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Preface

This volume contains the papers presented atNieth Workshop on Membrane
Computing, WMC9, which took place in Edinburgh, UK, from July 28 to July 31,
2008. The rst three workshops on Membrane Computing weganized in Curtea de
Arges, Romania — they took place in August 2000 (with thecpealings published in
Lecture Notes in Computer Sciene@lume 2235), in August 2001 (with a selection of
papers published as a special issug-ohdamenta Informaticagolume 49, numbers
1-3, 2002), and in August 2002 (with the proceedings puetisin Lecture Notes in
Computer Sciengerolume 2597). The next ve workshops were organized in dg#r
ona, Spain, in July 2003, in Milan, Italy, in June 2004, innfi@, Austria, in July 2005,
in Leiden, The Netherlands, in July 2006, and in June 200th tlie proceedings pub-
lished as volumes 2933, 3365, 3850, 4361, and 4860, regplycf Lecture Notes in
Computer Science

The 2008 edition of WMC was organized at Heriot-Watt Unityerby the School
of Mathematical and Computer Sciences, under the auspfdbe dcuropean Molec-
ular Computing Consortium (EMCC) and IEEE Computationdtlligence Society
Emergent Technologies Technical Committee Molecular Qaing Task Force. In this
workshop, several of the invited speakers were from outsidéMembrane Computing
community. This initiative was meant to allow the bioinfatits and systems biology
communities to learn about and appreciate membrane systemwdeling platforms,
while at the same time the membrane system community bety tearning more
about the challenges present in bioinformatics and systeohsgy to which membrane
systems could be usefully applied.

The 7 invited speakers were: Daniela Besozzi (Milan, ItaBavid Gilbert (Glas-
gow, UK), Paulien Hogeweg (Utrecht, The Netherlands), MarKirkilionis (War-
wick, UK), Grzegorz Rozenberg (Leiden, The NetherlandsynEisco-José Romero-
Campero (Nottingham, UK), Stephen Wolfram (Champaign - W.SA). Full papers
associated with the invited talks or only extended abs@eetincluded in the present
volume.

The volume also contains the 26 accepted papers. Each of wesrsubject of
three or four referee reports. The program committee ctetsief Artiom Alhazov
(Turku, Finland, and Chisinau, Moldova), David Corne {fitalirgh, UK) — Co-chair,
Pilar De La Torre (Durham, USA), George Eleftherakis (Tlamsiki, Greece), Miguel-
Angel Gutiérrez-Naranjo (Sevilla, Spain), Oscar H. laafBanta Barbara, CA, USA),
Fairouz Kamareddine (Edinburgh, UK), Lila Kari (London f@ala), Alica Kelemenova
(Opava, Czech Republic), Jetty Kleijn (Leiden, The Nethedk), Natalio Krasnogor
(Nottingham, UK), Van Nguyen (Adelaide, Australia), Liagig Pan (Wuhan, China),
Gheorghe Paun (Bucharest, Romania) — Chair, José Mang8&e (Valencia, Spain),
Gyorgy Vaszil (Budapest, Hungary), Sergey Verlan (ParianEe), Claudio Zandron
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(Milano, Italy). All papers were also read by Pierluigi Frisand Gheorghe Paun.

During the workshop two prizes: one for tixest papeand another foimportant
contributions to Membrane Computimgre awarded.

The Organizing committee consisted of Pierluigi Frisco -aighDavid Corne —
Co-Chair, and Elizabeth Bain Andrew — Secretary.

The invited papers and a selection of regular papers, inggt@according to the
discussions held in Edinburgh and additionally refereatl,be published in a special
issue ofLecture Notes in Computer Science

Details about Membrane Computing can be foundrae P Sytems Webpage
http://ppage.psystems.eu and its mirrorhttp://bmc.hust.edu.cn/
psystems . The workshop web site, mainly designed by David K. W. Li as hal
year project, ishttp://macs.hw.ac.uk/wmc9 . The logo of the workshop has
been created by Anna Stoutjesdijk.

The workshop was sponsored by: the School of MathematichlGomputer Sci-
ences at Heriot-Watt University, the Engineering and Rtalsciences Research Coun-
cil (EPSRC), the International Journal on Natural Compmt@xford University Press,
and the Scottish Bioinformatics Forum. Sponsors are listew particular order.

The editors warmly thank all who contribute to making WMCQaceess, the orga-

nizing and programme committee, the invited speakers, titteoas of the papers, the
lecturers, the reviewers, and all the participants.

Pierluigi Frisco
David Corne
Gheorghe Paun

Editors
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From computing to modelling with
membrane systems: a critical view

Daniela Besozzi

Universita degli Studi di Milano, Dipartimento di Inforntiaa e Comunicazione,
Via Comelico 39, 20135 Milano, Italy
besozzi@dico.unimi.it

Extended abstract

Membrane systems were introduced in 1998 as distributed]lpband nondeter-
ministic computing models, inspired by the compartmené&alistructure of eukaryotic
cells and by the ow of solutes and biochemical reactiongdhe[20]. These cellu-
lar elements are formally represented in the standard déiemiof membrane systems,
where multisets of objects, distributed inside separaji®re, can be modi ed and com-
municated between adjacent compartments. In partichlamtchitecture of the cell is
represented by a set of hierarchically embedded regioweh, @ae delimited by a sur-
rounding boundary (called membrane), and all containddénen external main region
(called the skin membrane). Inside each region, a multisebects and a set of evo-
lution rules can be placed. Objects represent the formahteopart of the molecular
species oating inside cellular compartments (i.e. ion®t@ins, etc.), and they are de-
scribed by means of symbols or strings over a given alph&veiution rules represent
the formal counterpart of chemical reactions, and are ginethe form of rewriting
rules, which can operate on the objects (by modifying or mgwthem between adja-
cent regions), as well as on the compartmentalized stre¢hyr dissolving, creating or
dividing membranes).

With these basic components, a membrane system can perdonputations, in the
following way. Starting from an initial con guration, whitis de ned by the multiset
of objects initially placed inside the compartmentalizédicture, and by the sets of
evolution rules, the system evolves according to an estadydi strategy that guides the
application of rules. Usually, a unique clock is assumeddatlihe time steps for the
whole system, in such a way that all regions proceed in a sgnited fashion (that
is, the application of rules is carried out simultaneouskide all regions). In the ba-
sic class of membrane systems, evolution rules are appliedriondeterministic and
maximally parallel manner (we remark here that a rewritinlg is applicable when all
the objects that appear in its left-hand side are availabléhe current time step, in-
side the region where the rule is placed). The maximal pelisdh of rule application
simply means that every rule that is applicable inside aorebias to be applied in that
region. Stated otherwise, the maximal parallelism asdinasall the objects thatould
be modi ed (rewritten, deleted or communicated to an adjacegion) by some rule,
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areactually modi ed by that rule — in this sense, the parall@lisf rules application also
determines the maximal consumption of all (modi able) altge However, it might be
the case that several rules compete for the same objectthenmedare no enough copies
of such objects to guarantee that all rules will be actuafiplied. In this situation,
the nondeterminism comes into play: the applied rules aréagmly chosen among the
set of applicable rules, inside each region. As a conse@ydrycnondeterministically
choosing different sets of rules, different evolutionstod system can be generated. So
doing, starting from a xed initial setting, a tree of comptibns is obtained. A com-
putation with a membrane system is thus de ned as a sequédnangitions between
successive con gurations, each (possibly) differing frima previous one with respect
to the type or number of objects that occur in the regions,tarttie regions structure
possibly modi ed by the rules. The result of halting comgigas — that is, nite se-
guences of transitions that end in a con guration where e isiapplicable further on
—is usually read in the form of a set of objects, collectedrduthe computation in
a speci ed region (or expelled through the skin membraneje b the nondetermin-
istic nature of the system, the outputs of the system arendiyeall possible halting
evolutions which can be reached from the initial con guoati

Inten years of research from the seminal paper by Gheorghe,Reveral classes of
membrane systems have been de ned by taking inspiration #ifferent aspects of liv-
ing cells (e.g., membrane charge, symport and antipoedasmmunication through
membranes, catalytic objects, etc.), differentiated sygfecells (e.g., neurons) or mul-
ticellular tissues. The computing power and ef ciency aés$le classes have been exten-
sively investigated via standard approaches in the arearofdl languages, grammars
and complexity thoeries.

Since it is not within the scope of this work to go into more thepith respect
to the computing aspects of membrane systems, but ratherctes fon their adop-
tion as a modelling paradigm for biological systems, we glsp any further detalil
about computational issues for the time. We refer indeedehder to [21] and to the
up-to-date bibliography of membrane systems that can bedf@i the web address
http://ppage.psystems.eu.

In the very last years, by taking advantage of the biolojiégaspired aspects of the
underlying structure and formalism, membrane systems hbaebeen considered for
the modelling of biological systems, and for the invesiigabf their dynamical prop-
erties by means of properly de ned simulators. Several igpfibns have reported the
potentialities of membrane systems for the descriptionaitiral systems at different
degrees of complexity. Just to mention a few, these appicarange from chemical
and cellular processes, where molecule interactions 2% or the functioning of
speci ¢ cell components [1, 6] are modelled, to broader reltaystems where inter-
cellular communication mechanisms [2, 32, 22] or interggedynamics in ecological
systems [4,5, 14] are considered.

Indeed, any model of a biological or chemical system mimigshgsical reality
by adopting a certain level of abstraction, by assuming byggis, and by considering
some established principles for the description of the dyinal evolution of the sys-
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tem. As for other standard modelling paradigms (see, €.6,3f]), different approaches
have been considered within the eld of membrane systemtsidriollowing we brie y
recall only the stochastic-based strategies that drivesyiseem evolution (that is, the
application of rules and the handling of objects and regioie refer to [8, 9], and ref-
erences therein, for the development of a deterministsetatrategy. As a preliminary
step, we mention here some of the advantages and limits otmsera systems in their
application to biological systems, and we defer to a forthicay extension of this work
for a thorough discussion of these description-relatedesatltion-related issues.

The most attractive features of membrane systems can beedkeiri some pecu-
liar aspects: the distributed membrane structure, whidwalto delimit distinct spatial
places (where different rules can take place and operatelocal objects); the rewrit-
ing form of rules, which provides a good understandabilitytbe description of the
system; the possibility to communicate objects among regiahich grants the ow of
information from a local level to the global level of the syt the parallelism at the
level of regions, which gives the strong capability to keeyek of the global function-
ing of the system, and so on. On the other side, some aspectsrobrane systems —
albeit being powerful features from a computational pectipe — are not adequate for
a proper description of many biological systems. For instathe maximal parallelism
at the level of rules or of objects consumption is surely ifelike; the nondeterministic
selection of rules indeed homogenizes the physical worlerejractually, the events are
not so uniformly accidental; the merely topological plaeatof regions cannot always
catch the distribution of space, since also physical dinogisor the spatial coordinates
with respect to a reference system matter, and so on.

Some possible solutions have been proposed in membrarggrsy/stodels to cope
with these limits. Concerning the description-relatedeaspfor instance, in [4] it was
outlined how the topology of membrane structure is not ehaotagcapture the “geo-
graphical” distribution of fragmented habitats where noetamunity populations live
(the topological membrane structure was there transforimecda weighted graph-like
structure, where node attributes were also used to desbetregion dimensions), while
in [7] it was proposed a parametric bidimensional skeletbaansider the distribution
and movement of (trans)membrane protein populations onegrabrane surface.

Another matter is concerned with the evolution-relate@faln this case, nding the
most appropriate way to generate and simulate the correetrdics of a natural system
is generally far from being an easy question. In membrantesys applications, the
main features that have been disputed about this problethamaximal parallel rule
application and the nondeterminism, as well as the associaatter of time. Several
strategies have been adopted: in [24, 25], for instanceevbkition strategy consists
in assigning to each rule a probability value — combinatlyride ned according to the
current multiset of objects and to left-hand side of the rulghich dynamically change
from step to step. Probabilities are then used to assigretstie rules and, so doing, the
selection of the rules that will be actually applied becomégyated with respect to the
purely randomized manner of membrane systems. All regibes evolve in parallel,
and get synchronized for the communication of objects agttteof each constant-time
step. Yet, the consumption of objects remains maximal vhith $trategy. To solve this
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unwanted drawback, in [4] speci ¢ rewriting rules, calledite rules, were introduced to
the aim of arbitrarily reducing the maximal number of modi ebjects. Another strat-
egy have been considered in [22], where the authors proposetansion of Gillespie's
stochastic algorithm — a simulation procedure for well mlixgingle-volumed reaction
systems [15] — in order to deal with compartmentalized systeHere, the probability
associated to each rule is used to evaluate the rule's ‘fwggitme”, and then only those
rules that have the same minimal waiting times (if more thaa exists) with respect to
all other rules are applied, but only one rule inside eaclores allowed to take place.
In this case, steps do not have a constant time unit, but dsstauch as the waiting
time of the applied rule. Obviously, with this strategy,asilbelonging to different re-
gions that have distinct waiting times cannot be appliedarafel, otherwise it would
not be possible both to de ne a unique time line for the wheigtem, and to correctly
handle the communication of objects between regions. kigbinse, the evolution of
the system resembles more a sequential rather than paradikition mode, thus los-
ing a global view on the system. This problem does not ariseghe contrary, when
using the strategy proposed in [12] (see also [3] for a cotmmeive description of this
approach), which extends the stochastieaping algorithm given in [10]. The func-
tioning of this system, called-DPP, provides that all regions proceed simultaneously,
more than one rule can be applied inside each region, the cmication of objects can
be handled in a straightforward way, and there exists a ¢gtoha stream for the whole
system. Therefore, the accuracy and ef ciency déaping algorithm is integrated with,
and takes advantage of, the most powerful features of memalagstems. Finally, yet
another stochastic strategy has been introduced in [11teyty closely resembling
Gillespie's algorithm, the membrane structure and the @ah rules are transformed
in such a way that the whole system reduces to a single regiogre just one rule at a
time can be applied.

The majority of applications of membrane systems for biaabsystems concerned
modelling aspects and simulation approaches, but relatiees research has been ded-
icated so far to develop theories and tools to performathalysisof the system, or to
test the effectiveness and goodness of the proposed modesk®ich hereby two ap-
proaches that already appeared in this direction, and tlegpaint out two other issues
that are still missing in the membrane systems area, buthwdrie surely of fundamen-
tal importance to advocate that this new modelling framévi®strong enough as other
modelling paradigms.

As a general procedure, in order to investigate the dynaofiesmodelled system,
one set of initial conditions is xed at a time, and the evautof the system is then
simulated. This process can then be repeated for any otlvécecbf initial setting —
especially for testing several conditions that can inteeven the system behaviour —
which seem to be plausible or interesting from a biologicdah@womputational point
of view. The whole study can thus be time consuming, and thaestive sampling of
too many conditions might become impractical. Moreoverewtochastic simulation
frameworks are used, yet another dif culty arises: wherkiag for dynamical proper-
ties, it is not immediate to partition the system's phasespahomogeneous subspaces
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which exhibits the same behavior. The rst approach to overe these drawbacks has
been developed in [23]: it is a simulation tool that simuétansly generates the evolu-
tions (inside single regions of a membrane system) for ainecs#t of initial conditions,
hence allowing to quickly predict the behavior of the regiorder investigation. The
tool is based on the construction of a grid, whose verticesespond to different initial
multisets of objects that can be placed inside a xed regwamich is then used to de-
ne a vector eld over the phase space of that region. The e&ld represents all the
single-time step evolutions of the grid multisets, and carekploited to characterize
the stochastic nature of the system by identifying dynahgoants (stable or unstable
points) or the local behavior of the region (quasi-periazfiperiodic orbits).

On the other side, in some cases performing simulations p$te is not suitable,
for instance when a high computational burden is requiredylten we are interested
in revealing dynamical properties of the system withoutihgan appropriate knowl-
edge on the initial conditions that might generate thoseadyins. In these cases, if it
is plausible to assume that most of the information of theesgscan be stored in a
stoichiometric matrix, then the system can be represenyetidans of an equivalent
mathematical (linear) system. So doing, it is possible tol@kwell established theo-
ries to extract, from the stoichiometric matrix, the infation about the topology of the
system's phase space. This approach has been adopted intj&8d, in the context of
Markov chains theory, the phase space of (sequential) nmemelsystems can be par-
titioned into sets of con guration states, which allow t@ognize dynamical patterns
without performing simulations. In particular, a set of i@l communicating classes
(or cycles) that “generate” the phase space is derived, legid mutual reachability is
studied.

Despite the existence of these two approaches, a thoroagtmient able to cope
with the analysis of dynamical properties of generic membrsystems (with many re-
gions, different communication mechanisms, stochasttugwon strategies, etc.) is still
to be fully developed. Besides, what is still missing in meane systems are operable
and effective tools which can handle the lack of quantieatiata, and the presence of
uncertainties in the current knowledge of biological sysgelt is well known that in
theoretical or simulation-based studies of biologicateyss, several factors — such as
species concentrations or molecule copy numbers, bindingtants, transcription and
translation rates, etc. — represent a quantitative, irtispble information for a proper
investigation of the system dynamics. Most of the times, dkperimental values of
these factors are not available or else ambiguous, sincgrgout their measurements
in vivo or in vitro, at the microscopic levels, can be tangling or impossiblg.[Eor
instance, the cellular components involved in transaiptnd translation mechanisms
cannot be isolated and studied separately from the cell,naacly other small-scale
processes are accessible only througtsitu uorescence methods (that is, imaging
methods of proteins tagged with uorescent markers). Tlok &f these information, or
the inaccuracy about the available data, have a directtedfethe computational study
of biological systems: they result in the challenging pesblof assigning biologically
plausible values to all the variables de ned within a model.

In some cases, the values of some parameters of a system eatirbated fronin
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vitro experiments at the macroscopic level (e.g., by tting theaiyics derived through
equations of mass-action law against the concentratioresuthat result from these ex-
periments), or by assuming more or less strict analogids etlier processes or organ-
isms for which more data and knowledge are available. In iggnenyway, modellists
have to handle the presence of uncertainties at variouks|eviich are not limited only
to the numerical values associated to molecular speciescanehction kinetics, but
can also pertain to the structure of the system (i.e., toalewbich components are the
most signi cant, and how they do interact each other). Hgvio deal with this gen-
eral scarcity of knowledge, it results very hard to debatettie “validity” of a model
built for a biological system, and indeed it would be morerappiate to propose the
model as a corroboration (or a falsi cation) of the builtdescription of the reality that
it provides.

For this purpose, two parallel and complementary appraache be undertaken.
On the one hand, several optimization techniques can betasedlibrate” the model,
that is, to nd out the unknown parameter values which all@wéproduce the ex-
pected biological dynamics in the best possible way. Tharpater estimation methods
usually attack this calibration problem by minimizing a thmction (i.e., a distance
measure) which de nes how good is the tting of the predictedues with respect to
the experimentally measured values of the same factorsitbrespect to the expected
biological behaviour of the system (we refer the intereseztler to [27, 28, 33, 18] for
some applications in Systems Biology of parameter estonatiethods). On the other
hand, sensitivity analysis techniques (see [30, 31] anefeates therein) can help in
understanding how much the uncertainty in the model outcisntketermined by the
uncertainties, or by the variations, of the model factomr{ponents, reactions and re-
spective parameters). Moreover, the analysis of sertg#vdf the model output can also
reveal which input factors bring about the most strikingeet on the system behaviour,
and can thus be assumed to be good control points of the sylstieamics. Tradition-
ally, sensitivity analysis has been diffusely applied ttedministic continuous models,
by means of (derivative-based) local or global methods,dgihatheories and tools for
parametric sensitivity of discrete stochastic systeme hegently been de ned [26,16].
Taking advantage of these usable theories, it would besamivenient to develop
similar analysis methodologies within the eld of membraystems, especially when
they are used for the investigation of biological systems.
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Modelling intracellular biochemical networks presentsticalar challenges
connected with the need to reconcile the dif culty of obiam experimental

data with the requirements of providing information at aelesf detail which

will be useful for biochemists. Such models should be ableoth explain and
predict behaviour, and | will illustrate this with researamdertaken in Glasgow
in the area of intracellular signalling pathways. Moreowesdelling is a key
component in the emerging discipline of Synthetic Biologwhich the activity

of design as well as analysis is of prime importance. | witladiss a framework
for modelling and analysing biochemical networks whichesgualitative and

quantitative approaches, and show how it has been appligebinontext of a
Synthetic Biology project. | will also describe a very fasbdel checker that
has been developed at Glasgow which can be applied to biochlesystems
and discuss how it can be used to drive the design of suchnsgste
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In order to study the growth and development of cellular exyst one needs a
formalism in which on can combine the biophysical propertécells with the
modulation of these properties by gene regulatory procedseill argue that
the multisclale CA formalism now known as the Cellular Pdttsdel (CPM)
provides a simple yet basically sound representation obkdical cell, which
can be interfaced with gene regulatory processes. It reptes cell as highly
deformable object which takes its shape from internal atereal forces acting
upon it. | will demonstrate how within this formalism complerge scale mor-
phodynamic processes can result from local regulation ibfaxed in particular
membrane, properties. | will explain morphogenetic medras which tend to
evolve in such systems.

1 Introduction

Biological development, in particular morphogenesis,rigpee-eminent example of a
process which bridges mutiple levels of organization.

For modeling these processes we need a multilevel modeadimgaflism which allows
us to incorporate the following premisses.
Target morhogenesis ss (not only pattern formation)
Use cells as basic unit (growth, division, movement, ...)
Cell is NOT point, bead, homunculus, but deformable higlégous objects
Genes act through cells 'with a dynamics of their own”

Moreover, although biological systems are highly compteshiould allow is to formu-
late models which are “simple enough but not too simple” cisEin).

For these requirements a simple but basically correct sgmtation of a cell is essential.
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Fig. 3.1 representation of biological cells in CPM

Some material properties of biological cells

Properties of cells as material objects which distingusgshem from often used simpli-
ed representations are:

3

Biological cells are highly dissipative systems:

Viscosity dominates inertia

forces acting on cells can best be described in Aristotebgime( F ~ V)
resistance to shape-changes intrinsic to CékId)

very fast redistribution of intracellular pressure thrbug

osmotic pressure balancelue to water ow across membranexp. shown in Parame-
cium by Iwamoto et al 2005)

Compressibility under mechanical forcexp shown by e.g. Tricky et al 2006: they
measure a Poisson ratio of .36 in chondrocytes. Volume ti@nig upto 20% have
been observed by Iwamoto et al 2005

'Spontaneous’ membrane uctuations driven by cytoskeletm

when inhibited adhesion driven cell sorting is reduced (Mach et al 1995)
Cortical tension, and regulation thereof can modify cell shape (see revieaulte
and Lenne, 2007)

Modeling the generic properties of biological cells

A simple model which incorporates these properties is theated “Cellular Potts
model (CPM)” (Glazier & Graner 1993, Graner and Glazier 19913 a 2 scale cellular
automata-like model. The model formulation involves tweriirsic scales, the micro
scale on which the dynamics takes place (the CA scale) argt#ie of the represented
biological cell(s), whose (dynamic) properties impactloainicro-scale dynamics. This
is realized as follows:

The cells are mapped to the cellular automaton as a set afjcars grid cells with
identical state (see g 1)



Multilevel modeling of morphogenesis 13

7
4
33

-

: d 7]
$ W - B rud
B UJ*’“{’-‘F“"‘\QE“%?: #aven
ORI A SR R g 1 Ve T
Pewsblpte pr % SAEl eSS SN SO0
o :..f,*“t‘!-.t'r’q’;‘ RTIRRpRoal VA e,
: £ S X :
& 58 L]
' n::
A s SF
RS Sy
AR
PR
Faeiny
Spated

A
ooy
et

i
L

Fig. 4.2 size differences may lead to movement “against the ow” Kéfer et al 2006)

Cells have an actual volume v and target volume V (in numbebadls), possibly a
membrane-size m and M, a typgand .....)

Between cells: free energy bodgl where i and j are the types of the cells
dynamicsFree energy minimization with volume, membrane conseovati
X

X
>t dmt (v V)T+ ((m M)?

H

whereJ;; represent surface energy between cells @nch that between a cell and
the medium).
Copy state of neighboring cell with probability:

P; > =1 iff H< Y

Pi 5 =e (HFYET H Y
where Y represents the energy expenditure of deformatiefd)

This energy based model automatically integrates multgaal forces on the cell. By
measuring the deformation of cells these forces can be zadly

4 From cells to tissue level dynamics

Such a representation of a cell can generate a rich varietisgie level dynamical
properties which include:

cell sorting by differential adhesion

Individual cells 'wiggle' through cell mass

Individual cells can 'move against the ow'

e.g. by being smaller/larger; being in the minority or adbesKafer, Hogeweg &
Marée 2006
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5 Interfacing generic and informatic properties of cells

Important as the generic properties of biological cells #ney do not fully describe
a biological cell. Cells are pre-ementenly informatiorhridynamical entities, which
change there properties continuously, based on intralaebund extra cellular signals.
Thus to fully describe a cell, one needs to interface the meichl properties with the
intra cellular gene regulation dynamics.

Such an interface is easily achieved in the CPM formalisroabse, although the basic
dynamics is on the subcellular level, the cell exist as aityeimt the model de nition.
The state of the dynamics of the intracellular dynamics eambpped to the properties
of the cell, e.g. its target volume (V), its cell surface peages (affecting);; s) etc. By
affecting the target volume (V) rather than the actual va(ir) the cell based dynamics
co-determines if and how this state change will indeed caémg cell volume. Likewise
by changing surface receptors, the effect thereof will delmn the expressed receptors
of neighboring cells.

Below is a list of potential ways in which the generic propstof the cells as de ned
above can be modi ed my informatic processes within the,deljether with some
references to studies which have used this type of interfgci

Cell differentiation
e.g. governed by gene regulation networks Hogeweg 2000a,b
leading to Qi >J7
production of morphogens
changesin Y,V,M

Induced growth (V++)
cell division P> it
Squeeze induced Apoptosis Chenetal 1997 small)
Stretch induced growth Chenetal 1997ifv>V + V ++)
intra and inter cellular reaction/diffusion systems .  Savill and Hogeweg 1997
. Marée & Hogeweg 2001
Chemotaxis ( H= H + grad)
Polarity: Persistent, adjustable directional motion Beltman et al 2007
explicit intracellular cytoskelon dynamics Marée et al 2006

particle based modeling of intracellular reaction dynamic Hogeweg & Takeuchi
2003

In this way a great variety of developmental processes difglat many space and
timescales can be studied by relatively simple models. kamgle the entire life cycle
the slime moldDictyostelium discoideunwhich includes a single cell stage, a crawling
multicellular slug which orients itself toward light andtperature, and nally settles
down and metamorphoses to a fruiting body has been modelbisinvay (Savill and
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Hogeweg 1997, Marée and Hogeweg 1999, 2001). Anotheresiieg example is the

elucidation of the mechanism of the growth of plant rootspamticular Arabidopsis

It was shown (Grieneisen et al 2007) that the localizatioeuwsface receptors (PIN's)

which pump auxin out of the cell, explains the formation ofaarxin maximum near

the tip of the root in a matter of seconds. Through this maximand the resulting

auxin gradients the cell division and elongation is reqaddéading to the characteristic
root growth and morphological changes over a time periodeéks. The shape of the
cells turns out to be very essential for understanding threenotrations of auxin, and
therewith the regulation of growth in the various regiongta# root (Grieneisen et al
in prep). Notwithstanding the relative simplicity of the d®, the predictions derived
from the in silico root have been successfully tested in &a plant

6 From cells to (evolved) mechanisms of morphogenesis

Not only do we want to understand the developmental mecirenis particular extant
organisms, but we also want to gain insight in generic meishasof morphogenesis
as a result of the interface between mechanical properfiesls and the gene reg-
ulation. To this end yet an other timescale can be added tonthgel, i.e. the evolu-
tionary timescale. Hogeweg (2000a,b) studied the morpheiie mechanisms which
emerged in a population of “critters” which developed fromiregle zygote to a multi-
color clump of cells. The cells contained an initially ramadgene regulation network,
which changed its structure over time by mutations, Thecsiele criterion used was
cell differentiation By using this criterion, rather than morphogenesis itaslfor the
selection, “generic” morphogenetic mechanisms could muered, i.e. those which
emerged as side effect of cell differentiation.

Examples of the development of so evolved “critteres” arenshin g 3. Thus, al-
though the basic CPM formalism is an energy minimizatiomfalism, which therefore
tends to lead to “blobs” of cells, the interface with the dyres of cell differentiation
can lead to interesting morphologies. This is because thditferention process keeps
the system out of equilibrium. The, by this model, uncoveregthanisms of morpho-
genesis resemble those described in multicolor organisatk plants and animals. One
interesting mechanism is “convergent extension” in whiwh polarization and elonga-
tion of cells in one direction, leads to tissue growth in tection perpendicular to it
(see g4).

7 Conclusions

Previous models of morphogenesis have often con ned thees& pattern formation
(e.g. Turing patters) (e.g. Meinhardt anf Gierer 2000) pquairely informatic models of
cells whose interactions are solely based on ancestryrrdtha on a dynamic neigh-
bourhood of other cells (e.g. L systems) (Lindenmayer 1888jeweg & Hesper 1974,
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Fig. 6.3 evolution for cell differentiation leads to morphogengsidogeweg 2000a,b)

IR LI L

30 40 50 G0 20 G0 100 200 400 =00

Fig. 6.4 convergent extension in bipolar cells (cf Zajac et al 2008géiveg unpublished)

P. Prusinkiewicz and A. Lindenmayer 1990) The modeling falism described here

goes an important step beyond those approaches by comlgemgyic (mechanical)

properties of cells with informatic properties. This allews to study morphogenesis in
the strict sense: the generation of macroscopic shapessinboellular processes. In the
words of Segel(2001), referring to theictyosteliummodel, it allows us “to compute

an organism”.

We nd in the variety of models studied that mesoscopic dipsion of cell is essential,
and that morphogenesis is a sustained out of equilibriuroge®through the interaction
of processes at multiple space and time scales.
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Based on the development of new experimental techniquesilyrienaging
techniques like FRAP and FRET, cellular transport and reagirocesses can
be better understood than ever before. Cell biology in gdnaffers a whole
range of such important applications (in the end all lifeetggs on this com-
plex machinery) which are challenging for mathematical eliody and the per-
formance of existing numerical algorithms. Inside the ceimbrane systems
like the ones involved in the secretory pathway are esgdgéaportant and can
be used to understand the state-of-the-art of modelingiamdation in a wider
area to much advantage.

One speci ¢ property of cellular structures are their coiogled geometry, here
just called 'Complex Domains'. The complexity of these okl domains can
now be measured much more accurately with the help of modeaging and
image analysis techniques. It is tempting to combine metffimun image anal-
ysis and numerical simulations in order to get a better wtdading how dif-
ferent molecules, small to large (ions to protein complgxéstribute and react
inside the cell. Moreover such geometries are typicallyriptex' on every rel-
evant scale. This makes their representation in a simulayipically dif cult,
and one must use adequate approximations. This need fagngmicely ex-
plains why (in this case spatial) scales are important (ang al modeling is
relative to a chosen scale), and therefore scale is perlmgpsbst important
notion in this area, even before considering the apprapicabice of either a
discrete or continuous state space to represent the diffecenponents of the
system.

The same is true for the second part of the problem, the aétmstly bind-
ing) of macro-molecules with each other or other bindingmpens. This process
creates events at which the system state changes, and tiatregeds to be
represented relative to a chosen temporal scale in the n{addl nally the
simulation). We discuss this with the help of birth-deatbgasses and the dy-
namics of Markov chains, and describe the dynamics of ionéls in a typical
membrane with the help of multi-scale analysis.
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Cellular systems present a highly complex organisationifegrdnt scales in-
cluding the molecular, cellular and colony levels. The ctexrity at each one
of these levels is tighly interrelated to each other. Irdtige systems biology
aims to obtain a deeper understanding of cellular system®edysing on the
systemic integration of the different levels of organisatin cellular systems.
The different approaches in celluar modelling within sys$eébiology have been
classi ed into mathematical and computational framewot®peci cally, the
methodology to develop computational models has been tigoealled exe-
cutable biology since it produces executable algorithmesghcomputations
resemble the evolution of cellular systems.

In this work we present P systems as a multiscale modellengpémwork within
executable biology. P system models explicitly specify iadecular, cellular
and colony levels in cellular systems in a relevant and stdadable man-
ner. Molecular species and their structure are represdayteibjects or strings,
compartmentalisation is described using membrane stegand nally cellu-
lar colonies and tissues are modelled as a collection ofdnteg individual P
systems. The interactions between the components of @aeByktems are de-
scribed using rewriting rules. These rules can in turn beigea together into
modules to characterise speci ¢ cellular processes.

One of our current research lines focuses on the design béygstems biol-
ogy models exhibiting a pre xed behaviour by assemblingantically these
cellular modules. Our approach is equally applicable toesys as well as syn-
thetic biology.
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From a behavioural point of view many systems encounteredture are based
on interactions between a number (usually a huge number€ processes.
Often such interactions are based on two main mechanisroiitefion and
inhibition. For example, this point of view is well suitedrfoonsidering sys-
tems of biochemical reactions, where individual reactiionsence each other
through facilitation/acceleration and inhibition/redation.

In our talk we discuss reaction systems which constituterad framework
for specifying, modeling, and analyzing the kind of systematined above.

In particular we will discuss the basic axioms (assumpdidhat hold for a
great number of biochemical reactions, and therefore Uiede formal setup
for reaction systems. We point out that these axioms are glifterent (often
orthogonal) to the underlying axioms of traditional/tygienodels considered
in theoretical computer science.

We will present a number of formal properties of reactiontsys as well as
a number of research topics/areas, such as modularity amdlircing time in
reaction systems. The talk is self-contained; in particsla do not require any
speci ¢ knowledge of basic properties of biochemical réats.
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We study computational properties of conformon P-systeansextension of
P-systems in which symbol objects are labelled by theiremtramount of en-
ergy. We focus here our attention to decision problems lg&chability and
coverability of a con guration and give positive and negatiesults for the full
model and for some of its fragments. Furthermore, we ingasti the relation
between conformon P-systems and other concurrency makielsdsted Petri
netsandconstrained multiset rewriting systems

1 Introduction

P-systems [10] are a basic model of the living cell de ned bsea of hierarchically

organized membranes and by rules that dynamically dig&ilelementary objects in
the component membranes. Conformon P-Systems [5] are anséah of P-systems in
which symbol objects (conformons) are labelled with theirent amount of energy. In
a conformon P-system membranes are organized into a dirgcaph. Furthermore, a
symbol object is a pair name-value, where name ranges oveea glphabet, and value
is a natural number. The value associated to a conformortégite current amount of
energy. Conformon P-systems provide rules for the exchafigmergy from a con-

formon to another and for passing through membranes. Passées are conditioned
by predicates de ned over the values of conformons. In [63¢6 and Corne applied
conformon P-systems to model the dynamics of HIV infectidoncerning the expres-
sive power of conformon P-systems, in [5] Frisco has shovan the model is Turing

equivalent even without the use of priority or maximal pkaigdm.



26 On the Qualitative Analysis of Conformon P-Systems

In this paper we investigate restricted fragments of canfor P-systems for which de-
cision problems related to veri cation of qualitative peies are decidable. We focus
our attention to veri cation of safety properties and démisproblems like coverability
of a con guration [1]. The fragment we consider put someniegbns on the form of
predicates used as conditions of passage rules. Namelynlyeadmit passage rules

with lower bound constraints on the amount of energy as ¢mmdi (i.e.p(x) Ly ¢
for c 2 N). The resulting fragment, we will refer to asstricted conformon P-systems
is still interesting as a model of natural processes. Ind@edcan use it to specify sys-
tems in which conformons pass through a membrane when a gimennt of energy is
reached.

For restricted conformon P-systems, we apply the methayab[1] to de ne an algo-
rithm to decide the coverability problem. This algorithnrieems a backward reacha-
bility analysis through the state space of a system. Sinoeiirmodel the set of con g-
urations is in nite, the analysis is made symbolic in ordernitely represent in nite
sets of con gurations. For this purpose, we use the theomyelf-quasi orderingsand
its application to veri cation of concurrent systems [1].

In the paper we also investigate the relation between {cést) conformon P-systems
and other models used in concurrency like Petri nets [1BtauePetri nets [8], and con-
strained multiset rewriting systems (CMRS) [2]. Specilgalve show that conformon
P-systems are a special class of nested Petri nets, anidtezs®-systems are a special
class of CMRS. This comparison gives us indirect proofs &midability of coverability
in restricted conformon P-systems that follows from theulissobtained for nested nets
and CMRS in[9, 2].

To our knowledge, this is the rst work devoted to the anadysi problems like cover-
ability for conformon P-systems, and to the comparison efdhme models with other
concurrency models like nested Petri nets and CMRS.

Plan of the paper In Section 2 we introduce the conformon P-systems model. In
Section 3 we study decision problems like reachability aodecability. In Section 4
we compare conformon P-systems with nested Petri nets arRISCIinally, in Section

5 we discuss related work and address some conclusions.

2 Conformon P-systems

LetV be a nite alphabet andll the set of natural numbers.@nformoris an element
of V. NgwhereNg = N[f Og, denoted byX; x ]. We will refertoX as thenameof the
conformorX; x ] and tox as itsvalue In the rest of the paper we work with multisets of

symbols and to indicate resp. multiset union and difference. We Ggeto denote
the set of conformons de ned over alphabkt



On the Qualitative Analysis of Conformon P-Systems 27

Conformons are situated inside a nite set of membranes giores. LetN be the
set of membrane names. @n guration is a tuple (indexed o) of multisets of
conformons. For simplicity we often assume that membrareee@mbered froni ton

Cv.

The dynamic behavior of conformons is described via a setilefsrof the following
form:

A creationrule has the fornﬁA, whereA 2 V,e 2 Ng, andm 2 N and de nes
the creation of a conformdi; e] inside membranm. A creation rule for confor-
mon[A; e] in membranen corresponds to a conformdA; e] with cardinality!

in [5]. The use of creation rules allows us to obtain a bettengarison with other
Petri net models as discussed later in the paper.

An internalrule has theform(\!r?]B,whereA; B 2V,e2N,m2N andde nes
the passage of a quantiyof energy from a conformon of typ& to one of typeB
inside membranen.

A passageule has the formm,|IO n wherem;n 2 N andp(x) is a monadic pred-
icate of one of the following formg = a,x a,x bfora2 Ngandb2 N.
With this rule, a conformoifiX; x ] insidem can move to membrane if p(x) is
satis ed by the current value of .

As in tissue P-systems, the underlying structure of mendwas here a nite graph
whose nodes are the membranedlirand edges are de ned by passage rules. We are
ready now for a formal de nition of conformon P-systems.

De nition 1. (Conformon P-system) A basic conformon P-system of degmnee 1

with unbounded valuggP-system for short) is a tuple= ( V;N;R; o),V isa nite

set of conformon names| is a nite set of membranes names (we assume that each
membrane has a distinct nam&),is a set of rules, ¢ is an initial con guration.

Given a con guration , we say that an internal rute= A!rfl B is enabled at if there
exist a conformorfA; x] 2 (m) and a conformorB;y] 2 (m) such thatx €
we say in this case thatoperates on conformoifi&; x] and[B; y]in . A passage rule

r= m,||o n is enabled at if there exists a conformof\; x] 2 (m) such thap(x) is
satis ed; we say here thatoperates on conformdA; x]in . Notice that creation rules
are always enabled. The evolution of a conformon P-systesde ned via a transition
relation) de ned on con gurations as follows. A con guration may evolve to °,
written ) 9 if one of the following conditions is satis ed:

There exists a rule = A!rf] B in R which is enabled in and operates on confor-
mons[A; x] and[B; y], and the following conditions are satis ed:

Am)=( (m) f [Ax][B:ylm) f [A;x €];[B;y + el@
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Yn)= (n)foranyn 6 m.

There exists arule = m,||o n in R which is enabled in and operates on confor-
mon[A; x] (i.e. p(x) is true) and the following conditions are satis ed:

Am)= (m) f [Ax]g

A= (n) f [AxX]g

Ap) = (p) foranyp 6 m;n.
There exists a rule = *rf,A in R and the following conditions are satis ed:

Am)= (m) f [Aela
Ap) = (p) foranyp 6 m.

In the rest of the paper we uye to indicate the re exive and transitive closure of the
transition relation) . Furthermore, we say thatevolves into %if ) 0 i.e., there
exists a nite sequence of con gurationg;:::;  suchthat = ;) :::) =

9 Furthermore, given a set of con guratios the set of successor con gurations is
de ned as

Post(S)%¥'f 9 ) © 25g

and the set of predecessor con gurations is de ned as
def ¢ 0: o0 .
Pre(S)=f °j *) ; 28Sg

Notice that the transition relation de nes an interleaving semantics foicR-system
, i.e., only a single rule among those enabled can be red e esolution step of .
This semantics is slightly different from the original setties in [5] where an arbitrary
subset of all enable rules can be red at each evolution $tép.important to remark
however that the two semantics are equivalent with respetie kind of qualitative

properties (reachability problems) we consider in thisgrap

As an example, consider theP-system with two membranes; andm;, andN =

fA;B; C g, and with the ruleg'}\lA, A!#MB, andml,|IO m;, wherep(x) is de ned by
the equalityx = 3. In this model the con guratiort = (f [B; Olg; ;) may evolve as
follows:

c) (FIA1][B;Ola:;)) (F[A; 1] [A; 1] [B; Ola;))

(F [A; 1L [A; 1L [A; 10, [B; Olay, 5 ) ) (F [A; 11 [A; 1], [A; 0L, [B; 1@ ;) )
(f [A; 1 [A; OF [A; O, [B; 2]ay, ;) ) (F [A; O [A; O], [A; O], [B; 3] ;) )
(f [A; O [A; O [A; Olay: f [B; 3]m)

Finally, notice that both our semantics and Frisco's semmaimh [5] do not require all
enabled rules to be red simultaneously as in the semantid3-systems (maximal
parallelism). In general, maximal parallelism and intavieg semantics may lead to
models with different computational power.
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3 Qualitative analysis of cP-systems

In [5] Frisco introduced the class oP-systems wittbounded values which the only

type of admitted creation rules have the for;?m, i.e., the only type of conformons
for which there is no upper bound on the number of occurreircesachable con g-
urations ( nite but unbounded multiplicity) are of the forfA; 0]. In cP-system with
bounded valuethe total amount of energy in the system is always constdmis;Twith
this restriction, the only dimension of in niteness of thate-space is the number of oc-
currences of conformons. This kind of restricted systemgcB-systems with bounded
values, can be represented as Petri nets. Thus, severalsiiig qualitative properties
like reachability and coverability of a con guration can decided for this fragment of
cP-systems.

In the full model the set of con gurations reachable from aitial one may be in nite
in two dimensions, i.e., in the number of conformons ocagin the membrane system
and in the amount of total energy exchanged in the systend] Frr{sco has proved that
full cP-systems are a Turing equivalent model. Despite of the pofvine model, we
prove next that a basic qualitative property caltedchabilitycan be decided for full
cP-systems. Let us rst de ne the reachability problem.

De nition 2. (Reachability problem)
The reachability problem is de ned as follows: GivercR-system = ( V;N;R; o)
and a con guration 1, does ) 1 hold?

The following results then hold.

Theorem 1. (Decidability of reachability for full cP-systems)
The reachability problem (w.r.t. relation ) is decidable for angP-system.

Proof The proof is based on a reduction of reachability of con gima ; in acP-
system to reachability in a nite-state system extracted fromand ;. The reduc-
tion is based on the following key observation. For two caumrgtions ¢ and 1 the
setQ of distinct con gurations that may occur in all possible &uons from ¢ to

1 IS nite. This property is a consequence of the fact thatriné¢ and passage rules
maintain constant the total number of conformons and the sohount of energy of a
system (sum of the values of all conformons) whereas cneatiles may only increase
both parameters. Thus, the total amount of conformons art@fgy in con guration

1 gives us an upper bourd- on the possible number of conformons and an upper
boundUy, on their corresponding values in any evolution fromto ;. Based on
this observation, it is simple to de ne a nite-state autdwraS with states inQ and
transition relation de ned by instantiating the rules iR over the elements iQ. As
an example, itv = fA;Bg, N = fm;ng, Uc = 10 andUy = 4 andR contains
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the ruler = A!%B. Then, we have to consider a nite state automaton in whieh th

states are all possible con gurations containing at niddelements taken from the

alphabet = f[X;n]jX 2 V;0 n 4g. The ruler generates a transition re-

lation that put in relations two statesand °iff (m) contains a pair of elements

[A;a];[B;b] 2 such thata anda + 2 satisfy the conditior2 a,a+?2 4,
Am) =( (m) f [Aa];[B;bl@) f [Aja 2][B;b+2]gand (m9) = (m

for all the membranes®6 m. The nite automators satis es the property that; is

reachable from o in thecP-system if and only if the pair( o; 1) isin the transitive

closure of . The thesis then follows from the decidability of con guiat reachability

in a nite-automaton. 2

In order to study veri cation of safety properties, we needititroduce an ordering
between con gurations similar to the coverability ordeyinsed for models like Petri
nets. We use here an orderimgbetween con gurations and °such that for each
membranem, each conformon in (m) is mapped to a distinguished conformon in

%m) that has the same name and greater or equal value. This ryddlbws us to
reason about the presence of a conformon with a given namat et a given amount
of energy inside a con guration.

Example 1 Consider the con gurations

[A; 21, [A; 4], [B; 3lay f [A; Sla)
[A; 4] [A; 5], [B; 6]; [C; 8w T [A; 71, [B; S]@)

1=(f
2=(f
Then 1 v 2, sincelA; 2], [A; 4]and[B; 3]in membrand of can be associated resp.
to the conformon§A,; 4], [A; 5] and[B; 6] in membranel of ,; furthermore]A; 5]in
membran& of can be associated to conformi@y 7] in membran& of ,. Consider
now the con gurations

;41 [A; 5] [B; 1lay: f [A; 71, [B; 5l@)
5] [B; 6l f [A; 7]; [B; Sl@)

Then, 1 6v 4 since there is no conformon in membrdna 3 with nameB and value
greater or equal thaB. Furthermore, ; 6v 4 since we cannot associate two different
conformons, namelyA; 2] and[A; 4] in 1, to the same conformon, namd; 5],

in 4. Finally, notice that the con guration = (f [A; Olg; ;) is such that v ; for

i :1;:::;4. The con guration can be used to characterize the presence of aconformon

with nameA in membranél no matter of how energy it has.

The orderingv is formally de ned as follows.

De nition 3. (Ordering v ) Given two con gurations and % v Ciff for each
m 2 N there exists arinjective mappingh,, from (m) to Ym) that satis es the
following condition: for eacA;x] 2 (m), if hy ([A; x]) = [ B;y], thenA = B and
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X ¥ ([A;x] is associated to a conformon with the same name and largeuatas
energy).

A setS of con gurations is saidupward closedw.r.t. v if the following condition is
satised: forany 2 S,if v Cthen °2 S.In other words if a con guration
belongs to an upward closed sgtthen all the con gurations greater thanw.r.t. v
belong toS either.

Consider now the following decision problem.

De nition 4. (Coverability problem) The coverability problem is de ned as follows:
Given acP-system = ( V;N;R; () and a con guration 1, is there a con guration
2 suchthat o) >and v ?

Coverability can be viewed as a weak formanin guration reachabilityin which we
check whether con gurations with certain constraints carrdachable from the initial
con guration. In concurrency theory, the coverability ptem is strictly related to the
veri cation of safety properties. This link can naturalle liransferred taqualitative
propertiesof natural systems. As an example, checking if a con guratiowhich two
conformons with namé can occur in membran@ during the evolution of a system
amounts to checking the coverability problem for the tamget guration , de ned as

2(m) = f[A; 0], [A; Olgand »(m9 = ; for m®6 m. The following negative result
then holds.

Proposition 1 The coverability problem is undecidable for faR-systems.

Proof The encoding of a counter machihk in cP-systems can be adapted to our for-
mulation with creation rules in a direct way: conformonshwit-cardinality are speci-
ed here by creation rules. In the encoding in [5] an exeautd the counter machine
M leading to location is simulated by the evolution of @P-system \, that reaches

a con guration containing a conformop; 9] in a particular membrane, say. No-
tice also that the membrame cannot contain, by construction, a confornjgrv] with

v > 9. Thus, coverability of the con guration with; 9] insidem in  corresponds
to reachability of location in M . Since location reachability is undecidable for counter
machines, coverability is undecidable f#?-systems. 2

3.1 A syntactic fragments ofcP-systems In this section we show that checking
safety properties can be decided for a fragmeraRebystems with a restricted form of
passage rules in which conditions are only de ned by lowarrmbconstraints.
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De nition 5. (Restricted cP-systems)We callrestrictedthe fragment ofcP-systems
in which we forbid the use of predicates of the fotrrs candx ¢ as conditions of
passage rules.

Our main result is that, despite of the two dimension of itemess, the coverability
problem is decidable for restrict@f-systems with an arbitrary number of conformons.
To prove the result we adopt the methodology proposed ini.i.],we rst show that
restrictedcP-systems are monotonic w.nt. We then show that is a well-quasi or-
dering. This implies that any upward closed set is represkvia a nite set of minimal
(w.r.t. v)) con gurations. Thus, minimal elements can be used to Iyitepresent in-
nite (upward closed) sets of con gurations. Finally, wegwe that, given an upward
closed sefS of con gurations, it is possible to compute a nite represation of the
set of predecessor con gurations 8f Monotonicity ensures us that such a set is still
upward closed. We compute it by operating on the minimal el@sofS only.

Lemma 1. (Monotonicity) RestrictedcP-systems are monotonic w.kt, i.e., if 1)
2and ;v 9, thenthere existsd suchthat ) Sand v 9.

Proof Let 1 be a con guration evolving into ,, and let ; 9. The proof is by
case analysis on the type of rules applied in the executem dlotice that the case of
creation rule is trivial. Hence, we concentrate on the twoaming cases.

Internal rule. Let us consider a single application of an internal rAIT%B operating
on conformongA; x] and[B; y] in membranen. Since the rule is enabled we have that
x e Furthermore, the application of the rule modi es the vadfithe two conformons
as follows:[A;x €] and[B;y + €].

Since ;v ¢ and by de nition ofv , we have that there exist conformdis x % and
[B;y9 in membranem of ? such thatx x%andy  y° Thus, the same rule can
be applied tdA; x% and[B; y 9 leading to a con guration 3 in which the two selected
conformons are updated as folloyja; x° €] and[B;y°+ €. Finally, we notice that,

sincex x e wehavethax e x° eandy+e y%+e Thus, v 9.

Passage rulel_et us consider a single application of a passagerm!f()en with p(y) def

y eand operating on the conformof#s x] in membranen. Since the rule is enabled
we have thak  e. Furthermore, the application of the rule moves the contorrio
membrane in .

Since ; v 2 and by de nition ofv , we have that there exist conformods x 9 in
membrananm of ¢ suchthak x% Thus, the same passage rule is enablediand
can be applied to moVé; x9 in membranen in 9.

Thus, we have that, v 9. 2

From the monotonicity property, we obtain the following clary.
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Corollary 1 For any restrictedcP-systems and any upward closed set (wnt.S of
con gurations, the set of predecessor con gurationSohamelyP re(S) el f i)

% 02 3g, is upward closed.

It is important to notice that the last two properties do noldhfor full cP-systems.
As an example, a passage rule from membrarie 2 with predicatex = 0 is not
monotonic w.r.t. to the con gurations; = (f [A; Olgy;;) and 9 = (f[A; La;;).
Indeed, ;v 9and 1) 2=(;;f[A; Olg) but 9 has no successors. Furthermore,
the set of predecessors of the upward closed set with mirglaadent ; is the singleton

containing ; (clearly not an upward closed set).

Let us now go back to the properties of the orderingWe rst have the following
property.

Lemma 2 Given acP-system and two con gurations and © checkingif v °©
holds (i.e. if is more general than9) is a decidable problem.

Indeed, to decide it we have to select an appropriate inctiapping from a a nite
set of mappings from to °and, then, to compute a nite set of multiset inclusions.

Let us now recall the notion afell-quasi orderingsee e.g. [7]).

De nition 6. (v is awqgo) A quasi ordering on a setS is a well-quasi ordering
(wqo) if and only if for any in nite sequenag; az;: :: of elementsirs (i.e.a 2 S for
anyi 1) there existindexeis<j suchthais; & .

The following important property then holds.

Lemma 3. (v is a wqo) Given acP-system=( V;N;R; o), the orderingv de ned
on the set of all con guration of is a wgo.

a con guration can be viewed as a multiset of multisets of objects over theeaddet
VI :::[ V™, whereV! = fvi jv 2 Vg. Indeed, can be reformulated as the
multisetunion ;1 :::  , where foreacliA; x] 2 (m), ; contains a multiset with
x occurrences oA™. E.g., 1 = (f[A; 2];[B; 3]@; f [A; 5]@) can be reformulated as
the multiset of multisetf A®; Alg;f BL;BL;Blg;f A% A% A% A% Aqa

When considering the aforementioned reformulation of @urations, the ordering
corresponds to the composition of multiset embedding (digtence of injective map-
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clusion is a well-quasi ordering, we can apply Higman's Lear|i to conclude that
is a well-quasi ordering. 2

As a consequence of the latter property, we have that evemargclosed se§ of
con gurations is generated by a nite set of minimal elengnite., for any upward
closed seS there exists a nite seff of con gurations such tha® = f ©j o 2
Fg. F is called thenite basis of S. As proved in the following lemma, given a nite
basis of a se8, it is possible to effectively compute the nite basisfe(S).

Lemma 4. (ComputingPre) Given a nite basisF of a setS, there exists an algo-
rithm that computes a nite basis®of Pre(S).

Proof The algorithm is de ned by cases as follows.

Creation rules Assume"f}\A 2 Rand 2 F.Then, occursinF® Furthermore,
suppose that(m) contains a conformofA; e]. Then,F °also contains the con gura-
tions Othat satis es the following conditions:

Am)= (m) f [Aelg;
%)= (n)form 6 n.

