + r(n) + 1
computation steps.

Let us describe recursively the behaviour of the membrane. If ¢ > 0, then the
problem of guessing a computation Cy —2" ¢, is divided into the two subproblems
of guessing a computation Cy 27" Cand a computation C 2! Cy, where C is
a nondeterministically guessed mid-point. This mid-point is guessed by rewriting
each object o; of the multiset 11 - @y, into a primed version o of itself,
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together with an object /', where 7 is a nondeterministically chosen symbol of
the alphabet of the configurations of NV:

[0; — ol 7] for a € {0,+},0,7€e ZUQU{$} and1<i<m (3)

Notice that the P system guesses an arbitrary string as a configuration C; the
string might even be an invalid encoding (e.g., with multiple symbols denoting
the state of N); the validity of the configuration will be checked later. Simulta-
neously, the objects of the target configuration yi m+1 - Ym,2m are primed:

[0, — ol]% for a€{0,+},ce XUQU{$}andm+1<i<2m (4)

While the objects encoding the configurations of IV are thus rewritten, the mem-
brane is divided by d; into two membranes differing only in their charge:

[ — [y} [d}]9 for a€{0,+} and 1 <t < [logt(n)]

Hence, the original membrane h leads to the following configuration:

+ 0
Tig o o T Ty T
21 Zmm 21 Zmm
Yimt1 * Ymom Yimt1 " Ymo2m
d; X d; )

where the objects z;; represent the mid-point configuration C guessed by the
membrane. Now configuration C becomes the target configuration in the left
membrane, having charge +. This requires eliminating all primes, deleting the
objects ¥} ;11" * Yrm.2m and adjusting the subscripts of 21 - -- 27, . this is per-
formed by the following rules:

[0} — i)} for ce XUQU{$tand1<i<m
(o] — €} forc e ZUQU{$} and m+1<i<2m
(o) — itml) force YUQU{$}and 1 <i<m

On the other hand, the configuration C becomes the source configuration in the
right membrane (with charge 0), where the objects '} ; - - - 27, ,, must be deleted:

[0} — €]9 force XUQU{$}and 1<i<m
[of — o]% force YUQU{$}and m+1<i<2m
[0 — o] force XUQU{$}and 1 <i<m
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Finally, the object dj is rewritten into d;—; inside both membranes:

[d} — dy—1] for a € {0,+} and 1 <t < [logt(n)]

Hence, the P system reaches the configuration

+ 0
Z1,1 0 Tmym 21,1 o Zm,m
Z1,m+1 " Zm,2m Yim+1  Ym,2m

di—1 di—1
h h

with two membranes having a configuration of the form (2). This restores the
associated invariant.

After 2 x [logt(n)] steps (twice the initial subscript of the object d), all
membranes with label h simultaneously reach a configuration of the form

(e
T1,1 o Tmym
yl,m+1 e ym,Qm

do
h

for some « € {0,+} and z1,...,Tm, Y1, .-, Ym € X UQU{S$}. The last phase of
the simulation is triggered by objects dy being sent out and changing the charge
of the membranes to —:

[doliy — [ # for a € {0,+} (5)

While rule (5) is applied, the charge of the membrane is still 0 or +, and the
rules of type (3) and (4) are still enabled; thus, each membrane h reaches a
configuration of the form

/ /
Ti1 " Tmgm
" 1
21,1 T Zmom
/ /
Y1im+1 " Ym2m N

When the charge of a membrane with label h is —, the objects of the form 7}’
(which have been just produced, but are actually not needed in this phase) are
deleted:

(7" — €]}, for re ZUQU{S} and 1 <i<m
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The remaining objects o) are rewritten into a “tilded” version. This allows us
to re-use the charges 0 and + in the next phase of the computation (which will
make use of a simulation from [3]) without creating conflicts with previous rules.

o} — ail, for c e XUQU{$} and1<i<2m

This leads to the configuration

[Nil,l fi'm,m] (6)
Yi,m+1 " Ym,2m

h
Each membrane i now contains what can be considered as a string of length 2m,
consisting of the concatenation of two (possibly malformed) encodings of config-
urations of N.

From [3] we know that a single membrane is able to efficiently simulate a
polynomial-time deterministic Turing machine (as long as there is no communi-
cation with adjacent membranes) if the tape is encoded as in configuration (6).
The idea is to simulate a larger number of charges (referred to as extended
charges) by encoding them in the subscripts of each object; the subscripts are
kept synchronised by multiple sequential updates of the actual charges {+,0, —}.

The extended charges are employed in order to store pairs (g, ) of state and tape
head position of the simulated Turing machine. A transition such as 6(¢q,a) =

(¢',a’,+1) is then implemented as a rule of the form [ai]gq’l) — [ag]gfl’lﬂ), which
is actually carried out in multiple steps using standard charges, object evolution
and send-out communication rules.

In our particular case, each membrane h can simulate a Turing machine that
checks whether the content of such membrane consists of two valid consecutive
configurations of IV, or two identical valid configurations of V. We can assume,
without loss of generality, that such Turing machine halts exactly in polynomial
time r(n) for all strings of length n; the result is given by outputting yes or no
from the membrane.

After 2 x [logt(n)] + r(n) steps, a total of 2M1°8* (™)1 instances of yes and no
reach the outermost membrane k. If there is at least one instance of no, then there
existed an instance of membrane h containing either an invalid configuration, or
two non-consecutive configurations; this means that the P system I, guessed a
malformed computation of N. In that case, it sends out any of the objects no as
the final result of the computation:

[noJy — [ 1), no

If there is no instance of no inside k, then all membranes h contained valid
consecutive configurations (or pairs of identical valid configurations). Since the
initial membrane h contained the initial and final configurations of N on input =z,
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this means that I, guessed a legitimate accepting computation of N. In that
case, all objects yes sent out from the elementary membranes h are ignored, and
instead the timed object yes,, which already appears in the initial configura-
tion (1), produces the output of the P system. This object counts down for the
entire duration of the simulation:

[yes, — yes, 1]\ for 1 <t<2x[logt(n)] +r(n)+2

If at time 2 x [logt(n)] 4+ r(n) + 2 membrane k still has charge 0, then the
P system has not rejected, and it can send out yes; as yes, as the result:

[vesolk — [ 1 ves

In both cases II, halts by sending out a result at the last computation step.

The P system II, has thus an accepting computation if and only if there
exists a computation path from the initial configuration of N on input x to its
accepting computation, that is, if and only if N accepts.

Notice that the mapping = +— II, is uniform, since all rules of II, only
depend on the length of the input, and not on the input itself. Furthermore, the
initial membrane structure is the same for all I7,.. The only portion of the initial
configuration that depends on the actual input x is the content of membrane h,
which is chosen as the input of the P system. The mapping x — II, can also be
computed in polynomial time: the encoding of the input simply consists in adding
subscripts to the input symbols of z, and the rules are easy to compute, since
they all range over sets independent of the input, or over sets of natural numbers
depending on the input length, and never require sophisticated computation.

Theorem 1. Let N be a nondeterministic Turing machine working in polyno-
mial space. Then, there exists a uniform family IT of non-confluent P systems
of depth 1, using only object evolution, send-out and elementary division rules,
and working in polynomial time such that L(N) = L(II). O

Since arbitrary polynomial-space Turing machines can be simulated, the
whole class they characterise is solved by shallow non-confluent P systems with
a limited range of rules:

Corollary 1. PSPACE C NPMC 4 uq(depth-1,—i,—d,—ne) - O

4 Conclusions

The results obtained in this paper show that, even with depth-1 membrane
structures and monodirectional communication, non-confluent P systems with
active membranes are already able to solve PSPACE-complete problems in
polynomial time, and are thus conjecturally stronger than confluent ones with
the same restrictions (and even those with only one of such restrictions).
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This result is a first step towards a characterisation of the power of
polynomial-time non-confluent P systems with active membranes. If PSPACE
turned out to also be an upper bound, although it has been conjectured that it
might not be so [14], this would show that non-confluence subsumes both nesting
depth beyond 1 and bidirectionality. In that case, it would be interesting to find
other parameters (such as unusual combinations of admissible rules) which can
be “tuned” in order to obtain complexity classes between NP and PSPACE.

We also conjecture that an algorithm similar to the one provided here for
P systems with active membranes can also be implemented for tissue-like P sys-
tems using either cell division [12] or cell separation rules [7], since they seem to
share several features and limitations of cell-like P systems of depth 1 [5].
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Abstract. We refine our earlier version of P systems with complex sym-
bols. The new version, called cP systems, enables the creation and manip-
ulation of high-level data structures which are typical in high-level lan-
guages, such as: relations (graphs), associative arrays, lists, trees. We
assess these capabilities by attempting a revised version of our previ-
ously best solution for the Byzantine agreement problem — a famous
problem in distributed algorithms, with non-trivial data structures and
algorithms. In contrast to our previous solutions, which use a greater
than exponential number of symbols and rules, the new solution uses a
fized sized alphabet and ruleset, independent of the problem size. The
new ruleset follows closely the conceptual description of the algorithm.
This revised framework opens the way to further extensions, which may
bring P systems closer to the conceptual Actor model.

Keywords: Distributed algorithms - Byzantine agreement - EIG trees -
Membrane computing - P systems - cP systems - Inter-cell parallelism -
Intra-cell parallelism - Prolog terms and unification - Complex symbols -
Cells with subcells - Generic rules - Synchronous and asynchronous mod-
els - Actor model

1 Introduction

We refine our earlier version of P systems with complex symbols. The new ver-
sion, called cP systems, enables the creation and manipulation of high-level data
structures which are typical in high-level languages, such as: relations (graphs),
associative arrays, lists, trees.

We assess these capabilities by attempting a revised version of our previously
best solution for the Byzantine agreement problem, a famous problem in distrib-
uted algorithms, with non-trivial data structures and algorithms. In contrast to
our previous solution, which uses a greater than exponential number of symbols
and rules, the new solution uses a fized sized alphabet and ruleset, independent
of the problem size. The new ruleset follows closely the conceptual description
of the algorithm.

Section 2 introduces high-level data structures in cP systems. Sections 3, 4,
and 5 discuss the Byzantine algorithm and its classical implementation based on
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EIG trees; this material is reproduced or adapted from our earlier papers [7,8]
The remaining sections discuss our newly revised solution.

2 Data Structures in cP Systems

We assume that the reader is familiar with the membrane extensions collectively
known as complex symbols, proposed by Nicolescu et al. [17,19-21]. However, to
ensure some degree of self-containment, our revised extensions, called cP sys-
tems, are reviewed in Appendix A. The reader is encouraged to check the main
changes from our earlier versions, including: a simplified definition for complex
symbols (subcells) and a standard set of complexity measures.

In this section we sketch the design of high-level data structures, similar to
the data structures used in high-level pseudocode or high-level languages: num-
bers, relations, functions, associative arrays, lists, trees, together with alternative
more readable notations. These data structures are critical in our model of the
Byzantine algorithm.

Natural Numbers. Natural numbers can be represented via multisets contain-
ing repeated occurrences of the same atom. For example, considering that 1
represents an ad-hoc unary digit, the following complex symbols can be used to
describe the contents of a virtual integer variable a: a() = a(A) — the value of a is
0; a(1®) — the value of a is 3. For concise expressions, we may alias these number
representations by their corresponding numbers, e.g. a() = a(0),b(1*) = b(3).
Nicolescu et al. [19-21] show how the basic arithmetic operations can be effi-
ciently modelled by P systems with complex symbols.

Lists. Using complex symbols, list [u,v,w] can be represented as the term
v(u y(v y(w v()))), where the ad-hoc atom ~ represents the list constructor
cons and () the empty list. Hiding the less relevant representation choices, we
may alias this list by the more expressive equivalent notation v(u|v|w) — or by
~v(u|v(v|w)) — where operator | separates the head and the tail of the list.

Trees. Consider the binary tree z(a, (b), (¢, (d), (e))), i.e. z points to a root node
which has: (i) the value a; (ii) a left node with value b; and (iii) a right node
with value ¢, left leaf d, and right leaf e. Using complex symbols, tree z can be
represented as z(a ¢(b) ¥(c ¢(d) ¥ (e))), where ad-hoc atoms ¢, 1) introduce left
subtrees, right subtrees (respectively).

Relations and Functions. Consider the binary relation r, defined by: r =
{(a,b), (b,¢), (a,d), (d,c)} (which has a diamond-shaped graph). Using com-
plex symbols, relation r can be represented as a multiset with four r terms,
{r(k(a)v(b)), r(k(b) v(c)), r(k(a) v(d)), r(k(d) v(c))}, where ad-hoc atoms k and
v introduce domain and codomain values (respectively). Hiding the less relevant
representation choices, we may alias the items of this multiset by a more expres-
sive notation such as: {(a = b), (b = c), (a = d), (d = c)}.

If the relation is a functional relation, then we can emphasise this by
using another operator, such as “mapsto”. For example, the functional relation
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f = {(a,b), (b,c), (d,c)} can be represented by multiset {f(k(a)v(b)),
F(&(®)v(e)), f(k(d)v(e))} or by the more suggestive notation: {(a Lo (b EN c),
(d EA ¢)}. To highlight the actual mapping value, instead of (a L b), we may
also use the succinct abbreviation f[a] = b.

In this context, the & and — operators are considered to have a high asso-
ciative priority, so the enclosing parentheses are mostly required for increasing
the readability (e.g. in text).

);
),

Associative Arrays. Associative arrays can be considered as particular cases
of functional relations. Consider the associative array x, with the following key-
value mappings: {1 + a,1® — ¢, 17 — g}. Using complex symbols, array x
can be represented as a multiset with three terms, {z(k(1)v(a)), z(x(1%)v(c)),
z(k(17)v(g))}, where ad-hoc atoms x and v introduce keys and values (respec-
tively). Hiding the less relevant representation choices, we may alias the items
of this multiset by the more expressive notation {1 Soa, 1P e, 175 g}

3 Byzantine Agreement

The Byzantine agreement problem was first proposed by Pease et al. in 1980 [22]
and further elaborated in Lamport et al’s seminal paper [12]. This prob-
lem addresses a fundamental issue in complex systems: correctly functioning
processes must be able to overcome their possible differences and achieve a con-
sensus, despite arbitrarily faulty processes that can give conflicting information
to different parts of the system.

The Byzantine agreement has become one of the most studied problems in
distributed algorithms—some even consider it the “crown jewel” of distributed
algorithms. Lynch covers several versions of this problem and their solutions,
including a complete description of the classical algorithm, based on Exponential
Information Gathering (EIG) trees as a data structure [13].

Recent years have seen revived interest in this problem and its solutions, to
achieve higher performance or stronger resilience, in a wide variety of contexts [1,
3,4,14], including, for example, solutions for quantum computers [2].

To the best of our knowledge, except our previous work on Byzantine agree-
ment problem [7-11], no other complete solutions for P systems has been pub-
lished. In the context of P systems, this problem was briefly mentioned, without
solutions [5,6]. Our solution was based on the classical EIG-based algorithm,
where each EIG node was implemented by a distinct cell.

In this paper, we provide a newly revised P solution for the Byzantine agree-
ment problem, based on EIG trees, for IV processes connected in a complete
graph. Each process is modelled by the combination of N + 1 cells: one “main”
cell, which evaluates the EIG tree, plus one “firewall” cell for each duplex link
(including one for itself). The new main cell uses a fized number of states and
high-level rules: 9 states and 16 rules for the main cell, and 5 states and 7 rules for
the firewall cell; these high-level rules closely map the EIG algorithm description.
In contrast, our previous best solution [8] used O(L) states and O(N!) symbols
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and rules (i.e. factorial complexity), where L is the number of messaging rounds
(where L = [(N —1)/3]).

4 EIG Trees

We assume that the reader is familiar with the basic terminology and notations:
functions, relations, graphs, nodes (vertices), arcs, directed graphs, dags, trees,
alphabets, strings and multisets [18]. Given two sets, A, B, a subset f of their
cartesian product, f C A x B, is a functional relation if ¥(x,y1), (z,y2) € f =
y1 = yo. Obviously, any function f : A — B can be viewed a functional relation,
{(z, f(z)) | x € A}, and, vice-versa, any functional relation can be viewed as a
function.

We now recall a few basic concepts from combinatorial enumerations. The
integer range from m to n is denoted by [m,n], i.e. [m,n] = {m,m+1,...,n},
if m <mn, and [m,n] = 0, if m > n. The set of permutations of n of length m is
denoted by P(n,m), i.e. P(n,m) = {mw : [1,m] — [1,n] | 7 is injective}. A per-
mutation 7 is represented by the sequence of its values, i.e. 7 = (71,72, ..., Tm),
and we will often abbreviate this further as the sequence m = my.75 ... m,,. The
sole element of P(n,0) is denoted by (), or by A, if the context removes any
possible ambiguity. Given a subrange [p, q] of [1,m], we define a subpermutation
w(p:q) € P(n,g—p+1) by w(p: q) = (mp, Tpt1,. .., 7q). The image of a permu-
tation 7, denoted by Im(7), is the set of its values, i.e. Im(7) = {71, 72, ..., Tm }.
The concatenation of two permutations is denoted by ®, i.e. given m € P(n,m)
and 7 € P(n,k), such that Im(w) NIm(7) = 0, 7 © 7 = (71,72, .-, Tm, T1,
To, ..., Tk) € P(n,m + k).

An Ezponential Information Gathering (EIG) tree Tnr, N > L > 0, is a
labelled rooted tree of height L that is defined recursively as follows. The tree
T'n,o is a rooted tree with just one node, its root, labelled A. For L > 1, Ty 1, is
a rooted tree with 1+ N|Ty_1 11| nodes (where |T'| is the size of tree T'), root
A, having N subtrees, where each subtree is isomorphic with Tv_1,7,—1 and each
node, except the root, is labelled by an element of [1, N] that is different from
any ancestor node (and also different from any left sibling node, if we want to
display it like an ordered tree). Note that, Ty 1 is isomorphic and identically
labelled with the tree obtained from T,z by deleting all its leaves.

It is straightforward to see that there is a bijective correspondence between
the permutations of P(N, L) and the sequences (concatenations) of labels on all
paths from root to the leaves of Tl . Thus, each node o in an EIG tree Ty
is uniquely identified by a permutation 7, € P(N,!l), where | € [0, L] is also
o’s depth, and, vice-versa, each such permutation 7 has a corresponding node
0. We will further use this node-permutation identification, while referring to
nodes.

Given EIG tree Ty 1, an attribute is a function X : Ty, — V, for some value
set V; alternatively, X can be given as a functional subset of {m € P(N,t) |t €
[0, L]} x V. The classical EIG-based Byzantine algorithm uses two attributes: (i)
a top-down attribute val, here called «; and (ii) a bottom-up attribute newwval,
here called S3.
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Figure 1 illustrates three isomorphic EIG trees, (a) T7,, (b) Ti,, (c) Tj,.
As we will see next, theses are the EIG trees built by non-faulty processes 2, 3,
4 (respectively) in our sample scenario 5.1, where process 1 is Byzantine-faulty
(so its own internal structure is irrelevant).

Consider EIG tree Fig. 1b, for process 3, T}{ 5. Level 0 corresponds to permu-
tation set {A}. Level 1 corresponds to permutation set {(1), (2), (3), (4)}. Level
2 corresponds to permutation set {(1,2), (1,3), (1,4), (2,1), (2,3), (2,4), (3,1),
(3,2), (3,4), (4,1), (4,2), (4,3)}. This tree is decorated with two attributes, «
and (. Using the alternate notation for permutations (to avoid embedded paren-
theses), attribute a corresponds to the functional relation {(X,1), (1,0), (2,0),
(3,1), (4,1), (1.2,0), (1.3,0), (1.4,1), (2.1,0), (2.3,0), (2.4,0), (3.1,0), (3.2, 1),
(34,1), (4.1,1), (4.2,1), (4.3,1)}.

5 The EIG-Based Byzantine Agreement Algorithm

Each process starts with its own initial decision choice. At the end, all non-faulty
processes must take the same final decision, even if the faulty processes attempt
to disrupt the agreement, accidentally or intentionally.

The classical EIG-based algorithm solves the Byzantine agreement problem
in the binary decision case (true = 1,false = 0), for N processes, connected in
a complete graph (where edges indicate reliable duplex communication lines),
provided that N > 3F + 1, where F is the maximum number of faulty processes.
This is a synchronous algorithm; celebrated results (see for example [13]) show
that the Byzantine agreement is not possible if N < 3F, in the asynchronous
case or when the communication links are not reliable.

Without providing a complete description, we provide a sketch of the classical
algorithm, reformulated on the basis of the theoretical framework introduced in
Sect. 4. For a more complete and verbose description of this algorithm, including
correctness and complexity proofs, we refer the reader to Lynch [13].

Each non-faulty process, h, has its own copy of an EIG tree, T ]}\‘, 1, where
L = F + 1. This tree is decorated with two attributes, o, 8" : {m € P(N,t) |
t €[0,L]} — {0,1,null}, where null designates undefined items (not yet evalu-
ated). Attributes o’ and 8" are also known as val, and newvaly, [13], or top-down
and bottom-up [9]. As their alternative names suggest, a” is first evaluated, in
a top-down tree traversal, in increasing level order; next, 3" is evaluated, in a
bottom-up traversal, in decreasing level order.

The algorithm works in two phases. Its first phase is a messaging phase which
completes the evaluation of the top-down attribute o”. Initially, a”(\) = v", the
initial choice of process h: all the other o and 3" values are still undefined. Next,
there are L messaging rounds. At round ¢ € [1, L], h broadcasts to all processes
(including self), a reversibly encoded message which identifies its o values at
level ¢ — 1 and their EIG destinations. Here, we encode all these via the set
{(r ® h,a"(n)) | # € P(N,t —1),h ¢ Im(7)}. All other non-faulty processes
broadcast messages, in a similar way. More compact encodings are possible, but
we don’t follow this issue here.
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Fig. 1. Three sample EIG trees, T£2, h € {2,3,4}, completed with two attributes, a
and (. The node labels appear besides the node blob. Each node blob contains its two
attribute values: the top-down « value at the top, and the bottom-up 8 value at the
bottom.

Process h decodes and processes the messages that it receives. From process
f, f €[1,N], process h receives the set {(7 ® f,af (7)) | * € P(N,t —1)}. Each
item (7 ® f,af (7)) is used to assign further a values, to the next level down
the EIG tree, by setting o (7 © f) = of (7).

As this formula suggests, it is indeed critical that h “knows” the origin f
of each received message and that this origin mark cannot be faked by faulty
processes. Wrong or missing values are replaced by the value of a predefined
default parameter, vy € {0,1}. Thus, there are L messaging rounds and, after
the last round, all nodes are decorated with values of attribute a. In fact, only
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the last level « values are actually needed, to start the next phase, a practical
implementation can choose to discard the other « values.

Then, the algorithm switches to its second phase, the evaluation of the
bottom-up attribute 8". First, for leaves, 8" (7) = a"(n),7 € P(N, L).

Next, given 8" values for level t € [1, L], each 8" value for the next level
up, " (n), ™ € P(N,t — 1), is evaluated on the basis of the 8" values of node
7’s children, i.e. on the multiset {3"(7 ® f) | f € [1, N]\ Im(7)}, using a local
majority voting scheme: 3"(r) = 0, if a strict majority of the above multiset
values are 0; or, 3"(w) = 1, if a strict majority of the above multiset values are
1; or, B"(m) = vy (the same default parameter mentioned above), if there is a tie.

At the end, the 3" value for the EIG root, 3"()), is process h’s final decision.
All non-faulty processes will simultaneously reach the same final decision; any
decision taken by faulty nodes is not relevant.

Ezample 5.1 (Sample Byzantine Scenario). Consider a Byzantine scenario with
N =4 and F =1, thus L = 2. Assume that processes 1, 2, 3 and 4 start with
initial choices 0, 0, 1, and 1, respectively. Further, assume that process 1 is faulty.
Figure 2 shows sample messages which could be exchanged in this scenario and
Fig. 1 shows the corresponding EIG trees, for non-faulty processes 2, 3, 4.

Each of the non-faulty processes, 1, 2 and 3, broadcasts identical messages
to each of the four processes. The faulty process 1 sends conflicting messages. In
our scenario, x = 0, in the message sent to 1, 2 and 3, but x = 1, in the message
sent to 4. Also, y = 1, in the message sent to 1, 2 and 4, but y = 0, in the
message sent to 3. White spaces are placeholders indicating potential messages
which are not created, because they would have contained duplicated process
numbers (1.1, 2.2, 3.3, 4.4). The second phase is not detailed here, except the
common final decisions (the question mark indicates an irrelevant value).

The second phase is illustrated in Fig. 1, for all non-faulty processes 2, 3, 4.
All three EIG tress are shown completed all attribute values. Consider the EIG
tree (b) owned by process 3, Tj’) 5. The o values are filled from messages received
in the two messaging rounds, as indicated in Fig. 2.

The 32 values are evaluated as required by the algorithm, by a local majority
voting scheme. The evaluation of 33()\) reaches a tie, on multiset {0,0,1,1},
which has two 0’s and two 1’s; this tie is broken using the default value, here
we assume vg = 0. Thus, 33(\) = 0 is the final decision of process 3, which is
different from its initial choice, a3()\) = 1.