Internal rules Assume a rule = A!rf,B 2 Rand 2 F.We have several cases to
consider.

We rst have to consider a possible applicationrofo two conformons that are
not explicitly mentioned in . This leads to a predecessor con guration in which
we require at least the presencefofvith at least values and the presence &
with any value. Thusk ° contains the con gurations®that satis es the following
conditions:

qm)=(m) f [Ae];[B; Olg

An)= (n)form 6 n.
We now have to consider the applicationrafo a conformorA with valuex in
and to a conformoB not explicitly mentioned in . This leads to a predecessor
con guration in which we require at least the presencefofith at least value
x + e and the presence & with any value. Thus, ifA;x] 2 (m), F%contains
the con gurations °that satis es the following conditions:

Am)=( (m) f [Ax]g) f [Ax+ €];[B; Olg;

An)= (n)form 6 n.
Furthermore, we have to consider the application tof a conformorB with value
y ein and to a conformor not explicitly mentioned in . This leads to a
predecessor con guration in which we require at least thespnce oA with at
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least valuee and the presence & with valuey e. Thus, if[B;y] 2 (m) and
y e FCcontains the con gurations® that satis es the following conditions:
Am)=( (m) f [Biylg) f [Ae];[Biy elg
An)= (n)form6 n.
Finally, we have to consider the applicationroto a conformornB with value
y eand to a conformor\ with valuex both in . This leads to a predecessor
con guration in which we require at least the presencefofith at least value
x + eand the presence & with valuey e. Thus, if[A;x];[B;y] 2 (m) and
y e FCcontains the con gurations® that satis es the following conditions:
Am)y=( (m) f [Ax];[Biylg) f [Ax+¢€][By el
Yn)= (n)form6 n.

Passage rules Assumern,IIO n 2 R with p(x) denedbyx eand 2 F.We rst

have to consider a possible applicatiorrdb a conformon that is not explicitly men-

tioned in . This leads to a predecessor con guration in which we regjairleast the

presence oA with at least value in membranen. Thus,F °contains the con gurations
Othat satis es the following conditions:

Am)y= (m) f [Aelg
%n)= (n)form6 n.

Furthermore, suppose tha{n) contains a conformofA; x] with x 0. Then,F°
contains the con gurations®that satis es the following conditions:

An)y=(n) f [Ax]g
Am)=(m) f [AVvig
Ap)= (p) forp6 m;n.

wherev = max(e; x) (the maximum betweeaandx).
The correctness follows from a case analysis. 2

Theorem 2. (Decidability of Coverability for Restricted cP-systems) The coverabil-
ity problem is decidable for restrictecP-systems.

Proof The thesis follows from Lemmas 1, 3, 4, and from [1, Theoret).4. 2

4 Relation with other models

In this section we compareP-systems with other models used in the concurrency
eld, namely the nested Petri nets of [8] and the constraimedtiset rewriting systems
(CMRS) of [2].
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4.2 cP-systems vs nested Petri netsLet us rst recall that a Petri net (P/T sys-
tem) [11] is a tuple(P; T; mp) whereP is a nite set ofplaces T is a nite set of
transitions andmy is the initial marking. Intuitively, places correspond txtion or
states of a given system. Places are populated with tokensindistinguishable ob-
jects, that can be used e.g. to mark a given set of states telroodcurrent processes.
Tokens have no internal structure. This means that we aseiotdrested in the mul-
tiplicity of tokens inside a place. Transitions are useddatml the ow of tokens in
the net (they de ne links between different places and raguthe movement of tokens
along the links). More formally, @&ransitiont has a pre-sett and a post-set both
de ned by multisets of places iR®. A marking is just a multiset with elements i,

a mapping fronP to non-negative integers. Given a markimgand a place, we say
that the place containsm(p) tokens A transitiont is enabled at the marking if t

is contained as a sub-multisetn. If it is the case, ringt produces a markingn®,

writenm !' m® denedas(m t) t.

A Petri net with inhibitor arc is a Petri net in which traneitis can be guarded by an
emptyness test on a subset of the places. For instance s#titrarwith an inhibitor arc
on placep is enabled only whep is empty.

Nested Petri nets Differently from P/T systems, in aested Petri netokens have an
internal structure that can be arbitrarily complex (e.goken can be a P/T system, or
a P/T system with tokens that are in turn P/T systems, and kd-on instance, -
level nested Petri nés de ned by a P/T system that describes the whole systerdedal
system netand by a P/T system that describes the internal structutekehs, called
element net

The transitions of the system net can be used to manipuletasoas black boxes, i.e.
without changing their internal structure. These kind ahsitions are callettansport
rules(they move complex objects around the places of the systéyn ne

Transitions of the element nets can be used to change theahstructure of a token
without changing the marking of the system net. These kinttasfsitions are called
autonomous rules

Finally, we can use synchronization labels (i.e. labelystem/element net transitions)
to enforce the simultaneous execution of two transitiome with a labela and one
with a labela. Two possibilities are allowed in Nested Petri nets: thechyanization
of a transition of the system net and of an element wettical synchronizatiop or the
simultaneous execution of transitions of two distinct ed@tmets residing in the same
system placehorizontal synchronizatignNotice that vertical synchronization modi es
both the marking of the system net and the internal struaififeome) tokens.

cP-systems as nested Petri netsin this section we show thaf-systems can be en-
coded as 2-level nested Petri nets in which the system netPif asystem and the
element netis a P/T system with inhibitor arcs.
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Assume &P-system = ( V;N;R; ). We build a 2-level nested Petri nets as follows.
The system net is a P/T system with a plaC&NF used to contain all conformons
in a current con guration of , and a plac€€ REAT E ; for each creation rule 2 R.
The transitions of the system net are transport rules thateincreation rules used to
non-deterministically inject new conformons in the plde®NF . Namely, for each
creation ruler 2 R we add a transport rule with pre-sef CREAT E ; ggand post-set

f CREATE ; CONF @. We assume here th&REAT E , is initialized with a single
element net that models the conformon created byrruléne transitiort, makes a copy
of such an element net and puts it in pl&Z@NF .

An element nefN. denotes a single conforman It is de ned by a P/T system with
placesP = V[ N [f Eg. Only one place of those iN and only one place of those
in V can be marked in the same instant. The marked places conggpthe name and
current location ot. Furthermore, the number of tokens in pld&€&lenotes the current
amount of energy of.

To model an internal rule = A!rf‘ B we use a horizontal step between two distinct ele-
ment netN; andN», i.e., a pailt.. 1; t 2) of element net transitions with synchronized
labelsr andr such that:

t.1 has one occurrence @&, one ofm, ande of E, i.e., it is enabled ifN
represents a conformon with nameén membranen and at least units of energy;
those units are subtracted from pld€eén N .

tr. 2 has one occurrence & and one ofm, i.e., it is enabled iN, represents a
conformon with nam@& in membranen.

t., has one occurrence éf and one ofm.

t., has one occurrence &, one ofm, ande of E, i.e., e units of energy are
transferred to placg in N».

To model a passage rute= m,|IO n with conditionx e, we use an autonomous step.
Speci cally, we de ne an element net transitibn such that:

t; has one occurence af, ande occurrences ok, i.e., it is enabled iN; is in
membranen and at lease units of energy.
t, has one occurrences of and ande occurrences oE, i.e.,N1 represents now
a conformon (with the same name) in membranés energy is not changed (we
rst subtracte tokens to check the condition €) and then ad& tokens back to
placeE in Nj).

To model a passage rulewith conditionx = e, we can add to each transitityn with
A 2 V thetest eon placeE. Itis easy to de ne this test by using P/T transitions with
inhibitor arcs. Rules with conditions e for e > 0 can be encoded by splitting the
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L
el
(=]
CREATE CONF
SYSTEM NET \
CONFORMON NAME CURRENT MEMBRANE

‘\:w /®

O

ENERGY

PASS

ELEMENT NET: CONFORMON [ A; 4] IN MEMBRANE M
Fig. 4.1 Example of nested Petri net.

Since each element net maintains information about nanh@e wand location the con-
tent of placeCONF corresponds to the current con guration of

Example 2 Assume acP-system withV = fA;Bg, N = fM;L;P g, the creation

ruler = *,f‘,l A, the internal ruldNT = A!,\?}I B, and the passage ruRRASS = L,'p P

with p(x) %' x = 0. The 2-level nested Petri nets that encodesciwsystems is

shown in Fig. 4.1. We use here circles to denote places,mglesito denote transitions,
an arrow from a circle to a rectangle to denote places in teespt and an arrow from
a rectangle to a circle to denote places in the post-setap$itions; we label arrows
with numbers to indicate a multiplicity greater thawof a place in the pre-/post-set. An
inhibitor arc is represeted by an arrow with a circle. Thetsgsnet plac€ REATE ,

is used to keep a copy of the conformi@y 4] so as to non-deterministically inject new
ones in the current con guration (i.e. the plaC®ONF ). The element net has places
to model names, membranes, and energy. The internal ruleogelted by the pair
of transitions with labelsNT andINT . When executed simultaneously (within the
placeCONF of the system net) by two distinct element net (one exedN&s and
the other executddN T ) their effect consists in moving 3 tokens from the plé&cef
an element net with tokens ify; M to the placeE of an element net with tokens in
the placesB; M . Notice that tokens of the element nets are objects with nztsire.
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The passage rule is modelled by the element net transititimlabelP AS S. It simply
checks thak is empty with an inhibitor arc and then moves a token from tlaegN
to the placeP (it changes the location of the element net). Notice thatsirstem net
placeCONF may contain an arbitrary number of element nets (the coording P/T
system is unbounded).

It is important to notice that 2-level nested Petri nets irchibelement nets have in-
hibitor arcs are Turing equivalent [9]. This result is catent with the analysis of the
expressive power of fultP-systems [5]. From the previous observations, restricied
systems are a subclass of nested Petri nets in which botligteasand the element nets
are de ned by P/T systems. From the results obtained for-gtelictured subclasses of
nested Petri nets in [9], we obtain an indirect proof for dability of coverability of
restrictedcP-systems.

The connection betweaP-systems and nested nets can be exploit to extend the model
in several ways. As an example, for restricted passage, mogerability remains decid-
able when extendingP-systems with: conformons de ned by a list of pairs namkwa
instead of a single pair; rules tha&nsferall the energy fronA to B ; or conformons de-

ned by a state machine (i.e. with an internal state instefadatically assigned type).

4.3 RestrictedcP-systems vs CMRS RestrictedcP-systems can also be modelled
in CMRS, an extension of Petri nets in which tokens carry ratuumbers.

Constrained multiset rewriting systems (CMRS) CMRS [2] are inspired to formu-
lations of colored Petri nets in term rewriting. A token witlatad in placep is rep-
resented here as a tenpid), a marking as a multiset of terms, and a transition as a
(conditional) multiset rewriting rule. More preciselyt lermbe an elemeryi(x) where

p belong to a nite set of predicate symbd®s(places) and is a variable ranging over
natural numbers. We often call a tepft) with p 2 P ap-termor P-term A element
p(v) with p 2 P andv 2 Ny is called aground term

A con guration is a ( nite) multiset of ground terms. A CMRS & set of rewriting rules
with constraints ofthe form = L ; R : thatallows to transform (rewrite) multisets
into multisets. More precisely, andR are multisets of terms (with variables) ands

a (possibly empty) nite conjunction ajap-orderconstraints of the formx + c <y,

X Yy,X=Yy,x<c,X>c,X = cwherex;y are variables appearing ln and/orR
andc 2 Np is a constant.

A ruler is enabled at a con guratioaif there exists a valuation of the variablgsal
suchthaV al() is satis ed. Firingr atcleads to a new multisef, notedc 1" ¢ with
®=c¢ Val(L) Val(R) whereVal(L), resp.V al(R), is the multiset of ground
terms obtained from, resp.R, by replacing each variableby V al(x).

As an example, consider the CMRS rule:

=[p(x);ay)] ; [a@);r(x);r(w)] @ fx+2<y;x+4<z;z<wg
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A valuation which satis es the condition ¥ al(x) = 1, Val(y) = 4, Val(z) =
8, andVal(w) = 10. A CMRS con guration is a multisets of ground terms, e.g.,

[P(1); p(3); a(4)]. Therefore, we have thi(1); p(3); q(4)] ! [p(3);q(8); r(1); r(10)].

A CMRS is well-structured with respect to the well-quasienidg . de ned as fol-
lows. Given a con guratiore, letV(c) = fi 2 Ngp j 9p(i) 2 cg, andc=; : P 7! Ng
with i 2 Ng be the multi set such that;(p) = c(p;) for anyp 2 P. Then, we have
thatc . c?iff there exists an injective functioh : V(c) 7! Ng such thati( for any
i 2V(C): cgh(i); (i) foranyi 2 V(c) s.t.i  cmax :i = h(i); (iii ) for any
i;j 2V(c)[f Ogs.t.i<j andj>cmax :j i<h(j) h(i). Asymbolic algorithm
to check coverability — w.r.t. ; —is described in [2].

Restricted cP-systems as CMRS A cP-con guration is mapped to a CMRS con-
guration as follows. A conformort = [ A; x] in membranen is represented by means
of a multiset of terms

Mt =[confam (V)] O

whereQY is the multiset withx occurrences of the teron(v), i.e.,

Ok = [P(V);:i:u(W)]

N AVIE AL
X times

wherev is a natural number used as a unique identi er for the conform The u-
terms with parametev are used to count the amount of energy of conformon with
identi er v. E.g. ifc = [ATP; 4] thenMém =[confatp.m (2);u(2); u(2);u(2); u(2)]
—4 occurrences af(2) —where2 is the unique identi er of conformon. Furthermore,
if c=[ATP; 0], thenMg;m =[confarp:m (2)]. Thus, we us¢confa., (V)] to model a
conformon with zero energy and identi et

A representatiofRep( ) of acP-con guration is obtained by assigning a distinct in-
denti er to each conformon and by taking the (multiset) unad the representations of
each conformons in. Formally, let containg membranes such thatm;) contains

the conformons,;i;:::; Gy, fori:1;:::;randng + 111+ n, = k, then
\% Ml \ M' \%
Rep( )" =(  Mcim,) 0 (0 Mgdp))
j=1 i=1
whereV = (V11,117 Vin, 5 5 Ve 15100 Ven , ) @rek distinct natural numbers working

as identi ers of thek conformons in . Identi ers of conformons in the initial con gu-
ration ¢ are non-deterministically chosen at the beginning of theugtion using the
following rule:

linit]; [fresh(v)] Rep( 0)V : fvi1<::i<Vip, <Vp1<Vpy, <VQ

whereV is a vector of variables that denotes conformon indenti @s described in
the def. ofRep( )V). Furthermore, we maintain a fresh identi @iin thefresh -term
(used to dynamically create other conformons).
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The rules of a restrictecP-system are simulated via the following CMRS rules working
on CMRS representations of con gurations.

Creation ofc = [ A; x] insidem:
[fresh (x)] ; [fresh(y)] Mg, : fx<yg

We simply inject a new multiset of terms with parametestored in thefresh -
term and reset the fresh value.
A andB in membranen exchanges units of energy:

[confam (X);confg.m (y)] O ; [confam (X);confg.m (Y)] OY : true

Notice that, by de nition of the CMRS operational semantite rule is enabled
only when there are at leastoccurrences ofi-terms with parametex (identi er
of A) and where there exists a conform®rwith identi er y (x andy are variables
ranging over natural numbers). The passage of energy fafwith identi er x)
to B (with identi er y) is simply de ned by changing the parametepf e occur-
rences ofu-terms intoy.

def
= X

Passage rule from membrameto n conditioned by the predicat#x) C

For each conformon nanfe:
[confam (X)] OF ; [confan (x)] OFf

Notice that, by de nition of the CMRS operational semantite rule is enabled
only when there are at leasibccurrences ofi-terms with parametex (identi er
of A). The current location oA is stored in the ternconfa.m (X). The passage to
membrane is de ned by changing the termonfa.m (X) into confa.n (X). The
u-terms with the same parameter are not consumed (i.e. thay doth in the
left-hand side and in the right-hand side of the rule).

From the results obtained for CMRS [2], we obtain anotheiraa proof for decidabil-
ity of coverability of restrictedcP-systems. The connection betwesthsystems and
CMRS can be used to devise extensions of the conformon modehich, e.g., con-
formon have different priorities or ordered with respecstone other parameter. This
can be achieved by ordering the parameters of the multisedrofs used to encode
each conformon. CMRS rules can deal with such an orderingsinguconditions on
parameters of terms in a rule of the forx y .

5 Related Work and Conclusions

In the paper we have investigated the decidability of comaportal properties of con-
formon P-systems like reachability and coverability. Mepeci cally, we have shown
that, although undecidable for the full model, the covdigjproblem is decidable for
a fragment with restricted types of predicates in passalgs.ru
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To our knowledge, this is the rst work devoted to the qudlita analysis of conformon
P-systems, and to the comparison with other models likeedeetri nets and CMRS.
The expressiveness of the conformon P-systems is studjgfiby using a reduction to
counter machines with zero test (Turing equivalent). Wesussh a result to show that
coverability is undecidable for the full model. The decidipor reachability for the
full model is not in contrast with its great expressive paviiedeed, in the reachability
problem the target con guration contains precise inforimatbout the history of the
computation, e.g., the total amount of energy exchangeidglthie computation. These
information cannot be expressed in the coverability pnohlhere we can only x part
of the information of target con gurations. In this senseyerability seems a better
measure for the expressiveness of this kind of computdtiopdels.

In the paper we have compared this result with similar resalftained for other models
like nested Petri nets and constrained multiset rewritygjesns. The direct proof pre-
sented in the paper and the corresponding algorithm candveedi however as a rst
step towards the development of automated veri cationddot biologically inspired
models. The kind of qualitative analysis that can be peréamsing our algorithm is
complementary to the simulation techniques used in quiveétanalysis of natural and
biological systems. Indeed, in qualitative analysis wesader all possible executions
with no probability distributions on transitions, wherdasquantitative analysis one
often considers a single simulation by associating prdiigisi to each single transi-
tions. Unfortunately, the rates of reactions are often wwkmand, thus, extrapolated
from known data to make the simulation feasible. Qualigatinalysis requires instead
only the knowledge of the dynamics of a given natural modeltofnated veri cation
methods can thus be useful to individuate structural pittgeeof biological models.

Acknowledgements. Research fellow supported by the Belgian National ScienceF
dation.

Bibliography

[1] P. A. Abdulla, K.Cerans, B. Jonsson, and T. Yih-Kuen. General decidalbiigy
orems for in nite-state systems. LICS '96: 313-321.

[2] P.A. Abdullaand G. Delzanno: On the Coverability Prablr Constrained Mul-
tiset Rewriting Systems. AVIS '06 (ETAPS-workshop). Awdile in the authors'
home page.

[3] Z. Dang, O. Ibarra, C. Li, G. Xie. On Model Checking of P &ms. UC 2005:
82-93.

[4] A. Finkel, Ph. Schnoebelen. Well-structured transit8ystems everywhere! TCS
256(1-2),2001: 63-92.

[5] P. Frisco. The conformon-P system: a molecular and delbby-inspired com-
putability model. TCS 312(2-3), 2004: 295-319.



On the Qualitative Analysis of Conformon P-Systems 43

[6] P.Frisco and D. W. Corne. Dynamics of HIV infection stediwith Cellular Au-
tomata and conformon-P systems, BioSystems 91 (3), 2008583.
[7] G. Higman. Ordering by divisibility in abstract algelstd_ondon Math. Soc. (3),
2(7), 1952: 326336.
[8] I. A. Lomazova. Nested petri nets. Fundamenta Inforozegi43(1-4), 2000: 195 -
214,
[9] I. A. Lomazova and Ph. Schnoebelen. Some DecidabilityuRe for Nested Petri
Nets. Ershov Mem. Conf. 1999: 208-220.
[10] G. Paun. Computing with membranes. JCSS 61(1), 2008-143.
[11] W. Reisig. Petri Nets: An Introduction. Springer, 1985






Dual P Systems

Oana Agrigoroaiéiand Gabriel Ciobant?

1Romanian Academy, Institute of Computer Science
Blvd. Carol 1 no.8, 700505 lasi, Romania
oanaag@iit.tuiasi.ro

2%A.1.Cuza” University of lasi, Faculty of Computer Sciesc
Blvd. Carol I no.11, 700506 lasi, Romania
gabriel@info.uaic.ro

This paper aims to answer the following question: given a fesy con gu-
rationM , how do we nd each con guratiolN such thatN evolves toM in
one step? While easy to state, the problem has not a simpleeanto pro-
vide a solution to this problem for a general class of P systaith simple
communication rules and without dissolution, we introdtiedual P systems.
Essentially these systems reverse the rules of the inisgsRem and nd\ by
applying reversely valid multisets of rules. We prove thathis way we nd
exactly those con gurationsl which evolve toM in one step.

1 Introduction

Often when solving a (mathematical) problem, one starts fitte end and tries to reach
the hypothesis. P systems [4] are often used to solve prahlem nding a method
which allows us to go backwards is of interest. When lookihg aell-like P system
with rules which only involve object rewriting (of type! v, whereu;v are multisets
of objects) in order to reverse a computation it is naturadeteerse the rulesu(! v
becomes ! u)and nd acondition equivalentto maximal parallelism. Tcheal P sys-
tem € is the one with the same membranes aand the rules of reversed. However,
when rules of typas ! (v;out) oru! (v;inchig ) are used, two ways of reversing
computation appear. The one we focus on is to employ a spiypi@lof rule reversal
and to move the rules between membranes: for example, (v; out) associated to
the membrane with labélin  is replaced withv ! (u;in;) associated to the mem-
brane with labeparent(i) in €. This is described in detail in Section 4. Another way
of de ning the dual P system is by reversing all the rules withmoving them between
membranes (and thus allow rules of fofm out) ! u). To capture the backwards com-
putation we have to move objects according to the existehceromunicating rules in
the P system. The object movement corresponds to revetsngéssage sending stage
of the evolution of a membrane. After that the maximally flafaewriting stage is
reversed. This is only sketched in Section 5 as a startingt pai further research.
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The structure of a P system is represented by a tree structure (withskive as its
root), or equivalently, by a string of correctly matching@atheses, placed in a unique
pair of matching parentheses; each pair of matching pagsethcorresponds to a mem-
brane. Graphically, a membrane structure is representesd ®gnn diagram in which
two sets can be either disjoint, or one a subset of the otlherniembranes are labelled
in a one-to-one manner. A membrane without any other menetireide is said to be
elementary.

A membrane systewwf degreem is atuple = ( O; ;W 1;:::Wm;R1;::0; Rmjio)
where:

O is an alphabet of objects;

m, in a one-to-one manner;
w; are multisets ove® associated with the regiods:::;m de ned by ;

1;:::;m; the rules have the formm ! v, whereu is a non-empty multiset of
objects ano/ a multiset over messages of the fofay here); (a; out); (a;inj);

The membrane structure and the multisets of objects and messages from its com-
partments de ne antermediate con guratiorof a P system. If the multisets from its
compartments contain only objects, they de neca guration. For a intermediate con-
guration M we denote bywv; (M) the multiset contained in the inner membrane with
labeli. We denote byZ? () the set of intermediate con gurations and 8f) the set

of con gurations of the P system.

Since we work with two P systems at once (namelyand €), we use the notation

We consider a multiset over a sefS to be a functiorw : S! N. When describing a
multiset characterised by, for example(s) = 1 ;w(t) = 2, w(s% = 0;s°2 Snfs;tg,
we use its string representatistt 2 t, to simplify its description. To each multisetwe
associate its support, denoted siypp(w), which contains those elements ®fwhich
have a non-zero image. A multiset is called non-empty if & han-empty support. We
denote the empty multiset ). The sum of two multisets/; w° overS is the multiset
w+wo:S ! N;(w+ wo(s) = w(s)+ wYs). For two multisetsv; w° over S we
say thatw is contained inv®if w(s)  wYs);8s 2 S. We denote this by~ wP If
w  wlwe cande new® wby(W® w)(s)= wXs) w(s). Toworkin a uniform
manner, we consider all multisets of objects and messadas dver

= O[ O f outg[ O f injjj2f1:::;mgg

Denition1 TheseM () of membranesin a P systemtogether with the membrane
structure are inductively de ned as follows:
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if i is alabel andw is a multisetove©O [ O f outgthenhijwi2 M () ; hijwi
is called anelementary membranand its structure isi;

ifiisalabel,My;:::; M, 2M () ;n  1have distinct label$;;:::;i,, each
M has structure  andw is a multisetove©[ O f outg[ O f inj,;:::;ini, g
thenhijw;Mq;:::;Mpi2M () ;hHjw;Myq;:::; Myi is called acomposite mem-

brane and its structure i 1::: ni.

intermediate con guration.

We use the notationgarent(i) for the label indicating the parent of the membrane
labelled byi (if it exists) andchildren (i) for the set of labels indicating the children of
the membrane labelled hywhich can be empty.

By simplecommunication rules we understand that all rules inside brares are of
theformu! vwhereuis amultiset of objectssiipp(u)  O) andv is either a multiset

of objects, or a multiset of objects with the message(supp(v) O f injgfora

j 2f1;:::;mg) ora multiset of objects with the messam# (supp(v) O f outg).
Moreover we suppose that tekin membrane does not have any rules involving objects
with the messageut.

We use multisets of ruleR : R; ! N to describe maximally parallel application of
rules. Foraruleg = u! v we use the notationifis(r) = u;rhs(r) = v. Similarly,
for a multisetR of rules fromR; , we de ne the following multisets over:

X X
Ihs(R)(0) = R(r) Ihs(r)(o) andrhs(R)(0) = R(r) rhs(r)(o)

r2r r2rR

for each object or message2 . The following de nition captures the meaning of
“maximally parallel application of rules”:

De nition 2 We say that a multiset of ruld® : R, ! N isvalid in the multisetw if
Ihs(R) w. The multiseR is calledmaximally validin w if it is valid in w and there
isnoruler 2 R; suchthaths(r) w Ihs(R).

2 P Systems with One Membrane

Suppose that the P systemconsists only of thekin membrane, labelled by. Since
the membrane has no children and we have assumed it has socaneerningut
messages, all its rules are of fonun! v, with supp(u); supp(v) O. Given the
con gurationM in the system = ( O; ;w 1;R; ) we want to nd all con gurations
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N such thatN rewrites toM in a single maximally parallel rewriting step. To do this
we de ne the dual P syste= ( O; ;w 1; R} ), with evolution rules given by:

(u! v)2R; ifandonlyif(v! u)2 R,

For eachM = hiljwi 2 C# () , we consider the dual intermediate con guratiﬁm:
hjwi 2 C# (§ which has the same content & wl(lf/l ) = wy(M)) and membrane

structure as/ . Note that the dual of a con guration is a con guration. Thetationf
is used to emphasize that it is an intermediate con guratitthe systenf.

The namalualis used for the P systef under the in uence of category theory, where
the dual category is the one obtained by reversing all arrows

Remark 1 Note that using the term afualfor € is appropriate becausf=

When we reverse the rules of a P system, dualising the malyipatallel application
of rules requires a different concept than theximal validityof a multiset of rules.

De nition 3 The multiseR : R; ! N is calledreversely validn the multisew if it
is valid inw and there isno rule 2 R, suchtharhs(r) w lhs(R).

Note that the difference frommaximally validis that here we use the right-hand side of
aruler inths(r) w lhs(R), instead of the left-hand side.

Example 1 Consider the con guratioM = hiljb+ ci, in the P systenf with O =
fa;b;q@, = hiand with evolution rulefk, = fry;rog, wherer; = a! bry =
b! c Thenf1 = hjb+ ci 2 C(§ , with evolution ruIesRle = fm|;mrQg, where
| =b! am=c! b Thevalidmultisets of rules iwl(I(/I )= b+ careORle | e

andm + ®. The reversely valid multiset of ruld® in W(M 1) can be eithem ormg + ©.

If R = | thenf1 rewrites torlja+ ci; if R = | + © thenf rewrites tohlja+ bi.
These yield the only two con gurations that can evolvévtoin one maximally parallel
rewriting step (in ). This example clari es why reversely valid multisets ofes must
be applied: validity ensures that some objects are consbyrdese (dually, they were
produced by some ruleg and reverse validity ensures that objects lik@ppearing in
both the left and right-hand sides of rules) are always coregliby rulese (dually,
they were surely produced by some rulesotherwise it would contradict maximal
parallelism for the multiseR ).

Note that ifM °= hl j 2ai inthe P system , then there is no multiset of rul& valid in

wl(lf/l 0 = 2aforthe dualff1 ©. This happens exactly because there is no con guration
N %such thalN °rewrites toM © by applying at least one of the rules; r.
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We present the operational semantics for both maximallglprapplication of rules
(mpr) and inverse maximally parallel application of ruleggr) on con gurationsin a
P system with one membrane.

De nition 4

h1jwi R mpr Mjw  Ihs(R) + rhs(R)i if and only ifR is maximally valid inw;
h1jwi A gor MW 1hs(R) + rhs(R)i if and only ifR is reversely valid irw.

The difference between the two semantics is coming from ifierence between the
conditions imposed on the multisBt (maximally valid and reversely valid, respec-
tively).

For a multisetR of rules overR, we denote byR the multiset of rules oveR; for
whichR(u! v)= R(v! u).Thenlhs(R) = rhs(R) andrhs(R) = lhs(R).

Propositon1 N I* mpr M if and only iffA f .

Proof If N I} mpr M thenR is maximally valid inw1(N) andw; (M) = wi(N)
Ihs(R) + rhs(R); thenwy; (M) rhs(R) = wi(N) Ihs(R). By duality, we have
wi(M) = wy(f1) andrhs(R) = Ihs(R); it follows thatwy (f1) Ths(R) = wi(N)
lhs(R) O, thereforehs(R)  ws (1), and soR is valid in f1 . SupposeR is not
reversely valid inv, (f1), i.e. there exists 2 R suchthaths(e) wi(f1) Ihs(R),
whichis equivalenttths(r) wi(M) rhs(R).Sincewi1(M) rhs(R)= w;(N)
Ihs(R) it follows thatR is not maximally valid invy (N ), which yields a contradiction.

i fa opr ¥ thenR is reversely valid irwy (f1); sincews(N) Ths(R) = wi(f1)
lhs(R) 0it follows thatR is valid inw; (N ). If we suppose thaR is not maximally
valid in w1(N) then, reasoning as above, we obtain tRats not reversely valid in
w, (1) (contradiction) 2 2

3 P Systems without Communication Rules

If the P system has more than one membrane but it has no coroatiomi rules (i.e.
no rules of formu ! v, with supp(v) O f outgorsupp(v) O f injg)the
method of reversing the computation is similar to that diégctin the previous section.
We describe it again but in a different way, since here weoihice the notion of a
(valid) system of multisets of rules for a P systemThis notion is useful for P systems
without communication rules, and is fundamental in revegshe computation of a P
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system with communication rules. This section providescartiecal step from Section
2 to Section 4.

De nition 5 A systemof multisets of rules for a P system of degreem is a tuple
R =(R1;R2;:::;Rm), where eaclR; is a multiset oveR; ,i 2 1;:::;mg.

A system of multisets of ruleR is calledvalid, maximally validor reversely valid
in the con gurationM if eachR; is valid, maximally valid or reversely valid in the
multisetw; (M ), which, we recall, is the multiset contained in the inner rhesme of
con gurationM which has labei.

The P systen® dual to the P system is de ned analogously to the one in Section 2:
€=( O;;wq;:::Wn;Ry;:::;RY) where(u! v) 2 RS ifandonlyif(v! u) 2
R; . Note that=

Example 2 Consider the con guratioM = hljb+ c;Ni, N = h2j2ai of the P system
with evolution ruleR; = fry;rog; R, = fra;rag, wherer; = al crp=d! ¢
rg = a+b! arg=al! d Thenfa = hljb+ c; h2j2aii , with evolution rules
R; = fm;®g, R, = fry;lmg, wherem = c! ame=c! dmr=a! a+h
| = d! a. lnorderto ndallmembraneswhich evolveli in one step, we look for a
system®R = (R ;R ,) of multisets of rules, which is reversely valid in the conrmtion
#1 . ThenR, can be eithe‘ﬁRle ; /|8 or ® and the only possibility foR , is 21e;. We apply

R to theskin membrandéll and we obtain three possible con guratiofssuch that
P ) M; namely,P can be eithehljb+ c;2j2a + 2hii or hljb+ a;2j2a+ 2hii or
hljb+ d; h2j2a + 2 hii .

b+ c b+ ¢
rp:al! c |:c! a
ro:d! c dual e:c! d
1 2a ! 1 2a
2‘ rs:a+b! a ‘ 2‘ rg:al! a+b ‘
rg:al d g:d! a

We give a de nition of the operational semantics for both maadly parallel application

of rules fnpr) and inverse maximally parallel application of ruleggr) in aP system
without communication rules. We ugeas label to suggest that rule application is done
simultaneously in all membranes, and thus to prepare thetovegrd the general case
of P systems with communication rules.
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De nition 6 ForM;N 2 C() we de ne:

M R mpr N if and only ifR = (Ry;:::;Rm) is maximally valid inM and

Wi(N) = wij(M) Ihs(Ri)+ rhs(R;);
M R gor N if and only ifR = (Ry;:::;Rp) is reversely valid inM and
wi(N)= wi(M) Ihs(R;)+ rhs(R;).

The two operational semantics are similar in their effecttmmembranes, but differ
in the conditions required for the multisets of rulRs

Proposition 2 If N 2 C() , then
N F o M ifand onlyiffa o, 1€

Proof IfN I mpr M thenR is maximally valid in the con guratioMN , which means
thatR; is maximally valid inw; (N ), andw; (M) = w;(N) lhs(R;) + rhs(R;). By
using the same reasoning as in the proof of Proposition 1lavis thatR is reversely

ration1 of the dual P syster. Moreover, we havev; (1€) = wi(f1) Ihs(R;) +
rhs(ﬁi), sofit opr .

i f1 oor ¢ the proof follows in the same mannér. 2

4 P Systems with Communication Rules

When theP system has communication rules we no longer can simply sewvtbe rules
and obtain a reverse computation; we also have to move ths bgtween membranes.
When saying that we move the rules we understand that thesgisgdm can have rules
e associated to a membrane with lab&lhile r is associated to a membrane with label
i (i is either the parent or the child of depending on the form af). We need a few
notations before we start explaining in detail the movenoénales.

If uis a multiset of objectssipp(u)  O) we denote by(u; out) the multiset with
supp(u;out) O f outg given by (u;out)(a;out) = u(a), foralla 2 O. More
explicitly, (u; out) has only messages of for(a; out), and their number is that of the
objectsain u. Given alabe] , we de ne(u;in;) similarly: supp(u;in;) O f in;g
and(u;inj)(a;in;) = u(a), foralla2 O.

The P systen® dual to the P system is de ned differently from the case & systems
without communication rule$=( O; ;w 1;:::Wm; Ry ;11 Rri) such that:
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1.e=u! v2Rifandonlyifr=v! u2R,;

2.e=u! (v;out) 2 R ifandonlyifr = v (u;ini) 2 R e (s

3.e=u! (v;inj)2 Rie ifand onlyifr = v! (ujout) 2 R; ,i = parent(j);

whereu; v are multisets of objects. Note the difference between ruldity when there
are no communication rules and the current class of P systdgthscommunication
rules.

Proposition 3 The dual of the dual of a P system is the initial P system:
8

Proof Clearlyu! v 2 Ri8 iff u! v2R;.Moreover€=u! (v;out)2 Rig
iffe=v! (uin;) 2 Rsarem i) which happensift = u! (v;out) 2 R; (the
condition related to the parent amountsp@rent(i) = parent(i)). Then,8 = u !
(v;inj) 2 Ri8 iff e=v! (ujout) 2 Rje andi = parent(j), which happens iff
r=u! (viinj)2R 2 2

parent (j)=1i"

ife=u! v2RSthenRi()= Ri(r);
ife=u! (v;out) 2 R’ thenR; (g) = R parent (i) (1);
ife=u! (viinj)2 RS thenR;(e) = R;(r).

Example 3 ConsiderM = hijd;Ni, N = hRjc+ e Pi, P = hjci in the P system
with R; = frq;r20, R, = fra;ragandRy = frsg, wherer; a! (c;iny),
r=al! crz=-e! (cing), ry = al! (d;out) andrs b! (e;out).
Thenf1 = hijd; RRjc+ e MBjciii in the dual P systerf, with R; = fre;mg, RS =
fr|; g, R§ = fggg, whereg = ¢! (ajout),® = c! am=c! (e;out),
/e =d! (ajiny) andey = e! (b;ing). For a system of multisets of ruldgs =
(ri+r2;2rg;3rs5)in thedual isR = (2| + IQ;IQ+3IQ,;0R§).
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' $ 1 $
d d
rp:a! (c;inp) e:c! a
rp:al! ¢ q:d! (ajin2)
cte c+e
M 1 rz:el!l (c;ing) y cual 1 g :c! (a;out) 1
2 rs:a! (d;out) 2 g e! (bjing)
c c
3| rs :b! (e;out) | 3| rg:c! (e;out) |
& % & %

The de nitions for validity and maximal validity of a systeof multisets of rules are
the same as in Section 3. However, we need to extend the dmrof reverse validity
to describe situations arising from a rule being moved.

De nition 7 A system of multisets of ruléd = (Ry;:::;Ry,) for a P system is
calledreversely validn the con gurationM if:

R isvalid in the con gurationM (i.e.lhs(R;) w;(M));

8i 2f1;:::;mg, thereisnoruler = u! v 2 R, suchthatrhs(r) = v
w;i (M) Ihs(R );

8i 2 f1;:::;mg such that there existparent(i), there is no ruler = u !
(v;iny) 2 Rparent (y suchthav — wi(M) lhs(Rj);

8i;j 2f1;:::;mgsuchthatparent(j) = i, thereisnorule = u! (v;out) 2
R; such thatv w; (M) lhs(Rj).

While this de nition is more complicated than the one in S&ct3, it can be seen in
the proof of Proposition 4 that it is exactly what is requitedeverse a computation in
which a maximally parallel rewriting takes place.

Example 3 continuediVe look for R reversely valid inf1 . SinceR must be validR 1
can be equal t6, e orm; R, equal to0y o |, orm + & Rs equal to0, c orme.
According to De nition 7, we can Iook at any of those possthek for R; to Seeifit
can be a component of a reversely valid sys®min this example the only problem
(with respect to reverse validity) appears wHep = 0Rze orwhenR, = m, since in

both cases we hawe wz(I(/I) Ihs(iﬁz) and rulec ! (e;out) 2 R§. Let us see
why we exclude exactly these two cases. Sup[ﬁbge | and, for examplel?l = m|,
R; = m.If Risappliedf rewrites tohlj(a;iny); i2j(a; out) + €; Bj(e; oub)iii ; after
message sending, we obta&ilja; ja + 2 e; 13j0piii  which cannot rewrite td1 while
respecting maximal parallelism (otherwise there wouldegppwoc's in the membrane
P with label3). The same thing would happen whiéa =0 R
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In P systems with communication rules we work with both réwg and message send-
ing. We have presented two semantics for rewriting in Sec8po! , (maximally
parallel rewriting) and p,, (inverse maximally parallel rewriting). They are also used
here, with the remark that the notion eéversely valid systeinas been extended (see
De nition 7).

Before giving the operational semantics for message sgndepresent a few more
notations. Given a multiset : ! N we de ne the multisetsbj(w), out(w), inj (w)
which consist only of objects (i.supp(obj(w)), supp(out(w)), supp(in; (w))  O),
as follows:

obj(w) contains all the objects from: obj(w)(a) = w(a);8a 2 O;

out(w) contains all the objecta which are part of a messade,; out) in w:
out(w)(a) = w(a;out);8a2 O;

in; (w) contains all the objeceswhich are part of a messaga; in;) inw:in; (w)
(&= w(a;in;);8a2 O;8 2f1;:::;mg.

De nition 8 For a intermediate con guratiodM ,M ! sy N if and only if

X
w;i(N) = obj(w;(M)) + in; (Wparent (i) (M))+ OUt(Wi (M))
j 2 children (i)

To elaborate, the message sending stage consists of erasgsgges from the multiset
in each inner membrane with labieladding to each such multiset the objeatsor-
responding to messagés; in;) in the parent membrane (inner membrane with label
parent(i)) and furthermore, adding the obje@sorresponding to messagéss out)

in the children membranes (all inner membranes with labgl2 children (i)).

Proposition 4 If M is a con guration of then

M R

mpr | msg N impliesi¥ ¥ opr | msg f1:
If ¥ is a con guration of€ then

R . . R
€ 1 gor ! msg M impliesM ¥ o 1 g N:

Proof We begin by describing some new notations. Consider a systenultisets of

the following multisets of objects:
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lhs® (R;);rhs® (R;); lhs® ' (R;); rhs® (R;); Ihs™i (R;); rhs™i (R;)

such that, fou; v multisets of objects:

) X ) X
Ihs® (R;)(a) = Ri(r) u(@);  rhs® (Ri)(a) = Ri(r) v(a)
r=ul v2R; r=ul v2R;
X X
Ihs® (Ri)(a) = Ri(r) u(a); rhs™ (Ri)(a) = Ri(r) v(a)
r=u! (v;out )ZRI r=u! (v;out )ZRI
. X _ X
lhs™i (Ri)(a) = Ri(r) u(a); rhs"i(Ri)(a)= Ri(r) v(a)
r=ul (viin j)2R; r=ul (viin j)2R;

We have the following properties:

lhs® (R;) = rhs° (R;) andrhs® (R;) = Ihs°P (R;);

lhsout (Ri) = rhsi (Rparent (i)) andrhs®! (Ri)= lhs™ (I:Qparent (i));

if j 2 children (i) thenlhs™i (R;) = rhﬁom(if?j yandrhs™i (R;) = Ihs°“‘(if?,- );
Ihs(Ri) = 1hs® (Ri) + Ihs® (Ri)+ | ,chigren (iy NS (Ri).

Now we can prove the statements of this Proposition. We pooNge the rst one; the
proof of the second one is similar. M mpr | msg N then there exists an interme-
diate con gurationP such that\V R mpr P andP ! sy N. ThenR; are maxi-
mally valid inw; (M) andw;(P) = wi(M) Ihs(Ri) + rhs(R;j). Sincew;(M) is

a multiset of objects, it follows thatbj(wi (P)) = wi(M) Ihs(Rj) + rhs°b (R;).
If j 2 children (i) we havein; (w;(P)) = rhs™i (R;) and moreovemut(w;(P)) =
|5hs°”‘(Ri). SinceP ! msg N we havew;(N) = obj(w;(P))+ ini(Wparent ¢iy(P)) +

i 2chidren (i) OUt(W; (P)). Replacingwi (P), Wparent (i) (P) andw; (P) we obtain

. ) X
wi(N) = wi(M) Ihs(Ri)+rhs® (Ri)+rhs™ (R parent (i))+ rhs® (R;)
j 2 children (i)

which is equivalent to

_ X _
wi (€)= wi(M) Ihs(R;)+ lhs°® (R;) + Ihs° (R;) + lhs™i ()
j 2 children (i)

i.e.wi(1€) = wi(M) Ihs(R;)+ lhs(R;). ThereforeR; is valid in w; (1¢), 8i 2

the maximal validity olR;. Second, if thereig2 f 1;:::;mgande= u! (v;in;) 2
Rsarem (i) such thatv wi () Ihs(R;) then agairhs(r)  wi(M) Ihs(R;)
(contradiction). The third situation leads to the same i@iction. Thus, there exists
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an intermediate con guratio® in € such that¢ A gor Q. We have to show that
Q! msg M, i.e. toprove

X
wi (1) = obj(wi (Q)) + ini (Wyarent (i) (Q)) + out(w; (Q))

j 2 children (i)

Sincew; (Q) = w;(1€) lhs(R;) + rhs(R;) it follows thatobj(w; (Q)) = w;(M)
Ihs(R;)+ rhs®% (R;). We also have thai | (Wyarent (iy(Q)) = rhs™ (R parent (iy) and
out(w; (Q)) = rhsout (if?j ). So the relation we need to prove is equivalent to

. : X
wi ()= wi (M) Ths(Ri)+ rhs® (Ri)+ rhs™ (Rparent (i))*+ rhs ™ (R) )
j 2 children (i)

. P .
whichis true becauds(R) = 1hs® (R;)+ Ihs® (Ri)+ |, chigren (i) INS™1 (Ri)-
2 2

5 An Alternative Approach

Another way to reverse a computatibin% mpr | msg M is to move objects instead of
moving rules. We start by reversing all rules of the P systeraince these rules can be
communication rules, by their reversal we do not obtain eolP system. For example,
arulea! (b;out) yields(b;out) ! a, whose left-hand side contains the messagfe
and therefore is not a rule. However, we can consider a nofiextended P system in
which we allow rules to also have messages in their left-teded. We move objects
present in the membranes and transform them from objectsetsages according to
the rules of the membrane system. The aim is to achieve & addolm

M F oo N1 g P ifandonlyif@1 oo 1€ 1 @

An example illustrating the movement of the objects is tH®Wing:
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' $ ' $
a d
rp:a! (cjing) rp:al (c;ing)
rpral! c rp:al! c
ate c+e
1 rz:e! (c;in3) ' mpr ! msg 1 rz:el (c;in3)
2 rs:a! (d;out) 2 rg:a! (d;out)
b c
3| rs :b! (e;out) | 3| rs:b! (e;out) |
& % & %
* ngpr + dual +dual
' $ ' $
(c;in2) d
| :(cing)! a r|(cing)! a
®:c! a e:c! a
(d;out) + (c;ing) c+e
1 g :(ciing) ! e gsg 1 g :(cing) ! e
2 rg :(d;out)! a 2 rq:(d;out) ! a
(e; out) c
3| ® :(e;out)! b | 3| re :(e;out) ! b |
& % & %

where the “dual” movement s, of objects between membranes is:

a Falled by ruler4

din membran (d; out) in membrane;

@ Falled by rulery

cin membran (c;in2) in membrane;

Falled by rulers

ein membran& (e; out) in membrane;

alled by ruler- . .
e MEs - (¢ring) in membrane.

cin membrane
By applying the dual rules, messages are consumed and tumuwedbjects, thus per-
forming a reversed computation to the initial membrane.

6 Conclusion

In this paper, we solve the problem of nding all the con gticmsN of a P system
which evolve to a given con guratioM in a single step by introducing dual P sys-
tems. The case of P systems without communication ruleseid as a stepping stone
towards the case of P systems with simple communicatios.rihethe latter case, two
approaches are presented: one where the rules are revadedoaed between mem-
branes, and the other where the rules are only reversed. @mumbranes we employ
a semantics which is surprisingly close to the one givingtizimally parallel rewrit-
ing (and message sending, if any).

The dual P systems open new research opportunities. A protilectly related to the
subject of this paper is the predecessor existence probiemyrniamical systems [1].
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Dual P systems provide a simple answer, namely that a presecr a con guration
exists if and only if there exists a system of multisets oésulvhich is reversely valid.

Dualising a P system is closely related to reversible coatpari [3]. Reversible com-
puting systems are those in which every con guration is oied from at most one pre-
vious con guration (predecessor). A paper which concetseli with reversible com-
putation in energy-based P systems is [2].

Further development will include de ning dual P systems Rosystems with general
communication rules. Other classes of P systems will alsstudied.
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Membrane computing is a formal framework of distributedgtlet multiset

processing. Due to massive parallelism and exponentigesgame intractable
computational problems can be solved by P systems witheaotembranes in
polynomial number of steps. In this paper we generalize dpisroach from
decisional problems to the computational ones, by progidinsolution of a
#P-Complete problem, namely to compute the permanent of ayomatrix.

1 Introduction

Membrane systems are a convenient framework of describignpmial-time solu-
tions to certain intractable problems in a massively parathy. Division of membranes
makes it possible to create exponential space in linear, soieable for attacking prob-
lems inNP and even inPSPACE Their solutions by so-called P systems with active
membranes have been investigated in a number of papersifde later focusing on
solutions by restricted systems.

The description of rules in P systems with active membrameslves membranes and
objects; the typical types of rules afa) object evolution(h); (c) object communica-
tion, (d) membrane dissolutiorie); (f ) membrane division, see Subsection 2.2. Since
membrane systems are an abstraction of living cells, thebnzmes are arranged hier-
archically, yielding a tree structure. A membrane is caldeimentary if it is a leaf of
this tree, i.e., if it does not contain other membranes.

The rst ef cient semi—uniform solutiono SAT was given by Gh. Paun in [4], using
division for non—-elementary membranes and three elettritarges. This result was
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improved by Gh. Paun, Y. Suzuki, H. Tanaka, and T. Yokomofbi using only division
for elementary membranes.

Different ef cient uniform solutiondave been obtained in the framework of recognizer
P systems with active membranes, with polarizations ang asihg division rules for
elementary membranes ( [7], [6], [3], [9], [1], [8], and [}1]

The goal of this paper is to generalize the approach fromsiatal problems to the
computational ones, by considering#®-Complete (pronounced sharp-P complete)
problem of computing theermanenbf a binary matrix; see also section 1.3.7 in [13]
for a presentation of Complexity Theory of counting probtem

Let us cite [14] for additional motivation:

While 3SAT and the other problems iINP-Complete are widely assumed to require an effort
at least proportional t@", wheren is a measure of the size of the input, the problem#gma
Complete are harder, being widely assumed to require art gffoportional ton2" .

While attackingNP complexity class by P systems with active membranes have bee
often motivated by, Z NP problem, we recall from [15] the following fact:

If the permanent can be computed in polynomial time by anyhogtthenFP=#P which is an
even stronger statement thRlr NP.

Here, by “any method” one understands “... on sequentialedars” and=P is the set
of polynomial-computable functions.

2 De nitions

Membrane computing is a recent domain of natural computiages! by Gh. Paun in

1998. The components of a membrane system are a cell-likebnaer® structure, in

the regions of which one places multisets of objects whiabivevin a synchronous

maximally parallel manner according to given evolutioresiassociated with the mem-
branes.

2.1 Computing by P systems LetO be a nite set of elements called objects. In this
paper, like it is standard in membrane systems literatumgyiéiset of objects is denoted
by a string, so the multiplicity of object is represented lbynber of its occurrences in
the string. The empty multiset is thus denoted by the empitygst .

To speak about the result of the computation of a P system e@ the de nition of a
P system with output.

De nition 1 A P system with output,, is a tuple
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= O;T;HE; ;w q; ;Wp; R;io , where:

O is the working alphabet of the system whose elements aedoaltjects.
T O s the output alphabet.
H is an alphabet whose elements are called labels.
E is the set of polarizations.

is a membrane structure (a rooted tree) consistingy eiembranes injectively
labelled by elements &f .
w; is a string representing amitial multiset ovetO associated with membramg
1 i p
R is a nite set of rules de ning the behavior of objects frathand membranes
labelled by elements &f .
io identi es the output region.

A con guration of a P system is its “snapshot”, i.e., the @ntrmembrane structure and
the multisets of objects present in regions of the systemiléAfthitial con guration is
Co=(:w1; ;Wp),eachsubsequentcon gurati@?is obtained from the previous
con guration C by maximally parallel application of rules to objects andmieanes,
denoted byC ) C°(no further rules are applicable together with the rules trans-
form C into C9. A computation is thus a sequence of con gurations stgrtiom Co,
respecting relatiop) and ending in a halting con guration (i.e., such one thatules
are applicable).

The P systems of interest here are those for which all conipatagive the same result.
This is because it is enough to consider one computationttaroall information about
the result.

De nition 2 A P system with output on uentif (a) all computations halt; and (b) at
the end of all computations of the system, regipcontains the same multiset of objects
fromT.

In this case one can say that the multiset mentioned in ()dasrésult given by a
P system, so this property is already suf cient for convahigsage of P systems for
computation.

However, one can still speak about a stronger property: sstegyisstrongly con uent
if not only the result of all computation is the same, but als®halting con guration is
the same. A yet stronger property is determinism: a P systeralieddeterministidf it
only has one computation.

In what follows we will represent computational problemsthples: domain, range
and the function (from that domain into that range) that setedbe computed. The
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notationPMC g of the class of problems that are polynomially computabledmi-
uniform families of P systems with active membranes has hegaduced by M.J.
Pérez Jiménez and his group, see, e.g., [10]. The demibtielow generalizes it from
decisional problems to the computational ones.

De nition 3 LetX =(Ix;F; x) beacomputational problemyx :1x ! F.We say

thatX is solvable in polynomial time by a (countable) faniyf con uent P systems
with output = (( u))u2i, , and we denote this by 2 PMC g, if the following are

true.

1 Thefamily is polynomially uniform by Turing machines, i.e., theresexa deter-
ministic Turing machine working in polynomial time whichnstructs the system
( u) from the instance 2 1 .

2 The family is polynomially bounded: for some polynomial functig(m) for
each instancer 2 |y of the problem, all computations df u) halt in, at most,
p(juj) steps.

3 There exists a polynomial-time computable functiec such that the family
correctly answers< with respect to(X; dec): for each instance of the problem
u 2 Ix , the functiordecapplied to the result given by u) returns exactly x (u).

We say that the family is asemi—uniform solutiomf the problenmX .

Now we additionally consider input into P systems and we deé#l P systems solv-
ing computational problems in @niformway in the following sense: all instances of
the problem with the sam&ze(according to a previously xed polynomial time com-
putable criterion) are processed by the same system, orhvélmicappropriate input,
representing the speci c instance, is supplied.

If wis a multiset over the input alphabet O, then theinitial con guration of a P
system with an inputw over alphabet and input region is

Gwa sw 0w [ Wyw 41 Wp):

In the de nition below we present the notati®®MC r of the class of problems that
are polynomially computable by uniform families of P sysgawith active membranes
introduced by M.J. Pérez Jiménez and his group, see[£0j, generalized from deci-
sional problems to the computational ones.

Denition 4 LetX =(Ix;F; x) be acomputational problem. We say thais solv-
able in polynomial time by a family = (( n))n2n of con uent membrane systems
with input, and we denote itby 2 PMC g, if
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1 The family is polynomially uniform by TM: some deterministic TM counsts
in polynomial time the systerfi n) fromn 2 N.