A similar argument shows that all other non-faulty processes, 2 and 4, end
with the same final decision, 0, thereby achieving the required agreement, despite
starting with different initial choices and the conflicting messages sent by faulty
process 1. Briefly, the Byzantine-faulty process may sometimes affect the out-
come (between 0 and 1), but cannot affect the consensus: all non-faulty processes
will take the same final decision.
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Process 1 2 3 4
IIllt'lal 0 0 1 )
choice
Faulty Yes No No No

Round 1

messages (1,2) (2,0) (3,1 (4,1)

Round 2 (1.2,0) (1.3,0) (1.4,1)

messages | (2.1,0) (2.3,0) (2.4,0)
(3.1,y) | 32,1) (34,1)
(41,1) | (42,1) | (43,1)
F1.11.a1 5 0 0 0
decision

Fig.2. A sample Byzantine scenario, N = 4, F' = 1, where process 1 is Byzantine
faulty. Process 1 sends out syntactically correct but different messages to the non-
faulty processes: x = 0,y = 1 to process 2; x = 0,y = 0 to process 3; x = 1,y = 1
to process 4. As shown in Fig. 1, non-faulty processes 2, 3, 4 build different EIG trees,
but they still reach the same final decision.

6 Revised Byzantine Agreement Solution

Each non-faulty node (process) is modelled by a subsystem which combines
N + 1 cells: one “main” cell, plus one “firewall” cell for each process (including
one for itself). The EIG tree evaluation functionality is localized into the main
cell. The main cells communicate only via their associated firewall cells. Figure 3
illustrates the communication digraph for the particular case N = 4. The whole
subsystem corresponding to a faulty process (1 in our example), may be replaced
by any arbitrary entity.

The system evolves along 9 states, for the main cells, and 5 states, for the
firewall cells. Figure4 gives a bird’s eye view of this process, for the particular
case N = 4. Both kind of cells start in state Sp. In state Sy, main cells, p;, build
the root of their EIG trees.

The first (messaging) phase is covered by L repetitions of the state cycle
S1, S2, S3, S4. In state S1, main cells, u;, broadcast their outgoing 6’ messages
to their local firewalls, v;;. In state Sa, local firewalls, v;;, forward isomorphic
messages 6" to their partners firewalls, v;;. In state Ss, local firewalls, v;;, forward
isomorphic messages 6’ to their main cells, ;. In state Sy, main cells, u;, use
incoming 6’ messages to build the next level of their EIG trees. The messaging
phase ends after L messaging rounds, when all cells, ;; and v;;, enter state Ss.
State S5 is the end state for the firewall cells, v;;.

In state S5, all main cells, p;, have computed all top-down attributes, «,
and start the second phase, i.e. the bottom-up evaluation of attributes 3. This
second phase ends after L repetitions of the state cycle Sg, S7, Sg, when all main
cells, u;, enter state Sg. Each bottom-up cycle computes a new level of the §
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Fig. 3. A sample Byzantine problem, N = 4, modelled as a cP system digraph with
N subsystems, N main cells (y;) and N? firewall cells (v;), i, € [1, N]. The dashed
blob delimits the subsystem of a possibly faulty process (here 1).

attributes. At the end, the final decision value is given by the 8 attribute of the
EIG root.

7 Initial Configurations

Figure5 lists the initial multiset for the main cell u;, i.e. for process i €
{1,2,...,n}. Process IDs are encapsulated in ¢ (iota) sub-subcells. Subcell f
contains the ID of the current process, i, i.e. t(1%). Subcell 7 contains the set of
all process IDs, i.e. {1,2,...,n}, given as the multiset {+(1'), t(1?), ... ¢(1™)}.
Subcell ¢ represents [, the maximum number of levels for the EIG tree; this is
computed as | = [(n — 1)/3]. Subcells § contain the two admissible decision
values, here ¢ (true=1) and f (false=0). Subcell & contains v; € {t, f}, process
i’s initial choice. Subcell Ty contains vy € {t, f}, i.e. the default value, known by
all processes. All these initial symbols will be immutable.

Figure 6 lists the initial multiset for the firewall cell v;; (serving u,) to its
partner firewall cell vj; (serving p;), for ¢,j € {1,2,...,n}. Subcell i contains
the ID of the current process, here ¢(1%). Subcell 7 contains the ID of the other
linked process, here ¢(17). As in main cell y1;, subcell £ represents [, the maximum
number of levels for the EIG tree. All these initial symbols will be immutable.
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step level @ @ @
So So So

0 - So

| 10 S5y S Sy S
2 ! Sy ~ Sy grgr Sa 4 Sy
3 1 Sty S A8 S
4 I S, = s, s, NS

ot

< 11 Sh &/‘ Sh Si % Si
6 iQ Sy So >§’/% So Sy
12 Sy o S S5 o' Sy
8 12 S, / Sy S, \ Sy

9 12 S S S S
10 2 Ss Ss Ss S5
11 2 S . . Ss
12 11 Sy . . Sy
13 11 Sg . . Sg
14 11 Se . : Ss
15 10 Sy . . Sy
16 10 Sg . . Sg
17 10 Ss : . Ss
18 - Sy . . Sy

Fig. 4. State and interaction chart. Here: (i) s, p; are the main cells of two non-
faulty processes, i, j; (ii) vij, v;; are firewall cells at the end of the communication link
between ¢ and j.

{7 «(2%) oo o(1™), (1), A1), 6(t), 8(f), al(vi), To(vo) }

Fig. 5. Initial multiset for the main cell p;, i.e. for process i € {1,2,...,n}.

{ A1), #((17), £(1) }

Fig. 6. Initial multiset for the firewall cell v;; (serving pu;) to its partner firewall cell
vj; (serving pj), for 4,5 € {1,2,...,n}.
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8 Rules for Messaging Phase

Sending Messages. Figure 7 lists the ruleset which completes the initialisation
of main cell p; and then sends out expected round messages, exiting to state Sj
at the end of the messaging phase. Subcell ¢ gives the current level in the EIG
tree. Subcell 6 represents a node in the EIG tree during the top-down messaging
phase. Sub-subcells 6/¢, 8/, 0/m, and 6/p respectively indicate the node level,
its top-down « value, its associated permutation (i.e. EIG branch), and the set of
all process numbers appearing in 7 (i.e. Im(7)). Subcell §’ represents an outgoing
message and has sub-subcells isomorphic to 6 (except that it does not have a p
sub-subcell).

Technically, subcell 8/7 is a list of process IDs and subcell 8/p is the corre-
sponding set of process IDs; both are initially empty. For example, the EIG
branch 3.1 with top-down attribute o« = 0 is represented by subcell 6(£(2)
m(e(1)]e(3)) p(e(1)e(3)) a(0)). Conceptually, the information hold by subcells
0/¢ and 6/p is redundant, as it can be computed from 7; however, their presence
simplifies and speeds up the overall evolution.

Rule (0) constructs a zero current level and the root of the EIG tree. Rule
(1) exists to state S5 when all required messaging rounds (tree levels) have
been completed. Rule (2) sends out messages 6, based on values from node 6.
The outgoing messages already indicate their destination: the included level is
already increased by one and the current process id is prepended to the branch
permutation. Rule (3) increments the current level.

So —mineminS1 £(0) 0(£(0) 7(]) p() (V) (0)
| a(V)

Sl “min®@min SS_ (1)
I (L)
I £(L)

S1 —max®min Sa 9/(£(L1) 7T()(|P) a(V)) Lu (2)
| A(X)
| ¢(L)
[ 0(6(L) w(P) (V) p(-))
= 0(U(L) m(P) a(-) p(XQ"))

Sl Z(L) —“nin®min 54 E(Ll) (3)

Fig. 7. Ruleset which completes the initialisation of the main cells and then (repeat-
edly) sends out expected round messages, exiting to state S5 at the end of the messaging
phase.
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Firewall. Figure8 lists the ruleset of the firewall cell v;;. During the messag-
ing phase, its states are exactly synchronised to the states of its main cell, p;.
Messages 6’ are received or assumed to be received from its main cell, u;, and
are forwarded as " to its partner firewall cell, vj; (associated to main cell ;).
Messages 6" are assumed to be received from the partner firewall cell, v;;; 0" are
forwarded to the main cel, p;, as 6/ — but only if the permutation head properly
identifies the other process (so the sender’s identity cannot be faked by Sybil
attacks). No other messages can reach the main cell (this explains why these
cells are called “firewall”).

Subcell ¢ gives the current “reverse” level in the EIG tree — which is decre-
mented from maximum to zero (instead of being incremented the other way).
Rule (0) constructs this “reverse” current level. At the end of the messaging
phase, rule(1) exits to end state S5. Rule (2) decrements the current level. Rule
(3) transforms incoming message ¢’ into an isomorphic 8” and forwards it to its
partner firewall, v;;. Rule (4) transforms incoming message 6" into an isomor-
phic ¢’ and forwards it to its main cell, u;, provided that the sender is properly
recorded as the permutation head. Rules (5) and (6) keep the synchronisation
with main cell, p;.

S(J ~“min®min Sl Z(L) H K(L) (0)
S1 Z() —“min@min SS (1)
Sy 6(L1) —mingmin  S2 £(L) (2)
Sy 6'(T) —naxemin 93 07(T) | (3)
S3 0" (n(Y|P)T')  —max@mn S 0'(x(Y[P)T') 1, || v(Y) (4)
S3 —nin®nin Sy (5)
S4 —nin®nin St (6)

Fig. 8. Ruleset of the firewall cell.

Receiving Messages. Figure9 lists the ruleset which receives incoming mes-
sages and records these in a new level down in the EIG tree. Note that, after
passing the firewall, all these incoming messages have a correct sender Y. Rule
(1) records the « attributes of the incoming message 6’, whose level and branch
permutation match existing nodes. For missing or unmatched (malformed) mes-
sages, rule (2) assumes the default value vg. Rules (3) and (4) delete all previous
level § nodes and incoming 6’ messages (not strictly necessary, but keeps the
cells clean).

For example, with reference to Figs. 1 and 2, consider that process 3 receives
from process 1 the second level message 0'(€(2) m(¢(1) | ¢(3)) «(0)). At this stage,
process 2 already is in state S4 and has the following subcells: @(¢(1)...), £(2),
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Sy —naxgnin  S1_0(L(L1) w(Y|P) p(YQ) a(V)) (1)
[ 6(V)
(| £(L1)
[ 0¢e(L) 7(P) p(Q) a(.))
= 0(L(L) w(P) p(YQ') a(.))
[ 0"(e(L1) =(Y|P) (V)

S4 —nax@min 1‘9179((6()131) T(Y|P) p(YQ) (V) (2)
| ¢(L1)
| 0(&(L) m(P) p(Q) a(-))
- 0(U(L) ©(P) p(YQ') a(-))
—0'(U(L1) 7(Y|P) (L))

S Q(T(L) 7) “max®min S1 (3)
| 4(L1)
Sa0'(0) —max®nin  O1 (4)

Fig. 9. Ruleset to receive a set of messages and record these in a new level down in
the EIG tree.

5(0), 6(1), £(2), 0(¢(1) w(+(3)]) p(¢(3)) a(1)). Then, rule (4) selects the target
state S and creates new subcell 0(£(2) w(c(1)|¢(3)) p(¢(1) ¢(3)) a(0)) — for EIG
branch 3.1 and top-down value 0.

9 Rules for Second Phase

Figure 10 lists the ruleset which iteratively evaluates the bottom-up g attributes
for main cell ;. Subcell T represents a node in the EIG tree during the bottom-
up evaluation phase (we could have reused the already existing 6’s, but it seems
cleaner this way). Sub-subcells 7/¢ and 7/7 have the same meaning as for 6’s.
Sub-subcell 7/8 contains the value of the bottom-up 3 attribute. Subcell w stores
the final decision (in agreement with all non-faulty processes).

Rule (1) determines 8 for the leaves of the EIG tree. Rule (2) fires after
the g8 evaluation has reached the EIG root and records the final decision. Rule
(3) decrements the EIG level. Rule (4) cancels all pairs of opposite 7/8’s, i.e.
containing ¢ vs. f. If any ¢ remains, rule (5) decides for ¢. If any f remains, rule
(6) decides for f. Otherwise, rule (7) decides for the default value vg. Finally,
rule (7) deletes all previously existing 7’s (again, not necessary, but keeps cells
clean).
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S5 0((L) m(P) p(-) (V)  —naxemin  Se T(L(L) m(P) B(V)) 1)
| €(L)

SG é() —min@min 59 w(v) (2)
[ (r() () B(V))

Se (L1) —mingmin  S7 £(L) (3)

Sz r({(L1) =(Y|P) B(1))

T((L1) n(Y|P) B(f))  —naxgmax  Ss (4)

| €(L)

Sz T(U(L1) =(Y|P) B(t)) —mingmin I8 T({(L) 7(P) B(t)) (5)
| €(L)

Sz 7(U(L1) 7(Y|P) B(f))  —mingmin  Ss T(U(L) w(P) B(f)) (6)
Il €(L)

S7 ““max®@min 58 T(f(L) 7I-(]3) ﬂ(V)) (7)
| Do(V)
Il (L)

- 7(U(L) ©(P) 5(1))

S8 T(—) “max®min 56 (8)

Fig. 10. Ruleset which evaluates the bottom-up attribute .