2 There exists a paifcod; 9 of polynomial-time computable functions whose do-
main islx and a polynomial-time computable functidec whose range is-,
such that for eacln 2 | , s(u) is a natural numbeigcod(u) is an input multiset of
the system( s(u)), verifying the following:

2a The family is polynomially bounded with respect (X; cod; s); that is, there
exists a polynomial functiop(n) such that for eaclu 2 1x every computation of
the system( s(u)) with inputcod(u) halts in at mosp(juj) steps.

2b There exists a polynomial-time computable functlen such that the family
correctly answerX with respect tqX; cod; s; deq: for each instance of the prob-
lemu 2 Iy, the functiondeg being applied to the result given by s(u)) with
inputcodu), returns exactly x (u).

We say that the family is auniform solutionto the problenX .

2.2 P systems with active membranes To speak about P systems with active mem-
branes, we need to specify the rules, i.e., the elementedfdtR in the description of
a P system. They can be of the following forms:

(@ [a! VI,
forh2H;e2E;a20;v20
(object evolution rules, associated with membranes andrf#ipg on the label and
the polarization of the membranes, but not directly invodyihe membranes, in the
sense that the membranes are neither taking part in thecafiph of these rules
nor are they modi ed by them);

(b al I3t [b]g,
forh2 H;e;;e, 2 E;a;b2 O
(communication rules; an object is introduced into the memé; the object can
be modi ed during this process, as well as the polarizatibthe membrane can
be modi ed, but not its label);

© [al! [ 17b,
forh2 H;eq;e 2 E;a;b2 O
(communication rules; an object is sent out of the membrtrepbject can be
modi ed during this process; also the polarization of themfigane can be modi-
ed, but not its label);

(@ [alp! b
forh2 H;e2 E;a;b2 O
(dissolving rules; in reaction with an object, a membrane loa dissolved, while
the object speci ed in the rule can be modi ed);

© [al! [blF[c]y,
forh2 H;eq;e;e32 E;a;b;c2 O
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(division rules for elementary membranes; in reaction veithobject, the mem-
brane is divided into two membranes with the same label,iplyssf different po-
larizations; the object speci ed in the rule is replacedhie two new membranes
by possibly new objects).

(Fo) I[ Tn, 0 Tn, Tny ! L0 1oy Jig L0 T, Ty
forhg;hi;h, 2 H
(polarizationless division rules for non—elementary mesmies. If the membrane
with labelhg contains other membranes than those with labgj$,, these mem-
branes and their contents are duplicated and placed in lestltapies of the mem-
branehg; all membranes and objects placed inside membrhangl,, as well as
the objects from membrartg) placed outside membranbs andh,, are repro-
duced in the new copies of membramng.

In this paper we do not need non—elementary membrane dividissolution or rules
that bring an object inside a membrane; they are mentiondukinle nition for com-
pleteness.

The rules of type (a) are considered to only involve objeatsile all other rules are
assumed to involve objects and membranes mentioned indfficitand side. An appli-
cation of a rule consists in subtracting a multiset descrilbethe left-hand side from
a corresponding region (i.e., associated to a membranelab#l h and polarization
e for rules of types (a) and (d), or associated to a membrante lafielh and polar-
izatione; for rules of type (c) and (e), or immediately outer of such amheane for
rules of type (b) ), adding a multiset described in the rigaid side of the rule to the
corresponding region (that can be the same as the regionvitteere the left-hand side
multiset was subtracted, immediately inner or immediateiter, depending on the rule
type), and updating the membrane structure accordinglgetied (changing membrane
polarization, dividing or dissolving a membrane).

The rules can only be applied simultaneously if they invaliferent objects and mem-
branes (we repeat that rules of type (a) are not consideregdtve a membrane), and
such parallelism is maximal if no further rules are applieab objects and membranes
that were not involved.

2.3 Permanent of a matrix The complexity clas#P, see [16], was rst de ned
in [12] in a paper on the computation of the permanent.

De nition 5 Let S, be the set of permutations of integers frano n, i.e., the set of
bijective functions : f1; ;ng ! f 1, ;ng. The permanent of a matrigk =
(aij )1 ij nisdenedas
X ¥y
perm(A) = a; (i
2S, i=1
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Informally, consider a combination of matrix elements containing one element from
every row and one element from every column. The permaneheisum over all such
combinations of the product of the combination's elements.

A matrix is binary if its elements are either O or 1. In this €athe permanent is the
number of combinations afi matrix elements with value 1, containing one element
from each row and one element from each column. For example,

0 1
101

perm @0 1 0A = 2:
101

Unlike the determinant of a matrix, the permanent cannotmeputed by Gauss elimi-
nation.

3 Results

Theorem 1 The problem of computing a permanent of a binary matrix isale in
polynomial time by a uniform family of deterministic P syssewith active membranes
with two polarizations and rules of typéa); (c); (e).

Proof LetA =(a;; )beann n matrix. We de neN = dog,(n)e, andn®=2N <
2n is the least power of two not smaller thanThe input alphabet i n) = fhi;jij

1 i n1 | ng, and the matri¥A is given as a multisetv(A) containing
for every elemeng;;; = 1 of the matrix one symbdii;j i. Let the output alphabet be
T = fog, we will present a P systeni n) giving o®*™ (A) as the result when given
inputw(A) inregioni ( 4y = 2.

(n)= O;T;H,E; ;w 1;wo;R; 15

O=(n)[ T[fcg[fd;ajO i Nng[fD;jO i n+lg
[fhi;;k;lijO i Nn 1,0 j n 1,0 k Nn 1;
0 | n% 1g
=[[121% H =f1,2g; E = f0; 1g;

Wi = ; Wo = do:

and the rules are presented and explained below.
AL [H;ji'h Ni  Lj LNn 10151 i n1 j n

Preparation of the input objects: tuple representatiofarinal meaning of the tuple
componentsis 1) number of steps remaining until rasyprocessed, 2) column number,
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starting from 0, 3) number of steps remaining until all rows processed, 4) will be
used for memorizing the chosen column.

A2 [di]5! [disa 1500 15,0 @ Nn 1,e2E
Division of the elementary membrane fidn times.
A3 [hijkilith i Ljk ZL2+ei]s,

0O i Nn 1,iisnotdivisible byN,

0 j n 1,1 k Nn 1,0 | (n 1 e=2e2E

Fori times, duringN 1 steps input objects corresponding to rownemorize the
polarization history. The binary representation of thesgrocolumn for the current row
corresponds to the history of membrane polarizations duMirsteps.

A4 [hkLit 15,
O i Nn 2,0 j n 1,1 k Nn 1,
(n 1 =2 | n%2 1e2E

Erase all input objects if the chosen column is invalid, its.number exceeds 1.

A5 [hijkilith i Ljk 10015,
1 i Nn 1,0 j n 1,j62l+e
0 k Nn 1,0 I (n 1 e=2e2E

If element's row is not reached and element's column is noelm, proceed to the next
row.

A6 [h;jik;lil 15,
1 i Nn 21,0 j n 1,j=2l+e¢e
0 k Nn 1,0 | (n 1 e=2e2E

Erase the chosen column, except the chosen element.

A7 [Hojjk;lit 15,
0O j n 1j62l+e,
0 k Nn 1,0 I (n 1 e=2e2E

Erase the chosen row, except the chosen element.
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A8 [HO;jik;li! a 115,
0O j n 1j=21+e
0 k Nn 1,0 | (n 1 e=2e2E

If chosen element is present (i.e., it has value 1 and itsneolhas not been chosen
before), produce objeek 1.

A9 [a! a 1]5,1 k Nn 1e2E

Objectsax wait until all rows are processed. Then a membrane represeslution if
n copies ofag are present.

Bl [dun ! D1 oC"*°]5, €2 E

If polarization is O, produce copies of object and a counteb ;. Otherwise, produce
one extra copy ot and set the counter 0 ; this will reduce to the previous case in
one extra step.

B2 [c]3! [l5¢

B3 [a0]3! []5a
B4 [Di! Dix1 15,0 i n

Each objechy changes polarization to 1, the counir counts this, and then object
resets the polarization to 0.

B5 [Dnst 13! [ 190
If there aren chosen elements with value 1, send one oljemit.

The system is deterministic. Indeed, for any polarizatiod any object (other thaah ,
i<Nn ,c aporDp+1 ), there exist at most one rule of type (a) and no other assutia
rules. As for the objects in parentheses above, they haveles of type (a) associated
with them and they cause a well-observed deterministic\iehaf the system: division
rules are applied during the réi n steps; then, depending on the polarization, symbols
ag or c are sent out; nally, wherevdD ,+; is produced, it is sent out.

The system computes the permanent of a matrix in at m@t N)+1 = O(nlogn)
steps. Indeed, rshNn steps correspond to membrane divisions correspondingde n
ing all permutations of5,,, see De nition 5, while the following steps correspond to
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counting the number of non-zero entries of the matrix asggedito these permutations
(there are at mo2n + 1 of them since the system counts to at mostnd each count
takes two steps; one extra step may be needed for a techie@sains: to reset @the
polarization of membranes that had polarizatioafter the rstNn steps). 2

It should be noted that requirement that the output regidhdsenvironment (typically
done for decisional problem solutions) has been droppet Makes it possible to
give non-polynomial answers to the permanent problem (wlg@ number betweeh
andn!) in polynomial number of steps without having to recall fr¢@h rules sending
objects out that work in parallel.

4 Discussion

In this paper we presented a solution to the problem of comg@wt permanent of a
binary matrix by P systems with active membranes, namelly tib polarizations and
rules of object evolution, sending objects out and membudivision. This problem
is known to be#P-Complete. The solution has been preceded by the framewatk t
generalizes decisional problems to computing functions: the answer is much more
than one bit. This result suggests that P systems with actermbranes without non—
elementary membrane division still compute more than dmtssof the problems in
NP.
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We consider the problem of synchronizing the activity ofrakmbranes of a
P system. After pointing at the connection with a similarigpeon dealt with
in the eld of cellular automata where the problem is call&eé tring squad
synchronization problept SSP for short, we provide two algorithms to solve
this problem. One algorithm is non-deterministic and wark&h + 3, the other
is deterministic and works iBh + 3, whereh is the height of the tree describing
the membrane structure.

1 Introduction

The synchronization problem can be formulated in generaigevith a wide scope of

application. We consider a system constituted of expjiétenti ed elements and we

require that starting from an initial con guration where®element is distinguished,
after a nite time, all the elements which constitute theteys reach a common feature,
which we callstate, all at the same time and the state was never reached befamyby
element.

This problem is well known for cellular automata, where itsaatensively studied
under the name of theing squad synchronization problefFSSP): a line of soldiers
have to re at the same time after the appropriate order of mega which stands at
one end of the line, see [2,5,4,9-11]. The rst solution af throblem was found by
Goto, see [2]. It works on any cellular automaton on the lift@w cells in the minimal
time,2n 2 steps, and requiring several thousands of states. A bit Mdiasky found
his famous solution which works iBn, see [5] with a much smaller number of states,
13 states. Then, a race to nd a cellular automaton with thel&st number of states
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which synchronizes i8n started. See the above papers for references and for the best
results and for generalizations to the planar case, see[9éults and references.

The synchronization problem appears in many differentexst in particular in biol-
ogy. As P systems model the work of a living cell constitutéchany micro-organisms,
represented by its membranes, it is a natural question $e thie same issue in this
context. Take as an example the meiosis phenomenon, itlplsogtarts with a synchro-
nizing process which initiates the division process. Matuglies have been dedicated
to general synchronization principles occurring during ttell cycle; although some
results are still controversial, it is widely recognisedttithese aspects might lead to
an understanding of general biological principles usedudysthe normal cell cycle,
see [8].

We may translate FSSP in P systems terms as follows. Stdirtingthe initial con gu-
ration where all membranes, except the root, contain safeetstihe system must reach
a con guration where all membranes contain a distinguishadbol,F . Moreover, this
symbol must appear in all membranes only during at the symihation time.

The synchronization problem as de ned above was studied Jiridr two classes of
P systems: transitional P systems and P systems with pe@@and polarizations. In
the rst case, a non-deterministic solution to FSSP waseres] and for the second
case a deterministic solution was found. These solutiord @etime3h and4n + 2h
respectively, whera is the number of membranes of a P system lanslthe depth of
the membrane tree.

In this article we signi cantly improve the previous resaiih the non-deterministic case.
In the deterministic case, another type of P system was deresi and this permitted to
improve the parameters. The new algorithms synchronizedhesponding P systems
in 2h + 3 and3h + 3 respectively.

2 De nitions

In the following we brie y recall the basic notions concemgi P systems. For more
details we refer the reader to [6] and [12].

A transitional P system of degreeis a construct

where:

1. Ois a nite alphabet of symbols called objects,
2. is a membrane structure consisting fmembranes labelled in a one-to-one
manner byl; 2;: : :; n (the outermost membrane is called gienmembrane),
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3.w; 2 O ,foreachl i nisamultiset of objects associated with the region
(delimited by membrang,

4. foreachl i n, R;isa nite set of rules associated with the regiowhich
have the following formu ! vy;tary;vp;tars;:::;vm;tar,, whereu 2 O*,
v; 2 O andtar; 2 f in; out; here;in g,

5. ip is the label of an elementary membrane ahat identi es the output region.

A transitional P system is de ned as a computational devaresisting of a set af hi-

erarchically nested membranes that identifglistinct regions (the membrane structure
) where, to each region a multiset of objects; and a nite set of evolution ruleR;,

1 i nareassigned.

An evolution ruleu ! vq;tarq;vo;tary;:::; vy tary, rewritesu by vy;:::; vy and
moves eachy; accordingly to the targear; . If thetar; target ishere, thenv; remains
in membrane. Targethere can be omitted in the notation. If the targat; is out, then
v; is sent to the parent membrand olf the targetar; isin, theny; is sentto any inner
membrane of chosen non-deterministically. If the tardat; is equal tan!, theny; is
sent to all inner membranes iofa necessary number of copies is made).

A computation of the system is obtained by applying the rides non-deterministic
maximally parallel manner. Initially, each regioncontains the corresponding nite
multisetw; .

A computation is successful if starting from the initial cguration it reaches a con-
guration where no rule can be applied. The result of a susftécomputation is the
natural number obtained by counting the objects that arggoited in regiony. Given a
P system , the set of natural numbers computed in this way big denoted byN () .
In the sequel we shall omiig since it is irrelevant for FSSP.

A transitional P system with promoters and inhibit@ssa construct

whereP 2 O is thepromoter Q 2 O is theinhibitor, tar; 2 f in; out; here;in !g,

u 2 O* andy; 2 O. If P and/orQ are absent, we shall omit them. The meaning of
promoter and inhibitor (if presentin a rule) is followindgpg rule is not applicable unless
the promoter object exists in the current membrane, whiertihe is applicable unless
the inhibitor object is present in the current membrane.

As above, the targétere, which can be omitted in the notation, means that the object
remains in the current membrane and thétarget sends the corresponding object to
all inner membranes at the same time, making the right nuiwfomapies.
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Each rule may be applied if and only if the corresponding memé does contain the
objectP and does not contain the objégt A computational step is obtained by apply-
ing the rules in a non-deterministic maximally parallel man

In the sequel, we will use transitional P systems withoutstirtjuished compartment
as an outpuiy, as this is not relevant for FSSP.

We translate the FSSP to P systems as follows:

Problem 1 For a class of P systen® nd two multisetsW; W°2 O , and two sets of
rulesR, R%such that for any P system 2 C of degreen 2 having

wi = WO R: = R%w = W andR; = R forall i in f 2::ng, assuming that the skin membrane
has the number 1

it holds

If the skin membrane is not taken into account, then theainitn guration of the
system is stable (cannot evolve by itself).

If the system halts, then all membranes contain the desgnsgmboF which
appears only at the last step of the computation.

3 Non-deterministic case

In this section we discuss a non-deterministic solutiom®sRSSP using transitional P
systems. The main idea of such a synchronization is basduediadt that if a signal is
sent from the root to a leaf then it will take at m@t steps to reach a leaf and return
back to the root. In the meanwhile, the root may guess theewallh and propagate it
step by step down the tree. This takes @kstepsh to guess the root, artdto end the
propagation and synchronize. Hence, if the signal sentetdethf, having deptd  h,
returns at the same moment that the root ended the propagtten the root guessed
the valued. Now, in order to nish the construction it is suf cient to toff cases when
d<h.

In order to implement the above algorithm in transitionalyBtems we use following
steps.

Mark leaves and nodes (nodes$®wnd leaves by).

From the root, send a copy of symkotown. Any inner node must take oaén
order to pass to sta’. If some node is not passed to st&then when the signal
cwill come inside, it will be transformed t& .

Then end of the guess is marked by signgymbolsS in leaves are transformed
to S°%nd those in inner nodes &°
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In the meanwhile the height is computed with the helCef If a smaller height
d his obtained at the root node, then either the syn@olvill arrive to the root
node and it will contain some symbdis- then the symbat will be introduced at
the root node, or the guessed value willdand then there will be an inner node
with S or a leaf withS (because we have at mastettersa) which leads to the
introduction of# in corresponding node.

Now let us present the system in details.

not mentioned as it is not relevant for the synchronizafi@solve the synchronization
problem, we make the following assumptions on the objebts ntembranes and the
rules. We consider that is an arbitrary membrane structure and

O = fS;S;S;; S2; S3: C1; C2; C3; 8% 8% 8™ Pa; b ¢; Fi# g
We also assume that; = f S;g, wherew; is the contents of the skin membrane and

that all other membranes are empty. The sets of riies;: ;, R, are all equal and they
are described below.

Start:
Si! $5;C5;S;in!; Cq;in D
Propagation o§:
S! S;S;in! (2)
Root counter (guess):
S,! Sp;ba;in! S, ! Sz;c;in! 3)
Propagatex:
Sal s° al! bain! (4)
Propagate:
¢St S%c¢:in! cSal S0 (5)
Decrement:
S%1 gt S04 ghoo (6)
s% F S99 F (7)

Ssh! S, 8)
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Height computing:
g P gcl ! C]_; in C2 ! C2;in (9)
C.C ! Cs C! # (20)
Cs! Cs;out (11)
Root ring:
Cs3S;! F (12)
Traps:
cS! # cS! # Cy! # (13)
aF ! # bF! # # 1 # (14)

We af rm that the system has the desired behavior. Indeed, let us consider the func-
tioning of this system.

Rule (1) produces objects, C1, C, andS,. ObjectS will propagate down the tree
structure by rule (2), leaving in all intermediate nodes arfél in the leaves. Objects
C; andC; will be used to count the time corresponding to twice the kdepof some

elementary membrane by rules (9)-(11) (trying to guess thgimal depth). Finally,

objectS, will produce objectdin some multiplicity by rules (3).

Together with objectd, objectsa are produced by the rst rule from (3), and they
propagate down the tree structure by (4), one copy beingastbd at each level.

After the root nishes guessing the depth (second rule of, @jectc propagates down
the tree structure by (5), producing obje&®at intermediate nodes and obje&¥%t
leaves; recall that the root has obj&t These three objects perform the countdown
(and then the corresponding nodes re) by rules (6). As ferrtbot, at ring by (12) it
also checks that the timing matches twice the depth of the naited byC,; andCs.
The rules (13)-(14) handle possible cases of behavior ofystem, not leading to the
synchronization.

Now we shall present a more formal proof of the assertion abdke have the following
claims.

We claim that the symbdZ; will appear at the root node at the tiBd+2,d  h,
whereh is the height of the membrane structure ahd the depth of the leaf
visited byC;. Indeed, by rules (9) symbot; andC,, initially created by rule (1),
go down until they reach a leaf. If they do not reach the samk fleen the symbol
# is introduced byC,. The symbolC, reaches the leaf (of deptl) afterd + 1
steps. After thaC; andC; are transformed to the symbGk (1 step) which starts
travelling up until it reaches the root nodggteps).
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We claim that all nodes inner nodes will be marked®ynd the leaves will be
marked byS. Indeed, rule (2) permits to implement this behavior.

Letd+2,0 d h bethe moment when the root stops the guess of the tree
height (the second rule from (3) has been applied). At thisnerat the contents of

w; is Szbf andc starts to be propagated. Now consider any noégcept the root.

We claim that:

If x is of depthi then symbok will reachx at timed + i + 1 and the number of
lettersa (respectively lettery) present ak if it is a leaf (respectively inner node)
isad ' (respectivelyp® (*1)) where denotes the positive substraction.

The proof of this assertion may be done by induction. Iditjat stepd+2 , symbol

cis present in all nodes of depth Let x be such a node. i is a leaf, then it
receivedd copies ofa. Otherwise, ifx is an inner node, it must contath 1
lettersb (d lettersa reached this node and all of them except one were transformed
to b). The induction step is trivial since the lettepropagates each step down the
tree and because the number of let@reaching a depthis smaller by one than
the number ofi reaching the depth 1.

From the above assertion it is clear that all nodes at e 2 will reach the

con guration where there are no more lettéranda. Hence, all nodes, including
the root node, up to depthwill synchronize at timed + 3.

Now, in order to nish the proof it is suf cient to observe thid d 6 h then either there
will be a symbolS in an inner node or the deepest leaf (having the déptwill not
contain object (because onlg lettersa will be propagated down). Hence, whewill
arrive at this node, it will be transformed #o.

Example 1. We present now an example and discuss the functioning of/8ters on
it. Consider a system having 7 membranes with the following membrane structure:

Now consider the evolution of the systemconstructed as above. We representitin a
table format where each cell indicates the contents of theesponding membrane at
the given time moment. Since the evolution is non-deterstimiwe consider rstly the
correct evolution and after that we shall discuss unsuédlessses.
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Step wp Wo W3 Wy | Ws Weg W7
0| &
1|S,C| S SC
2 | Sb| Sa |SaC,| S S SC,
3 |S,bb| Saa| S%a | S S | SGC | SG
4 |S,bbhSaaal Sha| Sa | Sa| Sa |SC.C,
5 |SsbbhSaaad S%bc| Saa|Saa| S% | SCs
6 | S3hb|S%8a| S9Bb|SaadSaadShcG| Sa
7 | Szb | S%% |SOhC;| S04 S8 | SO | Sac
8 S3C3 SOOO SOO SOOO SOOO SOO SOOO
9 F F F F F F F

The system will fail in the following cases:

1. SignalsC; andC; go to different membranes.

2. Some symbo$ is not transformed t&° (or the deepest leaf does not contain a
lettera).

3. S; appears in the root membrane af@y appears in a leaf.
4. The branch chosen s is not the longest (it has the degthd < h).

A possible evolution for the rst unsuccessful case is repreged in the table below:

Step w1 | W | W3 |Wg|Ws5| Wg | Wy

S;C| S |SC
S,b|SaC,| Sa SC
S;bbSaa#t [S%|S|S| S |SC,

n
wn

WIN|PF

A possible evolution for the second unsuccessful case resepted in the table below:
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Step wp Wo W3 Wy Ws Weg W7

0| S

1(SC| S |SC

2 | S;b| Sa |SaC,| S S SC,

3 |S;bb| Saa | Sha| Sa | Sa | SaC, | SC;
4 |S,bbhSaaa|Sbha Saa | Saa| S% |SC.C,
5 |SsbbhSaaagSbbbeSaaa|Saaa| S%b | aSCs
6 | S3bb|S%8a|# bbHSaaadSaaadShhcG| Saa

A possible evolution for the third unsuccessful case isesgnted in the table below:

Step wsg Wy W3 Wy Ws Wg Wy
0 S
1 SZCZ S SCl
2 Sb Sa SaGC, S S SC
3 | S;bb| Saa Sl S S SC, | SC
4 | S;bbb| Saaa| Sa | Sa | Sa | Sa [SC;C,
5 |S,bbbhSaaaa| Shba | Saa | Saa| S% |aSCs;
6 |SsbbbhSaaaaq S®bbc| Saaa| Saaa|ShaG| Sa
7 | Szbbb|S%%8aa|S%hbbG|SaaadSaaad Shbe| Saa
8 |S3hbG| S%%8a | S9Bb |S%%8a|S%98a| S9Bb | Saac
9 | Sgh#t | S8 SO S0 | SP08 | SOh | s0og

A possible evolution for the fourth unsuccessful case iseggnted in the table below:

Step wp Wo W3 Wy W5 | Wg | Wy
0 S;
1 SzCz S SCl
2 Sb Sa | SaC, | S | SC; | S
3 | S;bb | Saa S% S |[SC,Cy| S | S
4 | S,bbb|Saaal| S%a | Sa|SaC; | Sal| S
5 | Szbbb|SaaagS%bcG|Saa| Saa [S%| S
6 |S3bbG|S%8a| S%b |Saad Saac |Shd Sa
7 | Sgh# | S8 | SOHG; [S98| S%% | SOY|Sac
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4  Deterministic case

Consider now the deterministic case. We take the class o$tersyg with promoters and
inhibitors and solve Problem 1 for this class.

The idea of the algorithm is very simple. A symlig) is propagated down to the leaves
and at each step, being at a inner node, it sends back a €igrdlthe root a counter
starts to compute the height of the tree and it stop if and ibtihere are no more signals
C. Itis easy to compute that the last sig@aWill arrive attime2h 1 (there aréh inner
nodes, and the last signal will continue for 1 steps). At the same time the height is
propagated down the tree as in the non-deterministic case.

Below is the formal description of the system.

The P system = ( O; ;w g; ‘Wh Ry ;Rp) for deterministic synchroniza-
tion is present below. We consider thats an arbitrary membrane structure. The set
of objects iSO = S;;S,;S3;Ss; S;S; S% S0 S09C,;: C,; C; a;a% b; Fg; the initial
contents of the skin isv; = f S;g, the other membranes are empty. The set of rules

S; ! S;CYSinl; Cysint (15)

Propagation o8: S S:Sin! (16)

Propagation o€ (height computing signal):

Ci! Cy;in! C,! C;Cyin!;C;out a7
CiCp ! " Co! C;Cyin! (18)
C! C;out (19)
Rootcounter: o | o Ss! SYbaintc (20)
C! "js, S Ssjc (21)
C! "isg S9! syalintj ¢ (22)

Propagationok: o\ o al bain!jso (23)

End propagate cd:
a0 sP3%in! a’Sal S0 (24)
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Decrement:
S%1 s S04 go0o (25)
SOO! F J b SOOQ_ F J a (26)
Root decrement:
Sib! S, Ss! Fijp (27)

We now give a structural explanation of the system. Rule (¥6yluces four objects.
Similar to the system from the previous section, the propagaf objectS by (16)
leads to marking the intermediate nodes®wnd the leaves b$. While objectsCy,
C, propagate down the tree structure and send a continuo@ssti€objectC up to
the root by (17)-(19), objec, counts, producing by rules (20)-(22) an objbavery
other step.

When the counting stops, there will be exadtlgopies of objecbin the root. Similar

to the construction from the previous section, objectse produced together with ob-
jectsb by the second rule from (20). Objedsare propagated down the structure and
decremented by one at every level by (23).

After the counting stops in the root (the last rule from (22Bjecta’is produced. It
propagates down the tree structure by (24), leading to tpeajance of objects®in

the intermediate nodes asd%in the leaves. These two objects perform the countdown
and the corresponding nodes re by (25). The root behavesimdar way by (27).

The correctness of the construction can be argued as fallbwiakesh + 1 steps for

a symbolC; to reach all leaves. All this time, symbds are sent up the tree. It takes
furtherh 1 steps for all symbol€ to reach the root node, and one more step until
symbolsC disappear. Therefore, symbdiappear in the root node every odd step from
step3 until step2h + 1, soh copies will be made. Together with the productiortf

in the root node, this number propagates down the tree, l@ogemented by one at
each level. For the depththe numbeh i is represented, during propagation, by the
multiplicity of symbolsa (one additional copy o# is made) in the leaves and by the
multiplicity of symbolsbin non-leaf nodes. Afteh + 2 steps, the root node starts the
propagation of the countdowng., decrement of symboksor b). For a node of depth

it takesi steps for the countdown signa¥ to reach it, anotheln i steps to eliminate
symbolsa or b, so every node res afte2h+2+ i+(h i)+1=3 h+3 steps after
the synchronization has started.

Example 2. Consider a P system having same membrane structure as tamgysm
Example 1. We present below the evolution of the system mdase.
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Step wp Wo W3 Wy Ws Weg W7
0 S;

1 [s,c8| sc, | scy

2 | S3C |SC,C,| SC, | SC, | SC |SC

3 SgbC Sa | SaC |SC.C,|SCC,|SCy | SCy
4 |SzhC| Sa | S°C S S SC [SC.C,
5 SgbbC Saa |S%C S S S S
6 |Ssbbd Saa | S | Sa Sa | Sa| S
7 |Sbbh Saaa|Sha| Sa | Sa | S°| S
8 |S,bbha’Saaala’®s®h Saa | Saa | S% | S
9 | S,bb| S%%;a | S%Bh| a%Saa| a’Saala’sh| Sa
10| Ssb | S%8 | SOp | S00§ | S0§ | S | a’Sa
11 S4 SOOO SOO SOOO SOOO SO SOOO
12 F F F F F F F

5 Conclusions

In this article we presented two algorithms that synchrenizo given classes of P
systems. The rst one is non-deterministic and it synchzesithe class of transitional
P systems (with cooperative rules) in tirldle+ 3, whereh is the depth of the membrane
tree. The second algorithm is deterministic and it syncizesthe class of P systems
with promoters and inhibitors in timgh + 3.

It is worth to note that the rst algorithm has the followingteresting property. After
2h steps either the system synchronizes and the oBjastintroduced, or an objeét
will be present in some membrane. This property can be usedglan implementation
in order to cut off failure cases.

The results obtained in this article rely on a rather strarget indicationijn !, which
sends an object to all inner membranes. It would be interg$ti investigate what hap-
pens if such target is not permitted. However, we conjecthat a synchronization
would be impossible in this case.

The study of the synchronization algorithms for differelatsses of P systems is impor-
tant as it permits to implement different synchronizatitiategies which are important
for such a parallel device as P systems. In particular, witth@pproach it is possible to
simulate P systems with multiple global clocks by P systeiitis @ne global clock. It is
particulary interesting to investigate the synchronimagproblem for P systems which
cannot create new objects, for example for P systems witlpsytiantiport.
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We consider (tissue) P systems using noncooperative rhlgsconsidering
computations without halting conditions. As results of anpoitation we take
the contents of a speci ed output membrane/cell in eachvdgan step, no
matter whether this computation will ever halt or not, euatly taking only re-
sults completely consisting of terminal objects only. Thenputational power
of (tissue) P systems using noncooperative rules turnsmhbetequivalent to
that of (E)OL systems.

1 Introduction

In contrast to the original model of P systems introducedbinip this paper we only

consider noncooperative rules. Moreover, as results ohagpcation we take the con-
tents of a speci ed output membrane in each derivation stepmatter whether this
computation will ever halt or not, eventually taking onl\sudts completely consisting
of terminal objects. In every derivation step, we apply trelitional maximal paral-

lelism. Other derivation modes could be considered, tot,fbuexample, applying the
sequential derivation mode would not allow us to go beyonated-free languages.
As the model de ned in this paper we shall take the more gérmma of tissue P

systems (where the communication structure of the systean @rbitrary graph, e.g.,
see [4], [2]), which as a speci ¢ subvariant includes thegoral model of membrane
systems if the communication structure allows for arragdtre cells in a hierarchical
tree structure.

The motivation to consider this speci ¢ variant of tissue y&tems came during the
Sixth Brainstorming Week in Sevilla 2008 when discussing itteas presented in [3]
with the authors Miguel Gutiérrez-Naranjo and Mario RPéd@anénez. They consider
the evolution of deterministic (tissue) P systems with s$ar{pe., noncooperative) rules
and aim to nd a mathematically sound representation of systems in order to de-
duce their behavior and, on the other hand, to nd suitableesponding P systems
for a given mathematical system with speci ¢ behavior. W4eex in that paper only de-
terministic P systems are considered, which allows for aheragtical representation
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like for deterministic OL systems, and as well real valuedlie coef cients assigned to
the symbols are allowed, in this paper we restrict oursdivekse non-negative integer
coef cients commonly used in traditional variants of (tie3 P systems.

We shall prove that the computational power of extended¢i$ssystems using nonco-
operative rules is equivalent to that of EOL systems wheimtpéll results appearing in
the speci ed output cell consisting of terminal objectsyonl

The present paper is organized as follows. Section 2 briegalls the notations com-
monly used in membrane computing and the few notions of folanguage theory that
will be used in the rest of the paper; in particular, we reploetde nition of (extended)

Lindenmayer systems. Section 3 is dedicated to the demitibtissue P systems with
noncooperative rules working in the maximally parallelidation mode. The compu-
tational power of these classes of (extended) tissue Pregstethen investigated in
Section 4 in comparison with the power of the correspondilagses of (extended)
Lindenmayer systems. Some further remarks and directimmfsifure research are dis-
cussed in the last section.

2 Preliminaries

We here recall some basic notions concerning the notatiomsmonly used in mem-
brane computing (we refer to [6] for further details and tpff% the actual state of the
art in the area of P systems) and the few notions of formaldagg theory we need in
the rest of the paper (see, for example, [8] and [1], as wdlV pfor the mathematical
theory of L systems).

An alphabet is a nite non-empty set of abstract symbols.e@ian alphabe¥, by

V we denote the set of all possible strings oVerincluding the empty string .
The length of a stringc 2 V is denoted byjxj and, for eacta 2 V, jxj, denotes
the number of occurrences of the symlaoin x. A multiset overV is a mapping
M V! N such thatM (a) de nes the multiplicity ofa in the multisetM (N
denotes the set of non-negative integers). Such a mulésebe represented by a string
ay' (@) gt (@) .. g (@) 5 v and by all its permutations, with 2 V, M (a) 0,

1 n. In other words, we can say that each strin@ V identies a nite
multiset overV de ned by My = f(a;jxj,) j a2 Vg. Ordering the symbols iV in

My , the set of all Parikh vectors s (V ). In the following, we shall not distinguish
between multisets and the corresponding Parikh vectox&r@ivo multisetx andy,
with X;y 2 V , we say that the multiset includes the multisey, or the multisety is
included in the multisex, and we writex w y, ory v x, ifand only ifjxj, j yj,, for
everya 2 V. The union of two multisetg andy is denoted bk t y and is de ned to
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be the multiset withx t yj, = jXj, + jyi,, foreverya2 V. Form;n 2 N, by [m::n]
we denotethesdtx 2 Njm x ng.

An extended Lindenmayer system (an EOL system for shortganatruciG = (V; T;
P;w), whereV is an alphabefl  V is theterminalalphabetw 2 V is theaxiom
andP is a nite set ofnoncooperative rulesverV of the forma! x. In a derivation
step, each symbol present in the current sentential forvsitten using one rule ar-
bitrarily chosen fromP. The language generated By denoted by (G), consists of
all the strings ovell which can be generated in this way by starting fremAn EOL
system withT = V is called a OL system. As a technical detail we have to merttiah
in the theory of Lindenmayer systems usually it is requileat for every symboh from

V atleastonerula! win P exists. If for every symbach from V exactly one rule
a! win P exists, then this Lindenmayer system is caliedderministic and we use
the notations DEOL and DOL systems. BY)L andOL (DE OL andDOL) we denote
the families of languages generated by (deterministic) E@étems and OL systems,
respectively. It is known from [8] thaCF EOL CS, with CF being the family
of context-free languages ai@iS being the family of context-sensitive languages, and
thatCF andOL are incomparable,witha2n jn 0 2DOL CF.

As the paper deals with P systems where we consider symbatisbjve will also con-
sider EOL systems as devices that generate sets of (vedjorsrenegative integers; to
this aim, given an EOL syste@®, we de ne the set of non-negative integers generated by
G asthelengthsét (G) = fjxj j x 2 L(G) gas well ad s(G) to be the set of Parikh
vectors corresponding to the stringsliG). In the same way, the length sets and the
Parikh sets of the languages generated by context-free@rtext-sensitive grammars
can be de ned. The corresponding families of sets of (vectd)j non-negative inte-
gers then are denoted BYX andPsX, forX 2 f EOL; OL; DE OL; D OL; CF;CSg,
respectively.

3 Tissue P Systems With Noncooperative Rules

Now we formally introduce the notion of tissue P systems withcooperative rules by
giving the following de nition.

De nition 1 Anextended tissue P system with noncooperative riglaxonstruct
=( n;V;T;R;Cosio)
where
1. nis the number otells

2. V is a nite alphabet of symbols calleabjects
3. T Visa nite alphabet ofterminal symbolgterminal objecty
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4. R is a nite set of multiset rewriting rules of the form
(i)t (bisha) (b hy)
fori 2 [1:k]; a2 V aswellasy 2 V andh; 2 [1:n];j 2 [1:K];

for eachi 2 [1::n],
6. i is theoutput cell

Arule (a;i) ! (br;hi):::(be;hk) in R; indicates that a copy of the symtsoin cell i
is erased and instead, for @R [1::k], a copy of the symbd}, is added in celh; .

Inany con guration of the tissue P system, a copy of the sylmtio celli is represented
by (a;i), i.e.,(a;i) is an elemento¥ [1::n].

is calleddeterministidf in every cell for every symbol fronv exactly one rule exists.

¢, From the initial con guration speci ed byws; :::; wy ), the system evolves by transi-
tions getting from one con guration to the next one by apptya maximal set of rules
in every cell, i.e., by working in thenaximally parallel derivation modeA computa-
tionis a sequence of transitions. In contrast to the common uBesgftems to generate
sets of multisets, as a result of the P system we take therasmé cellip, provided

it only consists of terminal objects only, at each step of aagnputation, no matter
whether this computation will ever stop or not, i.e., we dad take into account any
halting condition, which in the following will be denoted lging the subscript (for
unconditional halting: the set of all multisets generated in that way bys denoted
by Ly () . If we are only interested in the number of symbols insteathefParikh
vectors, the corresponding set of numbers generatediBydenoted byN, () .

The family of sets of multisets generated by tissue P syst&itis noncooperative
rules with at mosin cells in the maximally parallel derivation mode is denoted b
P seOtP, (ncoo; max; u) (u again stands for unconditional halting). Considering only
the length sets instead of the Parikh vectors of the resbligimed in the output cell
during the computations of the tissue P systems, we obtaiffiatinily of sets of non-
negative integers generated by tissue P systems with npecative rules with at most
cells in the maximally parallel derivation mode, denoted\dyOtP , (ncoo; max; u).
The corresponding families generated by non-extendedetiss systems — where all
symbols are terminal — are denoted ¥®tP , (ncoo; max; u), X 2 f Ps;Ng. For all
families generated by (extended) tissue P systems as dbefede, we add the symbol
D in front of t if the underlying systems are deterministic. If the numbkecalls is
allowed to be arbitrarily chosen, we replatéy .

3.1 A well-known example Consider the DOL system with the only rude! aa,
ie.,
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G =(fag;fag;fa! aag;a):

As is well known, the language generatedbis a2 jn 0 andthereford (G) =
f2"jn Og.

The corresponding deterministic one-cell tissue P system i
=( fag;fag;f(a;1)! (a;1)(a;1)g;(a)):

Obviously,we get., ()= Ps(L(G)) andN (G) = Ny () .

We should like to point out that in contrast to this tissue Btey without imposing
halting, there exists no tissue P system with only one synmbmhe cell

=( fag;fag;R;(w))

that with imposing halting is able to generd@®' jn  Og, because such systems can
generate only nite sets (singletons or the empty set):

ifw= ,thenNy ()= fOg;

if R is empty, therN, () = fj wjg;

if w6 andR containstherula! ,thenN, ()= fO0g, because no compu-
tation can stop as long as the contents of the cell is not empty

if w6 andR is not empty, but does not contain the ralé  , thenR must
contain arule of the form! a" forsomen 1, yet this means that there exists
no halting computation, i.eN, () is empty.

4 The Computational Power of Tissue P Systems With
Noncooperative Rules

In this section we present some results concerning the génepower of (extended)
tissue P systems with noncooperative rules; as we shall,gheve is a strong corre-
spondence between these P systems with noncooperatigeandeEOL systems.

Theorem 1l Foralln 1,

P sEOL

P sEOtP, (ncoo; max; u)
PsEOtP (ncoo; max;u):
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Proof We rst show that
PseEOL PsEOtP; (ncoo; max;u) :

LetG = (V;T;P;w) be an EOL system. Then we construct the corresponding extend
one-cell tissue P system
=1 ;V;T;R;(w);1)
with
R=1f(a;1)! (b;1):::(b;1)jal bt 2 Pg:
Due to the maximal parallel derivation mode applied in theepged tissue P system
, the derivations in directly correspond to the derivations @&. Hence,L () =
Ps(L (G)).

Asforalln 1, by de nition we have
P sEOtP; (ncoo; max;u) PsEOtP, (ncoo; max;u);
it only remains to show that
PsEOtP (ncoo;max;u) PsEOL :

Let

be an extended tissue P system. Then we rst construct thesgéiem
G=(V [1l:n];To;P;w)
with
w=t in:1 hi (w;)
(t represents the union of multisets) and
To=hig (T)[[ j2umngieiohi (V)
where theh; : vV I'f (a;i)ja2 Vg are morphisms witl; (a) = (a;i) fora2 V
andi 2 [1::n], as well as
P=R[ P°
whereP? contains the rulga;i) ! (a;i) fora 2 V andi 2 [L:n]if and only if R
contains no rule fofa; i) (which guarantees that iA there exists at least one rule for
everyb2 V  [1:n]).

We now take the projectioh : T, ! T with h((a;ig)) = aforalla 2 T and
h((a;j))= foralla2 V andj 2 [1::n],] 6 ig: Due to the direct correspondence of
derivationsin andG, respectively, we immediately obtaihs (h (L (G))) = Ly () .

AsEOL is closed under morphisms (e.g., see [8], vol. 1, p. 266flthareford_, () =
Ps(L (GY) for some EOL syster®®, we nally obtainL, () 2 PsEOL. 2
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As an immediate consequence of Theorem 1, we obtain thenfiolipresults:

Corollary1 Foralln 1,

NE OL

NEOtP , (ncoo; max; u)
NEOtP (ncoo; max;u):

Proof Given an EOL syster®, we construct the corresponding extended tissue P sys-
tem as above in Theorem 1; then we immediately imMfe(G) = N, () . On the
other hand, given an extended tissue P systenby the constructions elaborated in
Theorem 1, we obtain

Nu()= N(G)=fixjjx2h(L(G)g

and thereforé&N, () 2 NEOL. 2

Corollary2 ForX 2fPs;Ng, X0OL = XOtP ; (ncoo; max; u) :

Proof This resultimmediately follows from the constructionsteated in Theorem 1
with the speci c restriction that for proving the inclusion

P sOtP; (ncoo; max;u) PsOL

we can directly work with the symbols &f from the given non-extended tissue P sys-
tem forthe OL systenG to be constructed (instead of the symbols frgnt 1g) and
thus do not need the projectidnto get the desired result, () = L (G) 2 PsOL.
Besides this important technical detail, the results «f tarollary directly follow from
Theorem 1 and Corollary 1, because any non-extended sysimesponds to an ex-
tended system where all symbols are terminal. 2

For tissue P systems with only one cell, the noncooperatiesican also be interpreted
as antiport rules in the following sense: an antiport rul¢hefforma=x in a single-cell
tissue P system means that the symégloes out to the environment and from there
(every symbol is assumed to be available in the environnreani unbounded num-
ber) the multisex enters the single cell. The families of Parikh sets and leisgts
generated by (extended, non-extended) one-cell tissustBrsyg using antiport rules of
this speci ¢ form working in the maximally parallel deriiah mode are denoted by
XEOTtP 1 (anti;. ;max;u) andXOtP ; (anti1. ;max;u) for X 2 f Ps;Ng, respec-
tively. We then get the following corollary:
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Corollary 3 For X 2fPs;Ng,
XEOtP 1 (anti1. ;max;u) = XE OL

and
XOtP ; (anti 1. ;max;u) = X OL:

Proof The results immediately follow from the previous resultsl dhe fact that the
application of an antiport rula=h ::: b has exactly the same effect on the contents of
the single cell as the noncooperative evolution (agl) ! (by;1)::: (be; 1). 2

For one-cell tissue P systems, we obtain a characterizatitive families generated by
the deterministic variants of these systems by the famjjegegerated by the correspond-
ing variants of Lindenmayer systems:

Corollary4 For X 2fPs;NgandY 2 f ncoo; anti;. g,
XED OL = XEDOtP 4 (Y; max)

and
XD OL = XDOTtP ; (Y;max):

Proof As already mentioned in the proof of Corollary 2, the resinfisiediately follow
from the constructions elaborated in Theorem 1 with the ispeestriction that for
proving the inclusiorP sEDOtP ; (ncoo; max;u) P sEDOL we can directly work
with the symbols oV from the given (extended) deterministic tissue P systeffior
the EDOL systent to be constructed (instead of the symbols frgdmf 1g) and thus
do not need the projectidnto get the desired result() = L, (G) 2 PSEDOL. The
remaining statements follow from these constructions imn@lar way as the results
stated in Corollaries 1, 2, and 3. 2

The constructions described in the proofs of Corollary 2 drednnot be extended to
(non-extended, deterministic) tissue P systems with aitrarnp number of cells, be-
cause in that case again the application of a projedtinmould be needed.
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5 Conclusions and Future Research

In this paper we have shown that the Parikh sets as well agtigeh sets generated by
(extended) tissue P systems with noncooperative ruled@withalting) coincide with
the Parikh sets as well as the length sets generated by @dehindenmayer systems.

In the future, we may also consider other variants of eximgatesults from computa-
tions in (extended) tissue P systems with noncooperatles rfor example, variants of
halting computations or only in nite computations, as waelother derivation modes as
the sequential or the minimally parallel derivation moder the extraction of results,
instead of the intersection with a terminal alphabet we mag ase other criteria like
the occurrence/absence of a speci ¢ symbol.

As inspired by the ideas elaborated in [3], we may inveséigaimore detail the evolu-

tion/behavior of deterministic tissue P systems with naperative rules based on the
mathematical theory of Lindenmayer systems: as there isa@one correspondence
between deterministic tissue P systems with honcooperaiies in one cell and DOL

systems, the well-known mathematical theory for DOL systeam directly be used to

describe/ investigate the behavior of the correspondingrdenistic tissue P systems
with noncooperative rules.
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The Bearded VultureGypaetus barbatyss an endangered species in Europe
that feeds almost exclusively on bone remains provided Iy and domestic
ungulates. In this paper, we present a model of an ecosystited with the
Bearded Vulture in the Pyrenees (NE Spain), by using P systé&ime evolu-
tion of six species are studied: the Bearded Vulture androtleesubfamilies
of domestic and wild ungulates that provide the bones theg t;. P systems
provide a high level computational modelling framework @fintegrates the
structural and dynamical aspects of ecosystems in a cosipeeand relevant
way. P systems explicitly represent the discrete charadtdre components of
an ecosystem by using rewriting rules on multisets of ojedtich represent
individuals of the population and bones. The inherent sietibity and uncer-
tainty in ecosystems is captured by using probabilistiatetiies. In order to
give an experimental validation of the P system designedhave constructed
a simulator that allows us to analyse the evolution of thesgstem under dif-
ferent initial conditions.

1 Introduction

Animal species are interconnected in a network in which sepecies depend other
ones in terms of feeding [10], [26]. Variations of differdribmass affects the com-
position of the population structures [24]. In mountain ®&iems, with a traditional
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relationship between wild ungulates and their predatosdiesn disrupted by the pres-
ence of domestic animals [6]. Animals located at the top efgbological pyramid are
susceptible to their presence and number. The abandonrheletad animals on the
mountains is a major source of food for necrophagous sp¢tigds This is the case

of the Bearded VultureGypaetus barbatysa threatened species which feeds on bone
remains of domestic and wild ungulates.

The study of population ecology and how the species intesdttt the environment
[13] is one of the aspects of the conservation biology of moterest for managers
and conservationists [2]. A widespread tool used are théogwal models, which use
mathematical representations of ecological processés [21

In this study, we design a model that studies the evolutioaroecosystem located
in the Pyrenees, taking advantage of the capacity the P 18ggi® work in parallel.
P systems provide a high level computational modelling ark which integrates
the structural and dynamical aspects of ecosystems in aressipe and relevant way.
P systems explicitly represent the discrete characterettmponents of an ecosys-
tem by using rewriting rules on multisets of objects whicpresent individuals of the
population and biomass available. The inherent stochiystind uncertainty in ecosys-
tems is captured by using probabilistic strategies. Theystem included six species:
Bearded Vulture as scavenger (predator) species and tea&ym Chamoisupicapra
pyrenaicg, Red Deer Cervus elaphus Fallow Deer Dama dam§ Roe Deer Capre-
olus capreolusand Sheep@vis caprg as carrion (prey) species. In order to give an
experimental validation of the P system, designed we hamstnacted a simulator that
allows us to analyse the evolution of the ecosystem undgerdiit initial conditions.
The Bearded Vulture is an endangered species and so thareayeprojects that study
its behaviour and how it is affected by its environment. Theato these studies there is
a large amount of information available which is requiredéone the P System and to
validate the results obtained.

The paper is structured as follows. In the next section,doamncepts of the ecosystem
to be modelled are introduced. The most outstanding aspeeteh species are detailed
as well as the interactions among them. In Section 3, a dysamiobabilistic P system
to describe the ecosystem is presented. In order to studlytiemics of the ecosystem,
a simulator of that probabilistic P system is designed irtiSee. The following section
is devoted to the analysis of the results produced by thelatotuFinally, conclusions
are presented in the last section.

2 Modelling the Ecosystem

The ecosystem to be modelled is located in the Catalan Pgseirethe Northeast of
Spain. This area contains a total of 35 breeding territdhias constitutes 34.3% of the
Bearded Vulture Spanish population in 2007 (n = 102). SearEid [15].
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CATALONIA

Fig. 2.1 Regional distribution of the Bearded Vulture in the Catdbamenees (NE Spain).

Fig. 1. Regional distribution of the Bearded Vulture in the CatePamenees

The ecosystem to be modelled is composed of six speciesethelBd Vulture (predator
species) and the Pyrenean Chamois, Red Deer, Fallow DezD&er, and Sheep (prey
species). Prey species belong to the bovid family, they arbivores and their bone
remains form the basic source of nourishment for the Beavtdtdre in the Pyrenees.

The Bearded Vulture is a cliff-nesting and territorial largcavenger distributed in
mountains ranges in Eurasia and Africa. This is one of thestaaptors in Europe (150
breeding pairs in 2007). This species has a mean lifespaildrbids of 21.4 years [4].
The mean age of rst breeding is 8.1 years, whereas the meamfagst successful
breeding was 11.4 years [1]. Egg-laying take places duriegdnber-February and af-
ter 52-54 days of incubation and around 120 days of chickirrgathe chick abandons
the nest between June-August [19]. Clutch size in this ggesi usually of two eggs,
but only one chick survives as a consequence of sibling aggne [18]. The female's
annual fertility rate in Catalonia during the last ve yeass®stimated around 38%.

The Bearded Vulture is the only vertebrate that feeds alrarslusively on bone re-
mains. Its main food source is bone remains of dead small @adium-sized animals.
In the Pyrenees, the remains of Pyrenean Chamois, Red Cdlenweer, Roe Deer,
and Sheep form 67% of the vulture's food resources, and #1te32% includes the re-
mains of small size mammals (e.g., dogs, cats), large masfjt@als, horses), medium
size mammals (e.g., wild boars) and birds [15]. A pair of Blear Vultures needs an
average 341 Kg of bones per year [17], [16].

In the rstyear, Bearded Vultures remain in the territory evh they were born. During

the dispersal period (from edgling until the bird becomeriterial at 6—7 years), non-

adult Bearded Vultures cover large distances surveyinfgrdift areas. For example,
the averaged surface covered by four youngs monitored aftigiing was 4932km?
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(range 950-1029#m?, [23]). Breeding birds are territorial and the approximiatene
ranges obtained for eight pairs studied varied betweenk2sd and 650km?. The
average annual growth in the population of the Bearded Yegtin the Pyrenees has
been estimated in 4-5%. The oating population principaéynains in feeding stations
situated in the central Pyrenees (Aragon).

The natural behaviour of the ve bovid species is similardese they are all herbivores
and they all reach the size of the adult animal when they aeeyear old. In general,

they arrive at the sexual maturity within two years from lhirPyrenean Chamois and
the Red Deer have a longer life expectancy than Fallow DetRaxe Deer (for a review

of population parameters see [7], [8], [3], [9] and [20]. Tiretural mortality rates are

similarin all ve species, inthe rstyear of life it is caldated to be 50% and 6% during
there maining years. In spite of the great degree of simyjl@étween these ve species,
there are differences between them, some are of naturahe@ngl other are induced by
human action. It is essential to bear them in mind in ordeetoela P system that can
simulate the ecosystem in a reliable way.

Red Deer are appreciated very much by hunters, not for theatiout as a trophy and
so only the males are hunted. This causes the natural ewolatithe population to be

modi ed. The hunter only takes the head as a trophy leavirgathimal's body on the

eld, and so the carcass is eaten by other species and thes lmoag then be eaten by
the Bearded Vulture.

Fallow Deer and Roe Deer live in areas that are dif cult toateand for this reason, the
Bearded Vulture cannot take advantage of the bones of dlleofiead animals.

As sheep [25] are domestic animals, humans exert a high tdvebntrol over their
populations. The size and growth of the sheep populatiomigeld by the owners of
the ocks. The natural average life expectancy of sheeprigdw that their actual life
expectancy in the eld because when its fertility rate deses at the age of eight, they
are taken out of the habitat. Most of the lambs are sold to etarkd so they are taken
out of the habitat in the rst year of life. Only 20%—30% of tlkeenbs, mostly females,
are left in the eld and these are used to replace sheep tivatdiad naturally and the
old ones that have been removed from the ock. The number mhals in the Catalan
Pyrenees the years 1994 and 2008 it is shown in Table 6.1 (zeendix).

In this study, the feeding of the Bearded Vulture is depenhdarihe evolution of the P
System. However the P System does not consider that thelbiiyl of food limits the
feeding of the herbivorous, and so the growth of the vegatas not modelled.

Taking all this background information into consideratitime following data was re-
quired for each species:
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I 1: age at which adult size is reached. Age at which the anintallie the adult
animal does. Moreover, at this age it will have surpassedtitieal early phase
during which the mortality rate is high;

I »: age at which it start to be fertile;

| 3: age at which it stops being fertile;

| 4: average life expectancy;

I 5: fertility ratio (number of descendants by fertile female)
| ¢: mortality ratio in rst years ége < 11);

I 7: mortality ratio in adult animalsage 11);

| g: percentage of females in the population.

The required information about each species is shown ineTélal (see Appendix).

When an animal dies, the weight of bones which it leaves israd®0% of its total
weight. Table 6.3 (see Appendix) shows the average weighaoli animal as well as
the weight of bones they leave. In the case of Fallow Deer avelBeer, the value of
the weight of bones is then be multiplied by 0,2 (20%) whictihesproportion of bones
the Bearded Vulture may pro t from.

In the P system, it is only considered the Bearded Vulturemtan 8, because the
younger ones are oating birds. There are seven feedingostin Catalonia which
provide around 10500 kg of bone remains annually. Theseiaitfeeding sites have
not been considered in the study and most of the oating fiedsls at them.

3 A P System Based Model of the Ecosystem

Membrane computing is a branch of Natural Computing thatinitiated at the end of
1998 by Gh. Paun (by a paper circulated at that time on welpabtished in 2000 [22]).
Since then it has received important attention from thergsceecommunity. Details can
be found at the web padstp://ppage.psystems.eu/ , maintained in Vienna
under the auspices of the European Molecular Computing @tam, EMCC.

In short, one abstracts computing models from the struetadehe functioning of living
cells, as well as from the organization of cell in tissuegiams, and other higher order
structures. The main components of such a model are a keliiembrane structure
in the compartment®f which one placesnultisets of symbol-objectahich evolve
in a synchronous maximally parallel manner according teg&volution rules also
associated with the membranes.

The semanticof the P systems is de ned as follows:c@n guration of a P system
consists of a membrane structure and a family of multisetsbpdcts associated with
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each region of the structure. At the beginning, there is agroation called theinitial
con gurationof the system.

In each time unit we can transform a given con guration in #reo one by applying
the evolution rules to the objects placed inside the regafthe con gurations, in
a non—deterministic, and maximally parallel manner (thesware chosen in a non—
deterministic way, and in each region all objects that carivevmust do it). In this way,
we gettransitionsdrom one con guration of the system to the next one.

A computatiorof the system is a ( nite or in nite) sequence of con guratie such
that each ones is obtained from the previous one by a transiind shows how the
system is evolving. A computation which reaches a con goratvhere no more rules
can be applied to the existing objects, is callebadting computationThe result of a
halting computation is usually encoded by the multiset@issed with a speci ¢ output
membrane (or the environment) in the nal con guration.

In this section, we present a model of the ecosystem deskciib8ection 2 by means
of probabilistic P systems. We will study the behaviour a$ #acosystem under diverse
initial conditions.

First, we de ne the P systems based framework (probahilBtisystems), where ad-
ditional features such as two electrical charges whichrilesspeci ¢ properties in a
better way, are used.

De nition 1 A probabilistic P system of degrees a tuple
=( i My MaRfegrr)
where:

is the alphabet ( nite and nonempty) of objects (the worlatighabet);

is a membrane structure, consistingrofimembranes, labelet} 2;:::;n. The
skin membrane is labeled by 0. We also associate electrizaiges with mem-
branes from the sét0; + g, neutral and positive;

in then regions of ;

R is a nite set of evolution rules. An evolution rule assoeitvith the membrane
labelled byi is of the formr : u[v ] ! uqvO]i, whereu;v; u® vPare a multiset
over andc; is areal number between 0 and 1 associated with the rule.

We assume that a global clock exists, marking the time fomthele system (for all
compartments of the system); that is, all membranes andpblecation of all rules are
synchronized.
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Then-tuple of multisets of objects present at any moment imthegionsof the system
the initial con guration of the system.

The P system can pass from one con guration to another oneinyg the rules fronik
as follows: at each transition step, the rules to be appliedealected according to the
probabilities assigned to them, and all applicable rulessanultaneously applied and
all occurrences of the left—hand side of the rules are coesljias usual.

3.1 The model Ourmodel consists in the following probabilistic P systefrdegree
2 with two electrical charges (neutral and positive):

=( ;; M1 ;M 2R feor2Rr)

where:

In the alphabet , we represent the six species of the ecosystem (inde®&sso-
ciated with the species and indpxs associated with their age, and the symbols
X, Y andZ represent the same animal but in different state); it alstains the
auxiliary symbolsB, which represent®:5 kgs of bones, an@, which allows to
change the polarization of membrane labelled by 2 in a sjgextage.

= inj;Yij;Zij 1 i 7.0 J ki;4g[f B;Cg

In the membrane structure, we represent two regions, thre(akiere animals re-
produce) and an inner membrane (where animals feed and die):[ [ ]2 |1
(neutral polarization will be omitted);

In M 1 andM ,, we specify the initial number of objects present in eachores)
(encoding the initial population and the initial food);

Ma=fX{" 11 i 7,0 | kiag, wherethe multiplicity; indicates
the number of animals, of specieshose age i§ that are initially present in
the ecosystem;

M , = fC B g,where isde ned as follows:

®1
=d o 110 682
j=1

Value represents an external contribution of food which is addeihd the

rst year of study so that the Bearded Vulture survives. |e tbrmula,;
represents the number pfyears of age Bearded Vultures, constant 1.10 rep-
resents 10% of the population growth and constant 682 repteghe amount

of food needed per year for a Bearded Vulture pair to survive.

The sefR of evolution rules consists of:
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Reproduction-rules.

Adult males:

fo [X i @ ki f4) 1 ki 16) Yij ]1; 1 i 7; ki;2 ] ki;4-
Adult females that reproduce:

ki 5 kip14 (I ki 16)

rv  [Xj ! Yi Yioli; 1 i 7 k2 j<Kis.
Adult females that do not reproduce:

@ ki 5) kjj14a @ ki 16)

I [Xij ! Yij ]1; 1 i 7, ki;2 j <k i 3.

Young animals that do not reproduce:

rs [Xi' 1' i Yii ]1; 1 i 7. 0 j <k 2.
j j
Growth rules.(k_ .
ra DX UYL Yiln i Tokiz j<Kia
ki 6 ki . .
rs Xy Y LYiln 0 7= Kia.

re  [Xi R B Yil, L 0 7 kiz ] Kia.
Young animals mortality rules.

Those which survive:

r7 Yl 17 "CZihi1 0 70 j<kin
Those which die and leaving bones:

rg Yi[l!"® [BY=2lL:1 i 7,0 j<kii.
Those which die and do not leave bones:

ro Yill!" [L:1 i 7.0 j<kii.

Adult animals mortality rules.
Those which survive:

ro Yj [ i k"m[Zij :1 i 7ikii j<kia.
Those which die leaving bones:

riu Yillz 10 BRel s 1 i Tiokiy j<Kia
Those which die and do not leave bones:

ro Yill U o1 i 7ikip <K pa
Animals that die at an average life expectancy:

riz i [T Bnkin], 1 i 7= Ki: 4.
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r14 Yij []2 !ki; 1 [Ziki;z]z: 1 i 7;j = ki;4-
Feeding rules.
ris  [ZiBKis]! Xju[lh:1 i 7,0 | Kea.

Rules of mortality due to a lack of food, and the eliminatidritmose bones
that are not eaten by the Bearded Vulture from the system.

Elimination of remaining bones:
rie [B; ! [l
ri7 [C]; ! [C]2

Adult animals that die because they have not enough food:
rig [Zijly ! [BYukinl 1 0 7ikia j o kia

Young animals that die because they have not enough food:
ro [Zyl; ! BlYm el:1l i 7j<ki

The constants associated with the rules have the followiegnimg:

ki: 1: age at which adult size is reached. This is the age at whehrtimal eats like
the adult does, and at which if the animal dies, the amountarhass it leaves is
similar to the total one left by an adult. Moreover, at thig &gwill have surpassed
the critical early phase during which the mortality rateiigth

ki: »: age at which it starts to be fertile.

ki: 3: age at which it stops being fertile.

ki. 4: average life expectancy.

k. 5: fertility ratio (number of descendants by fertile female)
ki: 6: population growth.

ki: 7: mortality ratio in rst years ge < k;. 1) in which biomass in the form of
bones is not left on the eld.

ki. g: mortality ratio in rst years Age < k; 1) in which biomass in the form of
bones is left on the eld.

ki: o: mortality ratio in adult animalsage  k;. 1) in which biomass in the form of
bones is not left on the eld.

ki: 10: mortality ratio in adults animalsage  k;. 1) in which biomass in the form
of bones is left on the eld.

k.11 is equal to 1 if the animal dies at the agekpf, leaving biomass, and it is
equal to 0 if the animal dies at the agekpf, without leaving bones.
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ki: 12: amount of bones from young animatge < ki.1).
ki: 13: amount of bones from adult animalge  k; 1).
ki. 14: percentage of females in the population.

ki. 15: amount of food necessary per year and breeding pair (1 sieijual 0.5 kg
of bones).

ki: 16: itis equal to 0 when the species go through a natural groartin{als which
remain in the same territory throughouttheir lives) and ggual to 1 when animals
are nomadic (the Bearded Vulture moves from one place tchanomtil it is 6—7
years old, when it settles down).

Besides, values for each species are shown in Table 6.4 (geendix). Most values
in that table are equal to those in Table 6.2 (see Appendin)i s necessary to make
a remark on valueks.1o andks.;5. Valueky.1o is obtained by adding 6% of natural
mortality to 30% of animals killed by hunters. Valkg 15 is 67% of 682 units341 2)
which is the feeding the Bearded Vulture obtains from thepte species of ungulates
modellized in the ecosystem.

The P system designed implements a four—stage—running.r3thene is devoted to

the reproduction of the diverse species in the ecosysteen,the animals mortality is
analyzed according to different criteria. The third stagalgzes the amount of food in
the ecosystem. In the last stage, the removal of animalaibeaz a lack of food takes

place. These sta%es are depicted in Figure 2. )
ig. 2. Structure of the P system running

4 A Simulator

In order to study the dynamics of the species that belongécetiosystem, we have
designed a simulator written i@ + + language. This program runs on a PC.

In the simulation, the objects that encode the species aalgé are represented by two
vectors which are related through the number assigned toa@mal of the ecosystem.
The objects of the P system evolve in a random way; this sstitlity is implemented by
generating random numbers between 1 and 100, accordinguaiorm distribution.
One of the generated numbers is assigned to each animal, ffeeanimal evolves
according to the assigned number and the constant protyabihir example, when the
probability of surviving is 70%, the animal will die if the signed number is higher
than 70.

The input of the program consists of the parameters of eagtispthat are considered
in the P system and the number of animals of each species anthagare present
at time zero. The output is the number and age of animals df epecies that are
present every year after completing the following procssseproduction, mortality

and feeding.
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0
0 0
C Reproduction C Yio
B B
1 | 1
Xij YiJ
0 0
Mortality by lack of food Elimination Natural
of leftover food mortality
o 0
+ 0
C B Cc B
Zy; Feeding Z;
1 1
0 0

Fig. 3.2 Schema of the P system

In nature, an ecosystem is governed by nondeterminism, faadniplies a complex
mathematical model. Nevertheless, all the processesrhataried out have an impor-
tant degree of randomness. This randomness can be prediudechn be quanti ed at
every moment and situation of the ecosystem.

The program has been structured in four modules which cpores$to each of the stages
in which the P system is implemented.

ReproductionThe inputs are the age at which each species begins to be, fire
age at which it stops being fertile, the fertility rate, ahe proportion of females
of the species. This module also requires the total numbexisfing animals and
the distribution of these animals in terms of species and.afjee output of this
module is the number and age of animals of each species.

The population growth of the Bearded Vulture is not obtaifredn the natural
reproduction of the animals in the ecosystem but it dependbs® oating popu-
lation and the environment.

The annual growth ratio has been obtained by R. Heredia fl&]éxperimental
way. So that, another input of this module is the growth petage with respect to
the total population, and the output (as in the case of asimatlural reproduction)
is the number of animals at each age.
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Mortality. The inputs are the mortality rate based on the age, the gedifa ex-
pectancy of each species, and nally the weight of boneshigfthe dead animal
which is dependent on its age. Once again, this module alpaires the total
number of animals and their distribution in terms of spe@ed ages. As with
the other modules, the output of this module is the numberagyedof animals of
each species when the process is completed. Another odtthisanodule is the
amount of food that is generated in terms of the weight of bgeduced that
provide the Bearded Vulture's basic source of nourishment.

Feeding The inputs are the amount of food available in the ecosysteththe
annual amount of food that is necessary for the animal toiginder suitable
conditions, in other words, conditions under which the aigrare not debilitated
and do not suffer the consequent effects on their capasiliths was seen in the
previous modules, inputs are generated by the P systerfatsiéjuanti es objects
representing the number of animals of each existing spacidsage. Once again,
the output of this module is the number and age of animalsdf species.

Elimination of unused leftover food and the animal mortality from instiént
feeding. The input of this module is part of output of the fegdmodule. The
aim of this process is to eliminate the number of animalsweat not able to nd
the necessary amount of food for their survival, and als@twsler the amount of
leftover food that is degraded with time and that thereftmps having a role in the
model. The animals that die due to a lack of food are transédrimto bones that
can then be eaten by the Bearded Vulture. The output of thduheas an amount
of food in form of bones that is available to the Bearded \igtu

The unit of reference used in this study is the year, thahesfaod consumed throughout
an annual period is given at one single point in time, and witha application of each
rule. The mortality of animals in an ecosystem is also a @edkat is carried out in
a continuous way, throughout the year. However, reprodnds an activity that takes
place at a speci c time of the year, and moreover, it takeslat the same time for
all of the species considered in this study. It will be neagg$o verify if the one year
unit of time chosen is correct or whether a shorter unit ofetishould be used in the
P system. It is also necessary to check the robustness ofdpeged model and to do
this, it is run a second time with a modi ed order of applicatiof the four processes
modules. Given independence of the four modules that foarPteystem, it would be
a simple exercise to run probability experiments with eacidute.

5 Results and Discussion

We have run our simulations using a program written #+Clanguage incorporating a
speci cation of our model. We have considered the year asafrtime, so it has been
necessary to discretize feeding and mortality variables.
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As shown in Table 6.1 (see Appendix), data about the currentlrer of animals in
the Catalan Pyrenees do not specify the ages of animals. dudiatribution has been
estimated considering the different constants that affestanimals throughout their
life. These constants are fertility rate, mortality ratedgrercentage of females in the
population. We have obtained two estimations, one for ttee ¥894 which has been
used for the experimental validation, shown in Table 6.8 (&ppendix), and another
for the year 2008 which has been used for study the robustii¢se P system, shown
in Table 6.6 (see Appendix).

5.2 Robustness First, we have studied the robustness of our P system mode! wi
respect to some parameters.

According to the design of the P system, reproduction ruéesla higher priority than
mortality ones. Then, the robustness of the model regaiti@ghange of that priority
is analyzed. For that reason, two variants of the simuladwetbeen studied changing
the order of the corresponding modules. This fact can bedmphted in the P system
by changing variablX by variableY in the initial multisetM ;.

In both cases, the simulator was ran 10 times until it covarpedriod of 20 years, being
the input the number of animals in 2008.

In Figure 3, solid lines and dashes lines represent the ptipanldynamics when the
simulator modules are applied following tbedersreproduction—mortality—feeding and
mortality—feeding—reproduction, respectively. Takingpiaccount that the P system be-
haviour is similar in both cases, it can be deduced that ouwtehis robust with regard
to the properties considered.

5.3 Experimental Validation Letus suppose that we are studying a phenomenon of
which we have (enough amount of) data experimentally obth{at laboratory, through
eld—work, etc.) from some pre xed conditions. Let us sugecthat we design a com-
putational device trying to capture the most relevant fatis and we have a program
which allows us to run simulations. We can say the model iggrgentally validated if

the results obtained with the simulator (from initial comigations corresponding to the
pre xed conditions) are in agreement with the experimedtdh.

Bearing in mind that Table 6.1 (see Appendix) shows thoseegierimentally obtained
corresponding to the years from 1994 to 2008, (being thetitinumber of animals in

1994) until it covered a period of 14 years. We have run ouugitor 10 times, because
it supposes a reduction @)% of the deviation.

Table 6.7 (see Appendix) and Figure 4 show the differenogde the average number
of animals species obtained with the simulator comparel thi2 censures estimate for
2008. In 2004, the Pyrenean Chamois species was affectedibgase which made the
number of animals decrease to 10000. In the third columnatfttble, the evolution of
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Fig. 5.3 Robustness of the ecosystem

the P system is shown without taking into account this piddaformation, while in
the fourth column it has been considered.

The P system proposed can be taken as a good model to studydlwian of an
ecosystem. Variations noticed among the available datatabe number of animals
of each species from 1994 to 2008 (see Table 6.1) (see Appeladé almost of no
importance if we take into account that these data are takem éstimated census and
they are never exact. Under the same conditions as startimg, phe ecosystem has
a certain behaviour pattern as it evolves, showing varatimherent to probabilistic
systems.

The very important factor of population density was not ¢desed in the model of
the ecosystem. In this sense, as has been documented irraypkar species, density
dependence and environmental stochasticity are both paitgrimportant processes
in uencing population demography and long-term populatgyow [12]. For this rea-
son why the population of some of the species such as Roe Baltoyw Deer and
Chamois may grow in an exponential way reaching values wb&inot be obtained
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Fig. 5.4 Average number of animals

in the ecosystem. It is well-known, for example, that wheropytation of Red Deer

reaches a level of 15000 animals, a regulation process steat implies a drastic de-
crease of the population down to 1000 individuals. So tl#tgise factors are not taken
into account, it may not be suitable for the study of the estisy dynamics in the long
term.

Neither ungulates feeding nor the population density haenliaken into account. This
implies an exponential growth of ungulate species whichstitute the basic source
of feeding for the Bearded Vulture. Consequently, there é@m@tinuous growth in the
number of pairs of Bearded Vultures. According to some netess [14], the estimated
maximum number of pairs of Bearded Vultures within the aradar study is about
fty. Higher numbers of pairs would lead to competition angathem and as subsequent
decrease in the population down to values which the ecasysad accept.

6 Conclusions and Future Work

A probabilistic P System which models an ecosystem relaiddthhe Bearded Vulture,
that is located in the Catalan Pyrenees, has been presented.

By using this P System, it has been possible to study the digsaoh the ecosystem
modifying the framework in order to analyze how the ecosysteould evolve if differ-
ent biological factors were modi ed either by nature or thgh human intervention.
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A simulator of the P System has been designed and the rolsgstfieche model with
respect to the order of application of different kinds ofxsilhas been shown.

Since the P System does not consider levels of populatiositgean exponential growth
of populations of species is obtained. In a future work, thctor and other parameters
(i.e. the amount of food of the hervibores species, the ¢lowdanges in the ecosystem,
etc.) should be considered.

In order to obtain a model which allow us to study the evolutid an ecosystem in
the long term, it is necessary to take into account certaitobical factors such as the
following:

Maximum population density for each species.
Available feeding in the area on which the ungulates may.feed
Amount of food daily eaten by each of the ungulate speciesrddgg their age.

Moreover, under adequate environmental conditions, tipe@ss has a certain be-
haviour so that some values of the biological parametersbeaaccepted. When es-
sential environmental conditions such as temperature ainéail are not the adequate
ones, biological constants change as a reaction to theosmagnt. It can be accepted
a model based on Markov chains in order to model temperahdeainfall. P systems

modelling Markov chains were previously presented in [5] #mey should be consid-
ered in order to improve some results.
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Appendix
Table 6.1 Number of animals in the Catalan Pyrenees

Specie 1994 2008

Bearded Vulture pairs 20 37

Pyrenean Chamois 9000 | 12000

Red deer 1000 5500

Fallow deer 600 1500

Roe deer 1000 | 10000

Sheep 15000 | 200000

Table 6.2 Natural constants used in the model
Species l1 I I3 l4 lg lg I, lg
Bearded Vulture 1 8 20 21 38 6 12 50
Pyrenean Chamois 1 2 18 18 75 60 6 55
Red Deer 1 2 17 | 17-20| 75 34 6 50
Fallow Deer 1 2 12 12 55 50 6 75
Roe Deer 1 1 10 10 100 | 58 6 67

1 2 3

8 8 75 15 96

Sheep




Table 6.3 Descriptive variables used to model the ecosystem

Specie Weigh | Weigh | Percentage| Average | Biomass: Biomass: | Kg accessible
Male | Female| Female weigh | bone adult| bone young| by B. Vulture
kg kg kg kg kg (adult/young)
Bearded Vulture 5 6.5 60 5.75 - - -
Chamois 28 32 50 30 6 3 6/3
Red Deer Female - 75 - 75 15 7.5 15/7.5
Red Deer Male 120 - - 120 24 12 24/12
Fallow Deer 63 42 80 46 9 4.5 2/1
Roe Deer 27 23 66 24 5 2.5 1/0.5
Sheep 42 35 97 35.2 7 35 713.5
Table 6.4 Constants used in the P system based model
Specie il ki1 | Ki2 | Kis | Kia | Kis | Kie | Ki7 | Kig | Kio | Kito | Kiar | Kiaz | Kij1s | Kij1a | Kij1s | Ki1e
Bearded Vulture | 1| 1 8 20 | 21 - 4 6 0 12 0 0 0 0 50 | 460 1
Pyrenean Chamois 2 | 1 2 18 | 18 | 75 - 0 60 0 6 1 6 12 55 - 0
Red Deer Female| 3 | 1 2 17 | 17 | 75 - 0 34 0 6 1 15 30 100 - 0
Red Deer Male 4| 1 2 - 20 - - 0 34 0 36 1 24 48 0 - 0
Fallow Deer 5] 1 2 12 | 12 | 55 - 0 50 0 6 1 2 4 75 - 0
Roe Deer 6| 1 1 10 | 10 | 100 | - 0 58 0 6 1 1 2 67 - 0
Sheep 7| 1 2 8 8 75 - 57 | 15 0 3 0 7 14 96 - 0




Table 6.5 Estimation of number of animals per age in 1994

Age | Bearded Vulture| Chamois | Red deer female Red deer male| Fallow deer| Roe deer| Sheep
1 0 741 167 58 83 121 20832
2 0 740 133 44 73 121 20208
3 0 668 107 35 69 121 19601
4 0 667 85 28 63 121 19014
5 0 667 68 23 59 109 18443
6 0 596 41 14 55 108 17890
7 0 594 33 11 51 108 17353
8 2 518 26 9 47 96 16659
9 2 517 21 7 35 96 0
10 2 444 17 5 33 0 0
11 2 444 13 5 30 0 0
12 2 444 11 4 0 0 0
13 2 373 9 3 0 0 0
14 1 373 7 2 0 0 0
15 1 372 5 2 0 0 0
16 1 296 4 1 0 0 0
17 1 296 3 1 0 0 0
18 1 252 0 0 0 0 0
19 1 0 0 0 0 0 0

20 1 0 0 0 0 0 0
21 1 0 0 0 0 0 0




Table 6.6 Estimation of number of animals per age in 2008

Age | Bearded Vulture| Chamois| Red deer female Red deer maleg Fallow deer| Roe deer| Sheep
1 0 988 978 254 125 1210 | 27776
2 0 987 780 192 110 1207 | 26944
3 0 890 625 154 103 1207 | 26135
4 0 889 500 124 95 1207 | 25352
5 0 889 400 99 89 1085 | 24591
6 0 795 240 60 83 1083 | 23854
7 0 792 195 48 77 1083 | 23137
8 6 690 155 38 71 959 22212
9 6 689 123 30 52 959 0
10 6 592 97 24 50 0 0
11 6 592 78 20 45 0 0
12 5 592 62 16 0 0 0
13 5 497 50 12 0 0 0

14 5 497 40 10 0 0 0
15 5 496 32 8 0 0 0
16 5 395 25 6 0 0 0
17 5 394 20 5 0 0 0
18 5 336 0 0 0 0 0

19 5 0 0 0 0 0 0

20 5 0 0 0 0 0 0

21 5 0 0 0 0 0 0




Table 6.7 Number of animals produced by the simulator

Year | Bearded Vulture| Pyrenean Chamois Pyrenean Chamois Red deer| Fallow deer| Roe Deer| Sheep
1994 20 9000 1000 600 1000 150000
1995 21 9541 1115 667 1213 152074
1996 21 10023 1263 710 1371 153951
1997 22 10590 1432 758 1568 156183
1998 23 11121 1617 808 1812 158571
1999 24 11718 1834 859 2106 161318
2000 25 12366 2087 908 2469 164391
2001 27 13032 2368 967 2906 167914
2002 28 13767 2705 1032 3459 171940
2003 29 14597 3067 1111 4132 174713
2004 31 15488 10000 3470 1202 4969 177973
2005 33 16468 10594 3917 1297 5883 181300
2006 35 17508 11133 4437 1399 6974 184790
2007 36 18647 11709 5004 1495 8272 188357
2008 38 19866 12297 5631 1602 9774 192097
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In this work the formalism of Metabolic P systems has beenleyag as a
basis of a new computational plugin-based framework for etind biologi-

cal networks. This software architecture supports MP sgstdynamics in a
virtual laboratory, called MetaPlab. The Java implemeotatf the software
is outlined and a speci c plugin at work is described to hight the internal
functioning of the entire architecture.

1 Introduction

Systems biology copes with the quantitative analysis dbigical systems by means of
computational and mathematical models which assist bist®in developing experi-
ments and testing hypothesis for complex systems undelistafiL2, 26]. On the other
hand, new mathematical and computational techniques hese bonceived to infer
coherent theories and models from the huge amount of alaitktia.

P systemawvere introduced by Gh. Paun in [23] as a new computationadlehin-
spired by the structure and functioning of the living celhi§ approach is rooted in
the context of formal language theory and it is essentiadlydal ormultisetrewriting
andmembranesin the P systems theory many computational universalgylte have
been achieved [24]. P systems seem especially apt to maulefkbal systems, how-
ever their original mathematical setting was too abstracekpressing real biological
phenomena.

Metabolic P systemsiamelyMP systemsare a class of P systems proved to be signif-
icant and successful for modeling biological phenomereteelto metabolism (matter
transformation, assimilation and expulsion in living angams). They were conceived
in [19] and subsequently extended in many works [4,5, 15-M®] system dynamics is
computed by a deterministic algorithm based onrtfeess partition principlevhich de-
nes the transformation rate of object populations, acaugdo a suitable generalization
of chemical laws. This kind of rewriting-based and bio-iimed modeling overcomes
some drawbacks of traditional Ordinary Differential Eqaas (ODE) allowing a new
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insight about biological processes, which cannot be aekidy using the “glasses” of
classical mathematics [2].

Equivalence results have been proved, in [9] and [7, 8], betwMP systems and, re-
spectively, autonomous ODE and Hybrid Functional Pets niEte dynamics of several
biological processes has been effectively modeled by me&iMP systems, among
them: the Belousov-Zhabotinsky reaction (in the Brussel&irmulation) [4, 5], the
Lotka-Volterra dynamics [4, 19], the SIR (Susceptibleelcted-Recovered) epidemic
[4], the Protein Kinase C activation [5], the circadian tyis, the mitotic cycles in
early amphibian embryos [18], a Pseudomonas quorum sensidgl [1, 6] and théac
operon gene regulatory mechanism in glycolytic pathway Ifyprder to simulate MP
systems we developed a Java computational tool cMIedim[3]. The current release
of the software, available at [10], is based on the theakEfiamework described above,
and it enables the graphical de nition of MP models, themsiation and plotting of
dynamics curves.

Recent work aims at deducing MP models, for given metabobcgsses, from a suit-
able macroscopic observation of their behaviors alongtaicemumber of steps. Indeed,
the search of ef cient and systematic methods to de ne MReys from experimental
data is a crucial point for their use in complex systems madelThe solution of this
reverse-engineeringsk is supported, into the MP systems framework, byLthge-gain
theory [14, 15] which roots in allomeric principle [27]. Tieain result of this theory
is the possibility of computingeaction uxesat each step by solving a suitable lin-
ear equations system which combine stoichiometric infdionavith other regulation
constraints (by means of a sophisticated method for sqaia making univocally
solvable the systems). This means that the knowledge oftamutess and parameters
at each step provides the evaluation of reaction uxes at $kep. In this way, time-
series of system states generate corresponding ux semasfrom them, by standard
regression techniques, the nal regulation maps are dediuCieis approach turned to
be very effective in many cases and recently [20] it providedodel of a photosyntesis
phenomenon, deduced by experimental time-series.

What seems to be peculiar of Log-gain theory is the strongneotion with biological
phenomena and its deep correlation with the allomeric jplaca typical concept of
systems biology. Other general standard heuristics ougveltechniques, already em-
ployed to estimate model structures and parameters [2B8]ddme usefully combined
with Log-gain method, in fact, the biological inspiratioftbis theory could add partic-
ular speci city to the wide spectrum potentiality of heurts/evolutionary techniques
by imposing constraints able to orientate the search ofiredsolutions.

In this work, we propose a new plugin-based architecturettaasforms the software
MPsim from a simple simulator to a propeirtual laboratory which will be called
MetaPlab It assists biologists to understand internal mechanidrbtogical systems
and to forecast, in silico, their response to external diinranvironmental condition
alterations and structural changes. The Java implementafi MetaPlab ensures the
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cross-platform portability of the software, which will beleased under the GPL open-
source license.

Several tools for modeling biological pathways are alreadsilable on-line. The most
of them are based on ODE, such@®PASI[11], which enables to simulate biochem-
ical networks and to estimate ODE parameters. It is a veryepfultool but its us-
age requires a deep knowledge of molecular kinetics, beddesinvolved differential
equations have an intrinsically microscopic nature. Retts have been employed by
Cell lllustrator™ [22], a software which graphically represents biologicatipways
by graphs and computes their temporal dynamics by a speeotuéon algorithm [8].
Unfortunately, this tool can be used just to simulate bia@abpehaviors, but it does not
provide any support for the parameter estimation and thé/sisaof models. The new
computational framework we propose in the following, irgteis based on an extensi-
ble set of plugins, namely Java tools for solving speci &aselevant in the framework
of MP systems, such as parameter estimation for regulateehamisms of biological
networks, simulation, visualization, graphical and stital curve analysis, importation
of biological networks from on-line databases, and pogsiiier aspects which would
result to be relevant for further investigations.

In Section 2 we introduce some basic principles of MP systmasMP graphs, and we
discuss a few biological problems which can be tackled by thodeling framework.
Section 3 describes the new plugin-based architecture $gsematic management of
these problems, and nally, a plugin for computing MP syssesignamics is presented
in Section 4 with a complete description of its functioning.

2 MP systems: model and visualization

MP systems are deterministic P systems developed to modelnaigs of biological
phenomena related to metabolism. The notion of MP systermowsider here general-
izes the one givenin [15,18].

De nition 1. (MP system) An MP system is a discrete dynamical system speci ed by
a construct [14]:

M =(XR;V:Q; 55530 o5 )
whereX , R, V are nite sets of cardinalityn; m; k 2 N (the natural numbers) respec-
tively.

the arrow notation by a rewriting rule, !, with ;  strings overX . The
stoichiometric matrixA stores reactions stoichiometry, that &,= (Axr j X 2
X;r 2 R)whereAxr = rjx ] rjx,andj jx is the number of occurrences of
the symbok in the string ;
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ume, pH, ...) equipped with a s, : N! R jv 2 Vg of parameter evolution
functions, where, for anyi 2 N, hy(i) 2 R (the real numbers) is the value of
parameter at the step;

4. Q is the set ofstates seen as functiong : X [ V ! R from substances and
parameters to real numbers. A general stgtean be identi ed as the vector

elements oK [ V. We denote bgx the restriction ofg to the substances, and by
gv its restriction to the parameters;

5. = ', :Q! Rjr 2 Rgisasetofuxregulation maps, where foranyg 2 Q,
' 1 (g) states the amount (moles) which is consumed/producedeistétieq, for
every occurrence of a reactant/productrofWe de neU(q) = (' ,(g) jr 2 R)
the ux vector at stateq;

6. is a natural number which speci es the number of molecules(@bnventional)
mole ofM , as itspopulation unit,

7. is a function which assigns to eagh2 X, themass (x) of a mole ofx (with
respect to some measure unit);

8. isthetemporal intervalbetween two consecutive observation steps;

9. o 2 Qs theinitial state;

10. : N! Q isthedynamicsof the system. It can be identi ed as the vector

( (0); (O); (2);::2), where (0) = o, and (i) =( (i)jx; (i);v) is computed
by the following autonomous rst order difference equation

(i+Djx = A UC@E)+ ()x (28)
(i+1)jy =(h(i+1)jv2V) (29)

whereA is the stoichiometric matrix dR over X , of dimensiom m, while
+ are the usual matrix product and vector sum. We introducestimbol ; to

MP graphs introduced in [18], are a natural representation of MP eayst modeling
biochemical reactions as bipartite graphs with two levielsyhich the rst level de-
scribes thestoichiometryof reactions, while the second level expressegd¢gelation
which tunes the ux of every reaction (i.e., the quantity d¢feenicals transformed at
each step) depending on the state of the system (see for &x&igpre 2.1).

Given a metabolic process, some elements of a related MBrsysin be generally
de ned from a macroscopic observation of the system, whiteeoelements should be
computed by means of suitable mathematical techniquesngtance, if we deduce by
experimental observations the set of substanggstém 1 of De nition 1), the chemo-
physical parameterd/(, item 3) and the reaction&( item 2) involved in the biological
process, and if we know the mathematical laws which regtitegse reactions (, item

5), then the system dynamics (tem 10) can be computed by the equations (28) and
(29).
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The dynamics computatiotask, just de ned, is only one of several biologically in-
spired mathematical problems which can be tackled by MReryst Table 2.1 collects
a few of these tasks focusing on the known and the unknownegienof the related MP
system. The second problem we propose isulxaliscovery which entails the compu-
tation of uxtime-seriedJ( (0));:::;U( (i 1)) thatyield an observed dynamicsg

of substances and parameters. A mathematical theory feingathis problem, called
Log-gain theory, has been proposed in [14, 15], and some atatipnal tools based
on it are currently under construction. A third task is rethtoregulation discoveryit

is a regression problem which aims at computing functionshich better interpolate

tional regression methods [20] as well as by evolutionamoting techniques, such
as genetic programming [13] and neural networks [21].

Problem Known elements Unknown elements
Dynamics computation X;RV; o
Fluxes discovery X;R;V;U((0); « U( @);u 1)

Dynamics analysis X;RyV; Statistical params, etc.

Table 2.1 Some biologically inspired problems which can be tacklethinithe MP systems
framework. Unknown elements should be computed from kndements by means of suitable
mathematical techniques and computational tools.

The last problem listed in Table 2.1 concernsdyaamics analysjs data-mining task
which involves the discovery of new biological informatifsom observed dynamics. It
is related to the discovery of statistical parameters (dygnamics and ux correlations),
the clustering of observed time-series to detect the maorsof a biological system,
and the analysis of the dynamical behaviors occurring fraffierént (environmental
and structural) conditions.

Of course, it could be very useful to systematically attdse and further bio-inspired
problems by means of a set of computational tools suitablgldped to satisfy biolo-
gists' needs. The software architecture proposed in thesemtion answers this request
by supporting an extendable set of plugins, each dedicatadpeci ¢ task.
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Fig. 2.1 An MP graph visualized by a graphical user interface of MithPFrame labels point
out MP system elements in the MP graph representation. &uies, reactions and parameters
describe the system stoichiometry, while uxes expressstrgtem regulation.

3 A new plugin-based framework for processing MP systems

Here, we propose a computational structure which enablaaRligh to systematically
tackle the problems introduced in Table 2.1. Figure 3.2 asghis framework, which
involves four main layers: the rst deals with the model d&ion and visualization by
MP graphsthe second is dedicated to the representation and stdri@ systems by

a suitable data structure call®tP store the third concerns with the processing of these
data by means of computational units callg plugins and nally, the fourth arranges

a set ofvistaswhich support the MP systems analysis.

MetaPlab employs this framework to extend the functioreiand to improve the per-
formances of MPsim 3, which only coped with the MP systemaukition. The new
extendable data processing layer, described below, tustallab to be a proper “vir-
tual laboratory” wherein MP plugins act as virtual tools fsocessing MP systems. In
the following we show some implementation details of the s@fiware architecture
depicted in Figure 3.2. A technical description of the whatehitecture will be pub-
lished soon in the MetaPlab User Guide [28].

MP graphs. The leftmost layer of Figure 3.2 contains the MetaPlab ifpull, also
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Fig. 3.2 The MetaPlab framework.

depicted in Figure 2.1. It is an easy-to-use graphical ugerface which takes MP sys-
tems as inputs and visualizes them by means of MP graphs. Séredtags MP graph
elements from the right toolbar of Figure 2.1 to the centraitevpanel. He or she spec-
i es their internal parameters by lling in suitable eldsand connects the nodes by
drawing arcs between them. Importation of observed timmeseelated to substances,
parameters and uxes dynamics is supported and a “netwadated” visualization of
MP system dynamics is provided by pop-up windows attachedt¢h node. MP graphs
loaded by this GUI are stored into MP store objects, whichdareed below.

MP storedata structure. The second layer of Figure 3.2 consists of an object-oréente
data structure calleP store It has been designed to store all the elements of an MP
system by suitable Java objects. Eacibstancex 2 X is mapped to an object which
stores the substance namgdts molar weight (x) and the time-series of its dynamics
(C (iI)(x)ji 2 N). Eachparameterv 2 V is implemented by an object having two
main elds, the rst stores the regulation functidyy as a string, while the second holds
the time-series of its dynamigé (i))(v) j i 2 N) as a vector of real numberSlux
objects are very similar to parameters, in fact each uxesathe regulation function

', of areactiorr by a string eld, and the related ux time-seri€s,( (i)) ji 2 N)

by a vector. Finally, eacteactionobject implements a reaction rule2 R by a vector
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of pointers that address the substances objects involveddach pointer from a reac-
tionr to a substancg has a related multiplicity eld which stores the valég., of
the stoichiometric matrix. MP store is a crucial point of tiew software architecture.
Indeed, being the standard input of every plugin, it acts asidge between th&P
graph visualizatiorand thedata processingayer described in the following.

Data processing.The third layer of Figure 3.2 represents the core of the neshiar
tecture, in fact, it concerns with a plugin-based moduleimppvith the MP systems
data processing. This layer is composed)ogn extendable set of Japdugins listed

on the right of the third layer, each equipped with speci puh and (auxiliary) output
GUIs, andii) aPlugin Managey depicted on the left of the third layer, which automat-
ically loads MP plugins and makes them available to be laedd¥iP pluginsare the
MetaPlab processing units. Each of them is involved in aispeomputational task,
such as the dynamics computation of an MP system, the egimat its regulation
functions, the analysis of its dynamics, or the importattdmetabolic pathways from
databases. To accomplish one of these (or further) taskagampmets two possible-
puts: an MP store object, which addresses the model visualizetidinput GUI, and

a set of auxiliary data, coming from a plugin-speci ¢ inputy(if the plugin provides
it). The pluginoutputs may be saved into one or more MP store objects or they can be
displayed by plugin-speci ¢ output GUIs (tHéP vistasdescribed below).

A plugin can be implemented by one or more Java classes, dnavthods for accom-

plishing some basic functions, such as, to return the plagime and its description,

to acquire the input, to perform the data processing, anetiarm the output. Further

Java methods manage the plugin synchronization with thefélse application. Once

all the required methods have been implemented, the plsgieaidy to be launched by
means of MetaPlab. In this way, the compiled (.jar) le of ghlegin should be placed

into a speci ¢ folder, calledblugin directory in order to be automatically recognized
and loaded by the Plugin Manager.

Figure 3.3 depicts thBlugin ManagerGUI which enables the user to choose plugins
from a list and to run them. Thepper sideof this window displays the available plu-
gins. Each of them can be launched by selecting the relateg ienthe list and by
clicking the underlyingRun button. If a plugin saves its output as an MP store data
structure, then further plugins can work on this outputfiggtit as an input. Whenever
a plugin computation stops, the Plugin Manager is displayedrder to give the user
the chance to run another plugin. Tlosver sideof the Plugin Manager is instead ded-
icated to deliver new plugins. In fact, due to the intrinsgea and easy structure, MP
plugins can be implemented, following a few simple ruleswythoever wants to attack
a speci ¢ modeling problem by MP systems. From this perspegcthe forthcoming
on-line repositories will enable the exchange of these agatnal tools among the
MetaPlab users, thus encouraging their reuse. When amemepository is selected by
the rsttext eld, the subsequent text box automaticallygls the list of plugins which
can be downloaded from the repository. Soon, a web site detico MetaPlab [28]
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will support the download of new plugins and it will provideamplete documentation
of the software.

2 MPlab Plugin Manager |:”E]®
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Fig. 3.3 The MetaPlab Plugin Manager. In the upper side the user gaplugins by choosing
them from a list. The lower side allows the user to download péugins from forthcoming
on-line repositories.

MP vistas. The fourth level concerns with other ways of representing stiectures
and MP dynamics, which can support the analysis of specipeats of the modeling
process. Some examples of these vistas are the jointingadisubstances and param-
eters curves, the plotting of phase diagrams, and the visti@in of statistical indexes.

Auxiliary modules. Two further modules are displayed in th@tom of Figure 3.2:
the MP store validatorand therepository managerThe rst is a Java library which
assists plugin designers to check the MP store consist@ineysecond manages the
systematic storage and retrieval of the experiments @tata speci ¢ MP system.

4 A plugin for computing MP system dynamics

In this section we propose a plugin example to highlight tleelanisms underlying the
plugin-based framework described above. The plugin we @ejps asimulatorwhich

computes the dynamics of an MP system by applying the rectecuations (28) and
(29) of De nition 1. We remark that the plugin is simply a reangement of the stand-
alone software MPsim 3. The main difference between thedstdone simulator and
the relative plugin version is that, the latter satis es sostructural requirements which
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allow it to be automatically loaded by the Plugin Managercommunicate with the
MetaPlab input GUI and to exchange data with other plugirnkth® details about
these simple requirements will be published in the forthicgrvietaPlab Developer
Guide [28].

Plugin functioning. At the beginning of the modeling process, we de ne an MP sys-
tem by dragging substance, parameter and reaction nodesffi@right toolbar of the
input GUI (Figure 2.1). Then, we draw stoichiometric arcs] ve state both regulation
functions and initial conditions. For example, let us inreggio de ne an MP graph for a
typical metabolic process, as the mitotic oscillator algesimulated by the stand-alone
tool in [3].

After this input stage we open the Plugin Manager (Figurg&tdch lists all the avail-
able plugins. We select thdynamics computation toddy choosing the related entry
from the upper list, and we click tHeunbutton, in order to start the plugin. The graph-
ical user interface depicted on the left side of Figure 4 @deaps on the screen. By this
window we state the number of steps to perform and then, wetathe dynamics com-
putation process by the start button. When the process asistie substance, parameter
and ux time-series, computed by the plugin, are automdicsaved by an MP store
which updates the MP graph displayed by the input GUI. Funtioee, the dynamics is
plotted by the plugin output interface, depicted on thetrigfttigure 4.4, which shows
the typical mitotic oscillations.

We nally remark that the just computed dynamics can be pssed again by further
plugins, as in a pipeline, because MP store objects presieevéormat compatibility
among all these tools. From this perspective MetaPlab witielreases the computa-
tional power of MPsim.

B MPlab simulation paramelers @FW@

Simedation parameters
New organism simulation

Engne: defauk
Staps 150000 | [T floceing

Fig. 4.4 On the left: The input graphical user interface of the dynamics comprigilugin.On
the right: the output graphical user interface of the dynamics contjmmtglugin.
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5 Conclusions and future works

This work has shown that several problems related to the fimgdef biological net-
works can be systematically tackled by means of a set of ctatipnal tools integrated
in a virtual laboratory, based on the MP systems theory.

The power of this laboratory tightly depends on the exityilof the plugins architecture
and will increase as much as we collect new plugins enrictiieghasic functionalities
of our system. For example, at present we are almost readydt@a aew plugin, based
on the Log-gain theory [14], which compute the uxes of a giwdP system, deduced
by a temporal series of observed states. We plan also toaewather plugins based
on traditional regression techniques, neural networksgametic programming, for ob-
taining ux maps from uxes.

Other important functionalities of our virtual laboratowill be topics of further ex-
tensions. In particular we want to mentidhplugins which compute suitable statistic
coef cients and analyze the system stability when biolagisarameters changé)
plugins dedicated to the network importation from the mairline databases (by the
SBML standard)iji) plugins able to map MP systems to other formalisms, such & OD
or Petri Nets, and to visualize MP models by means of altermatstas.
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This paper presents a bio inspired membrane computing atioolfor an end-
to-end, secure mobile ad hoc network (MANET). Mobile ad hodes remain
autonomous and organize themselves in an overall commahitetwork de-
vices to perform coordinated activities. Membrane computr P systems, as
distributed and parallel computational models, are dexedoas an abstract bi-
ological metaphor for mobile ad hoc network nodes. Mobildhad membrane
networks are modeled using a transitional P system sinaalatvith migration
components and a guardian membrane that regulates intermttetween the
trusted network component and the unknown external enviemnt.

1 Introduction

P systems belong to the class of theoretical natural comguitiodels inspired from

the way the live cells process chemical compounds, enerdyrdarmation. They are

highly parallel and based on the notion of a membrane stredi?]. Such a struc-

ture consists of several cell-like membranes recurrenthced inside a unique skin
membrane. The regions delimited by a membrane structurplaced in multisets of

objects, which evolve according to evolution rules asgediavith the regions. These
objects placed in the regions delimited by the membranes,beatransformed into

other objects and can pass through a membrane. The goakafegearch was to in-
vestigate the feasibility of applying P system models asméwork to address an NP
complete problem [10, 12], that of securing mobile ad hoewoets. Two basic classes
of P systems, with symbol-objects and string-objects [8tenensidered. Addition-

ally P system models were developed based upon ambienteraabdulus for securing

Mobile Ad hoc Networks [2,15, 16].

A mobile ad hoc network (MANET) typically consists of a largember, potentially
hundreds or thousands, of highly mobile data sources wisenesmay be scattered over
a wide area with little or no xed network support. These netlts must adapt rapidly
to dynamic changes in network con gurations. Mobile ad hetworks consisting of
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a wide variety of information sources and users require geeaf distributed services
and network protocols to solve the problems of mobility, wemnals and intermittent
disconnection, dynamic recon guration, and limited poweailability. The DasWebPS
(P system) simulator was previously developed as part of\é& York Nano-Bio-
Molecular Information Technology (NYNBIT) incubator peajt. The DasWebPS sim-
ulator was used in the present research in order to modetdhsitional P systems that
would replicate membrane agent behavior in a mobile ad hoeark. Results from
the simulation were then abstracted using the Xholon [Ivlgitor's P system model
for validation. The simulation was successfully compleatedO iterations, terminating
when the mobile ad hoc node exits the trusted environmegtgkin membrane).

2 Methodology

Transitional P systems and deterministic P systems witlveanotembranes [13] have
been simulated in various programming languages, and séitheim have been used
to solve NP-complete problems as Hamiltonian Path ProbléRP(), SAT, Knapsack,
and partition problems. P systems with active membranpsatimembrane and external
output are simulated in CLIPS, and used to solve NP completegms [14]. A more

complex simulator written in Visual C++ for P systems withtiae membranes and
catalytic P systems is presented in [3]. It provides a gregdisimulator, interactive def-
inition, visualization of a de ned membrane system, a dol@g@raphical representation
of the computation, and step-by-step observations of thalmane system behavior.

The DasWeb PS simulator allows for enhanced applicaticel Ewnulation and offers a
user-friendly interface to the user. In addition it alloves éiebugging and visualization
features and thus is a exible P system development toohénRasWeb PS simulator
all membrane computing applications are tree structurashwibecome visible in the
GUI once an application has been opened. The applicatierctretains three sub trees;
Controller, View, and Model. At any time while the progranrisining, a single click
on the parent Application node will display at the bottomlué GGUI the name of the
open model and the current time step.

A comparative analysis was undertaken inspired by [15, p@lyang an expressive
ambient calculus to Membrane Computing, based on a sintilactsre and common
concepts as a natural extension to the research descrif&8jnThe aim was to classify
mobile network components according to their behavior, @reimpowering sites with
control capabilities which allow them to deny access to ¢hagents whose behavior
does not conform to the site's policy as described in [5].i¢&ite of a system conforms
to: KIMj > P ] that consists of as an entity named k and structured in tweré&aya
communications agent P, possibly accessing local resswftered by the site, and a
guardian membrane M, which regulates the interactions é&twhe communications
agent and the external environment. An agent P wishing trergite | must be veri ed
by the guardian membrane before it is given a chance to eiteer  the preliminary
check succeeds, the agent is allowed to execute, othevissejected. In other words,
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a membrane implements the policy each site wishes to enlmcedy, by ruling on the
requests of access of the incoming agents. This can be eeprby a migration rule of
the form [6, page 2]:

kIMKj > gol:PjQJijlM'j>R]! kIMXj>QIjlM'j>PjR]ifM' “kP

The relevant parts here are P, the agent wishing to migrata the original environ-
ment, Group A consisting of ambients (heteis the originating site and | being the
receiving site), needs to be satis ed that P's behavior daspvith its local policy. The
latter is expressed by I's membramé¢!. The judgmenM ' ~ X P represents | inspecting
the incoming agent to verify that it upholdi'.

Observe thatin the formulation abolve' * ¥ P represents a runtime check of all incom-
ing agents. Because of the fundamental assumption of opensigch kind of checks,
undesirable as they might be, cannot be avoided. In ordedioce their impact on sys-
tems performance, and to make the runtime simulation asesftaas possible, it was
necessary to adopt a strategy which allows for ef cient dgeni cation. The resulting
elementary notion of trust operates from the point of vieat #ach |, the set of sites, is
consistently partitioned between “trustworthy,” “unttesrthy,” and “unknown” sites.
Then, in a situation like the one depicted in the rule abaveas assumed that | will
be willing to accept a k-certi ed digest T of P's behavior fnoa trusted site k. It is
therefore necessary to modify the primitive rule and thegjuént” k as in the re ned
migration rule [6, page 3]

kIM¥j > gorl:PjQljI[M'j>R]! k[MKj>QljiM'j>PjR]ifM' kK P

As discussed in [6] the difference is expressedlih * ¥ P. Here, | veri es the entire
node P against Ml only if it does not trust k, the signer of Risticcate T, otherwise,
it suf ces for | to match Ml against the digest T carried by ghemitive “go” together
with P from k, so effectively shifting work from | to the origator of P.

3 Analysis

The novel contribution discussed in this paper is the natioa “guardian membrane”
used to implement and enforce different types of securigtee policies [6]. Here the
focus was on the membrane agents' migration from site x éoysithe main operational
mechanism is “between cells”, rather than intra-site (peal or intra-cellular) com-
munication. Using these basic operations it was possibtiet@lop a working model
and subsequently simulate a transitional Membrane Comgutiodel to verify the no-
tion of policy enforced using membranes. This required aps&npolicy which only
lists allowed actions and then proceeded to count actioaroeeces and then to apply
nondeterministic Membrane Computing policies. Policiesthe enforcement of rules
concerning the behavior of single agents, and do not takedictount “coalitional” be-
haviors. Here incoming agents, assumed to be benign, jasiests of resident agents
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in order to perform cooperatively potentially harmful acts, or at least overrule the
host site's policy. Those policies intended to be applieth&joint, composite behavior
of the agents contained at a site are referred to as localsatart. Resident policies
were explored as the nal application of policy. In all thesea, the simulation adapts
smoothly; one only needs to re ne the information storedhe guardian membrane
and their respective inspection mechanisms.

4 Discussion

The results reported in the analysis section reinforcesrntiangs as reported in [1,
2] of an inherent security feature in ambient calculus, nigintieat the access to an
ambient is authorized using the correct ambient name. THaearhname serves as a
type of password for accessing the ambient. In the P systedehtonsidered above,
the membranes from the Group A have the same names as theasi(eig nodes) they
are guarding, in this way, when an agent is going to access sae, for example, the
node named n, the corresponding membrane from the grouplieiPR system sends
some multiset of objects to the membrane with naméf the ambient with nama
exists, that is the corresponding membrane with the naptBen with respect to the
de nition of transitional P systems operating within a dyma network of membranes,
the multiset of objects will be delivered to the membrandnaitidress . Otherwise, the
action will be denied access until a membrane with narappears.

There are several key components necessary to allow foresetobile networking as
described in [7]. First and foremost it requires a rich pplanguage, expressive enough
to specify both authorization and information- ow polisias described in [4]. Together,
these policies regulate the use and propagation of infeom#troughout the network.
During development of the Mobile Ad hoc membrane computiraget, it was nec-
essary to express constraints on allowable mobile nodevimrkahat can be checked
statically. Policies appearing in node certi cates arei eerby hosts to ensure com-
pliance with their own local data policies. Finally, duriagecution of the simulation,
the policy language provides the vocabulary for authoidrethecks that are performed
at run time to enforce access control. The Mobile Ad hoc maglblased on an open
system and enforces policy rules for speci cation of infation- ow and authorization
policies. The secure membrane networking architectureiges features for describing
the locality of data sources and the security policies tloaegn them. This information
is expressed as a collection of P system rules. The securdraamnetworking archi-
tecture provides three services. First, it checks the caté accompanying a node if it
is asked to execute. This protects the host against mati@ogorrupted code by rul-
ing out potential aws (e.g., buffer over ows, etc.) and emss that the node complies
with the host's local information- ow policy. This part ohe security enforcement oc-
curs before the node is allowed to enter the network. The cate veri er is part of
the trusted networking base. Second, the membrane netvgpskistem manages digi-
tal certi cates that represent proof witnesses for the ari#fation and checks the node
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to make certain it has been authenticated. And third, the lon@n@ networking system
provides secure inter-host communication. When, duriegtiurse of execution, a pro-
gram needs to exchange data with another node in the netivoides so through the
guardian membrane, which applies appropriate autherdicand encryption to ensure
that the underlying communication channel is secure.