10 Static Complexity

Figure 11 summarizes the main differences between the previous best solution
[7,8] and the current solution. In contrast to the previous solution, this new
solution, based on complex symbols and generic rules, uses a small and fized size
set of objects, states and rules. The high-level rules map naturally to the main
steps of the algorithm described in Sects. 4 and 5. In fact, this high-level ruleset
compares favourably even with the semi-formal description of these sections,

Complexity measure Previous version|Current version
Cells per process 3N +1 N+1
Atomic symbols O(NY) 16

States O(L) 9+5

Rules O(NY) 16+ 7

Fig. 11. Summary of complexity measures (where L = [(N — 1)/3]).
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because: (i) it is fully formal; (ii) it is directly executable; and (iii) it seems
succinter.

11 Conclusions and Open Problems

We have refined our earlier version of P systems with complex symbols. The
new version, called cP systems, enables the creation and manipulation of high-
level data structures which are typical in high-level languages, such as: relations
(graphs), associative arrays, lists. We leveraged these capabilities to present
a revised succint version of our previously best solution for the Byzantine
agreement problem. In contrast to the previous solution, which uses a super-
exponential number of symbols and rules, the new solution uses a fized sized
alphabet and ruleset, independent of the problem size, and the ruleset follows
closely the conceptual description of the algorithm.

Like other versions of P systems, our cP systems are formal models which
can become directly executable, if properly supported by tools. Further research
should address this issue, best by formalising the cP semantics.

Dinneen et al. [7,8] also mention an open problem which is still unsolved.
Even if their numbers have been substantially reduced, our solution still requires
N? additional firewalls cells, one of each side of each communication channel.
These firewalls are not conceptually required, as — with a few extensions — each
node could decide which symbols it should accept and when. Further research
is needed on this. Besides increasing the speed, a proper solution could more
generally bring P systems closer to the Actor model.

Acknowledgments. We are deeply indebted to the co-authors of our former studies
on the Byzantine agreement and to the anonymous reviewers, for their most valuable
comments and suggestions.

A Appendix. cP Systems: P Systems with Complex
Symbols

We present the details of our complex-symbols framework, slightly revised from
our earlier papers [16,17].

A.1 Complex Symbols as Subcells

Complex symbols play the roles of cellular micro-compartments or substructures,
such as organelles, vesicles or cytoophidium assemblies (“snakes”), which are
embedded in cells or travel between cells, but without having the full processing
power of a complete cell. In our proposal, complex symbols represent nested data
compartments which have no own processing power: they are acted upon by the
rules of their enclosing cells.

Technically, our complex symbols, also called subcells, are similar to Prolog-
like first-order terms, recursively built from multisets of atoms and variables.
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Atoms are typically denoted by lower case letters (or, occasionally, digits), such
as a, b, ¢, 1. Variables are typically denoted by uppercase letters, such as X
Y, Z. For improved readability, we also consider anonymous variables, which
are denoted by underscores (“.”). Each underscore occurrence represents a new
unnamed variable and indicates that something, in which we are not interested,
must fill that slot.

Terms are either (i) simple atoms, or (ii) atoms (called functors), followed by
one or more parenthesized multisets (called arguments) of other symbols (terms
or variables), e.g. a(b?X), a(X?c(Y)),a(b?)(c(Z)). Functors that are followed by
more than one parenthesized argument are called curried (by analogy to func-
tional programming) and, as we see later, are useful to precisely described deep
“micro-surgical” changes which only affect inner nested symbols, without directly
touching their enclosing outer symbols. Terms that do not contain variables are
called ground, e.g.:

— Ground terms: a, a(}), a(b), a(be), a(b?c), a(b(c)), albe(N)), a(b(c)d(e)),
a(b(c)d(e)), a(b(c)d(e(N))), a(bc?d); or, a curried form: a(b?)(c(d)e?).

— Terms which are not ground: a(X), (bX) a(b(X)), a(X ) a(X?), a(XdY),
a(Xc()), a(b(X)d(e)), a(b(c)d(Y)), a(b(X)d(e(Y))), a(b(X?)d(e(X £2))); or, a

curried form: a(b(X))(d(Y)e?); also, using anonymous variables: a(b_), a(X_),

a(b(X)d(e(1)))-

Note that we may abbreviate the expression of complex symbols by removing
inner \’s as explicit references to the empty multiset, e.g. a(A) = a().

Complex symbols (subcells, terms) can be formally defined by the following
grammar:

<term> ::= <atom> | <functor> ( ’(’ <argument> ’)’ )+
<functor> ::= <atom>

<argument> ::= A | ( <term-or-var> )+

<term-or-var> ::= <term> | <variable>

Natural Numbers. Natural numbers can be represented via bags containing
repeated occurrences of the same atom. For example, considering that 1 repre-
sents an ad-hoc unary digit, then the following complex symbols can be used to
describe the contents of a virtual integer variable a: a() = a(\) — the value of a
is 0; a(13) — the value of a is 3. For concise expressions, we may alias these num-
ber representations by their corresponding numbers, e.g. a() = a(0), b(1%) = b(3).
Nicolescu et al. [19-21] show how arithmetic operations can be efficiently mod-
elled by P systems with complex symbols.

Lists. Using complex symbols, the list [u, v, w] can be represented as

~v(u y(v y(w ¥()))), where the ad-hoc atom v represents the list constructor cons
and 7() the empty list. Hiding the less relevant representation choices, we may
alias this list by the more expressive notation ~[u, v, w].

Trees. Consider the binary tree z = (a, (b), (¢, (d), (e))), i.e. z points to a root
node which has: (i) the value a; (ii) a left node with value b; and (iii) a right
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node with value ¢, left leaf d, and right leaf e. Using complex symbols, tree y can
be represented as z(a ¢(b) ¢¥(c ¢(d) ¥(e))), where ad-hoc atoms ¢, 1 introduce
left subtrees, right subtrees (respectively).

Associative Arrays. Consider the associative array {1 — a, 1> — ¢, 17 + g},
where the “mapsto” operator, —, indicates key-value mappings. Using com-
plex symbols, this array can be represented as a multiset with three items,
{ k(D v(a)), p(k(1*)v(c)), p(k(17)v(g))}, where ad-hoc atoms p, &, v intro-
duce mappings, keys, values (respectively). Hiding the less relevant represen-
tation choices, we may alias the items of this multiset by the more expressive
notation { (1 ¥5 a), (1> S ¢), 1" E gy ={15a, P H ¢, 1" H g} In
this context, the “mapsto” operator, —, is considered to have a high associa-
tive priority, so the enclosing parentheses are mostly required for increasing the
readability (e.g. in text). If we are not interested in the actual mapping value,

instead of (a # ), we refer to this term by the succinct abbreviation z[a].

Unification. All terms (ground or not) can be (asymmetrically) matched against
ground terms, using an ad-hoc version of pattern matching, more precisely, a one-
way first-order syntactic unification, where an atom can only match another copy
of itself, and a variable can match any bag of ground terms (including the empty
bag, A). This may create a combinatorial non-determinism, when a combination
of two or more variables are matched against the same bag, in which case an
arbitrary matching is chosen. For example:

— Matching a(b(X)fY) = a(b(cd(e))f%g) deterministically creates a single set
of unifiers: X, Y = cd(e), fg.

— Matching a(XY?) = a(de®f) deterministically creates a single set of unifiers:
XY =df,e.

— Matching a(XY) = a(df) non-deterministically creates one of the following
four sets of unifiers: X, Y =\ df; X, Y =df,\; X, Y =d, f; X,Y = f,d.

Performance Note. If the rules avoid any matching non-determinism, then this
proposal should not affect the performance of P simulators running on existing
machines. Assuming that bags are already taken care of, e.g. via hash-tables,
our proposed unification probably adds an almost linear factor. Let us recall
that, in similar contexts (no occurs check needed), Prolog unification algorithms
can run in O(ng(n)) steps, where g is the inverse Ackermann function. Our
conjecture must be proven though, as the novel presence of multisets may affect
the performance.

A.2 Generic Rules

Rules use states and are applied top-down, in the so-called weak priority order.
Rules may contain any kind of terms, ground and not-ground. In concrete mod-
els, cells can only contain ground terms. Cells which contain unground terms can
only be used to define abstract models, i.e. high-level patterns which characterise
families of similar concrete models.
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Pattern Matching. Rules are matched against cell contents using the above
discussed pattern matching, which involves the rule’s left-hand side, promoters
and inhibitors. Moreover, the matching is valid only if, after substituting vari-
ables by their values, the rule’s right-hand side contains ground terms only (so
no free variables are injected in the cell or sent to its neighbours), as illustrated
by the following sample scenario:

— The cell’s current content includes the ground term:
n(a¢(bo(c)p(d)) ¥ (e))

— The following rewriting rule is considered:
n(X G(Y (Y1) 0(¥2)) ¥(2)) — v(X)n(Y 6(¥2) (1)) v(Z)

— Our pattern matching determines the following unifiers:
X=a,Y=bY1=c¢Ys=d, Z=e.

— This is a wvalid matching and, after substitutions, the rule’s right-hand side
gives the new content:

v(a) n(be(d) p(c)) v(e).

Generic Rules Format. We consider rules of the following generic format (we
call this format generic, because it actually defines templates involving variables):

current-state symbols... — target-state (immediate-symbols)!. ..
(in-symbols) ... (out-symbols)s . ..
| promoters... — inhibitors. ..
Where:

All symbols, including states, promoters and inhibitors, are multisets of terms,

possibly containing variables (which can be matched as previously described).

— Parentheses can be used to clarify the association of symbols, but otherwise
have no own meaning.

— Subscript @ € {min, max} X {min, max}, indicates a combined instantiation and
rewriting mode, as further discussed in the example below.

— Qut-symbols are sent, at the end of the step, to the cell’s structural neighbours.

These symbols are enclosed in round parentheses which further indicate their

destinations, above abbreviated as . The most usual scenarios include:

(a) |; indicates that a is sent to child ¢ (unicast);

(a) 7; indicates that a is sent to parent i (unicast);

(a) |v indicates that a is sent to all children (broadcast);
(a) v indicates that a is sent to all parents (broadcast);
(a) ]v indicates that a is sent to all neighbours (broadcast).

All symbols sent via one generic rule to the same destination form one single
message and they travel together as one single block (even if the generic rule
has multiple instantiations).
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— Both immediate-symbols and in-symbols remain in the current cell, but there
is a subtle difference:

e in-symbols become available after the end of the current step only, as in
traditional P systems (we can imagine that these are sent via an ad-hoc
loopback channel);

o immediate-symbols become immediately available (i) to the current rule, if it
uses the max instantiation mode, and (ii) always, to the succeeding rules (in
weak priority order).

Immediate symbols can substantially improve the runtime performance,
which could be required for two main reasons: (i) to achieve parity with best
traditional algorithms, and (ii) to ensure correctness when proper timing is log-
ically critical. However, they are seldom required and not used in the systems
presented in this paper.

Example. To explain our combined instantiation and rewriting mode, let us con-
sider a cell, o, containing three counter-like complex symbols, c¢(1%), ¢(1?), ¢(1?),
and the four possible instantiation®rewriting modes of the following “decrement-
ing” rule:

(pa) S1 ¢(1X) —4 S ¢(X), where o € {min,max} X {min,max}.

1. m If @ = nin®min, rule ppingnin Nondeterministically generates and applies (in
the nin mode) one of the following two rule instances:

(p1) 1 e(1*) —uin Sz c(1) or
(p1)  S1 e(1%) —uin S c(1?).
Using (p}), cell o ends with counters ¢(1), ¢(1%), ¢(1%). Using (p}), cell o ends
with counters ¢(1?), ¢(1?), c(1?).
2. If & =max®min, rule Ppaygmin first generates and then applies (in the nin mode)
the following two rule instances:

(py)  S1¢(1%) —pin S2 ¢(1) and
(Py) Sy c(1?) —pin So c(1?).
Using (p4) and (p4), cell o ends with counters (1), ¢(1?), c¢(1?).

3. If & =min®max, rule ppingmax Nondeterministically generates and applies (in the
max mode) one of the following rule instances:

(p3) St c(1%) —pax S2 c(1) or
(P)  Si c(1?) —pax S2 c(17).

Using (p}), cell o ends with counters ¢(1), ¢(1), ¢(1%). Using (p4), cell o ends
with counters c¢(12), ¢(1?), ¢(1?).
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4. If @ = max®max, rule ppincmmax first generates and then applies (in the max mode)
the following two rule instances:

(Py) St c(1?) —pax S2 (1) and
(1) S1c(1?) —pax Sa c(12).

Using (p}) and (pY), cell o ends with counters ¢(1), ¢(1), ¢(1%).

The interpretation of min®min, min®max and max®max modes is straightforward.
While other interpretations could be considered, the mode nax@nin indicates that
the generic rule is instantiated as many times as possible, without superfluous
instances (i.e. without duplicates or instances which are not applicable) and each
one of the instantiated rules is applied once, if possible.

If a rule does not contain any non-ground term, then it has only one pos-
sible instantiation: itself. Thus, in this case, the instantiation is an idempotent
transformation, and the modes min®min, min®max, max®min, max@max fall back onto
traditional modes min, max, min, max, respectively.

Special Cases. Simple scenarios involving generic rules are sometimes seman-
tically equivalent to loop-based sets of non-generic rules. For example, consider
the rule

St a(z(I) y(J)) —naxemin S2 b(I) ¢(J),

where the cell’s contents guarantee that I and J only match integers in ranges
[1,n] and [1,m], respectively. Under these assumptions, this rule is equivalent to
the following set of non-generic rules:

Sl Qi,j —min Sg bl Cj, Vi € [1,7?,},.]. S [l,m].

However, unification is a much more powerful concept, which cannot be gen-
erally reduced to simple loops.

Micro-Surgery: Operations that Only Affect Inner Nested Symbols.
Such operations improve both the crispness and the efficiency of the rules. Con-
sider a cell that contains symbols o(abpg),r and a naive rule which attempts to
change the inner b to a d, if an inner p and a top-level r are also present:

S1 0(bR) —ningmin S2 o(dR) | o(p-) 7.

Unless we change the “standard” application rules, this rule fails, because symbol
p is locked as a promoter and cannot be changed at the same time (not even by
copy/paste from the left-hand side R to the right-hand side R). We solve this
problem without changing the standard application rules, by adding an access
path to the inner symbols needed. The access path is a slash delimited list of
outer symbols, in nesting order, which opens an inner bag for usual rewriting
operations; these outer symbols on the path are not themselves touched. For
example, this modified rule solves the problem by opening the contents of o for
processing:
S1 0/b —ningmin S2 0/d | o/pr.
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This extension helps even more when we want to localise the changes to inner
symbols of a specific outer symbol. For example, consider a similar operation that
needs to be applied on the innermost contents of symbol o(4, j)(abpg), identified
by its coordinates 1, j.

S1 o(x(1)y(4)) /b —mingmin S2 o(x(i)y(j))/d | o(z(i)y(5))/p r.

If all or most symbols involved share the same path, then the path could
qualify the whole rule; existing top-level symbols could be qualified by usual
path conventions, e.g. in our case, r could be explicitly qualified by either of /
or../:

o(x(i)y(j)) :: S1 b —ningmin S2d | p../7.

Note that the usual rulesets are just a special case of this extension, when

all rules are by default qualified with the root path /.

Note. For all modes, the instantiations are conceptually created when rules are
tested for applicability and are also ephemeral, i.e. they disappear at the end of
the step. P system implementations are encouraged to directly apply high-level
generic rules, if this is more efficient (it usually is); they may, but need not, start
by transforming high-level rules into low-level rules, by way of instantiations.

Benefits. This type of generic rules allow (i) a reasonably fast parsing and
processing of subcomponents, and (ii) algorithm descriptions with fized size
alphabets and fized sized rulesets, independent of the size of the problem and
number of cells in the system (often impossible with only atomic symbols).

Synchronous vs Asynchronous. In our models, we do not make any syntactic
difference between the synchronous and asynchronous scenarios; this is strictly
a runtime assumption [15]. Any model is able to run on both the synchronous
and asynchronous runtime “engines”, albeit the results may differ.

In the synchronous scenario of traditional P systems, all rules in a step
take together exactly one time unit and then all message exchanges (including
loopback messages for in-symbols) are performed at the end of the step, in
zero time (i.e. instantaneously). Alternatively, but logically equivalent, we here
consider that rules in a step are performed in zero time (i.e. instantaneously) and
then all message exchanges are performed in exactly one time unit. We prefer
the second interpretation, because it allows us to interpret synchronous runs as
special cases of asynchronous runs.

In the asynchronous scenario, we still consider that rules in a step are per-
formed in zero time (i.e. instantaneously), but then, to arrive at its destination,
each message may take any finite real time in the (0,1] interval (i.e. travel-
ling times are typically scaled to the travel time of the slowest message). Addi-
tionally, unless otherwise specified, we also assume that messages traveling on
the same directed arc follow a FIFO rule, i.e. no fast message can overtake a
slow progressing one. This definition closely emulates the standard definition
used for asynchronous distributed algorithms [13]. Clearly, the asynchronous
model is highly non-deterministic, but most useful algorithms manage to remain
confluent.
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In both scenarios, we need to cater for a particularity of P systems, where
a cell may remain active after completing its current step and then will auto-
matically start a new step, without necessarily receiving any new message. In
contrast, in classical distributed models, nodes may only become active after
receiving a new message, so there is no self-activation without messaging. We
can solve this issue by (i) assuminging a hidden self-activation message that cells
can post themselves at the end of the step and (ii) postulating that such self-
addressed messages will arrive not later than any other messages coming from
other cells.

Obviously, any algorithm that works correctly in the asynchronous mode will
also work correctly in the synchronous mode, but the converse is not generally
true: extra care may be needed to transform a correct synchronous algorithm
into a correct asynchronous one; there are also general control layers, such as
synchronisers, that can attempt to run a synchronous algorithm on an existing
asynchronous runtime, but this does not always work [13].

Complexity Measures. We consider a set of basic complexity measures similar
to the ones used in the traditional distributed algorithms field.

— Time complezxity: the supremum over all possible running times (which,
although not perfect, is the most usual definition for the asynchronous time
complexity).

— Message complezity: the number of exchanged messages.

— Atomic complexity: the number of atoms summed over all exchanged messages
(analogous to the traditional bit complexity).
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Abstract. Rewriting P systems, as language generating devices, are one
of the earliest classes of P systems with structured strings as objects and
the rewriting rules as evolution rules. Flat splicing is an operation on
strings, inspired by a splicing operation on circular strings. In this work,
we consider a variant of rewriting P systems with only regular or linear
rewriting rules and alphabetic flat splicing rules, and the language gener-
ative power of rewriting P systems with flat splicing rules in comparison
with flat splicing systems and Chomsky hierarchy is investigated.

Keywords: Bio-inspired computing -+ Membrane computing *+ P sys-
tem - Flat splicing - Chomsky hierarchy

1 Introduction

Membrane computing, which was motivated by the organization and functioning
of living cells, has grown to a great extent in breadth and depth, at least at
the theoretical level, since its introduction around the year 2000 [14,15]. The
novel computing device in this area, known broadly as P system, has become
a versatile framework in many application problems as well [3,4,18,19,21,22].
Among different varieties of P systems, the rewriting P system considered as a
language generating device, is one of the earliest P system models introduced
by Paun [14] with structured strings as objects and rewriting rules as in formal
language theory, in order to deal with symbolic computations.

The language generation power of rewriting P systems has been investigated,
several variants with different additional features have been introduced into such
kind of P systems. For instance, deadlock state [2], variable thickness [5], com-
bining Chomsky rules and contextual rules [9], using one-sided contextual rules
and erasing contextual rules [10], using global rules [12], using partially parallel
rewriting rules [13]. It is shown that several of the above mentioned variants of
rewriting P systems can generate any recursively enumerable languages.

On the other hand, in the area of DNA computing, Head [6] introduced
a novel operation on strings, called splicing, while modelling the recombinant
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behaviour of DNA strings. Inspired by the splicing operation on circular strings
[7], Berstel et al. [1] consider an operation on strings called flat splicing which
“cuts” a string u = xafy between a and § and inserts in u, a string v = vzd
between « and (8 as dictated by a flat splicing rule of the form (a|y — 4|3). In
particular, when «, 3,7, § are letters of an alphabet or the empty word, the rule
is called an alphabetic flat splicing rule.

In this work, we consider a variant of rewriting P systems with only regular or
linear rewriting rules and alphabetic flat splicing rules, besides the initial words
in the regions being only symbols from the alphabet of the system. The language
generative power of these rewriting P systems with alphabetic flat splicing rules
in comparison with flat splicing systems is investigated. Moreover, the family
of languages generated by these rewriting P systems with alphabetic flat splic-
ing rules are also compared with the language families in Chomsky hierarchy.
Specifically, we prove that the family of context-free languages is included in
the family of languages generated by rewriting P systems with alphabetic flat
splicing rules, having two membranes, a priority relation on the regular rules and
initial strings in the regions having length at least one. A preliminary version of
this work appears in [11].

2 Preliminaries

We refer to [20] for concepts and results related to formal grammars and lan-
guages and to [14,15,17] for P systems.

An alphabet V is a finite and nonempty set of symbols and a word (also
called a linear word) w is a finite sequence of symbols belonging to V. The set
of all words over V is denoted by V* which includes the empty word A (with
no symbols) and VT = V* — {\}. The length |w| of a word w is the number of
symbols in w counting repetitions.

We denote the families of languages generated by context-sensitive, context-
free, linear or reqular grammars of the Chomsky hierarchy by CSL, CFL, LIN,
respectively [20]. The family of finite languages is denoted by FIN.

We recall the notion of flat splicing on words, which was considered by Berstel
et al. [1]. A flat splicing rule r is of the form (aly — 6|3), where «, 3,7,d are
words over the alphabet V. The words «, 3,7, are called the handles of the
rule. When all the four handles of the rule r are letters in V' or the empty word,
the flat splicing rule r is called alphabetic.

For two words x = uafv, y = ywd, u,v,w € V*, an application of the flat
splicing rule r = (aly — 4|8) to the pair (z,y) yields the word z = uaywdSv
and we write (x,y) F, z. In other words, an application of the rule r inserts the
second word y between o and ( in the first word z yielding the word z. When
a = =+ =4 =), the flat splicing rule is simply (A|]A—A|\) and an application
of this kind of rule allows insertion of any word y into any other word x and the
insertion can be done anywhere in x.

A flat splicing system (FSS) [1] is a triple § = (X, I, R), where X is an
alphabet, I, called initial set, is a set of words over X and R is a finite set of flat
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splicing rules. The F'SS S is respectively called finite, regular or context-free
according to the I is a finite set, a regular set or a context-free language. The
language L generated by S is the smallest language containing I and such that
for any two words u,v € L and any rule r € R, if the rule r is applicable to the
pair (u,v) and if the word w is obtained on applying the rule r to the pair (u,v),
that is, if (u,v) . w, then w is also in L. When all the flat splicing rules are
alphabetic, the F'SS is called an alphabetic flat splicing system (AFSS). The
families of languages generated by F'SS and AF'SS are respectively denoted by
L(FSS,X)and LIAFSS, X) for X = FIN, REG or CF according as the initial
set is finite, regular or C'F.

We illustrate an alphabetic flat splicing system and its work with an example.

Ezample 1. Consider the alphabetic flat splicing system &1 = ({a, b, ¢}, {ac, b},
R;), where

Ry ={r1 = (ala — ¢|e),ro = (b]b — A|A), 75 = (a|b — A|c).}

Application of the rule ro to the pair of words (b,b) inserts (the second) b
to the right of (the first b) yielding b2. Likewise applying the rule 5 to the pair
(b, %) or (b2,b) yields b®. Note that an application of 75 to the pair (b%,b) can
insert b to the right of b2 or between the two b’'s. Thus proceeding like this, the
words generated will be of the form 0™, n > 1. In a similar manner, applying the
rule r1 to the pair (ac, ac) will yield a®c? and continuing this we obtain words
of the form a™c™, n > 1. On the other hand, using the rule r3 to the pairs of the
form (a™c™,b™), n,m > 1, yields the word a™b™c"™. The language generated by
Sl is

L(S) ={b"n>1}U{a"c"In > 1} U{a"b™c" | n,m > 1}.

It has been shown in [1] that alphabetic flat splicing rules and context-free
initial sets can produce only context-free languages.

Theorem 1. [1] The language generated by an alphabetic flat splicing system
with context-free initial set is context-free.

Insertion/deletion systems have been investigated in the context of study
on models in DNA computing (see, for example, [16], Chap.6) and a number
of language theoretical results have been established. In particular, insertion
systems have close similarity with flat splicing systems as pointed out in [1]. But
it has been shown in [1] that these two systems generate incomparable families
of languages. We now recall insertion systems as described in [1].

An insertion system v = (X, I, R), where X is a nonempty alphabet, I, called
the initial set, is a finite nonempty set of words over X’ and R is a finite nonempty
set of rules, called insertion rules, of the form (u|8|v), where u, 8, v are words
over X. Given a word w of the form w = zuvy, an application of the rule (u|S|v)
generates the word w’' = zufBvy. The language generated by the system < is
the set of words over X' obtained by repeated application of the insertion rules,
starting with the words in the initial set I. The family of languages generated by
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insertion systems is denoted by L(ins). An insertion system is alphabetic if the
contexts u, v of the rules (u|S|v) have length at most 1. The family of languages
generated by insertion systems as defined above, is denoted by L(ins) and by
L(ains) when the insertion systems are alphabetic.

The following results on (alphabetic) insertion systems and flat splicing sys-
tems are known [1].

Theorem 2. (i) The families of languages generated by flat splicing systems
and insertion systems are incomparable.
(i1) Alphabetic insertion systems always generate context-free languages.