5 Conclusion

Mobile ad hoc networking is increasingly characterized g global scale of appli-
cations and the ubiquity of interactions between mobile gonents. Among the main
features of the mobile ad hoc networking include securermétion dissemination and
location awareness, whereby nodes located at speci ¢ aitesappropriately to local
parameters and circumstances, that is, they exhibit “ctiat@are”; mobility, whereby
information is dispatched from site to site to increase kekiy and expressivity; open-
ness, re ecting the nature of global networks and embodstegpermeating hypothe-
sis of localized, partial knowledge of the networking eoniment. Such systems present
enormous dif culties, both technical and conceptual, aredcairrently more at the stage
of future prospects than that of conventional networkinactice. Two concerns, how-
ever, appear to clearly be of a far reaching importance:régcand mobility control,
arising respectively from openness and from mobile ad haterand resource migra-
tions.
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Dealing with distributed implementations of P systems jableneck commu-
nication problem has arisen. When the number of membrarmssgup, the
network get congested. In agreement with this, severalighdd works have
presented an analysis for different architectures, whigblément P systems in
a distributed cluster of processors, allocating severahbranes in the same
processor. The purpose of these architectures is to reammpromise between
the massively parallel character of the system and the weedalution step
time to transit from one con guration of the system to the tnee, solving the
bottleneck communication problem.

The work presented here carries out an analysis of the s@sanfitthe P sys-
tems, in several distributed architectures. It will be sal\how to restructure P
systems when dissolutions or inhibitions take place in nramdés. Moreover,
it will be also determined the extra information necessamvary communica-
tion step in order to allow all objects to arrive at their tetgwithout penalizing
the communication cost. This analysis will be performed lom base of use-
fulness states, which were presented in a previous work.uBb&ulness states
allow each membrane of the system to know the set of membraitiesvhich
communication is possible at any time.

1 Introduction

Membrane Computing was introduced by Gh. Paun in [6], asvalranch of natural
computing, inspired on living cells. Membrane systemsldista a formal framework
in which a simpli ed model of cells constitutes a computatibdevice. Starting from
a basic model, Transition P systems, many different vaginave been considered; and
many of them have been demostrated to be, in computatiomapequivalent to the
Turing Machine. Strictly talking from an implementationuadint of view and consider-
ing only the simplest model (Transition P systems), theeesaxeral challenges for re-
searchers in order to get real implementatios of such systéoday, one of the most in-
teresting is to solve the communications bottleneck probdnen the number of mem-
branes grows up in the system. Accordingly with this factesal works [8], [2] and [3]
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present an analysis for distributed architectures baseallocating several membranes
in the same processor, in order to reduce the number of elteommunications. These
architectures allow certain degree of parallelism in aggilon rules phase, as well as in
the communication phase in a transition step during P Systesoution.

On the other hand, usefulness states were de ned in [5] withrhain goals. First and
foremost, a usefulness state in a membrane representsttbEraembranes to which
objects can be sent by rules in the current evolution stes ifformation is essential
to carry out a transition correctly. And second, usefulretages are used to improve
the rst phase -evolution rules application inside memlasigetting useful rules in a
faster way. In [8], [2] and [3] the total time for an evolutistep is computed, and what
is more important is the fact that reducing the applicatibage time, the system obtains
an important gain in the evolution step total time.

The goal of this paper is to t usefulness states into comrmaitidns architectures pre-
sented in [8], [2] and [3], solving the problem of membrangsdiution and membrane
inhibition, not considered in those works. Furthermoreyiit also considered the re-
quired information for objects to reach their respectivgéd membranes. This infor-
mation is based on the usefulness state concept.

2 Related works

At this point, several distributed architectures for implnting Transition P systems
are described, and also the usefulness state conceptésvexVi

2.1 Communication architectures In order to face the communication problem in
P System implementations, Tejedor et al. present in [8] ehit&cture named "partially
parallel evolution with partially parallel communicatibi his architecture is based on
the following pillars:

1. Membrane distributianSeveral membranes are placed at each processor which

will evolve, at worst, sequentially. Then, there are twoddf communications:

Internal communications between membranes allocatedeasaime proces-
sor, with negligible communication time due to the use ofredamemory
techniques.

External communications between membranes placed irreliffgprocessors

2. Proxies used to communicate process@ben a membrane wants to communi-
cate with another one allocated at a different processess asproxy. Therefore,
external communications are carried out between prox@bgtween membranes.
This implies that each processor has a proxy which gathgextshfrom all mem-
branes allocated on it, and after that it communicates wiitakle proxies.




Usefulness States in New P System Communications Architeatsr 137

3. Tree topology of processarsorder to minimize the total number of external com-
munications in the system. Proxies only communicate widirtharent and chil-
dren proxies. Figure 2.1 shows an example of a membrandsteLfor a transition
P System and its distribution in an architecture with fowrgassors.

P1

s 3 ~ oSN,

1] BDTD 66 9| %

7 Eiamem.

P4 £ 1
+«——» IntemalCom.
.c 4=+ VfitualCom.

-

Fig. 2.1 Membrane distribution in processors

4. Token passing in the communicatidngprevent from collisions and network con-
gestion. A communication order is established through anpknd then only one
proxy tries to communicate at any moment. This token tratl@isugh a depth
search sequence in the topology of processors tree. In tétesture of gure
2.1, the order in communications would be the following: BPR2, P2 to P4, P4
to P2, P2to P1, P1to P3 and nally P3to P1.

More recently, Bravo et al. [2] have proposed a variant o girchitecture. Membranes
are placed in slave processors and a new processor is icgddwcting as master. Slaves
apply rules and send to the master multisets of objects wiangets are in a different
slave. Master processor redistributes the multisets tovits slaves. This architecture
keeps the parallelization in the application phase obthind8], but also it seeks for
parallelizing the rule application phase in some processath the communication
phase in others. This produces the reduction of the evolstiep time in the system.

An evolution of the last architecture was proposed in [3] bg\® et al. Now, several
master processors in a hierarchical way are used. This llaetsathe parallelization of

external communication and drastically increases thellpization of application rules

and external communication phases. As result, a bettengonlstep time in the system
is obtained.

2.2 Uselfulness states. The usefulness state concept at membranes of a P System
is introduced in [5]. This state allows to any membrane tovkrnbe set of children
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membranes to communicate with (membrane coht@ktis information is necessary to
determine the set of rules to be applied in a evolution steg itechanges dynamically
when membranes are dissolved or inhibited in the P System.

The set of usefulness states for a membrjarie a Transition P System can be ob-
tained statically, that is, at analysis time, as we can s¢g&]irOne usefulness state in
a membrane represents a valid context for that membrandstteacontext that can be
reached after an evolution step. As membrane context camgehdynamically, transi-
tions among states are also de ned in [5].

From a given usefulness state can be obtained the set ofl uskefs. A rule is useful
in an evolution step if all its targets are adjacent, notalissd and not inhibited, then
communication is feasible.

Figure 2.2 represents our example of P System. In this cadg rales associated to
membrane 3 are detailed. Symbadh membranes 6, 9, 10 and 11 represents the possi-
bility of these membranes to be dissolved by the applicaif@ome rules inside them.
The symbol represents the possibility of inhibiting for membranes @nd 11 by the
same cause. Usefulness states for membrane 3 are depidtdalar?.1, together with
their contexts and useful rules associated.

L/

1
43 s
/ \ /n calb---»(@?in)bing ) 1
ry: &’ b?---> (a? in;)(a? here)( b? he: re)
r3: a?bf-—> (b? ing)(b? oub) &
ry: at—> (a? here)b? ing)
r5 . b2-—> (a here)(b here)

D
Q /

Fig. 2.2 Dissolving and inhibiting capabilities in membranes

Tables de ning transition among states are also de ned atyais time. Suitable transi-
tions take place when a child membrane of the current cootextges its permeability.
In such a way that, during system execution, membranes bilio the set of useful
evolution rules directly from their usefulness stateshwaitt any computation.

From an implementational point of view, problems arise whembranes have a high
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Usefulness Statgl Context | Useful rules
% f6,79 | riirairs;rs
h f 69 rs;rs
% f8,9, M | rarars
% f8, 9 r4;fs
(o) f8, 79 r2,r4,rs
% f9g r's
O f7g ra;rs
07 ; I's

Table 2.1 Usefulness states for membrane 3

number of states, which cause transition tables to grow tyat s why in [5] it is
proposed to encode usefulness states in order to avoidticentables. Each one of
usefulness states is encoded depending on its contexi r@msitions are carried out
directly in the code. Accordingly with this idea, two de ohs are introduced:

Total Context for membranej. Itis the set made up of all membranes that eventually
can become children of membraneTherefore, all contexts are included in the total
context.

TC(j) = Child_Of (j) [ TC(j«) (30)
jx2Child D (j)

whereChild _Of (j) is the set of all membrarjechildren in the initial membrane struc-
ture; and wher€hild _D (j ) is the set of membrarjechildren that can be dissolved.

Normalized Total Context for membrane] . It is de ned as thel C(j ) sorted in depth
and in pre-order.

TCnormal (3) = (j1;TCnormar (J1);:::50n: T CNormal (jn)) (31)

wherejx 2 Child _Of (j) from left to right in , that is, in the initial membrane struc-
ture; andT Cnormal (j k) IS considered as null if membraig has not dissolving capa-
bility. For instance, in our P systemM Cnormar (3) = 16;8;9; 70.

Each one of the usefulness states of a membréamencoded byl Cnormar (j) depend-
ing on its context, with binary logic. The value 1 represehtt the membrane belongs
to the state context. For example, the usefulness ggadé membrane 3, representing
the contexf 6, 7g, is encoded as 1001.

membrang at timet, the transitional logic will be the following:
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1. If membranéy at timet is inhibited, theng (t + 1) = (i1;:::;0;:::50n)

2. If membranéy attimet comes back to be permeable, thgr(t+1) = (i1;:::;1;
2iiiin)

3. If membrand at timet is dissolved, it has to send its usefulness stfté),
encoded by its normalized total cont&@XCnormar (ik), to the membrang. Con-
sidering formula 31, the usefulness state for membjanan be expressed in a
deeper way ag (t) = (i1, ::: ik, TCnorma (ik), ::: .in). Then, the transition
obtained for membrarjeis ¢/ (t +1) = (i1, :::,0, 7 (t),:::,in)

Inthe proposed example, if membrane 3 is in the usefulnatsg(t) = 1001, encoded
by T Cnorma (3) = f6;8;9; 7gand membrane 6 is dissolveddf(t) = 11 encoded by
T Cnormal (6) = £8;9g, it is obtained the transitiog®(t + 1) = 0111

3 Usefulness states updating in membrane dissolution and
inhibition

In order to t properly usefulness states updating, we wik\iously describe the su-
cession of tasks that are carried out in an evolution steprbe€ommunications initiate,
that is, in the phase of rules application inside a membrane.

1. Active rules are obtained at every membrane of the system.

2. Active rules are applied in a maximal parallel and non ueieistic way at every
membrane of the system.

3. Each membrane of the system determines the result of aplgigcation. The fol-
lowing information is obtained:

Objects which are produced and remain at the same membrane.
Objects which are produced and have as target an adjacenbraeenof the
P System. These objects will be sent to the proxy of the psmrds which
the membrane is placed. This proxy will be in charge of cdillerobjects and
sending them to their respective targets, as will be desdrib section 5.

A new permeability state for the membrane, which is compuitdidwing
the gure 3.3 automaton. This automaton represents triansiamong mem-
branes states based on the resulting dissolution and fitmbin the applied
rules. The membrane will notify its new permeability staietie proxy only
in case of changing.

When a proxy receives the information sent by a membrane pegmeability state and
current usefulness state in case of dissolution- it is reszggo carry out the following
tasks:
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ot &t

. O

Fig. 3.3 Membrane permeability states

1. The proxy has to nd out the father membrane. It is necgssaconsider that it
can change dynamically, as membranes are dissolved. Futhe, the father may
be allocated in another processor.

2. The proxy has to notify the new situation to the father. Higer will update its
usefulness state according to this situation, as it has $fe@nmn in section 2.2

In order to achive these goals, the proxy must know the menaxstaucture, as regards
membranes allocated in the proxy processor. And for eactobtieem, the proxy must
know the following information:

j: membrane identi er.
D(j): Dissolved. The value will be true if membrane j is dissolved
TCL(j) : Total Context Lenght. This value is computed in analysigetifollowing

the formula: 50
TCL(j) = (1 + TCLYjk) (32)
k=1
wherej 2 Child _Of (j) and
TCLYjy) = TCL(j«) if jk has dissolving capability

0 otherwise

PFTC()): Position at Father Total Context. This value is the membjjgrosition
at the normalized father total context. This value is coragditom the initial struc-
ture in analysis time following the formula:
X1
PTCF(j;)=1 + (1 + TCLY«)) (33)
k=1

wherej 2 Child _Of (j) at the left ofj; in

Forinstance, a$ Cnormal (3) =16, 8,9, B, values ofP FCT for both children

membranes are obtained from this total context. Speciyc®IF T C(6) = 1 and

PFTC(7)=4.

USMY(j): Usefulness State Mask. The membrangill make use of this mask in
the usefulness state updating process.
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Following with the example in gure 2.1, gure 3.4 repressithe stored information in
proxies. The values fof LC (j ) andP F T C(j ) are worked out from the corresponding
normalized total context, which are obtained taking intocamt dissolving and inhibit-
ing capabilities of membranes, depicted in gure 2.2.

e
Proxy P1 1

D=f TCL=8 7
USM=0 PFTC=null D=f TCL=1
USM=0 PFTC=4
3 3 h
D=f ToL=2 D=f TCL=4 ¥ _
USM=0 PFTC=1 USM=0 PFTC=2 D=f  TEL=0

USM=0 PFTC=1

Proxy P2 Proxy P4 6(P2)
i 3(P1) USM=0
UsM=0
~ (] ]
[]

i > p=f TcL=1 D=F TCL=0
D=f TCl=0 | D=f TCL=0 ||D=f TCL=2 USM=0 PFTC=1 Gol=l PRIt
USM=0 PFTC=1 | |USM=0 PFTC=2 | |USM=0 PFTC=1 ‘Jﬁ
p=f TCL=0

UsM=0 PFTC=1

Fig. 3.4 Information stored in proxies to update usefulness states

The proxy looks for the father of the membrane which has chdrtge permeability
state, going up in the membrane structure. In this case niecessary to use (j) to
nd a not dissolved membrane.

The proxy has also to prepare the suitable information ftramembrane in order
to update its usefulness state. The updating process isrpertl by changing the bit
representing the membrane which has change its permgadidite. This operation is
performed through a XOR between the usefulness state andi$ivé(j ) eld. Asitis
shown in 2.2, the following cases can be found:

Inhibition of a child membranerhe position associated to the child membrane in
the usefulness state has to be changed from 1 to 0, which ntie@nsommuni-
cation is not possible for the next evolution step. A XOR @pien with a bit 1
reaches this change. For instance, let us suppose that rmeen®in our P System
has the usefulness state 1001.TCnormar (3) = 6; 8;9; 79, this state represents
the contexf 6,7g. Let us also suppose that membrane 7 is inhibited at this. time
The usefulness state for membrane 3 is updated as follows:

USM (3) = 0001 ( bit 1 for membrane 7)

1001 XOR 0001 = 1000 ( Context(3)f%6g)
Removing inhibition of a child membran&he position associated to this mem-
brane has to be changed from 0 to 1. This represents that flterobmbrane
accepts objects for the next evolution step. Again, a XORatmn with a bit 1
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reaches the change.

Dissolution of a child membrandhe bit representing the child membrane in the
total context has to be changed from 1 to 0. Moreover, sewdrtie following
positions in the normalized total context represent theteodnof the dissolved
membrane, as formula 31 shows, and necessarily these bitsstbde replaced
with the usefulness state of the dissolved membrane. One tinog, these changes
can be done with a XOR operation between the usefulness atatéhe mask
stored inthdJSM (j) eld. Forinstance, let us suppose that the usefulness state
membrane 3 is 1001, representing confekt7g, and membrane 6 is dissolved in
the usefulness state 10. As th€nomar (6) = f8; 99, this state represents context
f 8g. The usefulness state of membrane 3 would be updated in lthesifog way:

USM (3) = 1100 (bit 1 for 6, followed by its usefulness state)

1001 XOR 1100 = 0101 ( Context(3)f8, 79)

The main problem now is to exactly determine the positiomaf information in the bi-
nary mask, thatis, inthe el SM(j ). In orderto do this, itis necessary tRé&-T C(j )
eld. The proxy goes up in the membrane structure lookingtfos father membrane,
and simultaneously performing the addition®FTC(j) elds for every dissolved
membranes found in the path.

As an example, let us suppose that membrane 9 is dissolveglinlation step in which
membrane 6 was already dissolved in a previous step, in suely ghat membrane 3 is
the membrane 9 father. Th&SM (3) eld can be obtained in the following way:

Information = 1 (membrane 9, followed by its usefulnessejtat
Position=PFTC(9) + PFTC(6) =3

Lenght=TCL(3) =4

USM(3)=0010 (asT Cnoma (3) = 16;8;9;7g) 9 dissolution)

When a membrang changes its permeability, the algorithtbhangeU3Change Use-
fulness State, gure 3.5) will carry out this process. Theegior + represents strings
concatenation an@’ represents a string with symbols0.

In an evolution step, it may happen that several children brames change their perme-
abilities, involving the same father. Therefore, the ubedas state of a membrane has
to be modi ed with several masks. No matter the order in whicé proxy processes
permeability changes, conmuntative and associative ptiep@f XOR operation allow

to obtain the value fotd SM (j) correctly . Let us suppose, in our example, that mem-
branes 6 and 9 are dissolved in the same evolution step.tfygnmmcesses membrane 6
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ChangeUS ( j, NewPerm, UState )
(1) Mask <--1
2) IF NewPerm = Dissolved THEN BEGIN
3) Mask <-- Mask + UState
(4) Mask <— Mask XOR (0 + USM (j))
{(* Send up current USM of membrane j *)
(5 END
(6) Mask <-- 0 FFTCUI-T + Mask
(7)  Target <-- Father ()
(8) WHILE D(target) AND NOT OutProcessor(Target)
(9 DO BEGIN

(10) Mask <— 0 PFTC{Target) + Mask

(11 Target <-- Father (Target)

(12) END

(13) IF NOT OutProcessor(Target) THEN
(14) Mask <— Mask + 0 TCL(Target) - | Mask |

(* Fit Mask in the Total Context *)
(18) USM (Target) <-- USM (Target) XOR Mask

Fig. 3.5 Algorithm used to obtain the#SM eld for membranej father

before, the resulting SM (3) is procesed as follows:

Father=3

Mask = 1110} WEhE= 1158

15t ChangeUS(6, dissolution, 11) {

[ Father=3

2nd ChangeUS(9, dissolution, -) JL Mask = 0010} UsSM(3) = 1110 XOR 0010 = 1100

Both dissolutions have been considered owing to XOR opmrdti line 15. On the
other hand, if proxy processes membrane 9 before, the regWiM S (3) is procesed
as follows:

Father =6
15t ChangeUS(9, dissolution, -) Mask = 01 USM(6) = 01

Father = 3
2n ChangeUS(6, dissolution, 11) USM(3) = 1100

Mask = (111 XOR (0+01)) + 0 = 1100

USM(6)

When membrane 6 is dissolvétM S (6) is inherited by the father membrane, that is
UMS(3), through XOR operation in line 4.
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Finally, it is important to note that the father membrane rbayplaced in a different
processor; therefore the process is carried out by seveoakepsors in a distributed
way. The algorithm of gure 3.5 deals with this situation inés 8 and 13, in which
OutProcessorchecks if the target membrane is allocated in other proceSsation 6
deals with communications in order to reach a distributextess.

4 Encoding targets of evolution rules within total context

Evolution rules in transition P systems have thefarmh  v,u! v oru! v ,
withu 2 O* andv 2 (O* TAR) , whereQ is the alphabet of objects, and
TAR = fhere;outg [ f inj jj is a membrane labgl Symbol represents membrane
dissolution, while symbol represents membrane inhibition.

Usually, transition P systems implementations up to novjffilequire to store a mem-
brane identi cation for every targen; in every rule in every membrane. In this paper
a compact representation for evolution rules consequesgdan the concept of total
context is presented. It allows to represent targets withoembranes identi cations,
what reduce signi cantly the necesary space to store rileseover, this representation
allows proxies to nd any membrane target in a precise way.

The total context of a membrane is obtained at analysis time:jt encodes any possible
in; target for evolution rules of the membrane. Hence, addinmarp mask of length
equal to membrane total context length, it is possible tdrobif a rule sends objects
to a determined child membrane with lalpelt is expressed setting to 1 theposition

in the binary mask.

In addition, we propose four bits more in order to encode thaplete consequent of
a rulery, two for targets her¢bt) and out(kf) respectively and two for representing
membrane dissolutiofb®) and inhibition(b*). Figure 4.6 shows the proposed encoding
for arule consequent. Besides the sequence of bits, e ters a multiset associated,
represented agl K MX M 0 MK,

On the other hand, the antecedent of a rylean be represented with another multiset:
Mk,

h o 1
k 1.k 1.k k 1.k 1.k
Cr)=0,b, 8 ... b, b; by
Target here ‘_I v \_. Dissolution
Targets i
Target out Inhibition
n = LTC(j)

Fig. 4.6 Encoding for a rule consequent
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Table 4.2 contains the encoded consequent of membranes3mwer example. Let us
remind that the normalized total context for this membraxfei8,9,%

Rule Encoding | Multisets

ri: a’b ! (a?in;)(bing) 00100110 M{ = b; M} = @2
ro: a?? | (a%ins)(a? here)(b? here) | 10000100| M2 = a?k?; M2 = a?
rz: a’® ! (b7 ing)(k? out) 01100001 M2 = M3 = P
rs: a* ! (a?here)(bing) 10010000| M = a?; M3 =

rs: i ! (ahere)(b here 10000000 M = ab

Table 4.2 Encoding consequent of membrane 3 rules

In section 3 it was enumerated the task list to be performexatution rules applica-
tion phase in membranes. Let us explain how can be used anplutedithe resulting
evolution rule using this compacp_)representation of bimaagk and multiset of objects.
LetMg(p) = ri* iirhm = im:1 nir; be the multiset of rules to be applied in
the evolution step, wheren; means the number of times the rujehas to be applied.
Then, itis needed to compute:

C(p), the sequence of bits, encoding targets, for the multisetvofution rules
consecuentf, by by ::: by)
C(p) = ORg: 2 mr(p) C(ri) (34)

Mn(p), Mo(p), M1(p), --.,Mn(p), the list of multisets of objects associated to
C(p).

X _
Mn(p) = ni My, (35)
8 ri 2 M R (p)
X :
Mo(p) = ni Mg (36)
8ri 2 Mr(p)
M;(p) = ni M| (37)
8 ri 2M R (p)
And nally, M(p) the antecedent of the multiset of evolution rules.
X :
Ma(p) = ni Mg (38)
8ri 2 Mr(p)

When this process nishes, membranes proceed to data dglive
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MultisetsM , (p) andM 5(p) will be applied directly to the membrane. Considering
w the multiset of objects placed in the membrane at the beggnofithe evolution
step,w is updated by:

w=w Malp) + Mn(p) (39)

b by ::: by, together withMo(p) M1(p) ::: Mnp(p), will be sent to the proxy
processor.

b b will be used to nd out changes of permeability, as the auttiman gure
3.3 shows. Ib is equal to 1, the transitionis applied; otherwise i is equal to
1, the transition is applied; nally, the transition is applied if bothb andb
are equal to 1. In the case of permeability change, membréheatify the new
permeability state to the proxy, in order to update the Usefis state of its father,
as it is detailed in section 3.

Targets search in proxies

When a membrane has to send objects to its adjacent membitarses the proxy. The
membrane sends to the proxy a pair of data:

(Targets; MS)

WhereT argetsis a binary sequence encoding labels of target membragpbs(: : b,)
and MS is the sequence of multisets associated to each ohe ¢tdrget membranes
(Mo(p) M1(p) ::: Mn(p)). At this moment, the proxy has to perform the following
tasks:

1.

2.

Target membrane favl ,(p) is the father membrane. Hence the proxy will go up
in the membrane structure until nding out the rst not dissed membrane.
Target membranes fovl 1(p) ::: Mnp(p) are encoded by ::: . Hence, the
proxy needs to analyse the Normalized Total Context of thecgomembrane.
Considering equation (2) for Normalized Total Context ofieeg membrane, for
every child membrane the proxy has to keep two important: datadissolving
capability of this membrane, and the length of its normalimgal context.

As consequence, in order to perform targeting search, phasyto store the following
information related to membranes allocated on its proagesso

D(j): Dissolved. The value will be true if membrajés dissolved.

DC(j): Dissolving Capability. Its value will be true if there isyapvolution rule
which could dissolve the membrajelt is obtained at analysis time.

TCL(j) : Total Context Length.

M(j) : Multiset for membrané . When proxy determines that membranés a
target, it stores temporally the suitable multiset inkh¢j ) eld.
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Moreover, it is also necessary to note that one or more taggetld be placed at different
processors. Hence, the proxy has to prepare properly sofoeriation to send them,
because search of targets must continue on these proceSsorgroxy has to store
some data about membranes placed in other processors with thiere are established
connection -virtual connections in gure 2.1-. The needatbdor the proxy are:

DC(j)

TCL())

M()

Targets(j): To store a sequence of bits encoding a list of targets.

MS(j): To store a list of multisets associated to the sequence@éts This eld
and the previous one are needed only for membranes withldisg@apability.

Figure 5.7 shows the required information by proxies of thecpssors depicted in
gure 2.2.

1 Proxy P3
DC=f M=null M = null

2 3 7

D=f TCL=2 D=f TCL=4 D=f TCL=

DC=f M=nul DC=t M=null DC=f M=null

/ 5y Z [

4 5 (P2) 6(P2) 7 (P3) 1
TCL=0 DC=f| [TCL=0DC=f||TCL=2DC=t| |TCL=1 DC=f D=f TCL=0
M = null M = null M= null M = null DC=t M=null

Targets = null
MS = null

Proxy P4
M= null
=

4 5
D=f TCL=0 D=f  TCL=0 D=f 3 r
DC=f M=null DC=f M=null DC= DEF ToL=1 D=f TeL=0
= ; DC=f M=null DC=t M=null
8(P4)
Mol ‘
M = null M= null 10
Targets = null D=f TCL=0
MS = null DC=t M=nul

Fig. 5.7 Information stored in proxies to search targets

5.3 Target search forMy(p) The algorithm presented her&fgetOut) looks for
the father of membrang in order to send it the multisé¥l ,(p). In line 5, My(p) is
assigned to the temporary eldl of the father. Line 3 consider the situation in which
search has to be continued in another processor, then ttial pasult remains in a eld
M awaiting to be sent to the appropiate processor. SectiontBi®paper deals with
communications in architectures.
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Target Out{j, b, M)
(1) IFb,=1THEN BEGIN

(2) Target <— Father (j)

(3) WHILE D(target) AND NOT OutProcessor(Target)
(4) Target <- Father (Target)

(5) M (Target) <-- M,

(6) END

Fig. 5.8 Target search for multisé , (p)

5.4 Targets search foM 1(p) to M,(p) The proxy has to interpret the normalized
total context of the source membrane. With this aim, the proil go down into the
sub-tree of the membrane structure, starting from the somembrane, in depth and in
pre-order. When a membrapehas not dissolving capabilitydC (j )) the analysis of
this branch of the sub-tree is nished.

The recursive algorithm in gure 5.9 describes the searchaodets from the source
membrang , the sequence of bits, encoding targdtaigets) and the list of multisets
(MS) associated to targets. The algorithm visits children memés from left to right.
When the corresponding gt is equal to 1, the multisédl ; (p) is associated to the child
membrane (line 7). Otherwise the child membrane is not &tabgit if it has dissolving
capability OC (j)) then the search has to be continued figm into the normalized
total context of the child membrane, as equation (2) showsake of the child mem-
brane were allocated in the same processor, the searcimgesiin the child membrane
by making a recursive call in line 17. Otherwise, the infotima corresponding to the
normalized total context of the child membrane is stored argets(j) andMS(j)
elds in order to continue searching in the appropriate gssor (lines 19 and 20)

An additional detail of the algorithm is the following: if is equal to 1 and the child
membrane has dissolving capability, it has to skip the twaakext of the current child
membrane, because these membranes are not possible (Ginged3.

5.5 Membrane dissolution As it has been set before, the proxy has to execute al-
gorithmsTargetOut and TargetIn for every membrane placed at the processor which
require sending objects. Moreover, it has to execute theristhgn ChangeUSor every
membrane which noti es a change of permeability.

Nevertheless, membrane dissolution has not been solvedigsiolution takes place
when an evolution step nishes. Then, objects remaininglmshe membrane have to
pass to its father. In this way, when membranie going to be dissolved, we have to
bear in mind the following:
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Targets_In ( j, Targets, MS)

(1 i=—1

(2) FOREACH k CHILD OF jFROM LEFT TO RIGHT BEGIN

3) IF Targets[i]=1 THEN (* b;= 1 ==» membrane j iz a target *)

4) BEGIN

(5) IF NOT OutProcessor( k) AND D(k) (* k dissolved in current step *)
(6) THEN Target_Out ( k, 1, M[i])

(7) ELSEM( k) <—-M(k)+ MS[i] {(* 7 i3 the target for M, *)
(8) IFDC(k)THENi<—i+TCL(k)+1 (* Skip the total context *)
Q) ELSEi<-i+1

(10) END

(11) ELSEBEGIN (* b, = 0 *)

(12) IFDC (k) (* The TCyouup(k) 1is represented from Targets[i+1] *)
(13) THEN BEGIN

(14) Child_Targets <-- Targets[i+ 1] TO Targets[i + TLC( k)]
(15) Child_MS < MS[i+1]TOMS[i+ TLC( k)]

(16) IF NOT OutProcessor( k)

(17 THEN Targets_In ( k, Child_targets, Child_MS)

(18) ELSE BEGIN

(19) Targets[ k ] <-- Child_targets

(20) MS[ k ] <— Child_MS

21) END

22) i<—-i+TCL(k)+1 (* Skip the total context *)
(23) END

(24) ELSE i<—-i+1

(25) END

(26) END

Fig. 5.9 Searching targets for multiselt41 (p) to M, (p)

1. Self processing in membrane: Objects remaining insid@lomane after evolution
rules application will be sent to the father membrane togret¥ith M ,(p)

Mo(p) Mo(p) + W Ma(p) + Mn(p)

wherew is the multiset of objects in the membrane at the beginninigeoévolution
step

2. Objects coming from other membranes in the current eiiwgtep. In this case,
it is needed to distinguish two possibilities depending dwethier objects are pro-
cessed by proxy: before or after proxy set the membrane asldesd (eldD (j)).

(&) M (j) stores objects arriving the proxy before it has marked thenbrane
j as dissolved. At the moment the proxy marks membjaae dissolved, it
sendsM (j ) to membrang father usingrargetOutalgorithm. This behaviour
is reached by adding lines 5 to 9 to t@dangeUSalgorithm, as gure 5.10
shows.

(b) In case of objects for membrapearriving proxy after membrange has been
marked as dissolved and before the current evolution steprished, the
TargetsiIn algorithm will send them to membrarefather -lines 5 and 6 of
gure 5.9-.
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ChangeUs (j, NewPerm, UState)

(1) Mask <-1

(2) IF NewPerm = Dissolved THEN BEGIN

(3) Mask <-- Mask + UState

(4) Mask <-- Mask XOR (0 + USM (] ))
(* send up current USM of membrane J *)

&) D(j)<-—-true

(%) IF M( j ) <>null THEN BEGIN

) Target Out (j, 1, M(j»

t:] M (j)<—-null

] END

(10) END

(1)
Fig. 5.10 In case of dissolutioniyl (j ) is sent to membrangefather

6 Results distribution

At this moment, when system proxies nish all the tasks ekpd above with al-
gorithmsChangeUSTarget Out and Targetslin, their results are stored iDSM (j),
M (j), Targets(j) andMS(j) elds, where membran¢ may be allocated in other
processor. In order to deliver these results, the distetbarchitecture in which the
membrane system is implemented is very important. This ¢aibse of external com-
munications are implemented by distributed architectirrekfferent ways.

6.6 Architecture proposed by Tejedor et al. in [8] The external communications
are established in depth in the processors tree. Theredfies, receiving information
coming from the upper level, a processor P communicates @dthh descendant pro-
cessor in both directions and from left to right; and nalB/sends data to its ascendant
processor. Taking this order into account, the sequencaséitto be carried out by
processor P proxy is the following:

1. P proxy gets all data contained i (j), Targets(j) andMS(j) coming from
ascendant processor proxy.

2. P proxy processes the arrived data usiaggetsin algorithm forT argets(j ) and
MS(j) elds. Multisets received irM (j ) are placed in the correspondiiy(j )
eld, butif membrang has been marked as dissolved in the current evolution step,
thenM (j) has to be sent to membrapdather withTarget Out algorithm. In this
caseM (j) will come back to the ascendant processor in step 4.

3. for each descendant processor of P from left to right:

(a) P proxysends the correspondinginformati@n({), T argets(j) andMS(j))
to the descendant processor.
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(b) P proxy waits until the descendant processor repliek détta composed of
elds M (j) andUSM(j).
(c) P proxy continues searching targets upwards from menajrarelated to
elds M (j) andUSM (] ) by usingTargetOutandChangeU&lgorithms.
4. Once P proxy has processed all data from all its descepdacgssors, it sends to
its ascendant processor the corresponding &g ) andUSM(j).
5. Finally and through internal communications, P proxynaes the de nitive elds
M (j) andUSM (j) associated to inner membranes processor. The evolutipn ste
nishes when every membrarjeupdates its multiset and its usefulness state with
this information, as follows:

w w+ M(j)
Usefulness State Usefulness State XOR USM (j)

6.7 Architectures proposed by Bravo et al. in [2] and [3] These architectures
make use of one [2] or several [3] master processors. Masteepsors are in charge of
controlling communications among slaves processors,enhigmbranes of the P sys-
tem are placed on slaves processors. Hence, a master molasgo store and process
M(j),USM(), TCL(j),PFTC(j),CD(j) andD(j) elds, for all membranes be-
longing to slaves controlled by the master. As it was saidralio(j ) is a dynamic eld
and it is changed during execution by membranes. Theredgregblem arises with the
D(j) eld updating. Proxies associated to slave processors tawetify membranes
dissolutions to master proxy.

The sequence of tasks in these architectures is the foltpwin

1. Every slave processor proxy sends data to the suitablgeniasts corresponding
turn. In particular, it sends eld# (j), USM(j), Targets(j) andMS(j) to its
master, regardless of the target processor. Additiongllyas to send the list of
dissolved membranes in the current evolution step.

2. Master proxy processes the incomming information afadt T arget(j) and
MS (j ) with TargetsIn algorithm,M (j ) with TargetOutalgorithm andJSM (j)
with ChangeUSalgorithm. Furthermore, master proxy updaiz§ ) eld for all
dissolved membranes, taking into account the same quest®im section 5.3.

3. Master proxy sends the correspondMdj) andUSM (j) elds to each one of
the slaves processors.

4. Finally, slave proxy sends to each one of its inner mendgsdmeir corresponding
M (j) andUSM(j) elds. Then, evolution step nishes.

7 Conclusion

Membranes make use of usefulness state to determine thiesetibranes with which
they can communicate. Moreover, when dissolutions or itibits are produced in the
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system, it is only needed usefulness states changes i fagmbranes in order to
recon gure the membrane structure of P systems.

The work presented here shows that usefulness states campbamented in several
distributed architectures for membrane systems impleatiemis [8], [2] and [3]. In
addition, usefulness states solve permeability changeseimbrane systems for the
referred architectures.

In [5], membrane total context concept was de ned. This papews how to use itin a

very useful manner to encode targets in evolution rulesidivg labels in membranes.
This encoding method allows to nd any target membrane inexize way. Moreover, it

can be used in several distributed architectures for mengsgstems implementation
[8], [2] and [3].

It is also presented here a semantic analysis of P systentefermining what kind
of information is relevant in the phase of communication®agimembranes. In this
sense, it was necessary to determine how to solve the taggetoblem without pro-
ducing an overload in the system communication; and how ttatggand communicate
new membranes states all over the systems. The presentdtbsdlased on useful-
ness states has been proved to be useful at least in disttilnthitectures presented
in [8], [2] and [3].
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A new programming language for membrane computing, P-langs devel-
oped in this paper. This language is not designed for a spesiinulator soft-
ware. On the contrary, its purpose is to offer a general syittéramework that
could de ne a uni ed standard for membrane computing, covgr broad va-
riety of models. At the present stage, P-Lingua can only laRdsystems with
active membranes, although the authors intend to extemdatiter models in
the near future.

P-Lingua allows to write programs in a friendly way, as itst&x is very close
to standard scienti ¢ notation, and parameterized expoesscan be used as
shorthand for sets of rules. There is a built-in compilet pases these human-
style programs and generates XML documents that can be gisénput to
simulation tools, different plugins can be designed to poedspeci ¢ adequate
outputs for existing simulators.

Furthermore, we present in this paper an integrated deretap environment
that plays the role of interface where P-lingua programs leamwritten and
compiled. We also present a simulator for the class of reizegrP systems
with active membranes, and we illustrate it by following thting, compiling
and simulating processes with a family of P systems sohieg3AT problem.

1 Introduction

Membrane computing (or cellular computing) is an emergiranbh of Natural Com-
puting that was introduced by Gh. Paun [5]. The main idea isansider biochemical
processes taking place inside living cells from a compaiteti point of view, in a way
that provides a new nondeterministic model of computation.

The initial de nition of this computing paradigm is very elle, and many different
models have been de ned and investigated in the area: Prsgstéth symport/antiport
rules, with active membranes, with catalysts, with prormsitehibitors, etc. There were
some attempts to establish a common formalization coveniost of the existing mod-
els (see e.g. [2]), but the membrane computing communitilisising speci ¢ syntax
and semantics depending on the model they work with.
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This diversi cation also exists in what concerns the depet@nt of software applica-
tions for the simulation of P systems (see [3], [11]), as sajgplications are usually
focused on, and adapted for, particular cases, making éudlito work on generaliza-
tions.

It is convenient to unify standards (speci cations thatulkede the performance of spe-
ci ¢ processes in order to guarantee their interoperahilénd to implement the nec-
essary tools and libraries in order to give the rst stepsdoig a next generation of
applications.

When designing software for membrane computing, one hasewigely describe the
variant speci cation that is to be simulated. This task ischédwe need to handle fam-
ilies of P systems where the set of rules, the alphabet, itialicontents and even the
membrane structure depend on the value assigned to soiiaé fpi@itameters. In exist-
ing software, several options have been implemented: painles with a determined

format, XML documents, graphical user interfaces, etc. Astioned above, most of
these solutions are adapted to speci ¢ models or to the speaipose of the software.

In this paper we propose a programming language, callechBtla, whose programs
de ne P systems in a parametric and modular way. After assggualues to the initial
parameters, the compilation tool generates an XML docurasstciated with the cor-
responding P system from the family, and furthermore it &sgmssible programming
errors (both lexical/syntactical and semantical). Suatudeents can be integrated into
other applications, thus guaranteeing interoperabNitgre precisely, in the simulators
framework, the XML speci cation of a P system can be traredfiainto an executable
representation.

We present a practical application of P-Lingua giving a datar for recognizer P sys-
tems with active membranes that receives as input an XML mhecu generated by the
compiler and that allows us to simulate a computation, olrigithe correct answer of
the system (due to the con uence of it), and a text le with aadled step-by-step report
of the computation. We also show an integrated developrmairceiment that plays the
role of interface where P-Lingua programs can be written@rdpiled.

The paper is structured as follows. In Section 2 several iiems and concepts are
given for the sake of selfcontainment of the paper. The neegtien introduces the P-

Lingua programming language, and the syntax for P systeitisagiive membranes is
speci ed. A solution to the SAT problem using P-Lingua is ieypented in Section 4.

The compilation tool for the language is presented in thet sextion. In Section 6

we present an integrated development environment for BudanSection 7 presents a
simulator for recognizer P systems with active membranigglly, some conclusions

and ideas for future work are presented.
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2 Preliminaries

Polynomial time solutions to computationally hard probgeim membrane computing
are achieved by trading time for space. This is inspired leyctpability of cells to pro-
duce an exponential number of new membranes in linear tirhetelare many ways a
living cell can produce new membranesitosis(cell division),autopoiesigmembrane
creation),gemmationetc. Following these inspirations a number of differeniasmts
of P systems has arisen, and many of them proved to be corgnaily universal.

For the sake of simplicity, we shall focus in this paper on adeipP systems with
active membranedt is a construct of the form= ( O;H; ;! 1;:::;! m;R), where
m 1 is the initial degree of the syster) is the alphabet obbjects H is a nite

set oflabelsfor membranes; is a membrane structure, consistingrofmembranes

multisets of objectplaced in them regions of ; andR is a nite set ofrules where
each rule is of one of the following forms:

(@) [a! v], whereh2 H, 2f+; ;0g(electrical chargesp2 O andv is a string
overO describing a multiset of objects associated with membrandsiepending
on the label and the charge of the membrarmdggct evolution rules

(b) a[], ' [b, wheren2 H, ; 2f+; ;09 ab2 O (send-in communication
rules). An object is introduced in the membrane, possibly modj add the initial
charge is changedto;

() [a, ! [],bwhereh2 H,; 2f+; ;009 ab2 O (send-outcommunication
rules). An object is sent out of the membrane, possibly modi edj #me initial
charge is changedto;

(d) [a], ! bwhereh2 H, 2f+; ;0g,a;b2 O (dissolution rules A membrane
with a speci c charge is dissolved in reaction with a (pofsiiodi ed) object;

(e) [a], ! [bl, [c], whereh 2 H, ; ; 2f+; ;0g,a;b;c2 O (division rules.
A membrane is divided into two membranes. The objects insidenembrane are
replicated, except faa, that may be modi ed in each membrane.

Rules are applied according to the following principles:

All the elements which are not involved in any of the openagido be applied
remain unchanged.

Rules associated with lablelare used for all membranes with this label, no matter
whether the membrane is an initial one or whether it was geadrby division
during the computation.

Rules from (a) to (e) are used as usual in the framework of mangcomputing,
i.e. in a maximal parallel way. In one step, each object in enbrane can only be
used by at most one rule (non-deterministically chosert)aby object which can
evolve by a rule must do it (with the restrictions indicateddo).
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Rules (b) to (e) cannot be applied simultaneously in a mengirmone computa-
tion step.

An objectain a membrane labelled withand with charge can trigger a division,

yielding two membranes with labél, one of them having chargeand the other
one having charge. Note that all the contents present before the divisiongpic
for objecta, can be the subject of rules in parallel with the divisionthis case

we consider that in a single step two processes take placgt’ the contents are
affected by the rules applied to them, and “after that” thels are replicated into
the two new membranes.

If a membrane is dissolved, its content (multiset and intariembranes) becomes
part of the immediately external one. The skin is never dvezb

The so-called recognizer P systems were introduced in [&],@nstitute the natural
framework to study the solvability of decision problemsicg deciding whether an in-
stance has an af rmative or negative answer is equivaledétiding if a string belongs
or not to the language associated with the problem.

In the literature, recognizer P systems are associated atwaal way with P systems
with input The data related to an instance of the decision problenohae provided to
the P system in order for it to compute the appropriate anskies is done by codifying
each instance as a multiset placed inrggut membran€eTl he output of the computation,
yesor no, is sent to the environment.

A P system with inpu a tuple (; ;i ), where: (a) is a P system, with working

associated with them; (b) is an (input) alphabet strictly contained in the initial
multisets are over n ; and (c)i is the label of a distinguished (input) membrane.

For each multisetin, over , theinitial con guration of ( ; ;i ) with inputm is
Gt o+ mpiintp)

A recognizer P systens a P system with input, ; ;i ), and with external output
such that:

(a) The working alphabet contains two distinguished elemsgmsandno.
(b) All computations halts.

(c) If Cis a computation of , then either the objecdtes or the objectno (but no
both) must have been released into the environment, androtilg last step of the
computation.

We say thatCis an accepting computation (respectively, rejecting coataton) if the
objectyes (respectivelyno) appears in the external environment associated with the
corresponding halting con guration @ .
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3 The P-Lingua programming language

A programming language is an arti cial language that can $&duto control the behav-
ior of a machine, particularly a computer, but it can be uded # de ne a model of a
machine that can be translated into an executable repeggamby a simulation tool.

Programming languages are de ned by syntactic and semauits which describe
their structure and their meaning, respectively.

The P-Lingua programming language intends to de ne a breaigty of P system mod-
els. At the present stage, P-Lingua can only de ne P systeitisagtive membranes,
but other models will be added to the language speci catiofuture works.

What follows is the syntax of the language for P systems witivea membranes (orig-
inally presented at [1]).

3.1 Valid identiers We say that a sequence of characters formsald iden
tifier if it does not begin with a numeric character and it is compdsecharacters
from the following:

abcdefgh
ABCDEF
0123456

ijklmnop stu
G JKLMNOPQRSTUVWXYZ
7

o I X

I

9 _
Valid identi ers are widely used in the language: to de ne dube names, parameters,
indexes, membrane labels and alphabet objects.

The following text strings are reserved words in the languagf, call, @mu,

@ms, main, -->, # and they cannot be used as valid identi ers.

3.2 ldenti ersfor electrical charges In P-Lingua, we can consider electrical charges
by using thet and- symbols for positive and negative charges, respectivelyye one
for neutral charge. It is worth mentioning that polarizatess P systems are included.

3.3 \Variables Two kind of variables are permitted in P-Lingua:

indexes

Parameters

Variables are used to store numeric values and their namneeséid identi ers. We use
32 bits (signed), this allows a range fron23! to 231 1.
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3.4 Numeric expressions Numeric expressions can be written by usingth@nul-
tiplication),/ (division),%(modulo),+ (addition),- (subtraction) operators with integer
numbers or variables, along with the use of parentheses.

3.5 Objects The objects of the alphabet of a P system are written using idgn-
ti ers, and the inclusion of sub-indexes is permitted. Frample X;. 2n+1 andY esare
written asxfi,2 *n+lgandYes, respectively.

The multiplicity of an object is represented by using theperator. For example:(f” 1

is written asxfi g+ (2 *n+1) .

3.6 Modules de nition Similarities between various solutionskd>-complete nu-

merical problems by using families of recognizer P systeragdéscussed in [4]. Also,
a cellular programming language is proposed based on id@saf subroutines. Using
these ideas, a P-Lingua program consists of a set of progigmmodules that can be
used more times by the same, or other, programs.

The syntax to de ne a module is the following.

def module_name(paramil,..., paramN)

sentenceO;
sentencel,

sentenceM;

}

The name of a modulemodule _-name, must be a valid and unique identi er. The
parameters must be valid identi ers and cannot appear tedeH is possible to de ne
a module without parameters. Parameters have a numerical thaat is assigned at the
module call (see below).

All programs written in P-Lingua must containmaain module without parameters.
The compiler will look for it when generating the XML le.

In P-Lingua there are sentences to de ne the membranes coatmn of a P system,
to specify multisets, to de ne rules and to make calls to othedules. Next, let us see
how such sentences are written.

3.7 Module calls In P-Lingua, modules are executed by using calls. The foohat
a sentence that calls a module for some speci ¢ values ofitarpeters is given next:

call module _name(valuel, ..., valueN);
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wherevalue i is an integer number or a variable.

3.8 De nition of the initial membrane structure of a P system In order to de ne
the initial membrane structure of a P system, the followiagtsnce must be written:

@mu = expr;

whereexpr is a sequence of matching square brackets representing éhgrane
structure, including some identi ers that specify the lahed the electrical charge of
each membrane.

Examples:

1L[18R @mw [[2]1
2. [[Bll.la  @me +[Ib, -['cla

3.9 De nition of multisets The next sentence de nes the initial multiset associated
to the membrane labelled thgbel

@ms(label) = list _of _objects;

wherelabel is a valid identi er or a natural number that represents eelatf the
structure of membranes afidt _of _objects is a comma-separated list of objects.
The charactet# is used to represent the empty multiset.

3.10 Union of multisets P-Lingua allows to de ne the union of two multisets (recall
that the input multiset isddedo the initial multiset of the input membrane) by using a
sentence with the following format.

@ms(label) += list _of _objects;

3.11 De nition of rules

1. The format to de neevolution ruleof type[a ! v], is given next:
[a --> v]'h
2. The format to de nesend-in communication rulext typeal], ! [b], is given
next:
a ['h -> [b]
3. The format to de nesend-out communication rule$typela], ! K], is given
next:
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[alh --> [Ib

4. The format to de nelivision rulesof type[a], ! [bl, [c], is given next:
[alh --> [b] [c]

5. The format to de nedissolution rulesf type[a], ! bis given next:
[a]'h --> b

where:

, and are identi ers for electrical charges;
a, b andc are objects of the alphabet;
v is a comma-separated list of objects that represents agetjlti
h is a label (the symbdl always precedes a label name).

Some examples:

Xi1 ! ridy  +xfill g->r fi,l gr4]2

1! [dk«1]3 dfkg[2 --> [d  fk+lg]

[ ! [9dk +[dfkg2 -> [Id  fkg

[A]d ! [dkI5[dk], [dfkg2 --> +[d fkg][d fkg]
@, ! b a2 ->b

3.12 Parametric sentences In P-Lingua, it is possible to de ne parametric sen-
tences by using the next format:

sentence : rangel, ..., rangeN;

wheresentence is a sentence of the language, or a sequence of sentenceskets;
andrangel, ..., rangeN is a comma-separated list of ranges with the format:

min _value <= index <= max _value

wheremin _value andmaxwvalue are numeric expressions, integer numbers or vari-
ables, andndex is a variable that can be used in the context of the sentehée. |
possible to use the operatorinstead ok =.

The sentence will be repeated for each possible values bfiedex .

Some examples of parametric sentences:
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1[I ! [dkl5[dk], :1 k n

[dfkg]2 --> +[d fkg]{d fkg] : 1<= k <= n;
2. [xij ! oxyg o1z 21 i o m;2 joon

+x fij g --> x fi,j-1 g]'2 : l<=i<=m,2<=j<=n;

3.13 Inclusion of comments The programs in P-Lingua can be commented by writ-
ing phrases into the text strings and+/ .

4 Implementation of a solution to SAT

In this section, we present a solution to tBAT problem using recognizer P systems
with active membranes, given by M.J. Pérez—Jiménez §fal.

For eachim;n) 2 N2, we consider the P systefif hm;ni); ( m;n);i(m;n)), where

(mn)=fxy;xy 1 i ml1 j ng

i(mn)=2

( hm;ni)=(( m;n);f12g9;[[ ]2 ]I1; w1; W2; R), is de ned as follows:
(mn)=( mn)[fcg:1 k m+2g]

fdc :1 k 3n+2m+3g]
frik :0 1 m1 k m+2g[fetg[f Yes;Na

Wi =,
w, = fdig
The set of rulesR, is given by:

g ! [djldd, 11 k ng

flxiz ! rialo;Xia ! rial, :1 0 mg

fixie ! Lixea! 15 :1 i mg

fixij ! xij 1l ! Xy 1, 1 i m;2 j ng
fixij ! Xij 1lslxi ! X 1, 1 i m;2 j  ng

fldJ ! [Bd:[dk], ! [Bdk : 1 k ng

fo[I3 ! [kna]d:1 k n 1g

flirik ! rk+«219:1 i m1 k 2n 1g

flde ! deaald:n k 3n 3g;[dan 2! dan 1€
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e ! [ciy;[dan 1! dsnld

flde ! daald:3n k 3n+2m+2g

Fionls ' [lofion ;5 flfean ! i 12n)p 01 0 mg
rianfl, ! [rozanls

flex ! o], 11 k mg

m+1ls ! [BCmer ; [Cmer ! Cmszt]d

! (it [eme2li ! [l Yes; [denezmes]l? ! [J1NoO

4.14 Implementation The following is the code of the program written in P-Lingua
that speci es a family of P systems solving t8AT problem.

Objects of the fornx;; are written asixfij g.

/* Module that defines a family of recognizer P systems
to solve the SAT problem */
def Sat(m,n)

[+ Initial configuration */

@mu = [[I'2]'L;

/= Initial multisets */
@ms(2) = d{1};

/= Set of rules * [
(G2 —> HA{KdK] : 1 <= k <= n;

+[x{i,1} --> r{i,1}]'2;
-[nx{i,1} --> r{i,1}]'2;
-Ix{i, 1} > #'2;
+[nx{i,1} --> #]'2;
}irl<=i<=m

{
+X{ij} > x{ij-1}1'2;
DX} > x{ij-1]'2;
+nx{i,j} --> nx{i,j-1}]'2;
-Inx{ij} --> nx{ij-1}1'2;
} @ 1<=i<=m, 2<=j<=n;

{
+[d{k}]'2 --> [Jd{k};
-[d{k}]'2 --> [Jd{k};
} o 1<=k<=n;

d{k}I'2 --> [d{k+1}] : 1<=k<=n-1,
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[r{i,k} --> r{i,k+1}]'2 : l<=i<=m, 1<=k<=2 *Nn-1;
[d{k} --> d{k+1}]'1 : n <= k<= 3 *N-3;

[d{3 *n-2} --> d{3 =*n-1},e]'l;

e2 --> +[c{1}];

[d{3 *n-1} --> d{8 =*n}]'L;

[d{k} --> d{k+1}]'1 : 3 *N <= k <= 3*n+2xm+2;
+r{l,2 =*n}]'2 --> -[Ir{1,2 *n};

-[r{i,2 *n} --> r{i-1,2 *n}]'2  1<= i <= m;

r{1,2 *n}-[]'2 --> +[r{0,2 *Nn};

-[c{k} --> c{k+1}]'2 : 1<=k<=m;
+He{m+1}2 --> +[Je{m+1};
[e{m+1} --> c{m+2},t]'1;

(L1 --> +[t;

+c{m+2}]'1 --> -[]Yes;

[d{3 *n+2+m+3}]'l --> +[]No;

} / » End of Sat module */

/* Main module =*/

def main()

[+ Call to Sat module for m=4 and n=6 */
call Sat(4,6);

[+ Expansion of the input multiset */

@ms(2) += x{1,1}, nx{1,2}, nx{2,2}, x{2,3},
nx{2,4}, x{3,5}, nx{4,6};
} / = End of main module =*/

The modulemain is instantiated with the formula

(X1 + X2)(X2 + X3+ X4) X5 X6

wheren = 6, m =4 and the input multiseX1.1; X1.2; X2.2; X2:3; X2:4; X3:5; X4:6.