3 A Rewriting P System with Linear Rewriting Rules
and Alphabetic Flat Splicing Rules

We now introduce a cell-like rewriting P system with internal output computing
languages of structured strings. The regions of the P system can have regular or
linear rewriting rules and/or alphabetic flat splicing rules and initial objects in
the regions are only symbols from an alphabet.

Definition 1. A rewriting P system with linear rules and/or alphabetic flat
splicing rules of degree m > 1 (RP,,(LIN/AFSR)) is

1= (‘/7T7/'L’F1’... 7FWL7R1a"' 7Rm,i0)7
where

(i) V is the total alphabet of the system;
(i) T CV is the terminal alphabet;
(iii) p is the membrane structure consisting of m membranes labelled in a one-
to-one way with 1,...,m;
(i) Fy,...,Fy, are finite subsets of V associated with the m regions of p (the
elements of F;,1 < i <m, are called initial symbols);
(v) Ri,..., Ry are finite sets of rules associated with the m regions of i;
(vi) i, is the label of an elementary membrane of p, called the output membrane.

A rule in a region can be a linear rewriting rule of the form A — aBg or
A—~ A BeV-T,«a,pB,~v€T* oran alphabetic flat splicing rule as described
earlier. The rules have attached targets here, out, in (in general, here is omitted).
A linear rule in a region rewrites a string in the region as in a Chomsky grammar
while an alphabetic flat splicing rule in a region is applied to a pair of strings
in the region. If the rewriting rules in the regions are only regular rules of the
form A - aBor A—~, A, BeV —T, a,v € T*, then we denote the system
as RP,,(REG/AFSR).

A computation in a RP,,(LIN/AFSR) is defined in a way similar to a string
rewriting P system [14,15]. A computation starts from an initial configuration
defined by the membrane structure with the initial symbols, if any, in the m
regions. The rules in a region are used in a nondeterministic maximally parallel
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manner which means that the strings to evolve and the rules to be applied to
them are chosen in a nondeterministic manner, but all strings in all the regions
which can evolve at a given step should do it. On the other hand, the application
of a linear rule to a string in a region or an alphabetic flat splicing rule to a pair
of strings in a region, is sequential in the sense that only one rule is applied to
a string or a pair of strings, resulting in an evolved string which is placed in
the region indicated by the target associated with the rule used. The target here
means that the evolved string remains in the same region, out means that the
evolved string exits the current membrane (if the rule was applied in the skin
membrane, then it can exit the system such that strings leaving the system are
“lost” in the environment), and in means that the string is sent to one of the
directly lower membranes, nondeterministically chosen if there exist several of
them (if no internal membrane exists, then a rule with the target indication in
cannot be used).

A computation is successful only if it stops reaching a configuration where no
rule can be applied to the existing strings. The result of a halting computation
consists of strings is composed only of symbols from T placed in the output
membrane in the halting configuration. The set of all such strings computed
(also called generated) by the system IT is denoted by L(II).

The family of all languages L(IT) generated by systems II as above, with
at most m membranes, with linear rules and/or flat splicing rules is denoted
by L(RP,,(LIN/AFSR)). If the rewriting rules are regular the corresponding
family is denoted by L(RP,,(REG/AFSR)).

In order to illustrate the definition of RP,,(REG/AFSR), we give the fol-
lowing example.

Ezample 2. Consider the RP,(REG/AFSR)
I, = ({51, 52, A, By, B2, B3, a,b,c,d},{a,b,c,d}, [1 [2]2]1, {S1, S2}, 0, R1, R2,2),
where R consists of the regular rewriting rules
S1 — B1,S1 — ¢B>,S1 — acBs, Sy — xyA,
By — acB1, By — acBs, B3 — acBs, A — dbA
and the alphabetic flat splicing rules
(Alz — A[By), (A|lz — A|Ba), (Alz — A|Bs),

2

with all the three alphabetic flat splicing rules having target indication “in
while Ry consists of the following regular rewriting rules:

A—XNBy —> )\ By — )\ By —d,Bs —d.

Computation in II; takes place as follows: The region 1 has axiom strings
S1,S2 while region 2 has none initially. One of the three rules S; — By, 51 —
¢Bs,S1 — acBs in region 1 could be applied to the axiom string S; initially.
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If we start with applying the rewriting rule S; — Bj to the axiom string 57 and
follow it by the application of the rule By — acBj, for certain times, say n times
(n > 1), then this yields the string (ac)™B;. Simultaneously, in region 1, the
axiom string Ss yields the string zy(db)™ A (for the same n) by the application
of the rule So — xyA followed by the application of the rule A — dbA for n times.
If at this stage the alphabetic flat splicing rule (A\|z — A|Bj) in region 1, with
target indication “in” is applied to the pair ((ac)™ By, xy(db)™A), then the string
(ac)™zy(db)™ ABy is generated and is sent to region 2, where the application of
the rules A — A\, By — A erase the symbols A, By thereby yielding the string
(ac)"zy(db)™.

Likewise, if we start with applying the rewriting rule S; — ¢Bs to the axiom
string S in region 1 and follow it by the application of the rule By — acBs,
for certain times, say n times (n > 1), then this yields the string c(ac)™Bs.
Again the alphabetic flat splicing rule (A|z — A|B2) in region 1, with target
indication “in” can be applied to the pair (c(ac)™Bsg, zy(db)™A), then the string
c(ac)"xy(db)™ ABy is generated and is sent to region 2, where the application
of the rule A — )\, and either B, — X or By — d erase the symbol A and
either erase By or replace it by d thereby yielding the string c(ac)™zy(db)™ or
c(ac)™xy(db)™d. Generation of strings of the form (ac)"zy(db)"d is similar with
the computation in region 1 starting with applying the rule S; — acBs to the
axiom string S7 and following it by the application of the rule B3 — acB3 certain
number of times, so that the alphabetic flat splicing rule (A|z — A|Bs) applied to
the pair (ac(ac)™Bs, zy(db)™A) will yield and send the string ac(ac)™xy(db)™ ABs
to region 2, where A is erased and Bj is replaced by d. Thus the language
L generated by IIy is L = L(II;) = M UcM U cMdU acMd, where M =
{(ac)"zy(db)"|n > 0}.

Remark 1. The language L in Example2 is in fact considered in [1] and an
alphabetic flat splicing system with six rules is given generating a language P
which contains L. It has also been shown that P cannot be generated by an
insertion system, by providing an argument that is based on the words in L.

We now examine the generative power of the rewriting P systems with regular
and/or flat splicing rules.

Theorem 3. (i) L(RP\(REG/AFSR)) — L(FSS,FIN) # 0;
(i) L(RP,(REG/AFSR)) — L(ins) # 0.

Proof. The language L1 = {za™y|n > 0} over the alphabet {z,a,y} is not in
the family £L(F'SS, FIN) as shown in [1]. But clearly, it is in RP;(REG/AFSR)
since we can have a RP,(REG/AFSR) with only one membrane containing
regular rules S — A, A — aA, A — y with the initial symbol S generating
L1. In fact we do not need any alphabetic splicing rules in the membrane. This
proves statement ().

In order to prove statement (iz), we note that a language P (as mentioned
in the Remark 1) is shown in [1] to be not L(ins). Although P is not explicitly
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described, it is noted in [1] that P is generated from the initial words zy, a,b, ¢, d
by the following six flat splicing rules:

(clz = y[A), (Ale = yld), (ale = d[A), (Ala — d]b), (cla = B]A), (Ale — bld).

But the language P is in RP(REG/AFSR) since we can have a
RP(REG/AFSR) with only membrane containing initial symbols S, a, b, ¢, d, a
regular rule S — xy and the six alphabetic flat splicing rules mentioned above.
In fact, these alphabetic splicing rules alone are shown in [1] to generate P, but
their initial set has zy (a string of length more than 1) and so we have included
the rule S — zy in the membrane to generate xy. Note that by definition, the
initial objects in the regions of the P system can be only symbols (of length 1).
This proves statement (i). O

Theorem 4. (i) REG C L(RP,(REG/AFSR)) C L(RP,(REG/AFSR));

(i1) LIRP,(REG/AFSR)) — L(FSS,REG) # 0;

(#i1) L(RPy(REG/AFSR)) contains a context-sensitive language which is
not context-free. As a consequence, L(RPy(REG/AFSR)) — CSL # 0.

Proof. The inclusion REG C L(RP,(REG/AFSR)) is straightforward as the
regular rules generating a regular language can be taken as the rules in the
only one membrane of a corresponding RP, (REG/AFSR) (with no alphabetic
flat splicing rule in the region) and the start symbol of the grammar is the
initial object in the membrane. The proper inclusion in statement (i) follows
by noting that the language P in the proof of statement (i7) of Theorem 3 is
in L(RP,(REG/AFSR)) but is a non-regular language. In fact the non-regular
context-free language L = MUcMUcMdUacMd, where M = {(ac)"xy(db)™|n >
0} is a subset of P and contains all the words in P having exactly one z and one
y, which implies P is also non-regular.

In order to prove statement (ii), we note that the inclusion L(RP,(REG/
AFSR)) C L(RP,(REG/AFSR)) holds by definition while the proper inclusion
is seen by considering the non-regular context-free language Lo = {xa™b™y|n >
1} over the alphabet {z,y,a,b}. In fact, the following RP>(REG/AFSR), I,
generates L:

H2 = ({SlstaA7B7x7yaa7b}7 {x,y,a,b}, [1 [2]2]13 {Sla S2}7®7R1;R272)3

where Ry consists of the regular rules S — x4, A — aA,So — B, B — bB and
the alphabetic flat splicing rule (a|\ — B|A) with target in. Ry consists of the
regular rules A — a, B — ).

In fact, in region 1, the initial symbols S, S5 respectively generate za™ A and
b"B (for the same n > 1) and if at this stage, the alphabetic flat splicing rule
is applied to the pair (xa™S,b"B), then the string za™ Ab" B is generated and
is sent to region 2. Here in region 2, the application of the rules A — a, B — A
yields the string xa™b™y.

But the language Lo cannot be generated by any RP;(REG/AFSR) with
only one membrane. In fact, regular rules alone are not enough as the language
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is non-regular while alphabetic flat splicing rules alone are not enough which
can be shown by an argument similar to the one given in [1] in proving that the
language {za™y|n > 0} is not a flat splicing language. On the other hand, if we
assume that the only membrane has some regular rules and some flat splicing
rules that can generate the words xa"b"y, then strings with some powers of a
or powers of b cannot be inserted independently between x and y. The only
possibility is to insert between z and y for some string having the form a™b"
with suitable nonterminals, if any, in between. Since the nonterminals are to
be erased ultimately, the only membrane should have rules which will lead to
terminal strings of the required form. But this would mean that strings (without
the symbols z,y) not in the language will be generated. This shows only one
membrane is not enough.
In order to prove statement (#i7), consider the language

Ly={c’|p>1}U{a"" | n > 1} U {a™d" "™ | n,m > 1},

which is context-sensitive and not context-free. The following RP,(REG/AFSR)
generates the language Lj:

({Sl7 SQa 537(1, ba C}a {a7b7 C}7 [1 [2 ]2 ]17 {Sla 52}1 {53}7R1a R27 2)7

where R, consists of the regular rules S; — aS7, 52 — bSs and an alphabetic flat
splicing rule (a|b— S3|S1),in while Ry consists of the regular rules S; — A, S2 —
A, S5 — A\, S3 — ¢S3 and an alphabetic flat splicing rule (Sa|c — S3]S1), in.

The computation takes place as follows: In region 1, Sp,S> generate the
strings a™S7 and b"Ss, while at the same time in region 2, S3 generates ¢"Sjs.
At this point if the alphabetic flat splicing in region 1 takes place on the pair
(a™S1,b™S2), then the string generated is a™b™S2S7 which is sent to region 2.
Here application of the regular rule S3 — ¢S3 could take place, say m times, so
that the string generated is ¢"™™S3 (m > 1). If at this point, the alphabetic flat
splicing rule is applied on the pair (a™b"S3S1, "™ Ss3), the string generated is
a™b"Soc™T™SG351. At the same time, prior to applying the flat splicing rules, if
the erasing rules are applied, strings of the form ¢, a™b™ will be generated. Thus
the language generated is Ls.

Theorem 5. L(RP,(LIN/AFSR)) C L(RPy(LIN/AFSR)).

Proof. The inclusion holds by definition. In order to prove proper inclusion,
consider the language Ly = {a™b"c" | n > 1}, which is context-sensitive and not
context-free. The following RP>(LIN/AFSR) generates the language Ly:

({517525a7ba C}, {a,b,c}, [1 [2 ]2]1) {51752}a®aR17R272)7

where R; consists of the linear rules S; — aSic,So — bS5 and an alphabetic
flat splicing rule (a|b— S2]S1),in, while Ry consists of the rules S — A\, Sy — A.
The computation takes place as follows: In region 1, Sy, .52 generate the strings
a™S1c™ and b"Sy for the same n. At this point if the alphabetic flat splicing
in region 1 is applied on the pair (a”™S1c™,0"Ss), then the string generated is
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a™b™S5.51c™ which is sent to region 2. Here application of the rules S; — A, Sy —
A erases the nonterminals, thus yielding the string a™b"c™.

On the other hand, one membrane is not enough to generate L4 since AF'SS
rules alone cannot generate the non- CF language due to Theorem 1, while linear
rules alone are also not enough. So if both types of rules are included in the only
membrane to generate Ly, then the nonterminals of the linear rules are to be
erased or replaced by terminal strings finally. But this will lead to strings not
in L4.

4 RP,,(REG/AFSR) with Extended Initial Objects

In rewriting P systems [14] generating languages, the initial objects in the mem-
branes can be strings of finite languages. This means that strings of length more
than one can be the initial objects unlike the objects in RP,,(LIN/AFSR) or
RP,,(REG/AFSR) considered here so far, where the initial objects are symbols
from the alphabet.

Instead of recalling the formal details of the definition of a rewriting P system
[14], we illustrate with an example of a rewriting P system having regular rules in
its regions and computing a context-free language. Note that the system works
in maximal parallelism manner, but at the level of a membrane the rewriting by
a rule is sequential and the rewritten string moves to the membrane indicated
by the target.

Example 3. Consider the rewriting P system of degree 2 with regular rewrit-
ing rules, given by (V,T,u, L1, Lo, R1, Ra,2), where the total alphabet V =
{4, B,a,b}, the terminal alphabet T = {a,b}, the membrane structure p =
[1[2 ]2]1- The sets of initial strings in the membranes are given by Ly =0, Lo =
{AB}. The sets Ry, Ry with regular rules with associated targets (here, in or
out) are given by

Ry ={B — bB(in)}, Ry = {A — aA(out), A — a(here), B — b(here)}.

Computation in this P system will take place as follows: Only the mem-
brane 2 has an initial string AB (of length 2) which will evolve by the sequential
application of a rule in region 2. If the rule A — aA(out) is applied to AB,
the generated string aAB is sent to region 1, where the application of the rule
B — bB(in) generates aAbB which is sent back to region 2. The process can
repeat or terminate by the application of the rules A — a(here), B — b(here)
yielding words of the form a™b",n > 1. The language generated is a non-regular
context-free language {a™b™ | n > 1}. An application of the rule B — b followed
by the application of the rule A — aA(out) will send the string to region 1 where
it will get stuck. Note that if in region 2, the initial string is allowed to have
length not more than 1, this language cannot be generated with regular rules
and two membranes.

We now allow in our definition of RP,,(REG/AFSR) initial objects to have
length more than 1 but continue to refer to such a system by RP,,(REG/AFSR)
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itself. A priority relation > on the rules is a well-known notion used in P systems.
If a region has rules rq, ro with r; > 73, then if both the rules could be applied to
strings in that region, only r; is applied. We denote such a system with a priority
relation on the regular rules in the regions and initial strings in the regions having
length one or more by RP,,(REG/AFSR,pri). The corresponding family of
languages is denoted by L(RP,,(REG/AFSR,pri)).

Theorem 6. CFL C L(RP,(REG/AFSR, pri)).

Proof. Let L (without the empty word) be a context-free language and G =
(N, X, P,S) be a context-free grammar in Chomsky normal form with P con-
sisting of n rules of the form A — BC or A — a generating L. The members
of N are the nonterminals and those of T are terminals of G with S € N
as the start symbol. We construct a RP,(REG/AFSS,pri) II3 to generate L.
Hg = (‘/, T, [1 [2]2]2,.[/1,_[/27 (Rl, >),R2,2), where V. = NU X U {Fi,E,E/ |
F,,E,E' ¢ N,1 <i<n},T =X, such that with each rule r;, 1 < i < n, a
distinct symbol F; is associated. We set

Ly ={SE,F;BC,Fya|r; :A—BCe€P,r,:A—acP,

F;, Fy, are associated withrulesr;, i},
Ly =10,
Ry = {(A|F; — C|a), (A|Fy —a|a) | rj : A— BC, 11, : A — a,
A/B,CeN,ae X,acV —{F1 <i<n}} U{(E|E" — A\)(in)},
Ry={X - )| XeNU{F,E,E'|1<i<n}}

As usual, we omit mentioning the target “here”. The priority relation >
on the rules of R; is defined as follows: r > (E|E’ — A\) for each rule r in
Ry — {(E|E’ — A]A\)}. The construction is very close to a similar result in [8].

It can be seen that a derivation in the context-free grammar G starting from
S and leading to a word in L can be simulated by I3 as follows: The computation
starts with the initial string SE in membrane 1 and the result of rewriting by a
rule of the form A — BC'is captured by inserting F; BC' (F; being the associated
symbol) to the immediate right of the symbol A in the currently generated word.
Likewise, corresponding to the application of the rule A — a, the word Fra (Fy
being the associated symbol) is inserted again to the immediate right of A. Due
to the priority, only when no other rule could be applied, the rule (E|E’ — A|)\)
could be applied which will send the current word to the membrane 2. Here all
the nonterminals (symbols not in X') are erased and the resulting terminal word
is collected in the language, thus generating the context-free language L.

Finally, we note that in Theorem4, a RP,(REG/AFSR) is shown to gener-
ate a context-sensitive language which is not context-free. This shows that the
inclusion is proper.
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5 Conclusions and Discussions

In this work, we have considered rewriting P systems with simple rewriting rules
and flat splicing rules with a sequential application of rules to an object in
a membrane, and the language generative power of such P systems has been
investigated. It may be of interest to examine the power of parallel application
of rules as in L systems with similar simple rewriting rules.

The language generative power of rewriting P systems with regular rules and
flat splicing rules in comparison with flat splicing systems has been investigated
in Sect. 3. It is of interest to investigate whether rewriting P systems with regular
rules and flat splicing rules can generate any recursively enumerable language.

The priority relation has been considered in rewriting P systems in Sect. 4,
which ensures that the context-free grammar is simulated correctly. It remains
open whether the result in Theorem6 still holds if the priority relation is
removed.
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Abstract. In this work we propose new view of P systems by using the
framework of Information Theory. Given a cell-like P system with com-
munication and evolution rules, we analyze the amount of information
that it holds as the result of symbol movements across the membranes.
Under this approach, we propose new definitions and results related to
the information of P systems and their entropy. In addition, we propose
a new working manner for P systems based only in the entropy evolution
during the computation time.

Keywords: Communication P systems + Information theory - Entropy

1 Introduction

P systems were introduced as a computational model inspired by the information
and biochemical product processing of living cells through the use of membrane
communication. In most of the works about P systems, information is repre-
sented as multisets of symbols/objects which can interact and evolve according
to predefined rules. From the beginning, the most important component of the
system has been the kind of rules that it holds. There have been different propos-
als to define the rules of the system such as evolution rules, communication rules,
active rules to create/dissolve membrane structures, active rules with polariza-
tion, and so on and so forth [13].

Here, we pay attention to the following fact: the rules of a P system pro-
duce/consume new symbols in different regions of the system. So, they can be
considered information regulators that act over a region, which can be consid-
ered information senders and receivers in a pure communication system. Hence,
the behavior of the P system can be analyzed from the Information Theory point
of view. In this context, the main concept to be defined and applied is the con-
cept of entropy. From the definition of entropy, we can analyze any P system
through the characterization of the information at every region according to its
membrane structure and rules.

Furthermore, if we consider the P system as a metaphor of a living sys-
tem, then, by applying thermodynamic laws, the system will tend to increase
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its entropy. Hence, we can establish a new working manner of any P system
that selects the rules and its application number as a function of incrementing
the entropy. This new way of working is named entropic manner and will be
explained in more detail.

The structure of this work is as follows: First, we give the basic definitions
needed in this work and related to Information Theory, multisets and P sys-
tems. Then, we establish different entropy definitions for the structure and
ingredients of some P systems. We overview some algorithmic ways to calcu-
late the entropies of the system, and we consider probabilistic/stochastic and
non-probabilistic/non-stochastic systems. In the next section, we define P sys-
tems working in an entropic way and we overview the application of rules under
this approach. Finally, we propose some additional research topics related to this
approach and we report work in progress.

2 Basic Concepts

We will introduce basic concepts related to multisets, Information Theory and
P systems. We suggest to the reader the references [12,13] to introduce mem-
brane computing, and the books [5,15] to introduce Information Theory. We will
provide some definitions from multiset theory as exposed in [17].

Information Theory. We can suggest to the reader the books [5,15] and the
classical work by C.E. Shannon [16] in order to have a full view of Information
Theory.

An information source is defined by the tuple (S, P), where S is an alphabet
(random variables) and P is a probability distribution over S. A cornerstone
of Information Theory is the concept of entropy which is attached to informa-
tion sources. The entropy of an information source I, with an alphabet S and
probability distribution P : .S — [0, 1] is defined as

= - P(a)-log,P(a)

a€S

Observe that we are working with trivial codes where the alphabet of an
information source is its encoding. We have fixed the base 2 for the logarithmic
functions, so the information entropy is described in bits. The change from a
binary base to a different one can be easily carried out in a logarithm base
change. In addition, we can consider the conditional and joint entropies of two
random variables X and Y, respectively H(X | Y) and H(X,Y), by using the
appropriate probability distributions.

Given, two probability distributions p and ¢ over S, the relative entropy or
Kullback-Leibler distance is defined by

a
Dpllq) =" pla) -logy 2 )

a€esS CL)
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and, for two random variables X and Y, with a joint probability distribution
p(z,y), the mutual information I(X,Y") is defined as

IXY) = X3 pley) - logy oY)

foms Gt () - p(y)

Observe that the mutual information is the relative entropy between the
joint distribution and the product distribution. The following relations between
mutual information and entropies hold

- I(X,)Y)=H(X)+H(Y)- H(X,Y),

- IX,)Y)=HX)-HX|Y)=H(Y)-H(Y | X).

Multisets and P Systems. Let D be a set. A multiset over D is a pair (D, f)
where f: D — Nis a function. If A = (D, f) and B = (D, g) are two multisets
then the removal of multiset B from A, denoted by A © B, is the multiset C' =
(D, h) where, for all a € D, h(a) = maz(f(a) — g(a),0), and their sum, denoted
by A® B, is the multiset C' = (D, h), where for all a € D, h(a) = f(a)+g(a). We
will say that A = B if the multiset (A© B) @ (B & A) is empty that is Va € D,
fla) =0.

The size of any multiset M is the number of elements that it contains and will
be denoted by |M]|. In the following, we will represent multisets by using strings
over the alphabet induced by D. Hence, for every alphabet D = {a1,a2, - ,a,}
and for every string x € D*, we will use the well known Parikh vector defined
by ¥p(z) = (|2]ay, |Z]ass - - - |Z]a, ) Where |x|,, is the number of occurrences of
the symbol a; in z. Observe that, in this case, the length of the string is the size
of the multiset that it defines. Finally, for any multiset denoted by the string x,
alph(x) denotes the set D that defines the multiset .

A cell-like P system of degree m with communication rules is a construct

1= (M/’Lawlv"' 7’U)m,R1,"' 7R7n’i0)7
where:

— V is an alphabet (the objects)

— u is a membrane structure consisting of m membranes

— w;, 1 < i < m, is a string representing a multiset over V associated to the
region ¢

- R;, 1 < i < m, is a finite set of rules of the form (u,v) with u # X\ and
v # A (evolution rules), (u,out;v,in) with u # X and v # A (antiport rule)
and (z,out) or (z,in) with z # A (symport rule). The strings u,v and z are
defined over the alphabet V', and A denotes the empty string.

— ip is a number between 1 and m and it specifies the output membrane of IT
(in the case that it equals to oo the output is read outside the system).

Observe that, in the previous definition, we have omitted an output alphabet,
a catalyst alphabet and dissolution rules. In addition, we have omitted priorities
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in the rule sets and other communication rules with explicit address. The main
reason is that we want to establish a preliminary analysis with the most simple P
systems. We have relaxed the definition of P systems by using standard symbol-
object ingredients together with antiport (symport) rules. Furthermore, we have
not fixed a working manner of the system. The main reason is that all the
definitions and results that we propose in this work are valid for any of the
working modes proposed in the literature [13].

Given a P SyStem I = (Vva My W1, ey Win,y (R17p1)7 Ty (Rmapm)a 7:0)7 a con-
figuration of II at time ¢ will be denoted by (u, wh, wh, - - - w!,) where w! is the mul-
tiset of objects that region i holds at time t. Obviously, for every region i w9 = w;
(the initial configuration). A computation is defined as a (finite) sequence of con-
figurations Cy, C1, - - - ,C}, where every configuration follows from the previous
one by applying the rules over the multisets in a predefined (maximal, minimal,
sequential, etc.) manner. Observe that, given that the system has no creation nor
dissolution rules, it is no necessary to include p in the configuration.