5 The compilation tool

Programming languages are associated with compilatids,tetiich are computer pro-
grams that translate text written in a programming languageanother language. The
original text is usually called theource codavhereas the output is called tiobject
code Commonly the output has a form suitable for being procebyasther programs
or for being executed by the computer, but it may as well beradnireadable text le.

We have developed a compilation tool that is able to traegtabgrams written in P-
lingua into XML documents, after having assigned valuesotmes initial parameters.
Moreover, plugins can be designed and added to producetadjele with different
formats.
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Recall that a P-lingua program can encode a family of P systaiith the help of some
parameters) in a exible manner, whereas the object codergéad by the compilation
tool speci es only a single P system of the family. In this w#ye applications that
accept that object code do not need to process paramettiensysand hence their
implementation is much easier.

The eXtensibleM arkupL anguage (XML) is a general-purpose speci cation for creat-
ing custom markup languages. It is classi ed as an exteasi#talanguage because
it allows the users to de ne their own elements. Its primanygose is to facilitate the
sharing of structured data across different informatiostesys. It is worth mentioning
that the SBML (Systems Biology Markup Language) is a XML laage encoding the
main components of biochemical networks. It is used by stestisting simulators for

P systems (see the software link at [11]).

The complete syntax of the XML language generated by the datign tool for P
systems with active membranes can be found at [1].

The tool may be executed from the command line as follows:

plingua input _file -xml output file [-v verbosity _level] [-h]

Thetext leinput _file contains the program (written in P-lingua) that we want to be
compiled, andutput _file is the name of the XML le that is generated. Optional
arguments are in brackets: the optian verbosity  _level is a number between

0 and 5 indicating the level of detail of the messages showimgluhe compilation
process, and the optich displays some help information.

6 An integrated development environment

An integrated development environment (IDE) is a softwargliaation that provides
comprehensive facilities to computer programmers fongaife development. Usually,
an IDE consists of a source code editor, a compiler and/erpneter, a debugger, and
other useful tools.

Typically an IDE is devoted to a speci ¢ programming langaago as to provide a
feature set which most closely matches the programmingiares of the language. In
this sense, we have developed an IDE for P-Lingua by usingdkia language. This
application provides an environment to write and debug @og in P-Lingua for P
systems with active membranes, and it can be updated byggldigins to accept future
versions of the language. The IDE can also be used as a siomutabl for P-Lingua

programs.

This application includes a source code editor with synigklighting which is a fea-
ture that displays text source code in different colors amtd, as both structures and
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syntax errors are visually distinct. With this editor, itasso possible to generate P-
Lingua programs composed of several single les.

A compilation tool is included to check possible programgn@rrors and to generate
XML les that can be used in third-part applications.

A simulation tool for debugging is included in order to aie tlesearcher in the task of
designing new P systems. This tool provides simulationsdiyguan interactive step-
by-step mode. The user can choose between simulation ofrogeveral steps, or let
the simulation run until a halting state. A lot of informatidgs given in each step of
the simulation: a tree-view of the membranes structure,eta information of the
multisets and the set of rules selected to be executed. Ereas also choose between
different non-deterministic ways of computation, or le goftware select one.

7 A simulator for recognizer P systems with active
membranes

The act of simulating generally entails representing @ertay characteristics or be-
haviors of some physical, or abstract, system. We mustndigish a simulation tool
from an emulation tool: this duplicates the functions of sgstem by using a different
system, so that the second system behaves like (and appéa)the emulated system.
With the current technology, we cannot emulate the funetiipnof a cellular machine
(a membrane system) by using a conventional computer t@ so$tances oNP-hard
problems in a polynomial time, but we can simulate theseitzglmachines for research
purposes, even if the simulation is not done in a polynonmatt

The P system computations are massively parallel. One aghtie# common program-
ming methods to simulate real parallelism in a conventionatputer with a single pro-
cessor is to use multithreading. A thread in this sense isemthof execution. Threads
are a way for a program to fork (or split) itself into two or neosimultaneously (or
pseudo-simultaneously) running tasks. Multiple threeaats lze executed in parallel on
a single computer. This multithreading generally occurgifme-division multiplexing
where the processor switches between different threads. ddntext switching can
happen so fast as to give the illusion of parallelism to aneset. On a multiprocessor
or multi-core system, threading can be achieved via multipssing, wherein different
threads can literally run simultaneously on different @®s&ors or cores.

As a rst practical application of the P-lingua programmitagguage, we have imple-
mented a simulator for recognizer P systems with active rmanmés that takes as input
an XML document generated by the P-lingua compiler and ruresaf the possible

computations that the P system may follow, obtaining thevantghat the system outputs
to its environment, and a text le with a detailed step-bgpsteport of the computation.

The system requirements are the same as in the case of thguR-kompiler.
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The simulator is launched from the command line as follows:

plingua _sim input _xml [-0 output  _file]

whereinput _xml is an XML document formatted as discussed in this paper, and
output _file isthe name ofthe le where the report about the simulatedmatation
will be saved.

7.15 Simulation of a solution to the SAT problem We now show an execution
of the simulator running on the XML document obtained af@mgpiling the P-lingua

program described in Section 4.14. The results have beaimaokon an AMD Sempron
machine, at 2.8 Ghz and with 512Mb of RAM memory.

The command used to execute the simulation is:
plingua _sim sat.xml -0 info.txt

The simulation ends when no more rules can be applied, amdtigefollowing infor-
mation is displayed:

Environment multiset: t, Yes

Steps: 41

Time: 1.971 s.

Halting configuration (No rule can be selected to be execute d
in the next step)

Thus, the computation of the P system spend 41 transitis séad it took 1.971 sec-
onds to simulate it until reaching a halting con guratioedall that we are simulating
a parallel device on a sequential computer).

The le info.txt keeps detailed information about each con guration of timeus
lated computation. More precisely, the multisets and jiddéions of all the membranes
are listed, as well as the rules selected for execution &t gansition step. The con g-
urations are numbered (starting at 0), to keep track of e st the computation that is
being simulated. Some information about the CPU time is shimwveach step, and the
number of rules of each type that is executed. As an exam@give the information
generated for the rst two con gurations.

### MEMBRANE ID: 1, Label: 2, Charge: 0
Multiset: nx{1, 2}, d{1}, x{3, 5}, nx{2, 4}, nx{2, 2},
nx{4, 6}, x{2, 3}, x{1, 1}
Parent Membrane ID: 0
Rules Selected:
1+DIVISION RULE: [d{1}]'2 --> +[d{1}] -[d{1}]
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@@@ SKIN MEMBRANE ID: 0, Label: 1, Charge: 0
Multiset: #
Internal membranes count: 1

Configuration: 0
Time: 0.0 s.
1 division rule(s) selected to be executed in the step 1

* *kk * *kxk * *

### MEMBRANE ID: 1, Label: 2, Charge: +

Multiset: nx{1, 2}, d{1}, x{3, 5}, nx{2, 4}, nx{2, 2},
nx{4, 6}, x{2, 3}, x{1, 1}

Parent Membrane ID: 0
Rules Selected:
1x EVOLUTION RULE: +[nx{2, 2} --> nx{2, 1}]2
1+EVOLUTION RULE: +[nx{1, 2} --> nx{1, 1}]2
1x* EVOLUTION RULE: +[x{3, 5} --> x{3, 4}]2
1+EVOLUTION RULE: +[x{1, 1} --> r{1, 1}]2
1x EVOLUTION RULE: +[nx{2, 4} --> nx{2, 3}]2
1+EVOLUTION RULE: +[nx{4, 6} --> nx{4, 5}]2
1+* EVOLUTION RULE: +[x{2, 3} --> x{2, 2}]'2
1+ SEND-OUT RULE: +[d{1}]'2 --> []d{1}

### MEMBRANE ID: 2, Label: 2, Charge: -

Multiset: nx{1, 2}, d{1}, nx{2, 4}, x{3, 5}, nx{2, 2},
x{2, 3}, nx{4, 6}, x{1, 1}

Parent Membrane ID: 0
Rules Selected:
1+EVOLUTION RULE: -[nx{2, 4} --> nx{2, 3}]'2
1+EVOLUTION RULE: -[nx{2, 2} --> nx{2, 1}]2
1+EVOLUTION RULE: -[nx{4, 6} --> nx{4, 5}]'2
1+EVOLUTION RULE: -[x{1, 1} --> #]2
1+EVOLUTION RULE: -[x{2, 3} --> x{2, 2}]2
1+EVOLUTION RULE: -[nx{1, 2} --> nx{1, 1}]2
1+EVOLUTION RULE: -[x{3, 5} --> x{3, 4}]2
1 SEND-OUT RULE: -[d{1}]'2 --> []d{1}

@@@ SKIN MEMBRANE ID: 0, Label: 1, Charge: 0
Multiset: #
Internal membranes count: 2

Configuration: 1
Time: 0.025 s.
14 evolution rule(s) selected to be executed in the step 2
2 send-out rule(s) selected to be executed in the step 2

* * *k%k * Fkk * *

After simulating 41 transition steps, the halting con gtioa is described as follows:

### MEMBRANE ID: 1, Label: 2, Charge: +
Multiset: r{0, 12} *3, c{4}
Parent Membrane ID: 0
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### MEMBRANE ID: 2, Label: 2, Charge: +
Multiset: c{1}, r{2, 12}, r{3, 12}
Parent Membrane ID: 0

### MEMBRANE ID: 3, Label: 2, Charge: +
Multiset: {0, 12} *5, c{4}
Parent Membrane ID: 0

### MEMBRANE ID: 4, Label: 2, Charge: +
Multiset: {0, 12} x4, c{4}
Parent Membrane ID: 0

### MEMBRANE ID: 5, Label: 2, Charge: +
Multiset: {0, 12}, {2, 12}, c{2}
Parent Membrane ID: 0

### MEMBRANE ID: 6, Label: 2, Charge: +
Multiset: c{1}, r{3, 12}
Parent Membrane ID: 0

### MEMBRANE ID: 7, Label: 2, Charge: +
Multiset: 4 *r{0, 12}, c{4}
Parent Membrane ID: 0

@@@ SKIN MEMBRANE ID: 0, Label: 1, Charge: -
Multiset: t *10, d{29} =64, c{6} =*10
Internal membranes count: 64

""ENVIRONMENT: t, Yes

Configuration 41

Time: 1.971 s.

Halt configuration (No rule can be selected to be
executed in the next step)

Note that there are 64 different membranes labelled by 2igcibn guration, although
for the sake of simplicity we show only seven of them.

8 Conclusions and future work

In this paper we have presented a programming language forbmame computing,
P-Lingug together with a compiler that generates XML documentsnéegrated de-
velopment environment and a simulator for a class of P systeamely recognizer P
systems with active membranes.
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Using a programming language to de ne cellular machinesdsrecept in the develop-
ment of applications for membrane computing that leads ta@dsirdization with the
following advantages:

Users can de ne cellular machines in a modular and paramefay by using an
easy-to-learn programming language.

It is possible to de ne libraries of modules that can be sHamenong users to
facilitate the design of new programs.

This method to de ne P systems is decoupled from its appboatand the same
P-Lingua programs can be used in different software enuirems.

By using compiling tools, the P-Lingua programs are tramsldo other le for-
mats that can be interpreted by a large number of differepliegtions.

The rstversion of P-Lingua s presented for P systems witive membranes. In forth-
coming versions, we will try to generalize the language s tther types of cellular
devices can be also de ned, for instance transition P syst@md tissue P systems. In
this sense, necessary plugins (software modules) for thedid the compilation tool
must be developed also.

We have chosen an XML language as the output format becatise tfasons exposed
above. However, we are aware that for some applicationsrnbtsthe most suitable
format, due to the fact that XML does not include any method&mpressing data, and
therefore the text les can eventually become too large,olvhs a clear disadvantage
for applications running on networks of processors. It widog convenient to improve
the compiler (by adding plugins) so that it generates a targeety of output formats,
of special interest are compressed binary les or execetabtle (either in C or Java).

It is important to recall that the simulator presented hemssigned to run in a conven-
tional computer, having limited resources (RAM, CPU), anid keads to a bound on the
size of the instances of computationally hard problems whsodutions can be success-
fully simulated. Moreover, conventional computers are meissively parallel devices,

and therefore it seems that the inherent parallelism of Reeys must be simulated by
means of multithreading techniques. It would be intergstindesign heuristics which

help us to nd good (short) computations.

These shortcomings lead us to the possibility of implenmgnd distributed simulator
running on a network or cluster of processors, where the nEexsources arising during
the computation could be solved by adding further nodesem#twork, thus moving
towards massive parallelism.

The sofware presented in this paper and its source code daedbe downloaded from
thesoftwaresection on the website [12]. This software is under the GNUdesal Public
License (GNU GPL) [8] and it is written in Java [9] using theitel and syntactical
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analyzers provided by JavaCC [10]. The minimum system requénts are having a
Java virtual machine (JVM) version 1.6.0 running in a Pentll computer.
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This paper presents a basic framework to de ne testing eggias for some
classes of P systems. Techniques based on grammars andtatiéemachines
are developed and some testing criteria are identi ed ahutilated through
simple examples.

1 Introduction

In 1998, Gheorghe Paun initiated the eld of research chffeembrane computingith

a paper rstly available on the web [16]. Membrane computiaghew computational
paradigm, aims at de ning computational models which aspired by the function-
ing and structure of the living cell. In particular, membeacomputing starts from the
observation that compartmentalisation through membranese of the essential fea-
tures of (eucaryotic) cells. Unlike bacterium, which geallgrconsists of a single in-
tracellular compartment, an eucaryotic cell is sub-dididlgto distinct compartments
with well-de ned structures and functions. Further on hé#een considered other bi-
ological phenomena like tissues, colonies of differentoigms, various bio-chemical
entities with dynamic structure in time and space. Membisystems, also calleg
systemsconsist now of different computational models addressinitiple levels of
bio-complexity. There areell-like P systemselying on the hierarchical structure of
the living cells tissue-like mode|se ecting the network structure of neurons and other
bio-units arranged in tissues or more complex orgBnsploniesandpopulation P sys-
tems drawing inspiration from the organisation and behavidubacterium colonies,
social insects and other organisms living together in lacgenmunities (see [18], [19]).

The most basic model and the rst introduced, [17], the tik#-paradigm has three
essential features: (i)membrane structureonsisting of a hierarchical arrangement of
several compartments, calleggions delimited bymembranes(ii) objectsoccurring
inside these regions, coding for various simple or more demphemical molecules
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or compounds; and (iiijulesassigned to the regions of the membrane structure, acting
upon the objects inside. In particular, each region is sgpgdo contain a nite set of
rules and a nite multiset (or set) of objects. Rules encaategieneric transformation
processes involving objects and for transporting thenoubh membranes, from one re-
gion to an adjacent one. The application of the rules is peréal in a non-deterministic
maximally parallel manner: all the applicable rules that ba used to modify or trans-
port existing objects, must be applied, and this is done malfgh for all membranes.
This process abstracts the inherent parallelism that sathe cellular level.

Since this model has been introduced for the rst time in 1,988ny variants of mem-
brane systems have been proposed, a research monograpiagliéen published and
regular collective volumes are annually edited — a comprsive bibliography of P
systems can be found at [19]. The most investigated memlm@am@uting topics are
related to the computational power of different variaritgiit capabilities to solve hard
problems, like NP-complete ones, decidability, complexispects and hierarchies of
classes of languages produced by these devices. In theclast there have been sig-
ni cant developments in using the P systems paradigm to msdeulate and formally
verify various systems [7]. For some of these applicatiaiigble classes of P systems
have been associated with and software packages develepethese models corre-
sponding formal semantics [1] and veri cation mechanis@]djave been produced.

There are well-established application areas where thsvacd speci cations devel-
oped are also delivered together with a model and assodiatee! veri cation proce-
dures. All software applications, irrespective of theie@hd purpose, are tested before
being released, installed and used. Testing is not a rapkcefor a formal veri ca-
tion procedure, when the former is also present, but a napessechanism to increase
the con dence in software correctness and ultimately a Aketwn and very well-
established stage in any software engineering project flijough formal veri cation
has been applied for different models based on P systentisgiéss been completely
neglected so far in this context. In this paper we suggestkesimitial steps towards
building a testing framework and its underpinning theogsdd on formal grammars
and nite state machines, that is associated to softwardicgtipns derived from P
systems speci cations. We develop this testing theory thaseformal grammars and
nite state machines as they are the closest formalisms tgsiemss and the testing
mechanisms for them are well-investigated. Of course disting approaches can be
considered in this context as well, but all of them requirégmér effort of translation
and inevitably dif culties in checking the correctnes ofglprocess and in mapping it
back to P systems.

The paper is organised as follows: in section 2 there areduoired basic concepts and
de nitions; a testing framework based on context-free greams and nite state ma-
chines is built and some examples presented in sections 8,aedpectively; conclu-
sions are drawn in section 5.
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2 Basic Concepts and Notations

For an alphabe¥ = fag;::;;a,9, V denotes the set of all strings ovér  denotes
the empty string. For a string 2 V , juj,, denotes the number af occurrences .

For a stringu we associate a vector of non-negative integer valjgs, ; :::; juja, ). We

denote this by v (u).

A basic cell-like P system is de ned as a hierarchical areangnt of membranes iden-
tifying corresponding regions of the system. With each eaghere are associated a
nite multiset of objects and a nite set of rules; both may bmpty. A multiset is ei-
ther denoted by a string 2 V , where the order is not considered, or by (u). The
following de nition refers to one of the many variants of Psggms, namely cell-like P
system, which uses non-cooperative transformation andraamication rules [18]. We
will call these processing rules. Since now onwards we véll this model simply P
system.

De nition 1 AP systemisatuple =( V; ;w15 Wh; Ry Ry), where

V is a nite set, calledalphabet

de nes the membrane structure; a hierarchical arrangenedm compartments
calledregionsdelimited bymembraneshese membranes and regions are identi-
ed by integers 1 tan;
wi,1 i n,represents the initial multiset occurring in region
Ri,1 i n,denotes the set of rules applied in region

The rules in each region have the foan! (az;t1)::(am;tm), Wherea;a 2 V,
ti 2 fin;out;hereg,1 i m. When such a rule is applied to a symlaoin the
current region, the symbdl is replaced by the symbolg with t; = here; symbols
a; with t; = out are sent to the outer region and symbalswith t; = in are sent
into one of the regions contained in the current one, anfiligrahosen. In the following
de nitions and examples all the symbdls ; here) are used ag;. The rules are applied
in maximally parallel mode which means that they are usedlitha regions in the
same time and in each region all symbols that may be processes be.

A con guration of the P system isatuplec= (us;:un),uy 2V ,1 i n A
derivation of a con guratiore; to ¢, using the maximal parallelism mode is denoted by
C1 =) C. Inthe set of all con gurations we will distinguish terminzon gurations;

¢ = (ug;::;up) is a terminal con guration if there is no regidnsuch thatu; can be
further processed.

The set of all halting con gurations is denoted by) , whereas the set of all con gu-
rations reachable from the initial one (including the @litton guration) is denoted by

s() .
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De nition 2 A deterministic nite automatoabbreviatedDFA), M , is a tuple(A; Q;
; F; h), where:

A is the niteinput alphabet

Q is the nite set of states

o 2 Q is theinitial state

F Qisthesetof nal states

h:Q A! Qisthenext-statdunction.

The next-state functioh can be extendedto a function Q A !  Q de ned by:

h(g; )= 9,92 Q;
h(g;sd = h(h(g;9);a);92 Q;s2 A ;a2 A

For simplicity the same nanteis used for the next-state function and for the extended
function.

Givenqg 2 Q; a sequence of input symbads2 A is said to be accepted by in q if
h(q;s) 2 F. The set of all input sequences acceptedvbyn q is called thdanguage
de ned (accepted) byl , denoted_ (M ).

3 Grammar-like Testing

Based on testing principles developed for context-freengnars [13], [14], some test-
ing strategies aiming to achieve rule coverage for a P sysi#ie de ned and anal-
ysed in this section.

In grammar engineeringformal grammars are used to specify complex software sys-
tems, like compilers, debuggers, documentation toolse que-processing tools etc.
One of the areas of grammar engineeringliammar testingvhich covers the devel-
opment of various testing strategies for software basedammar speci cations. One

of the main testing methods developed in this context rdfersile coverage, i.e., the
testing procedure tries to cover all the rules of a speciaat

In the context of grammar testing it is assumed that for argspeci cation de ned as
a grammar, an implementation of it, like a parser, existswiticoe tested. The aim is
to build a test set, a nite set of sequences, that revealsniatl errors in the imple-
mentation. As opposed to testing based on nite state mashiwhere it is possible to
(dis)prove the equivalent behaviour of the speci catiod émplementation, in the case
of general context-free grammars this is no longer possiblé reduces to the equiv-
alence of two such devices, which is not decidable. Of cqumsespeci c restricted
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classes of context-free grammars there are decidabilitggrtures regarding the equiv-
alence problem and these may be considered for testing pespas well, but we are
interested here in the general case. The best we can getase¢oas much as possible
from the languages associated to the two mechanisms, sagicin and implementation
grammars, and this is the role of a test set. We will de ne siest sets for P systems.

Given a speci catiorG and an implementatioB®, a test set aims to reveal inconsisten-
cies, like

incorrectnes®f the implementatio® with respect to the speci cation language
L =L(G),ifL(GY)6 L andL 6 L(G9;
incompletenessf the implementatio®° with respect to the speci cation language
L =L(G),ifL 6 L(GY andL 6 L(G9.

We start to develop a similar method in the context of P systektthough there are a
number of similarities between context-free grammarssetil in grammar testing and
basic P systems, like those considered in this paper, thedso major differences that
pose new problems in de ning suitable testing methods. Seoitiee dif culties that we
encounter in introducing some grammar-like testing proces are related to the main
features that de ne such systems: hierarchical compartatisation of the entire model,
parallel behaviour, communication mechanisms, the lackrmdn-terminal alphabet.

We de ne some rule coverage criteria by rstly starting withe compartment P system,
i.e., =( V;;w;R),where =[1]1. Therule coverage criteria are adapted from [13],
[14]. In the sequel, if not otherwise stated, we will consitleat the speci cation and
the implementation are given by the P systemand © respectively. For such a P
system , we de ne the following concepts.

De nition 3 A multiset denoted by 2 V , coversaruler :a! v 2 R,ifthereisa
derivationw =) xay =) x%y°=) u;w;x;y;v;u2V ,a2 V.

If there is no further derivation frora, then this is called germinal coverage

Denition4 A setT  V ,is called atest setthat satis es therule coveraggRC)
criterion if for each ruler 2 R there isu 2 T which covers.

If everyu 2 T provides a terminal coverage thénis called a test set that satis es the
rule terminal coverag€éRTC) criterion.

The following one compartment P systems are considergd, i 4, having the
same alphabet and initial multiset:
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i =(Vi; iiwisRy)
where

Vi=V=Vz=V,=fs;a;b;@;

1= 2= 3= g4=[1]1-i.e., one compartment, denoted by 1;
W1 = Wy = W3 = Wg = S]

Ry=fri:s! abjrp:a! c;rg:b! bc;ry:b! cg;
Ro=fri:s! abjrp:a! ;rs:b! cg;

Rz=fri:s! ab;rp:a! bcc;:b! g

Ry=fri:s! abjrp:a! bc;rz:al! c;ry:b! cg.

In the sequel for each multiset, we will use the following vector of non-negative
integer nuMber§wijs; jwja; jwjp; jwjc).

The sets of all con gurations expressed as vectors of najatiee integer numbers,
computed by the P systems,1 i 4are:

S( 1) = f(1;0;0;0);(0;1;1;,0)g[f (0;0;k;n)jk =0;1;n  2g;
S( 2) = (1;0,0;0);(0;1;1;0); (0;0; 0; 1)g;

S( 3)= (1,0,0;0);(0; 1,1, 0); (0; 0; 1, 2); (0; 0; 0; 2)g;

S( 4) = (1,0,0;0);(0;1;1,0);(0;0; 1, 2); (0; 0; 0; 2); (0; 0; 0; 3)g:

Test sets for ; satisfying the RC criterion are

T1.1 = £(0; 1;1;0); (0; 0; 1; 2); (0; 0; 0; 2)gand
T2 = 1(0;1;1;0); (0;0; 1; 2); (05 0; 0; 3)g,

whereasT?; = f(0;1;1;0);(0;0;0;2)gand T, = f(0;1;1;0);(0; 0; 1; 2)g are not,
as they do not cover the ruleg andry4, respectively. Bothl1.; and T1., show the
incompleteness of , with respect td5( 1) ( 2 is also incorrect)T1.; does not show
the incompleteness of3 with respect td&5( 1), butT;., does. None of these test sets
does show the incompleteness qf.

The sets of terminal con gurations expressed as vectoroofmegative integer num-
bers, computed by the P systems1 i 4are:

L( 1)= f(0;0,0;n)jn  2g;
L( 2)= f(0;0;0;1)g;

L( 3)= f(0;0;0;2)g;

L( 4)= f(0;0;0;2);(0;0;0;3)q:
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A test set for ; satisfying the RTC criterion i = f(0;0;0; 3)g. As (0;0;0; 3) is
notinL( 2) andL( 3), it follows that , and 3 are incomplete with respect to
L = L( 1). However, the test set does not prove the incompletenessg.of

The examples above show that none of the test sets providemisrful enough to
prove the incompleteness of;, althoughS( 4) S( 1),andL( 4) L( 1).

A more powerful testing set is computed by considering a gdisation of the RC
criterion, calledcontext-dependent rule covera@@DRC) criterion.

Denition5 Avruler 2 R,r : b! wvav,u;v 2 V ,a;b2 V, is called adirect
occurrencefa. For every symbah 2 V, we denote bpccq ;a), the set of all direct
occurrences o4.

For the P system j, the following sets of direct occurrences are computed:

Occy 1;8)=;

Occq 1;a)= fry:s! abg;

Occq 1;b)=fry:s! ab;rz:b! bag;

Occq 1;0) = frp:al c;rz:b! bc;ry:b! cg

De nition 6 A multiset denoted by 2 L() coverstheruler : b! y 2 R for
the direct occurrencefb, a ! ubv 2 R if there is a derivationw =)  ujavy =)
urubvvi =) uguyvvy =) z; Z;ug; v upvy 2 Voo ab 2 Vi A setT, is said to
coverr :a! x forall direct occurrences oé if for any occurrenceo 2 Occy ;a)
there ist 2 T, such thatt coversr for 0. A setT is said to achieve CDRC for if it
covers allr 2 R for all their direct occurrences.

Clearly, T, coversr in the sense of De nition 3. Similar to the coverage rule ibn
introduced by De nition 4 where a terminal coverage criteri(RTC) has been given,
we can also extend CDRC by considering only terminal daowatfor all z in De -
nition 6 and obtain the CDRTC criterion. Obviously, any test that satis es CDRC
(CDRTC) criterion will also satis es RC (RTC) criterion, agll.

For ; the set

T%= 1(0;1;1;0); (0;0; 1; 2); (0; 0; 0; 2); (0; 0; 1; 3); (0; 0; 0; 3)) g satis es the
CDRC criterion and
T9%= £(0;0;0;2); (0; 0; 0; 3); (0; 0; 0; 4)g satis es the CDRTC criterion.

These sets show the incompleteness gfas well as the incompleteness of the other
two P systems.
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In all the above considerations we have considered maxiarallglism. If we consider
sequential P systems, only one rule is used at a moment, thiée above considera-
tions and the same sets remain valid.

Now we consider general P systems, as introduced by Demiticand reformulate the
concepts introduced above for one compartment P systems:

RC criterion becomes: the con guratign;:::; ui; :::; uy) coversarule; : a; !
vi 2 Rj if there is a derivation

(W nwisnwn) =) (Xgsanxiayi;onxa) =) (XY xPviyl s xQ) =)
(Ug; s uis i un);

atestsel (V )" is de ned similar to De nition 4.

In a P system with more than one compartment, two adjaceirmegan exchange
symbols. If the region is contained ij andr; : a! x(b;out)y 2 R; orrj : c!
u(d;in)v 2 R; thenr;;r; are called communication rules between regioasd;j:

Now De nition 5 can be rewritten as follows

Denition7 Aruler : b! wuav 2 R; or a communication rule betweeanand|,
ro:?! u¥a;t)v° 2 R, wherei andj are two adjacent regions artd2 f in; out g,
is called a direct occurrence . The set of all direct occurrences afin regioni
is denoted byOccs( ;a) and consists of the set of all direct occurrencesdfom
i, denoted byS; and the sets of communication rule$, from the adjacent regions
j1,75 ], denoted b5y ;05 S,

Let the two compartment P systems:
0= (Vi; 1;Wwi; Wi Rai;R2;i)

where

Vi=V,=fsjab@;

1= 2 =[1[2]2]1 - i.e., two compartments; region 1 contains 2;
W11 = SiWo;1 = W12 = SiWo2 =

Ri1="frp:s! sa(b;in);rp:s! ab;rz:b! ajrg:al! cg;
Rz1=frp:b! be;r:b! cg;

Ri2="frp:s! sa(b;in);rp:s! abb;in)(c;in);rz:b! ajrg:al! cg;
R2;2:fr1:b! r o b! Cg.

For the P system 9, the following sets of direct occurrences are computed:

Occsi( 1;a) = Si1[ Sp,whereS; = fry :s! sa(b;out);rp :s! ab;rs:
b! agandS; = ;;
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Occs( 9o = Si[ Sz, whereS; = fry:s! sa(b;ougandS; = fry:b!
ba:

A test sefl that satis es the CDRC criterion is:
f((1;1;0;0);(0;0;1;0)); ((0; 1;1; 1); (0; 0; 1; 1)); ((0; 1, 0; 2); (0; 0; 0; 2));
((0;0;0;3);(0; 0 0; 2))g;
which is obtained from the derivation
(si )=) (sajh=) (bac;bg=) (acc;cq=) (ccc;cd:

The P system § is incomplete as it does not contain con guratigo’s; c") with h > k ,
butT above, fails to show this fact.

We can consider the CDRTC criterion to check whether it dgatishes between§ and
9: Itis left to the reader to verify this fact.

4 Finite State Machine based Testing

In this section we apply concepts and techniques from ris¢esbased testing. In order
to do this, we construct a nite automaton on the basis of thavdtion tree of a P
system.

We rst present the process of constructing a DFA for a one partment P system

=( V;;w;R),where =[1]:1.Inthis case, the con guration of can change as a
result of the application of some rule i or of a number of rules, in parallel. In order
to guarantee the niteness of this process, for a given ietkg only computations of
maximumk steps will be considered. For example, for= 4, the tree in Figure 4.1
depicts all derivations in 1 of length less than or equal ko The terminal nodes are in
bold.

As only sequences of maximuknsteps are considered, for every ruje2 R there will
be someN; such that, in any step, can be applied at mobt; times. Thus, the tree that

depicts all the derivations of a P systenwith rulesR = fry;:::;rmgcanbe described
by a DFADt c_Jverthe alphabed = fri*:zirlm jO ip Ng3;::550 im Npo;
wherer}! :::rlm describes the multiset witlhh occurrencesofj, 1 j  m:

As Dt is a DFA overA, one can construct the minimal DFA that accepisciselythe

languagel (Dt) de ned by Dt. However, as only sequences of at mkgtansitions
are considered, it is irrelevant how the constructed automwill behave for longer
sequences. Thus, a nite cover automaton can be constrirgttshd.

A deterministic nite cover automatofFCA) of a nite languagel is a DFA that ac-
cepts all sequenceshand possibly other sequences that are longer than any segjuen
in U:
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Fig. 4.1 Derivation tree for 1 andk =4

De nition 8 LetM = (A;Q;qo;F;h) beaDFA,U A a nite language and the
length of the longest sequence(s)un ThenM s called adeterministic nite cover
automator{DFCA) of U if L(A)\ A[l]= U;whereA[l]= , ; , U' denotes the sets
of sequences of length less than or equadlwith members in the alphabét

A minimal DFCA of U is a DFCA ofU having the least number of states. Unlike the
case in which the acceptance of the precise language igeeqthe minimal DFCA is
not necessarily unique (up to a renaming of the state spatd¥p].

The concept of DFCA was introduced by Campeanu et al. [paiiél several algorithms
for constructing a minimal DFCA of a nite language have belmvised since [5], [6],

[4], [3], [11], [12], [16]. The time complexity of these algthms is polynomial in the

number of states of the minimal DFCA. Interestingly, Garahd Ruiz [8] note that the
minimization of DFCA can be approached as an inference praplvhich had been
solved several years earlier.
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Any DFA that acceptd) is also a DFCA ofU and so the size (number of states) of a
minimal DFCA of U cannot exceed the size of the minimal DFA that accépt©n
the other hand, as shown by examples in this paper, a minifa@lDof U may have
considerably fewer states than the minimal DFA that acdgpts

A minimal DFCA of the languagé (Dt) de ned by the previous derivation tree is

represented in Figure 4.2 in Figure 4.2 is nal state. It is implicitly assumed that

a non- nal “sink” state, denoteds, also exists, that receives all “rejected” transitions.
For testing purposes we will consider all the states as nal.

r3

Fig. 4.2 Minimal DFCA for 1 andk =4

Not only the minimal DFCA ofL (Dt) may have (signi cantly) less states than the
minimal DFA that acceptk (Dt), but it also provides the right approximation for the
computation of a P system. Consider,u, 2 V ,w =) Ui, W =) Uy, such that
the derivation frormu, is identical to the derivation from,, i.e., any sequence2 A

that can be applied to; can also be applied to, and vice versa (e.gu; = b& and

uz = b in Figure 4.1). Naturally, as the derivation fram is identical to the derivation
from u,, u; andu, should be represented by the same state of a DFA that modgels th
computation of the P system. This is the case when the DFA humohsidered is a
minimal DFCA ofL (Dt); on the other handj; andu, will be associated with distinct
states in the minimal DFA that accephtéDt ), unless they appear at the same level in the
derivation treeDt . For example, in Figure 4.5 andbc appear at different levels in
the derivation tree and so they will be associated withgstates in the minimal DFA
that accept& (Dt ); on the other handy@ andbc are mapped onto the same stag (
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of the minimal DFCA represented in Figure 4.2. Furthermirée entire computation
of the P system (i.e. for derivation sequenceamflength) can be described by a DFA
over some alphabet, then this DFA model will be obtained as a DFCALofDt) for

k suf ciently large.

Once the minimal DFCAV = ( A; Q; go; F; h) has been constructed, various speci ¢
coverage levels can be used to measure the effectivenedesifset. In this paper we
use two of the most widely known coverage levels for nite @uata:state coverage
andtransition coverage.

Denition9 A setT  V ,is called atest setthat satis es thestate coveragéSC)
criterion if for each statey of M there exista1 2 T and a paths 2 A that reacheg
(h(mp; s) = q) such thatu is derived fromw through the computation de ned lsy

De nition 10 A setT  V , is called atest setthat satis es thetransition coverage
(TC) criterion if for each state] of M and eacha 2 A such thata labels a valid
transition fromq (h(q; & 6 gs), there exisu;u°2 T and a paths 2 A that reaches
g such thatu and u® are derived fronw through the computation de ned tsyandsa,
respectively.

Clearly, if a test set satis es TC, it also satis es SC. A tsst for ; satisfying the SC
criterion is

Ty = £(1;0;0;0); (0; 1,1, 0); (0;0; 1, 2); (0; 0; 0; 2)g,

whereas a test set satisfying the TC criterion is

Tys = £(1;0;0;0); (0; 1; 1;0); (0; 0; 1; 2); (0; 0; 0; 2); (0; 0; 1; 3); (0; 0; 0; 3)g.

The TC coverage criterion de ned above is, in principle, lagaus to the RC criterion
given in the previous section. The TC criterion, howeveesinot only depend on the
rules applied, but also on the state reached by the system aigézen rule has been
applied. Test suites that meet the RC and TC criteria can bieetly calculated using
automata inference techniques [9], [15]. A stronger doterin which all feasible tran-
sition sequences of length less than or equalitaust be triggered in any state can also
be de ned - this will correspond to the CDRC criterion de nedthe previous section.
Of course, a more careful analysis of the relationships betwcriteria used in testing
based on grammars and those applied in the context of nétie shachines, considered
for P systems testing, needs to be conducted in order toifi@éme most suitable testing
procedures for these systems.

The construction of a minimal DFCA and the coverage critdeaned above can be
generalized for a multiple compartment P system

=( Vi ;winhwas Ry o Rp):

In this case, the input alphabet will be de ned as
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A= frf e o™ ) j 0 i Njpsdl j o myp;

1 p ng

whereN;j,, is the maximum number of times rutg, 1 j  mp from compartment
p can be applied in one derivation stdp, p n. Analogously to one compartment P
systems, only computations of maximunsteps are considered.

s, |

)
sa, b ab,|

(rara, 1) (rara, 1) (rara, 1)

(raraf o)

(rara\r)

sac, Bc sac, bc abc, bc abc,c ac,l

(ror I'zz) (raby, 1iro)
(rara) r12)
v

saé, b’c® sad K saé b abé b’c® abé be abé ¢ ad,bé ad, & ccll

2
(rara, 117) , (rafa, 12)
Iofs, 12°9)

(rara, Mir2) (rard r) (ra 1)

Fig. 4.3 Derivation tree for ¢ andk = 3

Fork = 3, the derivation tree of ¢ de ned above is as represented in Figure 4.3. For
clarity, in Figure 4.3 if the derivation from some nodé¢not found at the bottom level in
the hierarchy) is the same as the derivation from some pusviodeau®at a higher level

or at the same level in the hierarchy, thers not expanded any further; we denate

u®. Such nodes argsac; bg and(abc;9, (sac;bd  (sa;b and(abc;9  (ab; );
they are given in italics. A minimal DFCA of the language dedby the derivation
tree is represented in Figure 4.4.

Similar to one compartment case, test sets for consideitstiar state and transition
cover, can be de ned in this more general context.
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(rera l'12)
(rira, rar)
(rera l'22)
(rara rlz)
(rara, rara)
(rara, rzz)

(r2, 1)

(ry, 1

(rars, 12)
(rara, 1) (rara, 1)
(rara, 12) (ral)

Fig. 4.4 Minimal DFCA for 9 andk =3

(rara, 12)

5 Conclusions and Future Work

In this paper we have discussed how P systems are testedrbdgining grammar and
nite state machine based strategies. The approach is $oogi®n cell-like P systems,
but the same methodology can be used for tissue-like P sgsteimple examples il-
lustrate the approach and show their testing power as welliagnt limitations. This

very initial research reveal a number of interesting preiany problems regarding the
construction of relevant test sets that point out faultylengentations.

This paper has focused on coverage criteria for P systeingest grammar based test-
ing, coverage is the most widely used test generation @itEor nite state based test-
ing we have considered some simple state and transitiorrageeriteria, but criteria
for conformance testing (based on equivalence proofs) sankee used; this approach
is the subject of a paper in progress. Future research idrakseded to cover relation-
ships between components and the whole systems with respesting, other testing
principles based on the same criteria and strategies, dsasvekew strategies and dif-
ferent testing methods. Relationships between testingrizibased on grammars and
those used in the case of nite state machine based spemmtstemain to be further
investigated in a more general context.

Acknowledgements. The authors of the paper are grateful to the anonymous esfere
for their comments and suggestions.
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Spiking neural P systenend arti cial neural networksare computational de-
vices which share a biological inspiration based on the dirndormation
among neurons. In this paper we present a rst model for Habbéarning in
the framework of Spiking Neural P systems by using concegpisotved from
neuroscience and arti cial neural network theory.

1 Introduction

When an axon of celA is near enough to excite cddl or repeatedly or per-
sistently takes part in ring it, some growth process or niegliic change takes
place in one or both cells such thats ef ciency, as one of the cells ring ,
is increased.

D. O. Hebb (1949) [14]

Neuroscience has been a fruitful research area since thegimg work of Ramoén y
Cajal in 1909 [23] and after a century full of results on thennaad the mind, many in-
teresting questions are still unanswered. Two of such prablof current neuroscience
are the understanding of neural plasticity and the neurdihgp

The rst one, the understanding of neural plasticity, isatet to the changes in the
amplitude of the postsynaptic response to an incoming mgtaiential. Electrophys-
iological experiments show that the response amplitudeisxed over time. Since
the 1970's a large body of experimental results on synapéstigity has been accu-
mulated. Many of these experiments are inspired by Hebl&utate (see above). In
the integrate-and- re formal spiking neuron model [9] arslcain arti cial neural net-
works [13], it is usual to consider a factaras a measure of thef cacy of the synapse
from a neuron to another.

The second one, the neural coding, is related to the way ichwbihe neuron sends
information to other ones. It is interested in the informaticontained in the spatio-
temporal pattern of pulses and on the code used by the netartrasismit information.
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This research area wonders how other neurons decode tha sigwhether the code
can be read by external observers and understand the megdgmesent, a de nite
answer to these questions is not known.

The elementary processing units in the central nervougsysire neurons which are
connected to each other in an intricate pattern. Corticatares and their connections
are packed into a dense network with more th&h cell bodies per cubic millimeter.
A single neuron in a vertebrate cortex often connects to nlwae 10* postsynaptic

neurons.

The neuronal signals consist of short electrical pulseso(ahlled action potentials or
spike$ and can be observed by placing a ne electrode close to theasar axon of

a neuron. The link between two neurons isyamapsend it is common to refer to the
sending neuron as a presynaptic cell and to the receivingones the postsynaptic cell.

Since all spikes of a given neuron look alike, the form of theamn potential does not
carry any information. Rather, it is the number and the tignifi spikes what matters.
Traditionally, it has been thought that most, if not all, bétrelevant information was
contained in thenean ring rate of the neuron. The concept of mean ring rates has
been successfully applied during the last decades (seg[Xpor [15]) from the pio-
neering work of Adrian [1, 2]. Nonetheless, more and moreeeixpental evidence has
been accumulated during recent years which suggests thatightforward ring rate
concept based on temporal averaging may be too simplistiesoribe brain activity.
One of the main arguments is that reaction times in behavéeriment are often
too short to allow long temporal averages. Humans can rezegmd respond to visual
scenes in less than 400ms [25]. Recognition and reacti@hiegeveral processing step
from the retinal input to the nger movement at the outputatfeach processing steps,
neurons had to wait and perform a temporal average in ordesit the message of the
presynaptic neurons, the reaction time would be much lomdany other studies show
the evidence of precise temporal correlations betweerepu$ different neurons and
stimulus-dependent synchronization of the activity in glagions of neurons (see, for
example, [5,11, 10,6, 24]). Most of these data are incomsistith a concept of coding
by mean ring rates where the exact timing of spikes should/plo role.

Instead of considering mean ring rates, we consider théiséa situation in which a
neuron abruptly receives an input and for each neuron thiegiwf the rst spike after
the reference signal contains all the information aboutihe stimulus.

Spiking neural P systenfSN P systems, for short) were introduced in [16] with the aim
of incorporating in membrane computihigleas speci ¢ to spike-based neuron models.
The intuitive goal was to have a directed graph were the nogl@&sent the neurons
and the edges represent the synaptic connections amongtinens. The ow of in-
formation is carried on the action potentials, which areceted by objects of the same

1The foundations of membrane computing can be found in [2d]updated bibliography at [26].
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type, thespikeswhich are placed inside the neurons and can be sent frommapsc to
postsynaptic neurons according to speci ¢ rules and makseggof the time as a support
of information.

This paper is a rst answer to the question proposed by GhnRa [22] (question A)
about the way to link the study of SN P systems with neural aging and as he sug-
gests, the starting point has been not only neural computingalso recent discoveries
in neurology.

The paper is organized as follows: rst we discuss about SNgPesns with input and
delay and a new computational device called Hebbian SN syshit is presented. In
Section 3 we present our model of learning with SN P systerasdan Hebb's postu-
late. An illustrative experiment carried out with the capending software is shown in
Section 4. Finally, some conclusions and further discussiosome topics of the paper
are given in the last section.

2 SN P Systems with Input and Decay

An SN P system consists of a set of neurons placed in the nd@edirected graph and
capable of sending signals (callsgdike$ along the arcs of the graph (callegihapsés

according to speci c rules. The objects evolve according set of rules (calledpiking

ruleg. The idea is that a neuron containing a certain amount dfesptan consume
some of them and produce other ones. The produced spikesrdr@sybe with a delay
of some steps) to all adjacent neurons from the neuron whereute was applied. A
global clock is assumed and in each time unit, each neurochadan use a rule should
do it, but only (at most) one rule is used in each neuron. Osgngdjuished neuron is
considered to be the output neuron, and its spikes are afgédaséhe environment (a
detailed description of SN P systems can be found in [22] haddferences therein).

In this section we introduce thidebbian SN P system unihich is an SN P system with
m + 1 neurons in presynaptic neurons linked to one postsynaptic neuronpwed
with input and decay At the starting point all the neurons are inactive. At reékg
membrane of biological neurons has a negative polarizati@bout 65mV, but we
will consider the inactivity by considering the number ofl&gs inside the neuron is
zero. The dynamics of a Hebbian SN P system unit is quite alatét the starting
point, all neurons are at rest and in a certain moment theypagdic neurons receive
spikes enough to activate some rules. The instant of theaawi the spikes can be
different for each presynaptic neuron. These spikes detivae rule inside the neurons
and the presynaptic neurons send spikes to the postsymaption. In the postsynaptic
neuron a new rule can be triggered or not, depending on thebof spikes and it may
send a spike to the environment.
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Fig. 2.1 Dynamics of one spike

2.1 Thelnput The basicideain SN P systems taken from biological spikewyon

models is that the information is encodedtime. The information in a Hebbian SN P
system unit is also encoded in the time in which the spikeiseato the neuron and
the time in which the new spikes are emitted. The input wilkbls encoded in time.
The idea behind this codi cation is that the presynapticnoes may not be activated at
the same moment. If we consider a Hebbian SN P system unitrasfawide neural

network, it is quite natural to think that the spikes will reative to the presynaptic
neurons (and consequently, their rules are not activatettiessame time. In this way,

represents the time unit of the global clock in which the peur; is activated.

2.2 The Decay The effect of a spike on the postsynaptic neuron can be redord
with an intracellular electrode which measures the poatniiference between the in-
terior of the cell and its surroundings. Without any spikput the neuron is at rest
corresponding to a constant membrane potential. After tiieahof the spike, the po-
tential changes and nally decays back to the resting p@knthe spikes, have an
amplitude of about 100mV and typically a duration of 1-2 mhkisTmeans that if the
total change of the potential due to the arrival of spikesasenough to activate the
postsynaptic neuron, it decays after some millisecondstadeuron comes back to its
resting potential (see Fig. 2.1).

This biological fact is not implemented in current SN P sgetewhere the spikes can
be inside the neuron for along time if they are not consumeahiyyrule. In the Hebbian
SN P system unit, we introduce the decay in the action patienitthe neurons. When
the impulse sent by a presynaptic neuron arrives to the yegpgic neuron, if it is not

2|n Section 5 we discuss about other codings for the input.
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Fig. 2.2 Two presynaptic and one postsynaptic neuron

consumed for triggering any rule in the postsynaptic neutrdecays and its contribu-
tion to the total change of potential in the postsynapticaruaecreases with time. This
decayed potential is still able to contribute to the acidbrabf the postsynaptic rule if
other spikes arrive to the neuron and the addition of all thikes trigger any rule. If this
one does not occur, the potential decays and after a shatttismneuron reaches the
potential at rest. Figure 2.2 shows a scheme in which twoypeggic neurons send two
spikes each of them at different moments to a postsynaptioone Figure 2.3 shows
the changes of potential in the postsynaptic neuron tithégy the threshold for ring
aresponse.

In order to formalize the idea of decay in the framework of SkyBtems we introduce
a new type of extended rules: theles with decayThey are rules of the form

E=a! (a";S);d

where E is a regular expression oveag, k andp are natural numberswith p 0,

d OandS = (s1;S2;:::;5r) Is a nite non-increasing sequence of natural numbers
called thedecaying sequencgheres; = k ands, = 0 . If E = a*, we will write
ak! (aP;S);dinstead olk=a! (aP;S);d.

The idea behind thelecaying sequends the following. When the rul&E=ak !

(aP; S); dis triggered atp we look inS = ('s1;:::;s) forthe least suchthap 5.
Suchs; spikes are sent to the postsynaptic neurons according héthi¢layd in the
usual way. Notice thas; can be equal t@, so at this point this new type of rule is a
generalization of the usual extended rules.

This de nition of decay can be seen as a generalization of the decaying spikes pre-
sented in [7], where a decaying spi&es written in the form(a; €), wheree 1isthe
period. From the moment a pdia; €) arrives in a neurorg is decremented by one in
each step of computation. As sooneas 0, the corresponding spike is lost and cannot
be used anymore.

3Further discussion about the decay can be found in Section 5.
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Fig. 2.3 The potential at the postsynaptic neuron

In this way, a ruleE=a | aP;d (k > p) whereaP arep decaying spike$a; €) can
be seen with our notation d&=a* | (aP;S);dwith S = (S1;:::;Ses2), S1 = K,
Sy = = Se+1 = pandseqz =0.

2.3 Hebbian SN P System Units Hebbian SN P system units are SN P systems
with a xed topology endowed with input and decay. They hawe following common
features:

The initial number of the spikes inside the neurons is alwage in all Hebbian

SN P system units, so we do not refer to them in the descriptidime unit.

All the presynaptic neurons are linked to only one postsyinageuron and these
are all the synapses in the SN P system, so they are not pcowvidlee description.
The output neuron is the postsynaptic one.

Bearing in mind these features, we describe a Hebbian SNt&symit in the following
way.

De nition 1 A Hebbian SN P system urat degregm; k; p) is a construct

where:

O = fagis the alphabet (the objeetis calledspikg;
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Up;:::;unm are the presynaptic neurons. Each presynaptic newrohas associ-
ated a set of ruleR; = fRj1;:::; Ry, g where for eachi 2 f1;:::;mg and
j 2f1;:::;1ig, Ry is a decaying rule of the form:

a“! (a";s);d

wherek  nj 0 anddj 0. We will callnj; the presynaptic potentiadf the
rule andd; is thedelayof the rule. Note that all rules are triggered lyspikes.

natural numbers called thdecaying sequenaénheres; = k ands, =0 .
Vv is the postsynaptic neuron which contains only one posfsiceile

Ep:ap! a;0

whereE, is the set of regular expressionsn 2 Njn  pg. We will call p the
thresholdof the postsynaptic potential of the Hebbian SN P system unit

By considering the decaying sequences we can distinguisim@itihree types of Heb-
bian SN P system units:

Hebbian SN P system units witmiform decayln this case the decaying sequence
S is the same for all the rules in the presynaptic neurons.

Hebbian SN P system units witbcally uniform decaylIn this case the decaying
sequencs is the same for all the rules in each presynaptic neuron.

Hebbian SN P system units witlhon-uniform decayln this case each rule has
associated a decaying sequence.

De nition 2 An input for a Hebbian SN P system unif degreem is a vectorx =

A Hebbian SN P system unit with inpista pair (H ;%) whereH is Hebbian SN P
system unit anek is an input for it.

The intuitive idea behind the inputis encoding the inforioratn time. Each component
of the input represent the moment, according to the glolmalk;lin whichk spikes are
provided to the corresponding presynaptic neuron.

2.4 How it works In this section we provide a description of the semantics of a
Hebbian SN P system unit of degré®; k; p). As we saw before, each in the input

4This rule is an adaptation of the concept of a rule from anredeid spiking neural P system with thresh-
olds taken from [7].
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ui. At the momentx; in which the spikes arrive to the neuran one rule(ak !
(a"i ;S); d;j ) is chosen in a non-deterministic way among the rules of thueeare

leastl such than;  s;. Suchs, spikes are sent to the postsynaptic neurons according
to the delayd; in the usual way, i.es; spikes arrive to the postsynaptic neuron at the
momentx; + dj +1.The decay of such spikes is determined by the decaying seque
As we saw above, if the spikes are not consumed by the triggeasf a rule in the
postsynaptic neuron, they decay and at tipe d; +2 we will consider thas,  s+1
spikes have disappeared and we only h&ve spikes in the postsynaptic neuron. If the
spikes are not consumed in the following steps by the triggesf a postsynaptic rule,
attimexo+ d;j +1+ r |the number of spikes will be decreasedito= 0 and the spikes
are lost. Formally, if the chosen rule at the membrareR; ak1 (a"i;S); dj

The potential on the postsynaptic neuron depends on theilwetins of the chosen
rules in the presynaptic neurons. Such rules send spikéeattiee to the postsynaptic
neuron at different instants which depend on the input (tiseaint in which the presy-
naptic neuron is activated) and the delay of the chosen Tile.contribution of each
rule to the postsynaptic neuron also changes along the tirae¢adthe decay.

Formally, the potential of the postsynaptic neuron in a givestant is a natural number
calculated as a functioR which depends on the timig on the inputx and on the

The Hebbian SN P system unit produces an output if the ruleegpbstsynaptic neuron
v,E,=a ! aistriggered, i.e., if at any momenthe amount of spikes in the postsy-
naptic neuron is greater than or equal to the thresppttien the rule is activated and
triggered. If there does not exist suththen the Hebbian SN P system unit does not
send any spike to the environment.