Given that a P system is a non-deterministic computational device, it is
quite useful the use of computation trees instead of computation sequences. A
computation tree is defined by a set of nodes (configurations) with the following
conditions: First, the root is the initial configuration of the system and every
son of an internal node is defined by the application of rules over the multiset
of every region. Given that the system is non-deterministic then every son of an
internal node is defined by one possible combination of rule applications over the
configuration that it defines. Figure 1 shows a graphical view of this definition.

w,wh, ..., W .,W) Initial configuration
(Wi, Ways e W) (B Wi, Wy, e, Wig) (Wi Wiy oo, W)

/\/\/\

wh, Y WP Y Wy oty wpk ) (ewl ) Computation stops

‘o’: (W iolj” " igljyy” iolp” " iolg" ™" ' b’

Fig. 1. A computation tree of a P system

An important concept to define entropies for P system is to establish whether
the objects are produced in a stochastic/probabilistic manner or not. For the
former, the probabilistic distribution is carried out by the definition of stochas-
tic/probabilistic P systems such as Dynamical Probabilistic P systems (DPP)
[14] or Population Dynamics P Systems (PDP) [4], together with their simulation
algorithms [2,10,11].
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3 The Entropy of a P System

We will define the entropy of a P system by analyzing how the multisets at every
region evolve according to the rules of the system. First, we define the entropy
of the multisets of the regions and, then, the entropy of a P system. In order to
carry out a rigorous analysis, we need to distinguish whether the P system is a
probabilistic/stochastic one or not. In the following, we discuss both cases.

The Non-probabilistic/Non-stochastic Case. We consider that every mul-
tiset at every region in the P system is defined by the application of rules in
a pure non-deterministic non-probabilistic/non-stochastic case. Hence, the mul-
tisets at every region during the computation reflect, in an isolated way, the
information production that can be considered to calculate the entropy. We will
introduce a definition of entropy that is related to every multiset without any
probabilistic information source.

Definition 1 (self-referred entropy of a multiset). Let us consider a mul-
tiset A = (D, f) represented by x. The self-referred entropy of x is defined as

Hy(x)=— Z fr(a) - logafr(a)

a€D

where fr(a) = 2o

||

Observe that, in the previous definition, the probability distribution has been
substituted by the frequency of appearance of every object at the region (fr(a)).

In the following, we analyze the evolution of self-referred entropies according
to the computations of the system.

Definition 2. Let IT be a P system of degree m and c¢; = (p,wt, - ,wt)) be a
configuration of the system during a computation at time t. Then

1. The absolute entropy of II at time t is H.y (II) = >, ;. Hs(wh)
2. The maximal entropy of II at time t is H., . (II) = mazx{Hs(w!), -,

max
Hy(wy,)}
3. The minimal entropy of II at time t is H!, (II) = min{Hs(w}),---,
Hy(wy,)}
4. The average entropy of I at time t is wag(ﬂ) = w
5. The holistic entropy of IT at time t is H}, ,(IT) = Hgs(wiw} - -w?))

Property 1. The following relation holds

t t
Hmzn(H) S Havg

(IT) < H!

max

(1) < Hgy (IT) < Hy (11

Proof. Trivial from the definitions.



A View of P Systems from Information Theory 357

The question about the computation of the entropy of a P system is com-
pletely based on the calculation of the different multisets at every region, accord-
ing to the rules that affect to that region. Hence, at time ¢ the multiset w! will
evolve, in the next transition, to the multiset w! Sleft(R,i) ®right(R,i), where
left(R,i) is a multiset based on the left hand side of the rules that affect to the
region i, and right(R, ) is a multiset based on the right hand side of the rules
that affect to the region i. Hence, the way to calculate the different entropies
defined before is carried out by the following execution scheme:

1. Calculate the following configuration of the system according to its working
manner (minimal, maximal, sequential, etc.)

For every multiset w! ™" calculate H,(w!™).
3. Calculate the different entropies based on the self-referred entropies of the

system.

o

The Probabilistic/Stochastic Case. In this case, we assume that every rule
in the system has a kinetic (stochastic) real value that influences the appli-
cation of the rules and the way to obtain the new configurations during the
computation time. The main systems that have been proposed to calculate the
configurations in a probabilistic/stochastic manner have been Dynamical Prob-
abilistic P systems (DPP) [14], including the 7-DPP systems [3], or Population
Dynamics P Systems (PDP) [4]. In both cases, there are simulation algorithms
that manage the configurations evolution in order to produce the desired sto-
chastic/probabilistic effect [1,2,8-11].

In this case, the definition of entropy should be based on the appearance
probabilities of every symbol at every region. Here, the symbol probabilities
come from different probabilities sources according to rules at (different) regions
that produce the same symbol with different probabilities.

For example, let us consider the P system of Fig. 2. There are three regions
and the object b can be produced at region 1 by using the rule r; at region 2 or
the rule ro at region 3. While the rule r; is applied at every computation step
(it has probability 1.0 to be applied), the rule 5 should compete with rule r3 to
be applied (if we suppose a uniform distribution of kinetic constants). So, the
object ‘b’ at region 1 has probability 1.0 or probability 0.5 depending on the rule
that has produced it.

We evaluate every symbol at every region by establishing where it was created
in order to reflect this situation. Then, given a P system I1, let us suppose that,
at region i, the object ‘a’ can be produced by the set of rules R, with cardinality
|R:|. This set is easily deduced by the set of rules at every region adjacent to
region i. We propose a naive approximation to the probability of symbol ‘a’ at
region 4, and computation time ¢, as follows

S rens PrivHr)

Pl(a) = I

K2

where Prt=!(r) is the probability of applying the rule r at time ¢ — 1 that is
calculated in a stochastic/probabilistic way as referred above.
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rp:a—>ab,, r,:a—>ab,,

3@ —>aCyy

Fig. 2. A P system with competing rules

Now, we can reformulate the entropy of any multiset that reflects the sto-
chastic/approximation approach.

Definition 3 (entropy of a multiset at time t). Let IT be a P system and
let = be a multiset at time t located at region i. The entropy of x© at time t is
defined as

H'@)=— Y l|zla-Pl(a)- logPl(a).
a€alph(x)

If we substitute at Definition 2, the entropy H(w!) by H'(w!) then we have
the corresponding entropies of the P system into a stochastic/probabilistic app-
roach. Additionally, we can calculate the entropy of the system by executing the
following scheme:

1. Calculate the following configuration of the system and the probabilities of

the rules according to a pre-defined algorithm [1,2,8-11].

For every multiset w! ™" calculate H*+!(wi™).

3. Calculate the different entropies of the system based on the entropies at time
t+1.

N

Trivially, the relation of Property 1 holds for the definition of entropies under
the probabilistic/stochastic approach.

Relative Entropy and Mutual Information Between Adjacent Regions.
We will use the mutual information in order to analyze how every multiset at a given
region influences the entropy variation for the multisets at its adjacent regions. Let
IT be a P system and R; and R; two adjacent regions according to its membrane
structure, then we propose the following relatives entropies of the random variables
W} and W} that reflects the contents of regions R; and R; at time ¢:

1. The mutual information I(W}, W}) reflects the information that is only
explained by observing the two regions simultaneously at every computation
step
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2. The relative entropy D(P(Wl-t|W;_1),P(Wit) . P(W;_l)) that measures the
causality information effects of one region over the other with respect to their
behavior as independent regions.

Observe, that we can generalize the random variables in order to consider the
set of regions adjacent to a given one. Hence, we can define the random variable
Wfl’iz’”_ i, that takes into account the contents of the regions R;,, R, -+, R
which are adjacent to the region R; at computation time t.

In addition, we can use the computation time to study the information effects
of the contents of a given region R;, at time ¢, over a non-adjacent region Ry in
computation time ¢t + p with p > 1.

The scheme to calculate the previous information metrics is based again on
the algorithms to calculate the multisets at every region and the estimation of

conditional and joint probability distribution.

tp

4 P Systems with Entropic Transitions

The transition modes of a P system has been classically one of the hot topics in
membrane computing [7]. In this section we are going to propose a new working
manner based on the informational aspects of the system. Furthermore, we can
redefine the confluence of P systems computation based on this working manner.
The following definition introduces this aspect.

Definition 4 (entropic confluence). Let II = (V,p,wy, -, Wy,
(R1,p1),+, (Rm,Pm),%0) be a P system of degree m. We will say that II is

1. entropic confluent if, for every pair of halting configurations
(ILL7U}§7 T ’w;'tov T wfn) and (:uvw?a T vwgov T vwgn)7 HS(wfo) = Hs(wgo)

2. complete entropic confluent if, for every pair of halting configurations
(/1,711)1{, T wfn) and (:U"wtlla T vw;ln)f Viv I1<i< m, Hs(u);f‘) = HS(wq)

7
3. absolute entropic confluent if, for every pair of halting configurations

(1, wiv T wqtn) and (p, wtlz’ s wh), Zlgigm HS(U)D = Zlgigm HS(w;‘])
4. maximal entropic confluent if, for every pair of halting configurations
Y 9 g
(,L"vwif" s U/fn> and (u,wf,--' 7wgn); max{HS(wi)v 7Hs(wfn)} -
maa{H,(w), - , Hy(w,)}

5. minimal entropic confluent if, for every pair of halting configurations
(/l'fwgv"' ) wﬁn) and (:u"wtll"" swih)s min{HS(wi)a"' 7H5(w£n)} =
mln{HS(wi])v T HS(wgn)}

6. average entropic confluent 1 or ever air of halting configurations

9 4 ) Yy p g 9

Z1§i§m Ho(wi) _ Elgigm Hs(w])

(,U/7w§,"'7wfn) and (M7w§a"'awg@>7 m m
7. holistic entropic confluent if, for every pair of halting configurations
(/J/LU'{, T wfn) and (:uvwlll’ T ,w%), Hs(wﬁ T wfn) = HS(wg T wgn)

Observe that some definitions of entropic confluence implies some other ones.
For example, if the system is complete entropic confluent then it is entropic
confluent and absolute entropic confluent. An absolute entropic confluent system
is average entropic confluent, and so on a so forth.
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Entropic Behavior. Inspired by thermodynamics, and as a consequence of
the second law of thermodynamics, the Principle of Mazimum Entropy arises:
“Closed systems evolve to an equilibrium state characterized by a maximum of
entropy” . Hence, we can consider a different working manner for P systems based
on the growth of the entropy.

Given a P system, we say that the system applies a (maximal, absolute,
minimal, average, holistic) entropic transition if it applies only the set of rules
that increases the (defined) entropies of the system.

Observe that the set of rules that must be applied at every computation step
is based in the multisets of objects that every region contains and it can be
different at every computation step. In order to illustrate this fact, let us see
the following example: Let r1 : a — aa and ry : ab — aabb be two rules of the
same region in a P system. If we consider the multiset aabb, then the entropic
transition will be carried out by applying rule ro instead of 1, here we obtain
the new multiset aaaabbbb which has a maximum self-referred entropy (observe
that this maximum is achieved with a uniform distribution of objects). If the
multiset is abb then the rule to be applied in order to increase the self-referred
entropy is 7 instead of ro and it produces the new multiset aabb (again, we
obtain an uniform distribution of objects).

Definition 5. A P system works in a (mazimal, absolute, minimal, average,
holistic) entropic manner if at every computation step it only applies (mazimal,
absolute, minimal, average, holistic) entropic transitions.

Observe that the simulation of a P system working in any entropic man-
ner, can be a difficult task to be simulated, given that the search of the set of
rules needed at every computation step is not a trivial task. In some cases, it
can be considered a Multiobjective Optimization Problem with conflicts, given
that different functions must be maximized (the entropies functionals at every
region), and the increase of entropy at one region could decrease the entropy
at an adjacent region (by using symport or antiport rules). Here, some entropy
optimization problems can be proved to be A“P-optimization ones [6].

Another aspect that must be explored with respect to P systems working in
an entropic manner, is the halting criterion. Observe that in our proposal, if no
rule increments the entropy of the system, then no rule can be applied at a given
time and, accordingly to the usual criterion, the system halts. Obviously, under
this point of view the sets of natural numbers and languages that P systems
recognize, accept or generate should be defined within this new approach.

5 Conclusion, Further Research and Future Works

In this work we have proposed the Information Theory as a framework to study P
systems under a new view. We think that this approach opens new and exciting
topics that should be studied in the near time. Among other questions we can
point out, the following ones:
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1. How does the operational mode (i.e. maximal or minimal parallelism, sequen-

tial, etc.) affect to entropy?

2. What is the relationship between confluence and entropic confluence?
3. What is the definition of the entropy of a P system, if the external output is

defined?

With respect to the last question, if we consider any P system with a network

structure (tissue-like P systems, Spiking Neural P systems, ...) then the entropy
should be calculated by taking the output sequence as a pure communication
channel. Here, the output alphabet, the time between outputs (specially, in the
case of SN P systems) and the definition of randomness are essential aspects
that should be considered in order to explore new aspects of this approach.

All these aspects will be studied in the near future and some of them are

actually work in progress.
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