Bearing in mind the decay of the spikes in the postsynapticare if any spike has been
sent out by the postsynaptic neuron after an appropriatdpunf steps, any spike will

be sent to the environment. In fact, we have a lower boundi®mniumber of steps in
which the spike can be expelled, so we have a decision methaetérmine if the input

% produces or not an output

5 A detailed description and some examples can be found in [12]
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3 Learning

If we look at the Hebbian SN P system units as computationatds where the target
is the transmission of information, we can consider thattvcesuccesses$ a spike

is sent to the environment and féils if the spike is not sent. In this way, the lack
of determinism in the choice of rules is a crucial point in thecess of the devices
because as we have seen above, if we provide several timearieinput, the system
can succeed or not.

In order to improve the design of these computational devécel in a narrow analogy
with the Hebbian principle, we introduce the concepteétacy in the Hebbian SN
P system units. Such ef cacy is quanti ed by endowing eacle mith a weightthat
changes along the time, by depending on the contributiohefule to the success of
the device.

According to [8], in Hebbian learning, a synaptic weightli&oged by a small amount if
presynaptic spike arrival and postsynaptic riagincidesThis simultaneity constraint

is implemented by considering a parametgr which is the difference between the
arrival of the contribution of the rul&;; and the postsynaptic ring. Thus, the ef cacy
of the synapses such that its contributions arrive repgasbortly before a postsynaptic
spike occurs is increased (see [14] and [3]). The weightsynégses such that their
contributions arrive to the postsynaptic neuferthe postsynaptic spike is expelled
are decreased (see [4] and [17]). This is basically the legrmechanism suggested
in [18].

3.5 The Model In order to implement a learning algorithm in our Hebbian SN P
system units, we need to extend it with a set of weights thatswme the ef cacy of
the synapses. The meaning of the weights is quite naturat asdnto the the theory

of arti cial neural networks [13]. The amount of spikes ttaatives to the postsynaptic
neuron due to the rul®; depends on theontributionof each rule and also on the
efcacy w; of the synapse. As usual in arti cial neural networks, thelontribution
will be the contribution sent by the rule multiplied by thecaicy w .

We x these concepts in the following de nition.

De nition 3 An extended Hebbian SN P system wofitlegream is a construct

where:

H is a Hebbian SN P system unit of degraeand the rules of the presynaptic
neuronu; areR; = fRjq;:::; Ry, gwithi 2 1;:::;mg.

which denotes thmitial weightof the ruleR;; .
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Associating a weight to each rule means to consider an iddalisynapse for each rule
instead of a synapse associated to the whole neuron. Thefdmmsidering several
synapses between two neurons is not new in computationabn@codels. For exam-
ple, in [20] the authors present a model for spatial and tealgmattern analysis via
spiking neurons where several synapses are considerecgahne idea had previously
appeared in [8]. Considering several rules in a neuron ardsynapse associated to
each rule allows us to design an algorithm for changing thight€the ef cacy) of the
synapse according to the result of the different inputs.

The concept of input of a extended Hebbian SN P system uniini¢as to the previ-
ous one. The information is encoded in time and the input oheeuron denotes the
moment in which the neuron is excited.

De nition 4 An extended Hebbian SN P system unit with ingig pair (EH ; %),
whereH is an Hebbian SN P system unit ards an input for it.

time in which the presynaptic neuranis activated. The formalization of the activation
of the neuron in this case differs from the Hebbian SN P systeits. The idea behind

the formalization is still the same: the postsynaptic nauexeives a little amount of

electrical impulse according to the excitation time of thhegynaptic neuron and the
ef cacy of the synapsis. The main difference is that we cdesihat there exist sev-

eral synapses between one presynaptic neuron and the paystisyone (one synapse
for each rule in the neuron) and the potential is transmittieahg all these synapses
according to their ef cacy.

Extending the Hebbian SN P system units with ef cacy in theagyses and considering
that there are electrical ow along all of them can be seen ggreralisation of the
Hebbian SN P system units. In Hebbian SN P system units omlyweR;; is chosen

in the presynaptic neuram and the contribution emitted ldy;; arrives to the postsy-
naptic neuron according to the decaying sequence. Sinogafghtw; multiplies the
contribution in order to compute the potential that arriteethe postsynaptic neuron, we
can consider the Hebbian SN P system unit as an extendedatheBhi P system unit
with the weight of the chosen ruRj; equals to one and the weight of the remaining
rules equals to zero.

At the momentx; in the presynaptic neuram we will consider thatall rules(a® !
(a"i ;S); dj ) are activated. The potential on the postsynaptic neuroemfipon the
contributions of the rules in the presynaptic neurons amdetircacy of the respective
synapses. Let us consider that at timethe rule(ak ! (a" ;S); dj ) is activated
and the ef cacy of its synapse is represented by the weight When the rulga !

such thap w; s;. Thens; spikes are sent to the postsynaptic neurons according
with the delayd in the usual way.
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At tp+ d+1, thes| spikes arrive to the postsynaptic neurons. The decay ofsuikhs is
determined by the decaying sequence. If the spikes are nstiored by the triggering
of arule in the postsynaptic neuron, they decay and attyred + 2 we will consider
thats) s.+1 spikes have disappeared and we only rgve spikes in the postsynaptic
neuron. If the spikes are not consumed in the following stgpshe triggering of a
postsynaptic rule, at stap + d+ 1+ r | the number of spikes will be decreased to
s, = 0 and the spikes are lost. The extended Hebbian SN P systerprodiices an
output if the rule of the postsynaptic neurerE=a" ! ais triggered.

3.6 The Learning Problem Let us come back to the Hebbian SN P system units. In
such units, provided an inptg success can be reached or not (i.e., the postsynaptic rule
is triggered or not) depending on the non-deterministyaalles chosen. In this way, the
choice of some rules ibetterthan the choice of other ones, by considering that a rule
is betterthan another if the choice of the former leads us to the ssowéth a higher
probability than the choice of the latter. Our target is tartewhich are the best rules
according to this criterion.

Formally, alearning problenis a 4-upleg(EH ; X;L; ), where:

EH is an extended Hebbian SN P system unit.
X = fx;::: % gis a nite set ofinputsof EH
L : Z! Zis afunction from the set of integer numbers onto the set t&ger
numbers. It is called thkearning function
is a positive constant called thate of learning

The outputof a learning problem is an extended Hebbian SN P system unit.

Informal description of the algorithmLet us consider an extended Hebbian SN P sys-
temEH , alearning functioi : Z! Z and a rate of learning Let us consider an
inputx and we will denote by, the moment when the postsynaptic neuron reaches the
potential for the trigger of the postsynaptic neuron. Iftlspotential is not reached (and
the postsynaptic neuron is not triggered) ther 1 .

On the other hand, for each rul; ak ! (a" ;S);dj of a presynaptic neuron
we can compute the mometjt in which its contribution to the postsynaptic potential
arrives to the postsynaptic neuron. It depends on the im@rnd the delayl; of the
rule

tiT =% +d +1
where; is thei-th component ok.

We are interested in the in uence of the riRg on the triggering of the postsynaptic
neuron. For that we need to know the difference between tinabof the contribution
tij-* and the momertt, in which the postsynaptic neuron is activated.
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For each ruler;; and each inpuk, such a difference is

Sj =t tf

If sj =0, then the postsynaptic neuron reaches the activationlgxadthe instant

in which the contribution of the rulR;; arrives to it. This fact leads us to consider
that the contribution oR;; to the postsynaptic potential has had a big in uence on
the activation of the postsynaptic neuron.

If sfj* > 0 and it issmall then the postsynaptic neuron reaches the activation a bit
later than the arrival of the contribution of the rifg to it. This fact leads us to
consider that the contribution &; to the postsynaptic potential has in uenced on
the activation of the postsynaptic neuron due to the decayt is not so important
as in the previous case.

If sf < Oorsf > 0anditis notsmall then the contribution oRj; has no

in uence on the activation of the postsynaptic neuron.

The different interpretations admallor big in uence are determined by the different
learning function. : Z'! Z.Foreachruld; and each inpu, L (s ) 2 Z measures
de degree of in uence of the contribution & to the activation of the postsynaptic
neuron produced by the inpat

According to the principle of Hebbian learning, the ef cacf/the synapses such that
their contributions in uence on the activation of the pgstaptic neuron must be in-

creased. The weights of synapses such that their contsiimitiave no in uence on the

activation of the postsynaptic neuron are decreased.

Formally, given an extended Hebbian SN P syském, a learning functioh. : 2! Z,
arate of learning and an inpuk of H |, thelearning algorithnoutputs a new extended
Hebbian SN P systeid °which is equal taH , but the weights: eaclv; has been
replaced by a newx/ﬁ’ according to

w?

i = Wit L(Si)je)

Depending on the sign dI(sfj* ), the ruleR;; will increase or decrease its ef cacy.
Note thatl (sj ) is multiplied by therate of learning . This rate of learning is usual
in learning process in arti cial neural networks. It is utiyea small number which
guarantees that the changes on the ef cacy are not abrupt.

Finally, given alearning problen{H ;X;L; ), the learning algorithm takes 2 X

and output$d  ©. In the second step, the learning problgm % X f xg; L) is consid-
ered and we getaneM ° The process nishes when all the inputs has been consumed
and the algorithm outputs the last extended SN P system unit.
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The use of weights needs more discussion. The weights aredeas real numbers and
membrane computing devices are discrete. If we want to digdaldiscrete computation

in all the steps of the learning process we have to choosedtameters carefully. The

following result gives a suf cient constraint for having ameger number of spikes at
any moment.

Theorem 1 Let a be the greatestj non-negative integer such that for all pmeptic
potentialn; there exists an intege; such thai; = x; 107

Let b be the smallest non-negative integer such that for allahiveightw; and for
the rate of learning there exist the integets; andk such thatv; = k; 10 Pand
=k 10 ®.

Ifa b O, then forall presynaptic potential; and all the weightsv obtained along
the learning process); w is an integer number.

Proof For the sake of simplicity, we denote by the update weighiv afterr steps
(andw? is the initial weight). Then, it suf ces to consider the resive generation of
new weightsv"** = w" +  L(s,), wheres, is the corresponding value in the step
n, and therefore

w'tt = wl+  (L(sp)+  + L(sn)):

If we developn; w"*! according to the statement of the theorem, we have that there
exist the integers;; , ko andk such that

nj w't = x; 10* [ko 10 P+(k 10 °(L(so)+  + L(sn)))]
=102 ° x; [ko+ k(L(so)+  + L(sn))]

Sincex; [ko + K(L(so) + + L(sn))] is an integer number, i& b 0 then
njj w"*1 is an integer number. 2

4 A Case Study

Let us consider the Hebbian SN P system
H =( Ojui;uz;v)

with uniform decay, where:

O = fagis the alphabet;

Up; Uy are the presynaptic neurons. The presynaptic newgns, have associ-
ated the sets of ruleR;, whereR; = fR11;R1»; ngg andR; = fRyq; Rzzg,
respectively, with
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Ri; a3000 1 (aSOOO; S), 0 Ry a3000 ] alOOO; 0
Ri, a3000 1 (a2000; S), 1 Ry a3000 | 33000; 3
ng a3000 1 (aZOOO; S), 7

Thedecaying sequendeS = (3000; 2800 100Q 500, 0).
v is the postsynaptic neuron which contains only one postjciaile E 5o, =a'2%°
I a0.

Let EH be the Hebbian SN P system uhit extended with the initial weights
W11 = Wip = Wiz = Wp1 = Wpp =015

Let us consider the learning probleigaH ; X;L; ) where

EH s the extended Hebbian SN P system unit described above,

X is a set of 200 random inputx}; x?) with 1 i 200 and x}; x? 2
f0;1;:::;5g

L is the learning functioh : Z! Z

8
2 3 ifs=0
L(s):> 1 ifs=1
1 otherwise

The rate of learning is = 0:001

We have programmed an appropriate software for dealingledtining problems. After
applying the learning algorithm, we obtain a new extendebidin SN P system unit
similar toEH  but with the weights

wi; =0:754 w2 =0:992 w3 =0:3; wy =0:454 wy =0:460
Figure 4.4 shows the evolution of the weights of the synapses

The learning process shows clearly the differences amanguiibes.

The worstrule isRy3. In a debugging process of the design of an SN P system
network such rule should be removed. The value of the weigbtlecreased along
all the learning process. This fact means that the rule hesrroentributed to the
success of the unit and then it can be removed.

On the contrary, théestrules areR;; andRj2. In most of the cases, (not all) these
rules have been involved in the success of the unit.

The other two rule®R»; andR3, have eventually contributed to the success of the
unit but not so clearly aR1; andR;.
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Fig. 4.4 The evolution of the weights

5 Conclusions and Future Work

The integration in a unique model of concepts from neurosgearti cial neural net-
works and spiking neural P systems is not an easy task. Eattte dhree elds have
its own concepts, languages and features. The work of iatiegrconsists on choosing
ingredients from each eld and trying to compose a compatsdl device with the dif-
ferent parts. This means that some of the ingredients ustteidevices presented in
this paper are not usual in the SN P systems framework. Atthdlie authors have tried
to be as close to the SN P system spirit as possible some restaslld be considered.

In the paper, the input of the device is provided as a vestgr: : : ; Xy, ) of non-negative
integers, where; represents the momentin which one rule (non-determirityicho-

can be provided to the input neuronstyspike trains were all the elements are 0's and
there is only one 1 in the positidn. In this way, the input is encoded oy spike trains,
which is closer to the standard inputs in SN P systems.
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The idea of providing the input with a spike train of 0's andyoone 1 in the position
t; carries out new problems. In the literature of SN P system#he instant; only one
spike is supplied to the neuran. In our device we want that a rule of type ! aP;d

is activated withr > 1. At this point we can consider several choices. The rst ®e i
to consider that at timg the spike train provides spikes, but this choice lead us far
from the SN P system theory. A second option is to considdrttigaspike trains have
r consecutive 1's and each of them provide one spike. The réntgaelements in the
train are zeros. In this way the momentwill be the instant in which the spikes have
been provided to the neuron. A drawback for this proposallmithatr can be a big
number and this increase the number of steps of the devidard\dhoice is to consider
ampli er modules as in Figure 5.5. The leftmost neuron reesia spike train where
all the elements are 0's but the th which is 1. At the moment; only one spike is
supplied to the neuron. At + 1, one spike arrives to the postsynaptic neurons, and
each of them sends one spike to the rightmost neuron,tger dtexactlyr spikes arrive
simultaneously to the last neuron.

These three solutions can be an alternative to the use ofdbi@n(t;;:::;tm) and
deserve to be considered for further research in this topic.

Another main concept in this paper is the decay. It has stbisiggical intuition, but it
is dif cult to insert into the SN P systems theory. The maiasen is that if we consider
the spike as the information unit it does not make sense kaatabut a half of a spike
or a third of a spike. In that sense, the approach to decay [frdim full of sense since
one spike exists or it is lost, but its potential it is not d&ging in time.

The key point for the decay in this paper is taken from the den of extendedSN

P systems. In such devices, a neuron can send a differentrdiobspikes depending
on the chosen rule. So, the information is not only encodetthértime between two
consecutive spikes, but on tieimberof spikes. This lead us to de ne the decay as a
decrement in the number of spikes. In this way, we can condlide a pulse between
two neurons is composed by a certain number of spikes whiohbeapartially lost
depending on the time.

a»aO

Fig. 5.5 Ampli er module
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Fig. 5.6 Including a decay neuron

In this paper, such a decay has been implemented by extetidinmgles with a nite
decreasing sequence which can be uniform, locally-unifornrmon uniform for the
set of rules. Other implementations are also possible.dhghthe decay can also be
implemented with an extra neuron as in Figure 5.6 which séadse nal neuron a
decaying sequence of spikes.

The use of weights also deserves to be discussed. In Theoveenptovide suf cient
conditions for handling at every moment an integer numbepdfes. Nonetheless, fur-
ther questions should be considered. For example, the usgative weights or weights
greater than one. Should we consider negative weights aadiegativecontribution to
the postsynaptic potential? The use weights greater thateans us to consider that the
contribution of one rule to the postsynaptic potentiajisater thaiits own presynaptic
potential. Can the ef ciency of the synapses amplify thegpdil beyond the number
of emitted spikes?

More technical questions are related to the rate of learaind to the algorithm of
learning. Both concepts have been directly borrowed frotncal neural networks
and need deeper study in order to adapt them to the specitaresof SN P systems.

As a nal remark, we consider that this paper opens a prorgiire research bridging
SN P systems and arti cial neural networks without forgegtthe biological inspiration
and also opens a door to applications of SN P systems.
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Complex reaction systems in molecular biology are often pased of par-

tially independent subsystems associated with the actifiexternal or internal

triggers. Occurring as random events or dedicated physigahls, triggers ef-
fect transitions from one subsystem to another which migstlt in substantial
changes of detectable behaviour. From a modelling pointesf,\those subsys-
tems typically differ in their reaction rules or principléa@peration. We propose
a formulation of trigger-based switching between modeisifia class of P sys-
tems with progression in time employing discretised mag®a kinetics. Two

examples inspired by biological phenomena illustrate thesecutive interplay
of P systems towards structural plasticity in reaction sukvolutionary con-

struction of reaction networks and arti cial chemistriegthvself-reproducible

subunits.

1 Introduction

Structural dynamics in biological reaction networks, deown asplasticity[4,21], is

a common property of complex processes in living systemdlagid evolution. Within
the last years, its impetus for adaptation, variabilityeegence, and advancement in bi-
ology became more and more obvious. Facets of life providetagra of examples for
structural dynamics: Organisms undenmgetamorphosiby the physical development
of their form and metabolism. At a more speci c level, synaiasticity within central
nervous systems of animals [6] as well as photosynthesigot$[3] are characterised
by substantial structural changes of the underlying reactietworks over time, de-
pending on external or even internal signals. In case ofqgyoithesis, light-dependent
reactions differ from processes of the Calvin cycle. In oeis/ systems, presence of
neurotransmitters for longer periods effects duplicatiomliscreation of synapses. All
these and many further biological phenomena can be dividedeveral stages of func-
tion. Typically, each stage corresponds to a subsystemed components. In terms of
modelling aspects, such a subsystem is de ned by a dedicatedf species and un-
changing reactions. Only the species concentrations waiynie or space according to
identical rules.
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Along with the development of systems biology, the inteigradf separately considered
subsystems into more general frameworks comes incregsiriglthe focus of research
to understand complex biological phenomena as a whole fpmRhis perspective,

the question arises how to assemble multiple process mastath of which captures
selected speci ¢ aspects of the overall system behaviour.

Motivated by this question, we contribute to the speci oatiof a framework able to
incorporate correlated temporally “local” models whosenamical behaviour passes
over from one to the other. In this context, time- and valissite approaches promise
a high degree of exibility in separate handling of atomidgexdis rather than analytical
methods since singularities caused by transition betwemfeta can affect continuous
gradients and amplify numerical deviations. We introducketerministic class pua

of P systems with strigbrioritisationof reaction rules and a principle of operation based
on discretisednass-actiorkinetics. Systems within this class enable an iterative pro
gression in time. Representing temporally local modelsh&ngical reaction systems,
they are designed to interface to each other. An overlyiagedtansition system man-
ages the structural dynamics of P systemsa according to signals mathematically
encoded by constraints (boolean expressions). Two cadéestgain insight into the
descriptional capabilities of this framework.

Related work addresses two aspects: discretisation of ichékinetics and structural
network dynamics. On the one hand, metabolic or cell sigral systems like [14] de-
scribe the dynamical behaviour of a xed reaction networkdzhon concentration gra-
dients, numerically studied in [8]. Results of [10] presamtiscretisation of Hill kinet-
ics mainly employed for gene regulatory networks. Arti t&nemistries were explored
in [7] along with issues of computability [13] and prioriison of reaction rules [20].
On the other hand, spatial structural dynamics in P systeasspsimarily considered
as active membranes [16, 17]. Dynamical reaction rulesababilistic P systems were
investigated in [18].

The paper is organised as follows: First we present a methodi$cretisation of mass-
action kinetics leading to P systemsya Whose properties are discussed brie y. Sec-
tion 3 introduces a transition framework for P systems o tiass together with a de-
scription of the transition process. For demonstratiohenaical register machine with
self-reproducible components for bit storage is formudaad simulated in Section 4.
Two specialities are utilisation of a chemical clock basedno oscillating reaction net-
work and a chemical encoding of binary numbers for registettents ensuring a high
reliability in function from an engineering point of viewn ISection 5, we discuss the
transition framework for monitoring the evolutionary congtion of reaction networks.
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2 Deterministic P Systems for Chemistries Based on
Mass-Action Kinetics

Multiset Prerequisites. Let A be an arbitrary set and the set of natural numbers
including zero. A multiset oveA is a mappingF : A ! N[flg .F(a), also
denoted adalr, species the multiplicity ofa 2 A in F. Multisets can be writ-
ten as an elementwise enumeration of the fdéif@; F (a1)); (az; F (a2));:::g since
8(a;h);(a;kp) 2 F : by = bp. The support of, supp(F) A, is de ned by
supp(F) = fa 2 AjF(a > 0g. A multisetF overA is said tolgr,)e empty iff
8a 2 A : F(a) = 0. The cardinalityjFj of F overA is jFj = aon F(3).
Let F; and F, be multisets oveA. F; is a subset of,, denoted as; Fo, iff
8a2 A : (Fi(a) Fz(a)). MultisetsF; andF, are equal ifff;,  Fo* Fo  Fy.
The intersectior-; \ F, = f(a;F(a)) ja 2 A™ F(a) = min( Fy(a);F2(a))g, the
multisetsunt,] F, = f(a;F(a)) j a2 A*F(a) = Fi(a)+ Fz(a)g, and the multiset
differenceF; F, = f(a;F(a)) ja2 A™ F(a) = max(Fi(a) Fz(a);0)gform
multiset operations. The terili = fF : Al  N[flgg describes the set of all
multisets oveA.

Mass-Action Kinetics for Chemical Reactions. The dynamical behaviour of chem-
ical reaction networks is described by the species conatoiis over the time course.
According to biologically prede ned motifs, a variety of rdels exists to formulate the
reaction kinetics. Since most of them imply speci c assuond, we restrict ourselves
to general mass-action kinetics [5]. Here, a continuousagh to express the dynam-
ical behaviour considers production and consumption rajesndv, of each species
S in order to change its concentration ﬁ&? = Vp(SD) Vve([S]). These rates re-
sult from the reactant concentrations, their stoichiorogéctorsa;; 2 N (reactants),
b; 2 N (products)and kinetic constarﬁ,sZ R. assigned to each reaction quantifying
its speed. For a reaction system with a total number sffecies antl reactions

1S+ S+ it an 1S !Ql baS+ 1S+ i+ 0y S,
1281 + A oS+ i+ an Sy ke b1.2S1 + oS+ 11+ b2 Sy

anSi+ an S+ i+ ann Sy ko PipSi+ S+ 111+ by S

the corresponding ordinary differential equations (ODiesd [7]:
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N
(b, a ) [S1]2 with i=1;:::n
=1 1=1

R
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t

In order to obtain a concrete trajectory, all initial conttations[S;](0) 2 Rs, 1 =

Discretisation: Corresponding P Systems pya . The general form of a P system
pma €mulating the dynamical behaviour of chemical reactionesys with strictpri-
oritisationof reaction rules based on discretis@dss-actiofinetics is a construct

pma = (V; [iiLo; RIK)

whereV denotes the system alphabet containing symbol object&ulalr species) and

V represents the terminal alphabegya does notincorporate inner membranes,
so the only membrane is the skin membr@ije The single membrane property results
from the assumption of spatial globality in well-stirrecotion vessels. Within a single
vessel, the nite multisety, V  (N[flg ) holds the initial con guration of the
system.

We formulate reaction rules together with their kinetic stamts by the system com-

each reactionrule 2 hE;i h Pji is composed of a nite multiset of reactants (educts)
Ei V Nandproduct®; VvV  N. Multiplicities of elements correspond with
according stoichiometric factors. Furthermore, a kinetostank; 2 R. is attached

Since we strive for a deterministic P system, a strict ptigation among reaction rules
is introduced in order to avoid con icts that can appear & gimount of molecules in
the vessel is too low to satisfy all matching reactions. Iis tase, running all match-
ing reactions in parallel can lead to the unwanted effedt itiare reactant molecules
are taken from the vessel than available violating consienvaf mass. Prioritisation
provides one possible strategy to select applicable @actiles in contrast to random
decisions (introduction of stochasticity) or separatesideration of the combinato-
rial variety (nondeterministic tracing). For large amaaiof molecules in the vessel, the
strategy of con ict handling has no in uence to the dynanmiggstem behaviour and can
be neglected. We de ne the priority of a reaction rule byitdex:r; >r, >:::>r .

For better readability, we subsequently write a reactideiru = (er;a1);
(e sa) 5 (g (avsb)  with supp(Ei) = feqsii:;e gandsupp(Pi)
= fai;:::; 9,0 as well as kinetic constaé by using the chemical denotation

ki

aaegt:iitae ! bhag+:::+b qg.
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Finally, the dynamical behaviour of P systems of the forga is specied by an
iteration scheme updating the system con guratigrat discrete points in time starting

diate phases addressing the progress in employing reaction
Lto= Lt
Lei = Lei 1 a; ki JEi\f (a;1 )9
Y

jLei 1 \f (b;1 )gpE' (i1 )a 8a 2 supp(E;)
b2 supp(Ei)

jLei 1\f (c;1)gj j Ei\f (c;1)gj 8c2 supp(Ei)

I & ki jPi\f (a;1)gj
Y _ o
jLi 1\f (b;1)gp® (b1 )dl 8a 2 supp(P;)
b2 supp(Ei)

jLei 1\f (c;1)gj j Ei\f (c;1)gj 8c2 supp(Ei)

Liv1 = Lgn:

The iteration scheme modi es the system con guration bycassive application of
reaction rules according to their priority in two stageseThst stage identi es the
reactants of a reaction. For this purpose, the required atrwfieach reactant molecule
a 2 supp(E;) is determined by the kinetic constaqt the stoichiometric factor od
(obtained byE;\f (a;1 )gj), and the product of all discretised reactant concentnatio
Therefore, the terniL; 1 \f (b;1 )gj describes the number of moleculesurrently
available in the vessel. Since a reaction is allowed to becemployed if and only if it
can be satis ed, the constraijity; 1 \f (c;1)gj j Ei \f (c;1 )gj 8c 2 supp(E;)
checks this property. Along with removal of reactant molesimultiset difference ),
corresponding product molecules are addedt¢ obtain the intermediate con guration

In order to adapt reaction rates for discretisation, priyrianetic constant§&; de ned
in the continuous ODE approach have to be converted intotequarts for the discrete
iteration scheme by using the transformation

" OVIE]
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Here,V 2 R, nf0g expresses the volume of the reaction vessel while the expone
jEi]j declares the sum of all stoichiometric factors of reactaetaurring in reaction; .
Constant t 2 R, nf0gspeci es the discretisation interval.

In each time step, the P systeraya generates the multiset output

Or=L{\Mf (w;1)jw2 g

which can either be interpreted as natUraI numibers jO;j over time or contribute to
the formal languagk( pwa ) =supp( o, Ot)

System Classi cation and Properties. puya belongs to deterministic P systems
with symbol objects, strict prioritisation of reaction egl, and progression in time ac-
cording to mass-action kinetics that is time- and valuefgitely approximated by a

stepwise adaptation. Its principle of operation followsithea of formulating one-vessel
reaction systems together with their dynamical behaviour.

Obviously, P systemspya Canemulate nite automatd . To this end, each transition

(q:8) 7! Cis transformed into a reactiop+ a ! = ¢°+ a. Taking all nal states as
terminal alphabet,.( pmwa ) = ; iff L(M) = ; holds.

From the perspective of computational completeness, R®ygstpya as de ned be-
fore cannot reach Turing universality: Although system gorations might represent
any natural number, we need to de ne an explicit control naeism able to address
dedicated items (con guration components) for arbitrargrementation, decrementa-
tion, and comparison to zero. Due to de nition of mass-attiinetics, the number
of molecules processed within one application of a reaatite depends on the total
amount of these molecules in the whole system. It seemseéhation rules should be
variableduring system evolution in order to enable enough exililAllowing dynam-
ical changes of kinetic constants or stoichiometric faxtdong with addition/deletion
of reactions provides this exibility, see Section 4.

3 Transitions between P Systems pua

In this section, we describe a framework enabling transgtibetween deterministic P
systems pya On the y. Initiated by an external trigger at a de ned poimt fime,
a transition manages three switching activities: Firdhe running system stops its
evolution. Secondly, the (only) resulting con guration thfat system is mapped into
the initial con guration of the subsequent system. Thiduides integration of possibly
new species together with their initial number of copiesiptd the vessel as well as
removal of vanished species iff speci ed. Reaction®Rimnd kinetic parameters ik
are replaced. Thirdly, the subsequent system is set intaope.
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For formulation of the transition framework, we utilistate transition systenj39]
denoted as construgt = (Q; T;I; ;F) with a setQ of states (not necessarily nite
but enumerable), an alphabgtof input symbols, a seit Q of initial states, the
transition relation Q T Q,andaseFE Q of nal states. In general, state
transition systems are known to be nondeterministic ahgwnultiple transitions. For
our objective, we arrange the components as follows:

Q=f gl\)/IA jG2A)M(A N)g
T f(t= )j( 2B)*(B N)g|[
f([aJCMP )j(CMP2f<; ;=:6: ;>g)*( 2N)~(a2Vvi))~
Uha = (VO 01RO KO 2 Q)~ (j 2 A)g:

While each state iQ is represented by a dedicated P systesma , the input alphabet
T contains a number of constraints (triggering events) wéthard to progress in oper-
ation time(t = ) or achievement of designated molecular amo#sCMP ). We
assume that these constraints are related to the P syst@raurrently in operation.

Each transition 4), 71 (%) 2 from U, =(v@; O[]0 RO);

K 1)) to fD",\",l)A = (v, (m);[l]l;Lgm);R('_“);K(m)) triggered byc 2 T allows
addition of new species to system alphabéts and (). Here, added species form
setsAdditionalSpeciesV ;. y andAdditionalSpecies (;, ) with Additional
SpeciesV;y, )\ V@) = ; andAdditionalSpecies )\ U) = ;. Furthermore, a
species is allowed to vanish if and only [&] = 0. Corresponding setganishedSpecies
Vim) VU andVanishedSpecies (jm ) () contain vanishing species. Within a
transition fg‘,\),lA 7 S&’A , New reactions might appear restricted to reactants ara} pro
ucts available iv (™). New reactions; 2 hvV(M)  Nih V(™ Ni with unique priority
indexi become accumulated by the multigetditionalReactions ;. y together with
assigned kinetic constarks2 R. subsumed in the sBarsAdditionalReactions ;m .
Accordingly, we consider vanishing reactions present ifitiset VanishedReactions;.m )
and their kinetic parameters storedRarsVanishedReactions;., y). The scheme

v(m = v [ AdditionalSpeciesV ;, , n VanishedSpeciesV;,
(m) = 0) [ AdditionalSpecies (m ) nVanishedSpecies (m )

LM = L)1t (a;0)j a2 AdditionalSpeciesV j, ,9

R(m)

K (m)

RU) ] AdditionalReactions ;)  VanishedReactiong;m

K 0) [ ParsAdditionalReactions;, y n ParsVanishedReactions;

decomposes the P system transition into all single compgen@fter performing the
transition, the obtained systen},, includes reactionR(™ = fr; j (i 2 A)~ (A
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N)g and corresponding kinetic paramet&$™) = fk; j (i 2 A)*» (A N)gwhere
A is an arbitrary nite subset of natural numbers. In order tegerve the strict prioriti-
sation among reaction rules, pairwise distinctive indexa® required in each set.

4 Chemical Register Machines with Self-Reproducible
Components

In the rst example, we apply transitions between P systemn®imulate a chemical
register machine on binary numbers with self-reproductiolenponents for bit storage
units. Each time new storing capacity within a register iedel, a speci ¢ reaction
subsystem for that purpose is added. A strict modularisatiothe reaction network
forming bit storage units (chemical implementation of reasiave ip- ops) facil-
itates the system design towards achieving computatioorabpteteness. A chemical
representation of binary numbers noticeably increasesdiiability of operation from
an engineering point of view.

Register Machines on Binary Numbers. A register machine on binary numbers is

label of the initial instructior# g 2 L. Available instructions are#; : INC Ry #;
(increment registeR, and jump to# ), #; : DEC Ry #; (nonnegatively decrement
registerRn and jump to#;), #; : IFZ Ry #; #, (if Rn = 0 then jump to#;
else jump to# ), and#; HALT (terminate program and output register contents). We
assume a pre-initialisation of input and auxiliary registat start with input data or
zero. Furthermore, a deterministic principle of operatiexpressed by unique usage of
instruction labels8p; g2 Pj(p=# ;i :v)* (q=#; W) ((i6j)_(v=w)),is
supposed.

Chemical Encoding of Binary Values. Each boolean variabbe 2 f 0; 1gis repre-
sented by two correlated specs andX F with complement concentratiof 7] 2
R: and[X F]2 R; suchthafX T]+[ X F] = cholds withc = const.The boolean value
of the variablex is determined whenever one of the following conditions Isled: The
inequality[X T][ [X F ] indicates “false”x = 0) and[X ][ [X T]“true” (x = 1). In case
of none of these strong inequalities holds (§X"] = 0:6c and[X F] = 0:4¢), the
system would consider the variablgo be in both states.

A Chemical Clock by Extending an Oscillating Reaction Netwok. A chemical im-

plementation of a clock is necessary in order to synchrahiseegister machine instruc-
tion processing. Positive edges of clock signals can triggero-operations like register
increment or jump to the next machine instruction. In oumatoal machine model, an
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nonoverlapping clock

cycle offset between
Ci1 and C2

o O +207 % 30F 1= .3

LRtk |
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F T Kmo T 5

' Time scale OF +207 " 30/ reactions

Fig. 4.1 Generation of chemical clock signal€i], [C2] (right) by cascadisation of toggle
switches (left)

extended oscillating reaction network provides all cloigoals. As preferred network
template for permanent oscillation, we adopt the well-s&ddBelousov-Zhabotinsky
reaction [2,22] depicted in the upper-left part of Figuré whose dynamical behaviour
results in periodic peak-shaped signals. By using a casaadewnstream switching
and maintaining reactions, we extend that primary osaifldn this way, a normali-
sation with respect to signal shape and concentration eaas be reached. Our idea
employs both converse output sign@$ andOf of the previous cascade stage as trig-
gers for a subsequent chemical toggle switch. Thus, hign@amdoncentration levels
are more and more precisely separated over the time courdeha switching delay
in between becomes shortened, see lower-left parts of &igur. After three cascade
stages, the quality of the chemical clock signal turns obetsuitable for our purposes.

For technical reasons (two-phase register machine ingiruprocessing), two offset
clocks with designated output speciés andC, are employed. Owning the same net-
work structure, they only differ in the time point when comiimto operation caused by
individual initialisations (species producing clock sim Ci: [Og;cl](O) =2;
[Of.¢,1(0) = 1; corresponding species for clock sign@ls [Of ,1(0) = 0; [O].¢,1(0) =
0; species with identical initial concentratiofiBi.c ](0) = 3;[P2.c](0) = 1 ;[Wc](0) =
0;[Ofc 1(0) = 1;[O/c 1(0) = 0);i 2 f1;2;3g;C 2 f Cy;C20). C1 andC; provide
nonoverlapping clock signals whose offset constitutes@pmately one half of the
clock cycle, see Figure 4.1 right.
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Constructing Master-Slave Flip-Flops and Binary Registes. We introduce a reac-
tion network that mimics a master-slave ip- op (MSFF) baken the aforementioned
chemical clocks and bit manipulating reaction motifs. Miver, a chain of MSFFs

In operation, it processes binary numbersh, b, 1:::bpby with b 2 f 0; 1g. Fur-
thermore, each register is equipped with prede ned triggeorder to carry out micro-

operations “increment”, “nonnegative decrement”, andmiparison to zero”, each of
which is processed within one clock cycle.

Within a MSFF, bit setting is coupled to speci ¢ edges of theck signal in order to
prevent premature switches. In our MSFF implementationsditing consists of two
phases (master and slave part). Within the master partcaibibe preset using speci c
master speciem T andM F co-triggered by positive edges of the clock sigal,
while the subsequent slave part nalises the setting by &ding the preset bit from
the master species to the correlated slave sp&CiendSF triggered by positive edges
of the offset clock signaC,. A subnetwork consisting of eight switching reactions (see
darkest grey highlighted boxes within each MSFF in Figug) dovers this task.

With regard to the functionality of a register machine, ausstce of interconnected
MSFFs represents a register. Interconnections betweghieired MSFFs re ect the
capability of incrementing and decrementing register entst. In case of incrementa-
tion, designated trigger molecul#8C |, effect a successive bit ipping: Starting from
the least signi cant bity, “1” is consecutively converted into0" until “ 0" appears
rst time which is nally converted into “1”. Intermediate carry specids' act as for-
warding triggers between consecutive bits, see Figurdftize most signi cant bith,

is reached increasing the concentration of carry spd%;ihessix new specied ,Th 1
M., S04, S, FPLy,andF! |, are added to the reaction system together with
the corresponding set of reactions forming the subnetworkrfanaging bity, +1 in-
cluding update o ,'; + andM ,Th +1 Within reactions performing comparison to zero,
see Figure 4.2.

Decrementation is organised in a similar way using initiiggersDEth and inter-
mediate molecules of carry specié$ . In order to achieve nonnegative processing, a

speciesE| indicating equality to zero, set by a satellite network vergs decremen-
tation of binary string9::: 0. Figure 4.2 shows the reaction network structure of a
register whose speci€s ,F° ,MF M T,SF andST are speci c with respect to both
register identi erh and bit positionl;, within the register. Any comparison to zero is
done by a satellite network which uses presence of any spliclewith =1;:::;1,

as triggers in order to ip an equality indicator bit(speciesE;l andE[ ) onto “0”,
while all speciesM F with  =1;:::;l, are needed for ipping onto1”, respectively.
The indicatore can be used for program control, see next section. As a fuloyy@od-

uct of each micro-operation on a register, molecules of tmmf#; 2 L encoding the

jump label of the subsequent machine instruction are retbas
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Fig. 4.2 Chemical reaction network of a register capable of prooesaibitwise extendable bi-
nary number.::b, b, 1:::bby with b 2 f 0;1g including interfaces for micro-operations
increment, nonnegative decrement, and comparison to zero.
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1st clock cycle 2nd clock cycle 3rd clock cycle 4th clock cyc

registeRy =
registeRy
Fig. 4.3 Example of the chemical program control for reg-
ister machine M = (fRig;f#0;:::;#30,P;#0) with

P=f#oI|NCR1#1; #1:|FZR1#2#3; #2IHALT; #3IDECR1#1g

Implementing a Chemical Program Control. A sequence of reactions directly de-
rived from the given prograr® of the underlying register machidé = (R;L;P; # o)
carries out the program control as follows: For each jumel#y 2 L we introduce a

fO;:::;jLj 21gg[f HALT gis created with initial concentratidh ](0) = 0 . Further-
more, for each instruction iR a network motif consisting of program-control reaction
with kinetic constank, < ks and a consecutivigypass reactiowithk, Kksis de ned.
Following the two-phase structure of a register machingumsion, these reactions rst
consume its incipient label species, then produce the sporeding instruction species
as an intermediate product and nally convert it into thedbgpecies of the subsequent
instruction if available. In order to strictly sequentgadithe execution of instructions
according to the program, clock specie€; andC, with offset concentration course
provided by both oscillators trigger program-control arygp@ass reactions alternating as
catalysts.

The set of reactions for each type of register machine iostr is de ned as follows:

instruction reactions
#i 1INC Ry #; #i+C, 1 INCL+C
INCL+C, 1 #,+C
#i:DEC Rn # #+C, 1 DECh+C,
DECL+Ci 1 #;+C
#itIFZRn #j #q #+C 17 IRz + G
IFzi9+ET+c, 1 #,+ET+Cy
IFZJ' +Ef+C1 1" #q+Ef+C
#;  HALT #,+C, 1 HALT + G,
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Instruction species of the fOI’rIINth act as triggers for incrementing the contents of
registerRy, done within its reaction network part, see Figure 4.2. Hmlé;jh is con-
verted into the byproduet ; that provides the label species of the subsequent instruc-
tion. Accordingly, specieﬁ)Eth initiate a set of reactions decrementing registgr
nonnegatively. Instruction species of the folRY th utilise a reaction network mod-
ule attached to regist&®;, that releases two speci§ andE[ whose concentrations
indicate whether or noR, = 0. Instruction species of the formNGC ! , DECL, and

IFZ th react into the corresponding label specfgsand# . Since there is no reaction
with instruction specieslALT as reactant, the program stops in this case. Figure 4.3
illustrates an example of a chemical program control thed glives an overview about
the interplay of all prede ned modules.

Although instruction species are consumed within registedules, this process could
be too slow in a way that a signi cant concentration of aniinstion species outlasts the
clock cycle. This unwanted effect is eliminated by bypas&tiens running in parallel
to the designated register operation.

Case Study: Integer Addition. A chemistry processin®, = R, +R1;R; := 0

including previous register initialisatiofR 1 ; R2) := (2 ; 1) on extendable bit word reg-
isters emulates a case study of the integer additton1” whose dynamical behaviour
usingks =3, km =1, Kmo =3, kp =0:5,kp, =1 is shown in Figure 4.4 (upper part).

Starting with empty one-bit chemical regist®Rs = 0 andR, = 0, the primary P
system g’,z,,A is set into operation. Along with the second incrementatibR;, con-
centration of the carry specieEs‘i;1 becomes Oinitiating the rst P system transition

into fjl,z,,A , see Figure 4.4 (lower part). This system contains additispecies and
reactions (according to Figure 4.2) to enlarge regiRgonto two bits. FoulC, clock
cycles later, carry specing;l reaches a positive concentration transformil’}ﬁgi4 A into

I(DZI\)/IA by extending the chemical registes from one into two bit storage capacity.
All simulations of the dynamical register machine behaviaere carried out using
CellDesigner version 3.5.2, an open source software packagcademic use [9]. The
register machine (available from the authors upon requesss)implemented in SBML
(Systems Biology Markup Language) [11], a le format shovnlie suitable for P
systems representation [15].

5 Evolutionary Construction of Reaction Networks

Arti cial evolution of reaction networks towards a desirglynamical behaviour is a
powerful tool to automatically devise complex systems tépaf computational tasks.
We have designed and implemented a software (SBMLevoli&) fpr evolutionary
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Fig. 4.4 Dynamical behaviour of a chemical register machine actsgraadder (upper part) and
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Fig. 5.5 Part of a state transition system sketching the trace of tagial structural evolution
towards a reaction network for addition of two numbers gigsrinitial concentrations of species
Inputl andInput2 . In the SBMLevolver, each network passes a separate supptany param-
eter tting (optimisation) of kinetic constants (not shown

construction of single-compartmental biological modetfigten in SBML. The SBMLe-
volver enables both, structural evolution (operatorsigldeleting species, adding/de-
leting reactions, connection/disconnection of a spe@#soim a reaction, species du-
plication) and network parameter tting (adaptation of &lit constants). Each reaction
network generated within the process of arti cial evolutiorms a P system of the class
pva - Evolutionary operators become activated randomly afekedicated period for
running a reaction network. When we understand evolutipoperators as (state) tran-
sitions between P systems, the arising phylogenetic gi@ptofy of arti cial evolution)
is related to the corresponding state transition systermaBse state transitions between
P systems are not necessarily deterministic, the phyldgeg@ph may have multiple
branches. An example in Figure 5.5 shows P system transitketching an arti cial
evolution process towards a reaction network for additibtwe numbers. In this pro-
cedure, selection can be incorporated by a network evaluatieasure to be included
as a component of pya .

6 Conclusions

Formalisation of complex biological or chemical systemtwstructural dynamics within
their reaction rules can contribute to explore the potémtigheir functionality as a

whole. From the modelling point of view, coordination of teamally local subsystem
descriptions in terms of well-de ned interfaces might betealenging task since it
requires a homogeneous approach. The P systems framevhenieitly suits here be-
cause of its discrete manner and its ability to combine wbffie levels of abstraction.
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We have shown a rst idea for arranging previously separatesgstems into a com-
mon temporal framework. In our approach, transitions betwsubsystems have been
initiated by constraints denoted as boolean expressidreyefore, we allow for evalu-
ation of internal signals (molecular amount) as well as mksignals (time provided
by a global clock). Beyond computational completenessljedon scenarios are seen
in systems and synthetic biology. Further work will be dieztto comprise P systems
of different classes and with compartmental structures@ntommon transition frame-
work.
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We present a new model for simulating Fas-induced apoptobib/-1-infected

CD4+ T cells. Moreover, the reactivation of latently infedtcells is explored.
The work, an extension of our previous modeling efforts,his trst attempt

in systems biology for modeling the Fas pathway in the I&enfected cells.
These enigmatic cells are considered the last barrier irlih@nation of HIV

infection. In building the model, we gathered what reactates and initial con-
ditions are available from the literature. For the unknowmstants, we t the
model to the available information on the observed effettdly-1 proteins in

activated CD4+ T cells. We provide results, using the Noaahinistic Waiting

Time (NWT) algorithm, from the model, simulating the infieet of activated
CD4+ T cells as well as the reactivation of a latently infectells. These two
model versions are distinct with respect to the initial diods — multiplicities

and locations of proteins at the beginning of the simulation

1 Introduction

1.1 Motivation for Study The human immunode ciency virus (HIV) is remarkable
for several reasons: (1) it predominanthfects immune system cells(2) shows a
high genetic variation throughout the infection in a single individual due to thghi
error rate in the reverse transcription; (3)riduces apoptosisor cellular suicide, in
the “healthy” (bystander) immune cells; and (4) normal inmawsystem function can
cause some HIV-infected T cells to becolagent, entering a reversibly nonproductive
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state of infection. Since the latent cells are transcriglly silent, they are virtually
indistinguishable from the uninfected cells. Also, the ti@mof latently infected cells
is relatively small, around 3% of the T cells, which makes éxperimental study of
these cells dif cult — current technology in biochemistgquires large numbers of the
molecules/cells to be studied. It is widely believed tha ltently infected CD4+ T
cells represent the last barrier to an HIV cure. The curr@pep represents an initial
modeling effort for the apoptosis (programmed cell deathai@ntly infected T cells.

We will focus on the apoptotic modeling (reason 3), since ihe avenue through which
the virus destroys the effectiveness of the host's immustesy. We will base our model
on the previous modeling work of [21], using the simulatieahinique reported in [23].
Furthermore, in order to make the modeling effort easier dnel to the high genetic
variability (reason 2) of the viral genome, we will combineveral similar processes
together into single reactions. The kinetic constantstentew reactions, modeling the
biochemical interactions involving viral proteins withetinost cell, will be obtained by
tting the model to reported experiments on the infectednlatent cells. Finally, we
will simulate the latent cells (immediately after they aeactivated) by adjusting the
appropriate initial conditions of the system.

1.2 AIDS Pathogenesis As far as we know, this paper reports the rst attempt at
modeling the Fas-mediated apoptotic signaling pathwagactivated latently infected
CD4+T cells. Although there are two strains of HIV, type 1 &yyk 2, we are interested
in HIV-1, since it is more virulent and transmissive [37].\H1 is called a global pan-
demic by the World Health Organization (WHO). Since its digery over two decades
ago, the virus has been the target of aggressive researchyétna cure — complete
eradication of the viral infection — remains out of reachcéiding to statistics from
the WHO, there wer83:2 million people living with HIV in 2007 ,2:5 million newly
infected individuals, an@:1 million AIDS deaths [47].

The pathogenesis of AIDS is attributed to the depletion efttbst's CD4+ T cells, the
loss of which results in a dysfunctional immune system. €l al. in [15] concluded
that HIV-1 infection causes death predominantly in byseand cells. These healthy,
uninfected cells are marked for destruction by the neigimgoHIV-1-infected cells.
The mechanism of the bystander cell death was shown to bei@gi®pProteins en-
coded by the HIV-1 genome exhibit anti- and pro-apoptoticawéor on infected and
bystander cells, enhancing or inhibiting a cell's abilityundergo apoptosis. There are
numerous drugs available for limiting the impact of HIV-1 tre immune system; the
most successful approach, highly active anti-retrovinarapy (HAART), is a combi-
nation of several types of drugs, targeting different medras of HIV-1 infection and
proliferation.

Although HAART has proven to be effective in the reductiorebmination of viremia
[34], it is ineffective in the complete eradication of theatiinfection. Latent reservoirs
of HIV-1 have been detected in HIV-1-infected patients [g, Latently infected cells
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are relatively rare — abodt in 10° resting T cells [10]. However, they are considered
to be the largest obstacle in combating HIV-1 infection @A%,44]. Understanding the
mechanisms behind HIV-1 latency is a focal point for curraidS-related research
(for a recent review on latency see [19]).

There are two types of latency described in the literaturee Tst, preintegration la-

tency, refers to resting T cells containing unintegrate-HIIDNA. Since the uninte-

grated HIV-1 DNA is labile and reverse transcription of HIVRNA is slow (on the

order of days) [35, 50, 51, 53], it is believed that patienthhweduced viremia after
several months of HAART therapy do not have resting T celthwnintegrated HIV-1

DNA [7]. However, resting T cells with stably integrated HIVDNA can provide a

reservoir for viral reproduction for years [16]. These ne®sé@s are the result of acti-
vated HIV-1-infected T cells that have returned to a quiatstate. Due to their long
lifespan, we have chosen to model the apoptotic events diaiM the reactivation of

a postintegration latently infected CD4+ T cell. N.B., faetremainder of the paper,
when use the term latent, we are referring to the postintegréatency.

We have previously reported our results [23] from simulgtihe Fas-mediated apop-
totic signaling cascade, based on information for the Jufkeell line [21]. In [23],
we provided an exhaustive study on the feasibility of our deterministic Waiting
Time (NWT) algorithm, comparing our results to an estatdislordinary differential
equations (ODESs) technique [21]. We have extended the Faglriacorporating the
effects HIV-1 proteins have on the pathway.

In Section 2, we provide a brief summary of our simulatiorht@que. Section 3 dis-
cusses the background information on the Fas pathway anelHiNteins necessary
to understanding our model. Section 4 contains the restiltsiosimulations. Finally,
Section 5 is a discussion of issues revolving around mogetin/-1 protein activity
and future research plans for our group.

2 The NWT Algorithm

We refer the interested reader to [23], where we gave a @etdiéscription of the NWT
algorithm. We will now highlight the key aspects of our sirtithn technique.

The NWT algorithm is a Membrane Systems implementation revttee alphabet of the
system is de ned as proteins, and the rules are the readtiwok/ing the proteins. The
algorithm is mesoscopic, since individual molecules arpleyed instead of molecular
concentrations. This allows us to discretely interpretelielution of the intracellular
molecular dynamics. We have argued in [23] that our dis¢cmd@deterministic algo-
rithm may outperform other continuous methods — for examPIBE simulations — in

situations of low molecular multiplicity.

All of the reactions within the system obey the Law of Massiéwtt- i.e., the amount
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of time required for any given reaction to occur is directtgjportional to the number of
reactant molecules present in the system. The Law of Madgsm\ist used to calculate
a waiting time (WT) for each reaction, indicating the nextaeence of the reaction.
These values are based on kinetic constants and are deigicninthe nondetermin-
ism in our algorithm stems from reaction competition ovev lmolecular multiplicity.
Our NWT algorithm is different than the Gillespie algoritijf¥, 18], where stochastic
values are generated to govern the reaction rates. We veélthes NWT algorithm to
explore the effects of HIV-1 proteins on the Fas-mediatgdaing cascade.

3 The Model

3.3 Fas-Mediated Apoptosis We have explored the literature pertaining to the ef-
fects of HIV-1 proteins on apoptosis: see [2,38,41] foregs on HIV-1-related CD4+

T cell death. There are several distinct death receptorghylipon activation of the
cell, can lead to cellular apoptosis through a tightly reg¢edl molecular signaling cas-
cade [3]. In this paper, our concern is the Fas pathway. Asrteg in [22] and [36],
understanding the complex signaling cascade of Fas-need#gtoptosis can be bene -
cial in developing remedies for cancer and autoimmune desst

In [40], the authors describe two signaling pathways forFr&sliated apoptosis: type |
and type Il. Both pathways begin with the Fas ligand bindmthe Fas receptor (also
called CD95) on the cell membrane. This results in a conftional change at the
receptor, producing a complex, Fasc. The cytoplasmic domifaihis complex recruits
Fas-associated death domain (FADD). A maximum of three FAD@ecules can be
recruited to each Fasc molecule. Once FADD is bound to Fessp&3e 8 and FLIP are
recruited competitively. Although three molecules of Casp8 can be recruited to each
Fasc-FADD binding, only two are required to create the dirﬁaspasezp“ , Which is
released into the cytoplasm. The cytoplasmic Casﬁ%%eis then phosphorylated into
active form (Caspase 8*). The binding of FLIP to Fasc inlsil@ipoptosis, because it
reduces the ability of Caspase 8 to become activated — L&, €an occupy binding
sites necessary for creation of Caspése .

Unless suf ciently inhibited, the Fas signaling cascadatowes in the type | or type
Il pathway. For suf ciently large Caspase 8 initial conaetion, Caspase 3 is directly
phosphorylated by the Caspase 8*. This is the type | pathif/élye number of Cas-
pase 8 molecules is insuf cient to induce Caspase 3 aatimatirectly, then the type I
pathway is initiated. Caspase 8* truncates the Bid prot&ia. The tBid protein can
then bind to two molecules of Bax. The complex formed by tlgling leads to the re-
lease of Cytochrome c¢ from the mitochondria. Once it is tigreted to the cytoplasm,
Cytochrome c binds to Apaf and ATP, forming a complex that iamuit and activate
Caspase 9 (Caspase 9*). The activated Caspase 9* proceacts/aie Caspase 3. We
consider the activation of Caspase 3 to be the end of the Isigneascade, since its
active form signals DNA fragmentation [28].
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In [23], we modeled both the type | and type Il Fas-inducedpaptic signaling path-
ways. In the next section, we discuss HIV-1 infection anéfitscts on the Fas signaling
cascade.

3.4 HIV-1 Infection The mechanisms behind HIV-1 infection of CD4+ T cells are
well understood. A spike on the virus, the gp120 envelopeapyotein, binds to the
CD4 receptor of the target cell and, in conjunction with digent binding to a core-
ceptor (CCR5 or CXCRA4), a path is opened for the virus to ingsccontents into the
cell [8,48]. Reverse transcriptase creates cDNA from th& HRNA and the genome
of the virus is implanted into the cell's own DNA for futureqauction. During this
time, the immune system fails to detect and destroy the tafecell.

There is still some debate about the effects of HIV-1 pra&ein cellular signaling net-
works; however, we have pooled the collective knowledgédefitiological community
in order to categorize and model the described functionsagbus HIV proteins. For
an illustration of the Fas pathway and the involvement oftili¢ proteins we refer the
reader to Fig. 3.1.

Upon infection, the contents of the virion (e.g., Vpr, HIVopgase (HIV; ), reverse
transcriptase (RT), and HIV RNA (HIMa )) are released into the cytoplasm [6]. In the
newly infected, activated CD4+ T cell the HtMa is converted to cDNA (HIVpna )

by the reverse transcriptase about ve hours post-infedi®b]. The HIV;pna IS then
integrated into the host's genome with the help of the virkgrase approximately
one hour later [14]. These rules are shown in Table 3.1. Foconvenience, we have
labeled the integrated HIV genomeld$V tr in our rulesHIV 1R is the basis for
interactions involving the HIV long terminal repeat; in omnodel, it is a necessary
component for all reactions pertaining to HIV-1 protein gwiation.

After integration of the viral DNA, gene expression of HIVgbeins becomes possible.
The nuclear factor of activated T cells (NFAT) and NB-have been shown to play
important roles in HIV gene expression [26, 30]. In a resi@4+ T cell, NF- B is
sequestered in the cytoplasm by its inhibitoBl Following cellular activation, NF-B

is released by its inhibitor, which allows it to relocate i@ hucleus where it can bind to
the HIVLtr . Also following T cell activation, NFAT, located in the cyitasm of resting
CD4+ T cells, undergoes dephosphorylation and translocdt the nucleus where it
can bind to the HIYtr [26]. Once NF- B and NFAT are translocated to the nucleus,
they can bind to the HIVyr , combining their efforts to synergistically enhance the
promoter activity. Moreover, [26] shows that the combinffdas of Tat, NF- B and
NFAT is much stronger than the pairings of Tat and NB-or Tat and NFAT. In our
model, we have combined the roles of NB-and NFAT. Hence, the translocation and
binding rules for NFAT (and NF-B) are shown in Table 3.1.

Multiply spliced (MS) HIV-1 mRNAs — responsible for Tat/Revotein creation — are
detectable in resting CD4+ T cells [27]. However, due to thef tient export of the
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Table 3.1 A list of the reactions involving effects of HIV-1 proteinghich were added to the
existing Fas model [21, 23]. See Appendix A for the complistedf reactions.

Reaction Reaction Rate
1: HIVrna + RT! HIVeoona +RT K21
2:HIVeona ! HIVepna  (nuclear import) koo
3:HIVeona ! HIViTR Koo
4: NFAT ! NFAT (nuclear import) ka3
5: CDK9! CDKJ9 (nuclear import) Ko4
6: CyclinT1 + CDK9! PTEFb Kosg
7: NFAT + HIVitr ! HIViTr (NFAT Koe
8: HIVitr :NFAT + Tat! HIV tr :NFAT:Tat Ko7
9: HIV_tr :NFAT:Tat+ PTEFD HIV tr :NFAT:Tat:PTEFb Kog
10: HIVLitr ! HIViTr + MRNAT k29
11: HIVirr ! HIVTR +mRNA\/pr k29
12: HIVirr ! HIViTr + MRNAWY Kog
13:HIVirr | HIVite + MRNAes k2o
14: HIVitr :NFAT ! HIVitr :NFAT + MRNAT at Kso
15: HIVitr :NFAT I HIV TR :NFAT + MRNAy pr Kso
16: HIVirr INFAT ! HIVitr INFAT + mMRNAuy Kzo
17: HIVitr (NFAT ! HIVitr :NFAT + MRNAyes Kz
18: HIVitr :NFAT:Tat! HIV_tr :NFAT:Tat + mMRNAra ka1
19: HIVitr NFAT:Tat! HIVtr :NFAT:Tat + mMRNA, ka1
20: HIVitr INFAT:Tat!  HIVirr (NFAT:Tat + mMRNAy |, ka1
21: HIV tr :NFAT:Tat! HIV tr :NFAT:Tat + mMRNAyes k31
22: HIVitr NFAT:Tat:PTEFD HIV tr :NFAT:Tat:PTEFb + MRNAx: Kso
23: HIVLtr NFAT:Tat:PTEFH  HIVtr :NFAT:Tat:PTEFb + mRNAxpr K32
24: HIVitr (NFAT:Tat:PTEFR  HIV 7r :NFAT:Tat:PTEFb + mRNAw K32
25: HIVirr (NFAT:Tat:PTEFD HIV i rr :NFAT:Tat:PTEFb + MRNAes ka2
26: MRNAra: | MmRNAra (nuclear export) K33
27: mRNAwer ! mMRNAwer (nuclear export) Ks3
28: mRNA/pr ' mRNAyr (nuclear export) Ks3
29: mRNAywy , ! MRNA4v ,, (nuclear export) K33
30: MRNAra ! MRNArq + Tat Kzs
31: mMRNAvet ! MRNAwesr + Nef K34
32: MRNA/p | mRNAy, + Vpr K34
33: MRNA4 v pr I mMRNAH v pr + H|Vpr k34
34: mRNAry | degraded k3s
35: MRNAws ! degraded Kss
36: MRNA, ! degraded Kss
37: mRNAyv ,, ! degraded Kss
38: Tat Tat (nuclear import/export) Ksef ; Kasr
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Type | Pathway

Type | Pathway

Fig. 3.1 A picture of the model for HIV-1 protein effects on Fas signgl The activation of Cas-
pase 3 is the end of the signaling cascade — irrevocably keecksll death. The type | pathway
involves direct activation of Caspase 3 by Caspase 8*. Tipe llypathway requires signal ampli-
cation by way of the mitochondria, resulting in the actiiat of Caspase 3 by Caspase 9*. The
HIV-1 Tat protein upregulates inactive Caspase 8 and BblRjt can also downregulate Bcl-2.
Vpr upregulates Bcl-2 and downregulates Bax. HIV Proteaseateave Bcl-2 into an inactive
form and it can also cleave Caspase 8 into active Caspasaalyi-Nef protein upregulates Fas
ligand and Fas receptor.

MRNA transcripts to the cytosol, Tat and Rev proteins areetextable in the latent
cells. Activation of these latent cells leads to productibfiat and Rev, and subsequent
upregulation of all HIV-1 proteins. In order for the infedteells to create HIV proteins
other than Tat and Rev, the transcriptional elongation ¢ediby Tat and the ef cient
nuclear export of MS HIV-1 RNAs by Rev are required. Our lail model, beginning
with cellular activation, initially allows for inef cientreation of Tat proteins. We chose
not to model Rev, since it has no known Fas apoptotic fungtisexporting functions
are incorporated into the kinetic constants governing mRidAslocation. Once Tat is
located in the nucleus, it requires the help of two otherginst provided by the host
cell: CyclinT1 and CDK®9.
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39: Tat! Tat + Casp8 Ks7
40: Tat! Tat+ Bcl2 Ksg
41: Tat! FasL + Tat K39
42: Tat+ Bcl2! Tat Kao
43: Vpr+ Bax! Vpr Kao
44: Vpr+ Bcl2!  Vpr:Bcl2 Ka3
45: Vpr:Bcl2! Vpr + Bcl2 Kas
46: Vpr+ PTPA  Vpr:PTPC Kss
47:Vpr:PTPC + Cyto.¢ Cyto.c + Vpr:PTPC Kkyg
48: HIVy, + Casp8 HIV + Casp8 K47
49: HIVy: +Bcl2! HIV)y Kag
50: Nef! Nef+ Fas Kao
51: Nef! Nef+ FasL Kso
52: Fasl! FasL (to cell surface) Ks1

In an inactivated cell, CyclinT1 and CDK9 are sequesterghercytoplasm [31]. Upon

T cell activation, they are relocated to the nucleus. Cyidimnd CDK9 combine to

make up the positive-acting transcription elongation dag¢P-TEFb) complex. The

binding of P-TEFb and Tat at the HlYr allows the hyperphosphorylation of RNA
polymerase Il (RNAPII), resulting in increased transddpal elongation. The translo-
cation and binding rules for CyclinT1, CDK9 and Tat are folized in Table 3.1. The

transcription, translocation, and translation rules airay HIV-1 mMRNA molecules are

also summarized in Table 3.1.

3.5 HIV-1-Related Effects on the Fas Pathway Aside from its role in transcrip-
tional elongation, the Tat protein is responsible for batt+ @nd anti-apoptotic behav-
ior. In [4], the authors demonstrated that increased Tatesgion causes upregulation
of inactive Caspase 8. Also, Tat has been associated witdawaregulation of Bcl-
2 [41]. Given the pro- and anti-apoptotic duties of Caspas@@Bcl-2, respectively,
it appears that a cell with high levels of Tat has increasestestibility to apopto-
sis. Conversely, [15] claims that Tat upregulates Bcl-2uléng in decreased apoptotic
rates of cells. Tat has also been implicated in the upreigulaf Fas ligand on the cell
surface [4, 49], which may effect the cell through autocrsngnaling. The anti- and
pro-apoptotic rules for Tat are found in Table 3.1.

The HIV-1 Vpr has been shown to both enhance and inhibit tiseskgmaling cascade.
Upon infection, the 700 molecules of Vprin the virion are injected into the cytagm

of the cell [6]. At low levels, Vpr has been shown to prohilbgtosis by upregulating
Bcl-2 and downregulating Bax [12]. However, higher concations of Vpr affects the
mitochondrial membrane permeability via interactiondwitie permeability transition
pore complex (PTPC), resulting in the release of Cytochroingo the cytoplasm [24].
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In the same paper, the authors also demonstrated that Baf2nbibit the effects of
Vpr on the PTPC. The various apoptotic roles of Vpr we de ndable 3.1.

Another protein packaged in HIV-1 virions, HpV, plays an important role in the Fas
pathway. The HIV; has been shown to cleave Bcl-2 into a deactivated statedide

it also cleaves Caspase 8 [32] into active form. Both rulespao-apoptotic and are in
Table 3.1.

Finally, we de ne two pro-apoptotic rules for the Nef prateiZauli et al. discovered
in [52] that Nef can play a role in cell death by upregulatirag Feceptor and Fas ligand
on the cell surface. Upregulating the receptor sites of Fathe cell surface prepares
the cell for ligand binding, and can initiate the Fas-indlapoptotic signaling cascade.
The upregulation of Fas ligand may protect the infectedfomth cytotoxic T cells, or it
could be part of autocrinic signaling. The four rules for egulation and translocation
of Fas and Fas ligand are in Table 3.1.

4 Results

We added all of the rules from Table 3.1 to the Fas model desdrin [21, 23] — see
Appendix A for the complete list. From this, we are able touliate two types of cells:
nonlatentand latent The differences between the two models are the initialgdnot
multiplicities. The nonlatentcell is an activated T cell which has just been infected
with the contents of the HIV-1 virion. The HIV-1 RNA and othéral proteins are in
the cytoplasm. The HIV-1 RNA must be incorporated into thetlsogenome before
the viral protein production begins. Thatentmodel is a newly activated T cell with
no HIV-1 proteins present. However, the HIV-1 genome isadieintegrated into the
host's DNA.

As we have discussed earlier, thenlatentcell is used for the model tting, since
the majority of information about HIV-1 proteins pertairtsthese types of cells. For
instance, in Fig. 4.2(a), the results from thenlatentsimulation show the activity of
Tat in that full length (inactive) Caspase 8 increases by#faf three. Our simulation
agrees with the observations of [4]. Also, in Fig. 4.2(b); owdel shows Vpr-induced
upregulation of Bcl-2 and downregulation of Bax B9% and20%, resp. Our results
agree with the experimental results on Vpr described in.[12]

We will next consider the activation of Caspase 3. In Fig, #&h thenonlatentand
latentmodels are shown to exhibit the onset of apoptosis — totalaitin of Caspase
3 — after approximately two days. Our results indicate teattivated latently infected
CD4+ T cells activate all of the Caspase 3 molecules eahi@m thenonlatenimodel.
Also, in Fig. 4.3, we show the truncation of Bid, which is a eggary step in the induc-
tion of the type Il pathway. Active Caspase 8 is responsibidife truncation of Bid, so
we are seeing the downstream effects of Caspase 8 activation
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Fig. 4.2 (a) Tat protein upregulates Caspase 8 levels by three{lm)d/pr upregulates Bcl-2 and
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Fig. 4.3 (a)Total reduction of full length Caspase 3 is seen aftef0 hours in thelatentmodel,
whereas theionlatentmodel takes 47 hours. (b) The decline of Bid through interactions with
Caspase 8, leading to a rise in tBid.

Next, let us consider the mechanisms behind Caspase 3tauntirathelatentandnon-
latentmodels. According to the rules in Appendix A, an interacti@tween full length
Caspase 3 and active Caspase 8 or Caspase 9 can have two eaittioenactivation
of Caspase 3 or not. Both of our models show cooperation legtwlee two pathways,
which is not explicitly stated in the literature. Tihenlatentesults (Fig. 4.4) show the
rst interactions between Caspase 3 and Caspase 8* mokeoutrur just after 18 hours
into the run. It isn't until 10 hours later (26 hours into the run) that we begin to
see Caspase 3 interactions with Caspase 9%, after signdl eatipn through the mi-
tochondria. As discussed in [21, 23], given a suf cientlghiinitial concentration of
Caspase 8 in the cell, signal ampli cation is not necessaiyduce apoptosis. For this
model, we set the initial level of Caspase 8 to be insuf cilamtapoptosis by the type |
pathway.

The results of théatentsimulation are similar to th@onlatentwhere both pathways
appear to govern Caspase 3 activation. Inlgtentrun (Fig. 4.5), we see type | inter-
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Fig. 4.4 These graphs show the type | and type Il pathways workinghegéo activate Caspase 3
during thenonlatensimulation. The type | interactions are active Caspase @miwith Caspase
3, and the type Il interactions are Caspase 9 binding wittp&ses 3. (a) The overall picture for
the whole three days of simulation. (b) One minute from tmeusation (from 32 hours to 32
hours and 1 minute) illustrates the rate of interactions.

actions rst occur about 12 hours into the simulation, whifpe 1l molecular binding
occurs after 21 hours.
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Fig. 4.5 These graphs show the type | and type Il pathways workingthegéo activate Caspase
3 during thelatentsimulation. They are similar to theonlatentun. (a) The overall picture for the
whole three days of simulation. (b) One minute from the satiah (from 32 hours to 32 hours
and 1 minute) illustrates the rate of interactions.

Although Fig. 4.4(b) and Fig. 4.5(b) imply type | interagt®occur more frequently
than type Il, it must be noted that, due to the kinetics gowerithese binding rules,
Caspase 8* can remain bound to Caspase 3 for a longer perimt@than Caspase
9*. Therefore, although it seems that Caspase 8* binds tp&s#s3 more frequently,
the reactions are merely slower. In fact, both models exhibire interactions between
Caspase9* and Caspase 3.

5 Discussion
Based on the biological evidence in the literature, we congtd a model for the effects

of HIV-1 proteins on the Fas-mediated apoptosis pathwaig Work is the rst of its
kind, simulating Fas-induced apoptosis in reactivatezhdy infected CD4+ T cells. We
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have provided some preliminary results in an effort to ustlerd CD4+ T cell latency.
Interestingly, our results show a cooperation betweenytpe t and type Il pathways.
We have not been able to verify an explanation for this in traglable literature.

We are interested in extending this model in several waysirtance, we would like
to model the effects of HIV-1 proteins on bystander cell apejs. As mentioned in the
introduction, HIV-1 appears to primarily kill uninfecteg&tander T cells [15]. Various
mechanisms have been reported for the destruction of thedysr cells. Along with
Fas-induced apoptosis, other possible mechanisms faaryst cell death are reviewed
in [2,38,41]. Upon being exocytosed by an infected cellesa\of the proteins encoded
in HIV-1 can exhibit destructive qualities when interagtinith neighboring bystander
cells — either on the surface or through endocytosis.

There are a few HIV-1 proteins we have ignored in this modetause they affect
T cells in ways not within the scope of our current effortsr Egample, soluble and
membrane-bound Env can bind to the CD4 receptor of bystaredist In [11] and [5],
the authors have shown that ligation of the CD4 receptor by iSsuf cient to increase
apoptosis in bystander cells. The reasons for the increagegtotic rates following
Env-CD4 binding can be attributed to Bcl-2 down-regula{i@d], increased Caspase 8
activation [1], and upregulation of Fas [33], FasL and Bak|[4

Extracellular Tat can enter bystander cells through entbsiy, which leads to pro-

apoptotic activity. The addition of Tat to a culture of urénfed cells has been shown
to increase apoptosis [29]. Endocytosed Tat can upreglelatés of Caspase 8 [4] and
increase expression of the Fas ligand [41], interferinghi@ $ame manner as in the
infected cells. Also, extracellular Vpr can disrupt theaationdrial membrane, leading
to increased translocation of Cytochrome c* [41].

Finally, we would like to note that the experimental infoitioa on the latent HIV-1-
infected CD4+ T cells is scarce, due to the fact that thede ae found in such small
numbersin vivo. Therefore, our model relies heavily on applying the knalgle of

activated HIV-1-infected CD4+ T cells. We look forward towexperimental results
about these enigmatic cells, which we will use to re ne thedelo
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risp : [Nef Jn! [Nef;FASL |n Kso
risp :[FASL ]! FASL][ s Ks1

riss:[Tat], ! Tat[ ], K3er
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The following tables give the deterministic kinetic ratesaction rates) used in the

description of the reactions;

Modeling Fas-Mediated Apoptosis In Latent HIV-1-Infecte€D4+ T Cells

kit =9:09E 05nM s 1 | kyy, =2:21E 03s !

kir =1:00E 04s ! kipf =2:78E 07nM s nM
kof =5:00E 04nM s ! | ko =5:70E 03s !

ko =0:2s 1 Kigt =2:84E 04nM s !

ks =3:50E 03nM s ! | ki3 =0:07493 *

ks =0:018 1! kit =4:41E 04nM 1s !

ks =0:3s 1 kiar =0:1s 1

ks =0:1s 1 kis =0:7s 1

k6f =1:00E 05nM lS 1 k]_6f =1:96E 05nM 1S 1

k6|» =0:06s 1 k16r =0:0570% 1

kz; =0:1s 1 k17 =4:8s 1

ket =5:00E 03nM s ! | kg =1:06E 04nM 1s !

kgr =0:005s 1 klgr =1:00E 03s 1

kot =2:00E 04nM 1s 1 | kyof =2:47E 03nM Is !

kor =0:02s 1! Kior =2:40E 03s !
kip=1:00E 03nM 1!s? Koof =2:00E 03nM 1s !

k]_]_f =7:00E 03nM 15 1 k20r =0:02s 1

ko1 = 0:033456341666666M 's ! | kss =0:001% *

k22 = 0:0005555555555555561 ks7 =4:0E 006s 1!

koz = 100s 1 ksg = 2:0E 006s 1

ko4 = 400s 1! ksg =2:0E 007s !

kos = 0:4nM g1 K40 = 2:0E oosnM 1s
kg =5:0E  005nM 's * kg =1:1E 0065 !

ko7 =0:1nM 1s ! ks =2:0E 00&80M s
kog =200nM 1s ! kg3 =2:0E 00&80M s
kpg =2:8E 004s ‘! ks =2:0E 0065 *!

ksp =2:8E 003 ! kgs =2:0E 0065 1!

ks =0:071s ! kse =1:0E 005nM 1s
ks =0:71s ! ks7 =6:0E 0120M s
kg3 =0:2s 1! ksg =3:0E 00&80M s
k3s =0:04s ! kso =3:0E 009 *

k35 =0:033 1 kso =1:0E 007s 1
kssf =0:00% 1! ks; =2:0E 006s 1!
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We present an automatic practical transformation of Comoatimg X-
machines to Population P Systems. The resulting compilablis to take as
input a Communicating X-machine model written in an appiatpty designed
language (XMDL) and produce a Population P System in anatiogation
(PPSDL). The latter contains only transformation and comication rules.
However, the user can further enhance the models with mdes that deal
with the recon guration of structure of the network of cellSMDL, PPSDL
and their accompanied compilers and animators are brieeg@nted. The prin-
ciples of transformations and the transformation temglafethe compiler are
discussed. We use an example model of a biological systemelgiaan ant
colony, to demonstrate the usefulness of this approach.

1 Introduction

State-based methods, such as nite state machines andcthaiterparts, are widely
used for modelling reactive systems [7]. In particular, Xehines (XMs) possess an
intuitive modelling style since they reduce the number efrtiodel's states due to their
associated memory structure and they are directly linkeshpdementation due to tran-
sition functions between states. Most importantly, howeMemachines are coupled
with techniques for formal veri cation and testing, reaseg correctness of imple-
mentation with respect to their models [4, 2]. There existesal tools that facilitate

modelling with X-machines as well as the testing and vettica of models [5, 16].

In addition, X-machine models can communicate, thus foghamnger scale systems.
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Communicating X-machines (CXMs) provide the necessaryetiiod message pass-
ing means and computation that demonstrate the feasibiliscaling up models [8].
However, they do suffer from a major drawback: the orgaiosat structure of the com-
posed system is prede ned and remains static throughoettimputation. Although for
some systems this is a virtue, for some others, such as aggtit systems, reorgani-
sation is an important feature that should be addressed iadeinin this context, by
reorganisation we mean change in the network of commuoic&tetween agents and
change in the number of agents that participate in the system

Membrane computing, on the other hand, is a relatively nesa @nd its usefulness
regarding the modelling of systems has only recently diattebe explored. P Sys-
tems, however, possess such features that may potentihgss the problems stated
above [11]. Some initial studies demonstrated that P Systam its variants, such as
Population P Systems (PPSs), could be used to model maltitagstems [12]. They
may not seem as intuitive with respect to modelling behagofiagents because simple
objects and rewriting rules over those objects are not seifit But they do deal with
reorganisation quite effectively. Rules for division ariffetentiation of cells as well
as cell death and bond-making rules allow for a powerful malaition of the structure
of a multi-agent system and the communication links betvasgnts-cells. Tools have
been developed, although not targeted to multi-agentsysfg&5]. The majority of the
tools focus on computation with the rest dealing with somelefiing aspects.

A brief comparison between Communicating X-machines amglRdion P Systems is
shown in Table 1.1. Their complementarity has led to the essful integration of the
two methods [14].

Modelling feature ‘ CXMs ‘ PESS‘
P

Agent internal state representation

Complex data structures for knowledge, messages, stirtuli e
Direct communication / Message exchange
Non-deterministic communication

Dynamic addition and removal of agent instances

Dynamic communications network restructuring
Synchronous computation

Asynchronous computation

Formal veri cation of individual components

Test cases generation for individual components

Tool support
Table 1.1 Comparison of features of X-machines and Population P 8ystéth respect to mod-
elling.

T O

T T T T T

T T T T T
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In this paper, we take a different approach. We attempt tosfram existing Com-

municating X-machine models to Population P Systems moiilbks transformation is
based on the theoretical principles reported in [10]. Heredeal with the transforma-
tion in practice, that is, having a CXM model described in sdanguage for CXMs,

we describe the automatic compilation to an equivalent PB8efrdescribed in some
other language for PPSs. These languages, namely XMDL aS8®PIDL stands for

Description Language) have been developed separatelyp@) tvith about a 6-year dif-
ference. However, the younger language PPSDL has beenrinageby the successful
launch and experience we acquired through the use of XMDIs &timittedly eased
the implementation of the compiler that does the transfoiondo some extent.

The rationale behind the transformation is rather simpleviel believe an important
one. As modellers, we would rarely use PPS for modelling thlealbiour and com-
munication between agents. The main reason for that woultidé&ck of expressive
power, as X-machines serve this need in a far better waya&mg CXM models, which
can be individually veri ed, and transforming them into PR®dels we could use PPS
rules to extend the model with dynamic features. Practictliis means that not only
we surpass the shortcomings of PPS in modelling agent balayibut we also feel
quite con dent (depending on a formal proof that the tramsfation is correct) that the
resulting PPS model meets at least some quality requireament

The paper is organised as follows. Section 2 is a brief intotidn to Communicating
X-machines with main focus on XMDL. Section 3 does a similat §lightly more

extended introduction to PPSDL. The principles of transfation are brie y listed in

Section 4 together with the actual transformation templéitem XMDL to PPSDL.

We use a simple example, a system of communicating ants regffza ant colony, to
show the equivalence between the input XMDL and the outp@Pmodels. Finally,
we discuss certain arising issues and we conclude with tibrecfor future work and
extensions.

2 X-Machine Description Language

X-machines are nite state machines with two prominent eletgristics; they have an
associated memory structure, that can hold data and instead of having simple inputs
as labels, transitions are triggered through functionsyhich are activated by inputs,

, and memory values and produce outputswhile updating the memory values. Of
particular interest are stream X-machines which have b&tansively used for mod-
elling reactive systems. The formal de nition of stream XMsn be found in [4]. An
informal but comprehensive abstract model of an XM is deidh Fig. 2.1.

XM models can communicate by sending messages one to andtiese are many
alternative de nitions of Communicating X-machines. Weawspractical approach in
which the output of a function of one XM is forwarded as inpuatfunction of another
XM [8]. However, in order for this to happen, a requiremerdsll be met: the message
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MEMORY m . m’

4

output stream g

(3

inout stream s

Fig. 2.1 An abstract X-machine.
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Fig. 2.2 An abstract example of two Communicating X-machines.

sent should be compliant with the input alphabet of the k@egiXM. This is why a

transformation functionT , is required to transform the message of the sender into an

input for the receiver. The concept is shown in Fig. 2.2 whileomplete de nition of
CXMs can be found in [8].

The X-Machine Description Language (XMDL) was developeddsist with the mod-
elling and animation of models [5]. The idea behind XMDL wasuse a simple, yet
powerful, declarative notation which would be close to thatmematical, yet practi-
cal, notation for XMs. XMDL possesses constructs with wiocte can de ne an input
and an output alphabet set, a memory structure includingniéialimemory, a set of
states including an initial state, transitions betweetestand functions. Functions get
an input and a memory and give an output and a new memory, thineconditions
(guards) hold on input or memory values. The modeller camdeany kind of different
types of values by combining built-in types, such as natuuahbers, with user-de ned
types, such as sets, sequences, tuples, etc. Table 2.thaifppresents XMDL con-
structs with a brief explanation on each one. The completadbXMDL grammar is
available from [6].

XMDL has been extended to provide the ability to de ne thensfmrmation function
T, i.e. the function that transforms the output of a CXM to apunof another CXM
in a communicating system. XMDL-c also provides the cord#tio de ne instances
of class XMs with different initial state and memory as wedl@mmunication links
between functions of participating CXMs (see Table 2.3).
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‘ XM ‘ XMDL syntax Informal_ semantics
#input ( i1;::00n ) De nes the input tuple for functions
#output ( o1;:::;0k ) De nes the output tuple for functions
Q #istates = f qu;:::;0m @ De nes the set of states of the XM
M #memory ( mg;:ii;m; ) De nes the memory tuple of the XM
(0} #init _state ( So ) De nes the initial state
Mo | #init _memory ( vi;:::;v ) De nes the initial memory values
A set of statements that de ne the transiti(
F #transition ( G;'k )= G between states and their corresponding
bels (functions)
#un name
(' input _tuple; memory _tuple ) =
if condition 1 (and|or . .
. __.1 (andion) De nes a function' in
condition  : ::
then (  output_tuple; memory _tuple )
where informative _expression.
] . ~ De nestypes of values to be usedin all co
#type |Qentlfler = _ structs. User de ned types include enume
user defined | set operations | ated sets, sequences, etc., while opera
built-in type | tuple include unions, Cartesian products (tuple
etc
Table 2.2 Main constructs of XMDL (words in upright font are XMDL keywabs)
XMDL-c syntax Informal semantics ‘
#model instance name
instance _of modelname with: De nes an instance of a CXM component
#init _state = initial _state; with an initial state and initial memory.
#init _memory = initial _memory _tuple
#communicaiion of receiver De nes that a function of a receiver XM
function reads from  sender. reads an input from another XM.
#communication of sender
function writes message to receiver. De nes T, i.e. the message format, the func-

using variables_in _message
from (memory|input|output)

tuple

tion of the sender XM and the receiver.

Table 2.3 Main constructs of XMDL-c (words in upright font are XMDL kexprds).

A tool, called X-System, has also been implemented [9].dtudes a DCG (De nite
Clause Grammar) parser, a syntax and logical error cheakewsmpiler of XMDL to
Prolog and an animator. Models written in XMDL are compiledianimated, that is,
the synchronous computation of the CXM model is imitateddigh inputs provided by
the user. Part of X-System’s architecture is shown in Fig. 2.

la-

r_
ion
S)
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CXM model

User -
inputs < Results of
[ 8 5 5 E computation
- =) = = )
—_ 2, _— ] -~
- - 3 |E [y — |m | E S o
XMDL = C = o0 e
s | O < | 2 —
XMDL-c A °© _
Prolog & —

Fig. 2.3 The X-System

3 Population P Systems Description Language

Population P Systems consist of network of cells which astaimces of possibly dif-
ferent types. Each type is a class of cells possessing the sales. Rules consume
objects and generate new ones (transformation), in theepoesof some objects they
change the type of the cell (differentiation), divide th# ¢aivision) or dissolve the cell
(death). Communication rules, import or export objectsrfrand to the environments
or other neighbouring cells. The latter are determinedugtobond-making rules that
create links between cells if certain conditions hold. Tiwerfal de nition of PPS can
be found in [1]. An abstract PPS model is shown in Fig. 3.4.

(a > b),
(a)y = (b)y
abbced  (a), — (b);(c):
(a) > T
(a; b, in),

(a, exit);

Fig. 3.4 An abstract Population P System.

Similarly to XMDL, Population P Systems Description LangegPPSDL) has been
designed so as to allow the experimentation with some PP&In@i3]. We decided
to keep the concept and, occasionally, the look of XMDL to s@xtent, and came up
with a simple declarative notation, as close as possiblegddrmal de nition of a PPS.
PPSDL possesses constructs that allow one to de ne typedlsf cells as instances of
those types, objects in cells and in the environment, asagedlll types of rules. What
makes PPSDL practical for modelling is the ability to asateciobjects with types, by
combining built-in types with user-de ned types. Therefpobjects in cells are charac-
terised by a type identi er; we use the notatigpe -identifier *(value) to denote
objects. Table 3.5 informally presents PPSDL constructh wibrief explanation on
each one. PPSDL is the core of PPS-System, which includes@@@ser, a compiler
of PPSDL to Prolog and an animator, similar to X-System in. Rig. The animator
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simulates the computation of a PPS model, also allowingétieng of different prior-
ities in rule selection. Brie y, at each cycle, all cells arensidered and the applicable
rules for each are found and triggered (ordered accorditigetio priority). PPS-System
allows the user to input objects directly to cells during gaation, if needed, thus
allowing more exibility in the animation.

A cell with objects, transformation

Cellsand types | CXM component =
and communication rules

StatesQ (state : q), whereq 2 Q
MemoryM (memory : m), wherem 2 M
Objects in Cells | Inputs (input : i), wherei 2
Outputs (output : 0), whereo 2
Messages (message: content)
' M ! M "m o ((state : Q)
suchthat (;m)=( ;m?9, (memory : m))
Transformation | Wherem;m®2 M; 2 ; 2 (input : )
Rules , I (state : )
foreveryq; 2 Q (memory : m%
such thag®2 F(';q) (output : )):

Most general case (incoming
and outgoing message)

: M ! M "m ((state : q)
suchthat (;m)=( ;m?9, (memory :m)
Communication | Wwherem;m®2 M; 2 ; 2 | (mess§ge. incoming )
Rules I (state : ¢) ,
' : (memory : m
foreveryq; 2 Q o

suchthat®2 F(;q)

and forincoming 2,
T(;m; )= outgoing
Table 3.4 Principles of transforming a CXM to a PPS.

(message: outgoing)):

4  Transforming XMDL to PPSDL

Recently, some basic principles for transforming CXM to RRa8e been reported [10]
and are briey presented in Table 3.4. Based on those priesip compiler, which
accepts XMDL models and a CXM system formed out of these nsoaledl produces
PPSDL code for the equivalent PPS, has been developed.

The compiler is written in Prolog (as X-System and PPS-3ytdased on a set of
templates that implement the theoretical transformatiéios example, the template
compiling the cell types in PPSDL is:

if Types = { T | xmdl_c_code=[#model _ instance_of T|_] }
then ppsdl_code = [#cell_types = Types]
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and the template for compiling a function (with no commutima annotation) to a
transformation rule in PPSDL is:

if xmdl_code = [ #model M ] and

xmdl_code = [ #fun F (I, IM) = If (O, OM) Where ] and
xmdl_code = [ #transition (S1, F) = S2 ] then
ppsdl_code = [ #transformation_rule F

([ state *(S1), memory =x(IM), input  =(I) ]
-> [ state *(S2), memory *(OM), output =*(0O) ] ) : M, If, Where]

Sub-statements andWhere are left untouched, since XMDL and PPSDL share the
same syntax for these expressions. As an example, congiden-aff switch which
counts how many times its status change. Part of the XMDL ¢&ade

#model switch.

#transition (on, switch_off) = off.

#fun switch_off ((turn_off),(?count)) = ((device_off),( ?newcount)),
where ?newCount <- ?count+1.

The resulting PPSDL code according to the template abovédamai

#transformation_rule switch_off
([state  *(on), memory =*((?count)), input * (turn_off)] ->
[state *(off), memory =*((?newcount)), output * (device_off)]):
switch,
where ?newCount <- ?count+1.

In the case that the CXM function is one that sends a messagmtber function, a similar trans-
formation rule is produced which also generates an objettismformoutgoing _message *
(Message) in the right hand multiset. An additional communicatiorerid also created in order
to transport this message to the appropriate cell in the fafremincoming _message * (Mes
sage) . Finally, for a CXM function that reads a message, the olijgmtit * (Input) is re-
placed by an object of the formcoming _message * (Message) in the left hand side of the
corresponding rule.

5 Example transformation: Ants

Consider the case of a Pharaoh ant colony and its behavisigeithe nest (described in more
detail in [3]). The ants spend much of their in-nest time daiothing. Ants doing nothing can
be referred to as inactive and can become active, i.e. ®artksing for food, in the case that its
food supplies drop below a particular threshold.

The Pharaoh ants behaviour is presented in a very simplitedon where the colony is situated
in an rectangular environment. The ants are either inaotiveove around looking for food. When
two ants come across they might share food if one is activetendther one is not (in an inactive
state). The ants go out to forage when they are hungry, n@sdaod is identi ed (i.e. no other

ant that might provide some food) and a trail pheromone feath an exit point from the hive is

discovered.
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The XM model of an ant is depicted in Fig. 5.5 where tr®ymbol on a function denotes that the
function receives input from another machine and, on theraon the symbol on a function
denotes that the function sends a message to be receivegusbin the function of another
machine. This means that communication between two aneqisired when they share food
using thegiveFood , andtakeEnoughFood ortakeNotEnoughFood functions.

M=(position, food, fThreshold, fDecayRate, fPortion)

ANT; search W w followTrail
[ Active . W
A meetinactiveAnt ANT;
becomeActive ignoreActiveAnt J takeNotEnoughFood
doNothing Inactive
takeEnoughFood
noFoodToGive,
giveFood
meetActiveAnt ANT; ANT;

Fig. 5.5 The Pharaoh ant X-machine model.

5.1 Antsin XMDL For demonstration purposes, we consider a colony congisfitwo ants
(antl andant2 ) which form a CXM system and need to communicate in order éoesfood if
one of them is inactive and the other is not. Part of the XMDHdemodelling a communicating
ant is as follows (identi ers preceded with?adenote variables):

#model Ant.

#type coord = naturalO.

#type pos = (coord, coord).

#type fPortion = natural.

#type description = {sp, ph, ha, nha}.

#type stimuli = description union fPortion.

#type food = naturalO.

#type fThreshold = natural.

#type fDecayRate = natural.

#type outstring = {ignoring_ant, ignoring_hungry_ant, .. .
giving_food}.

#input (pos, stimuli).

#output (outstring).

#memory (pos, food, fThreshold, fDecayRate, fPortion).
#states = {inactive, hungry, giving, taking, dead}.

#transition (inactive, doNothing) = inactive.
#transition (inactive, noFoodToGive) = inactive.
#transition (inactive, becomeHungry) = hungry.

;.ﬁ.h.‘un die ((?p, ?in), (?pos, ?f, ?ft, ?fdr, ?mfp)) =
if ?what_is_left =< 0 then



256 Transforming state-based models to P Systems models in practice

((dying), (?pos, 0, ?ft, ?fdr, ?mfp))
where ?what_is_left <- 2?f - 2?fdr.

#fun giveFood ((?p, ?in), (?pos, ?f, ?ft, ?fdr, ?mfp)) =
((giving_food), (?pos, ?nf, ?ft, ?fdr, ?mfp))
where ?food_reduction <- ?fdr + ?mfp
and ?nf <- ?f - ?food_reduction.

#model antl instance_of Ant
with: #init_state {inactive}; #init_memory ((1,1), 150, 5 0, 5,
15).

#communication of function takeEnoughFood:
#reads from ant2.

#communication of function takeNotEnoughFood:
#reads from ant2.

#communication of function giveFood:
#writes (?pos, ?mfp) to (ant2)

using ?pos from memory (?pos, ?f, ?ft, ?fdr, ?mfp)
and using ?mfp from memory (?pos, ?f, ?ft, ?fdr, ?mfp).

5.2 Antsin PPSDL Running the compiler, we produce the following PPSDL code
for the ant system (part only):

#define coord = naturalO.

;&define oustring = {ignoring_ant,ignoring_hungry_ant, .

giving:food}.
#define ant_state = {inactive, hungry, giving, taking, dea d}.
#object ant_state_object = state * (ant_state).
#object ant_memory_object =
memory+ (pos, food, fthreshold, fdecayrate, fportion).
#object ant_input_object = input * (pos, stimuli).
#object ant_output_object = output * (outstring).
#cell_types = {ant}.
#cell_names = {antl, ant2}.
#cell antl : ( [state * (inactive), memory *((1, 1), 150, 50, 5,
15)], ant).
#cell ant2 : ( [state * (inactive), memory *((1, 1), 150, 50, 5,
15)], ant).
#transformation_rule givefood ( [ state * (giving),
memoryx (?pos,?f,?ft,?fdr,?mfp), input *(?p,?in) ] -> [ state *
(inactive),

memoryx (?pos,?nf,?ft,?fdr,?mfp), output * (giving_food),
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outgoing_message *(?pos, ?mfp)] ) : ant,
where ?food_reduction <- ?fdr + ?mfp and ?nf <- ?2f - ?
food_reduction.

In addition to the above, a communication rule is requireskiod the message produced
by a cell putgoing _message* (M) ) to another cell:

#communication_exit_rule export_message
( when [outgoing_message  *(M)] send_to_cell [incoming_message
*(M)] ):ant.

Note that this communication rule also transforms the ngessdject to be exported
intoincoming _message* (M) so that it may be used as input by the receiving cell.

We also add a default bond-making rule of the form:

#bond_making_rule export_message
(when [ ] : ant and [ ] :ant ).

which always creates a communication link between the ants.

The following is an output of the PPS-System animation ofathiecolony:

----------- CYCLE: 1 --
CELL: antl OBJECTS: [[state, inactive],
[memory, [[1, 1], 150, 50, 5, 15]]] TYPE: ant
CELL: ant2 OBJECTS: [[state, hungry],
[memory, [[1, 1], 40, 50, 5, 15]]] TYPE: ant
GRAPH = [ (antl, ant2), (ant2, antl)]

S>> Begin of User Input for all Cells. Provide input...
>>> For cell antl: [[1,1],ha].
>>> End of User Input for all Cells

----------- CYCLE: 2 --
CELL: ant2 OBJECTS: [[state, hungry], [memory,...] TYPE: a nt
CELL: antl OBJECTS: [[state, inactive], [memory,...],

[input, [[1, 1], ha]]] TYPE: ant

+x+ Begin Computation cycle for all Cells
+»x Computation Cycle for Cell: ant2
*x+  Computation Cycle for Cell: antl
----[transformation_rule(meethungryant, antl, ...]
Trying to apply Rule : meethungryant
antl: buffer-[[state, giving], [memory,...],
[output, met_hungry_ant]]

+»* End of Computation cycle for all Cells
++  Finished with updating Cell Objects with Buffers
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>>> For cell ant2: [[1,1],nha].
----------- CYCLE: 3 --
CELL: antl OBJECTS: [[state, giving], [memory,...],
[output, met_hungry_ant]] TYPE: ant
CELL: ant2 OBJECTS: [[state, hungry], [memory,...],
[input, [[1, 1], nha]]] TYPE: ant

*x+ Computation Cycle for Cell: ant2
----[transformation_rule(meetnonhungryant, ant2, ... ]
Trying to apply Rule : meetnonhungryant
ant2: buffer-[[state, taking], [memory,...],
[output, found_non_hungry_ant]]

>>> For cell antl: [[1,1]hal.

----------- CYCLE: 4 --

CELL: ant2 OBJECTS: [[state, taking], [memory,...], ..] T YPE:
ant

CELL: antl OBJECTS: [[state, giving], [memory,...],
[input, [[1, 1], hall] TYPE: ant

x+ Computation Cycle for Cell: antl
----[transformation_rule(givefood, antl, [[state, givi ngl, ..]
Trying to apply Rule : givefood
antl: buffer-[[message, [[1, 1], 15]], [state, inactive],
[memory,...],...]
----------- CYCLE: 5 --
CELL: ant2 OBJECTS: [[state, taking], [memory,...], ..] T YPE:
ant
CELL: antl OBJECTS: [[message, [[1, 1], 15]], [state, inact ive],
[memory, ...], ..] TYPE: ant

*x+ Computation Cycle for Cell: antl
----[communication_exit_rule(export_message, antl, .. N
Trying to apply Rule : export_message
ant2: buffer-[[incoming_message, [[1, 1], 15]]]

— CYCLE: 6 -
CELL: ant2 OBJECTS: [[state, taking], [incoming_message, L, 1j,
15]],
[memory,...],...] TYPE: ant
CELL: antl OBJECTS: [[state, inactive], [memory,...], ... ] TYPE:
ant

=+ Computation Cycle for Cell: ant2
----[transformation_rule(takenotenoughfood, ant2, ... ]
Trying to apply Rule : takenotenoughfood
ant2: buffer-[[state, hungry], [memory, [[1, 1], 45, 50, 5,
15]],...]

The complete speci cations of the ants model in XMDL and inSBR. (as a result
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of the transformation process), both languages' manuaisedisas the output of the
model's animation can be found in [17].

6 Discussion

So far, we presented a transformation of a (static) CXM mealal (static) PPS model.
One could enhance the PPS model with features that deal withtential dynamic
structure of the system. For instance:

if an ant starves to death, it should be removed from the PR&mo

if another ant becomes part of the system, a new cell shoujgherated;

a bond between two cells should be generated only if two aotgerto the same
position;

a bond between two cells should cease to exist if two ants aer@tnthe same
position.

All the above issues can be dealt with by additional rulesP&, such as cell division,
cell death, bond-making rules etc. For the rst example,ladmath rule such as:

#cell_death_rule dr ( [memory *(?pos, 0, ?ft, ?fdr, ?mfp)] ) :
ant -> +

will do (the ant dies when it has no more food reserves, asatdd by the second
memory element). Similarly, a bond-making rule such as:

#bond_making_rule neighbours
( when [ memory =*(?pos, ?fl, ?ftl, ?fdrl, ?mfpl) ] : ant
and [ memory *(?pos, ?f2, ?ft2, ?fdr2, ?mfp2) ] : ant ).

will produce a bond between two ants in the same position.

Up to date, the transformation of XMDL into PPSDL is almosityflautomatic. The
only feature that is dealt with manually at the moment is taagformation functioff ,
that is, how the output message of one cell can have the sstjmiput format of another
cell. For the time being, the compiler provides a templatetlie message (a tuple of
unde ned terms) allowing the user to Il in the correct vabie names that correspond
to the actual content of this message. The reason for thigighere is no obvious way
to link XMDL-c source code with the XMDL code of a model and ctathe variables
of the two codes. It is thought that an external function (iekProlog code that does
the message formation) may solve the problem.

Another improvement that should be made is in the de nitiohebjects. XMDL code
that de nes different models might have the same identireferring to different types
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(e.g. enumerated sets). When these are compiled to PPS[2! tbeg result in con ict-
ing de nitions of the same object. On the contrary, it woulel éeesirable that PPSDL
allows encapsulation, that is, facilitates the de nitidirobjects that belong to different
types of cells, even with the same identi er. This is left ®designed and implemented
in PPSDL in the near future, together with other improveraauniggested by the com-
munity of researchers who might want to use PPSDL and PP&i8ys

7 Conclusions

We presented an automatic transformation from XMDL, a laggrused to model Com-
municating X-machines, into PPSDL, a language used to niealallation P Systems.
The implemented compiler is based on principles of tramsédion reported in previ-
ous work. The bene t we gain from such a transformation ig the take advantage of
existing CXM models that have been veri ed in order to enhatieem with features
that refer to the dynamic recon guration of their structu@nce the CXM model is
compiled into a PPS model, one can add more PPS rules thawiealivision, differ-
entiation and death of cells. The resulting model can beesstally animated by the
PPS-System, which simulates the computation that takes pla
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PPS PPSDL syntax Informal semantics
- - _ Objects In cells de ned as either singlefons or tuples usnly pre-
M #object  (obj.name) =(type.name,;:::) de ned types. The union of all objects form the alphabet.
K #eell _types = (cell_typeys;:::;cell_typem) Cell types de ned as an enumerated set of labels
#cell _names = - . - o .
_____ Cells de ned as set of identi ers present in the initial cauration
fcell_name,;:::;cell_nameng
#graph —graph_name = The initial graph con guration as set of tuples of commuriieg cells'
f (cell_namejs;cell_name,);:::g names
Wg #env objects =  fobji;0bjz;:::g Environment objects de ned as an enumerated set of objects
. ] . . Individual cells de ned as a tuple of the multiset of objettigy contain
Ci =(wj;tj) | #cell (cell_.namei) : ([obji;0bj2;:::]; cell_type): and their cell type P Jetiey
#transformation _rule  rule _name
a! b ([ obja;:z:] -> [ obji;::z]): celltypes, Transformation rule
' t if cond; (and|or) cond;:::; (for a particular cell type)
where informative _expression.
(a: b:in) #communication _n _rule rule _name c icati |
a;b;In)¢, ; ommunication rule
(a; b; enter); ( when [ obji;:::] receive [ obji;:::] (importing objects)
(from _cell | from _environment )) : cell _type.
#communication _exit _rule rule _name
(a; exit; b) ( when [ obji;:::] ( send _to _cell Communication rule
' ot | send _to _environment) [  obj;:::] ) : (exporting objects)
cell _type.
#differentiation _rule  rule _name
@c! (bp ([ obji;:::]) : cell_type: Differentiation rule
-> ([_obji;:::]) :  cell_types.
| #division  rule  rule _name ([ obji;:::])
Eg))tt(é)t cell_type Division rule
>([ obji;::]) ¢ cell.type ([ objj;:::]) @ cell_type.
@y #:ifath Tule rule _name ([ obji;:::]) : celliype Death rule
#bond _-making _rule  rule _-name
(I5x1;X%2;]) (when [ objq;::] @ cell_type Bond-making rule
and [ objs;::] :  cell_type ).
#define  identifier = user defined De nes types of values to be used in all constructs. User dd i
) o types include enumerated sets, sequences, etc., whilatmpeinclude
| set operations | built-in type | tuple

unions, Cartesian products (tuples) etc.

2onoeld ul sjppow SWalSAS 4 01 S|apow paseq-aiels Bulwiojsuel|

T9¢



262 Transforming state-based models to P Systems models in practice

Bibliography

[1] F. Bernardiniand M. Gheorghe. Population P Systefoarnal of Universal Com-
puter Sciencegl((5):509-539, 2004.

[2] G. EleftherakisFormal Veri cation of X-machine Models: Towards Formal De-
velopment of Computer-based SysteRieD thesis, Department of Computer Sci-
ence, University of Shef eld, 2003.

[3] M. Gheorghe, I. Stamatopoulou, M. Holcombe, and P. KefaModelling dynam-
ically organised colonies of bio-entities. In J.-P. BaeaP. Fradet, J.-L. Giavitto,
and O. Michel, editorslnconventional Programming Paradigms: International
Workshop, (UPP'04), Le Mont Saint Michel, France, Septembel7, 2004, Re-
vised Selected and Invited Papew®lume 3566 of_ecture Notes in Computer
Sciencepages 207-224. Springer-Verlag, 2005.

[4] M. Holcombe and F. Ipaté€orrect Systems: Building a Business Process Solution
Springer-Verlag, London, 1998.

[5] E. Kapetiand P. Kefalas. A design language and tool fenchines speci cation.
In D. I. Fotiadis and S. D. Spyropoulos, editofglvances in Informaticpages
134-145. World Scienti ¢ Publishing Company, 2000.

[6] P. KefalasXMDL User Manual CITY College, Thessaloniki, Greece — Af liated
Institution of the University of Shef eld, 2000.

[7] P. Kefalas. Formal modelling of reactive agents as arregggion of simple be-
haviours. In I. P. Vlahavas and C. D. Spyropoulos, editersceedings of the 2nd
Hellenic Conference on Arti cial Intelligencesolume 2308 of_ecture Notes in
Arti cial Intelligence, pages 461-472. Springer-Verlag, 2002.

[8] P. Kefalas, G. Eleftherakis, and E. Kehris. Modular mbudg of large-scale sys-
tems using communicating X-machines. In Y. Manolopoulod &n Evripidou,
editors,Proceedings of the 8th Panhellenic Conference in Inforosatiages 20—
29. Livanis Publishing Company, 2001.

[9] P. Kefalas, G. Eleftherakis, and A. Sotiriadou. Devéhgptools for formal meth-

ods. InProceedings of the 9th Panhellenic Conference in Inforosgpiages 625—

639, 2003.

P. Kefalas, |I. Stamatopoulou, and M. Gheorghe. Priasipf transforming Com-

municating X-machines to Population P Systems. In G. Vasditor,Proceedings

of the International Workshop on Automata for Cellular andl&tular Compu-

ting (ACMC'07) pages 76-89, 2007.

[11] G. Paun. Computing with membrandsurnal of Computer and System Sciences
61(1):108-143, 2000. Also circulated as a Turku Center for @oter Science
(TUCS) report since 1998.

[12] I. Stamatopoulou, M. Gheorghe, and P. Kefalas. Modgltlynamic con guration
of biology-inspired multi-agent systems with CommuningtiX-machines and
Population P Systems. In G. Mauri, G. Paun, M. J. PéreZdan, G. Rozenberg,
and A. Salomaa, editor8)embrane Computing: 5th International Workshepl-
ume 3365 ot ecture Notes in Computer Scienpages 389—-401. Springer-Verlag,
Berlin, 2005.

[10

—_—



Transforming state-based models to P Systems models in practice 263

[13] I. Stamatopoulou, P. Kefalas, G. Eleftherakis, and Me@rghe. A modelling lan-
guage and tool for Population P SystemsPhceedings of the 10th Panhellenic
Conference in Informatics (PCI'05Yolos, Greece, November 11-13, 2005.

[14] I. Stamatopoulou, P. Kefalas, and M. Gheorghe. OPERA®rmal framework
for multi-agent systems and its application to swarm-bagstems. In A. Artikis,
G. O'Hare, K. Stathis, and G. Vouros, editoPspceedings of the 8th International
Workshop on Engineering Societies in the Agents World (EG&AWpages 208—
223, 2007.

[15] The P Systems webpage. P Systems Software (last visite@lpril 17, 2008).
http://ppage.psystems.eu/index.php/Software.

[16] C. Thomson and M. Holcombe. Using a formal method to nhed&ware de-
sign in XP projects. In G. Eleftherakis, edit®toceedings of the 2nd South-East
European Workshop on Formal Methogsges 74—88, 2005.

[17] Transforming state-based models to P Systems modelstice. Support docu-
mentation and demos. www.city.academic.gr/csd/kefdMEIL
toPPSDL/index.html.






How Redundant is your Universal
Computation Device?

Alberto Leporati, Claudio Zandron, Giancarlo Mauri

Universita degli Studi di Milano — Bicocca,

Dipartimento di Informatica, Sistemistica e Comunicazpn
Viale Sarca 336/14, 20126 Milano, Italy

f leporati,zandron,mauri g@disco.unimib.it

Given a computational modéll, and a “reasonable” encoding functi@:

M ! f 0;1g that encodes any computation devide of M as a nite bit
string, we de ne thedescription sizelsc(M ) of M (under the encodin@) as
the length ofC(M ). The description sizdsc (M) of the entire clas8 (under
the encodingC) can then be de ned as the length of the shortest bit striagy th
encodes ainiversaldevice ofM, that is, the minimum of the description sizes
dsc(M) for M that varies over the set of universal devices containelll in
In this paper we compute upper bounds to the descriptiondizeree com-
putational models, namely, deterministic register maeirspiking neural P
systems and UREM P systems. Then we compute (lower bountiset@dun-
dancyof each of these models, as the ratio between their desuripize and the
description size of a xed universal deterministic regrsteachine, here taken
as a reference. These computations open the way and prarite sst partial
answers to the following intriguing question: what is thenimial (description)
size of a universal computing device?

1 Introduction

As it is well known, the Church—Turing thesis states thatgwemputable function is
Turing computable, which means that there exists a (detestid) Turing machine that
computes it. Further, a classic result in the Theory of Cotaian states that there ex-
ists a (deterministic) universal Turing machidehat, given any (deterministic) Turing
machineM and its input , is able to simulate the executionldf with | as input. The
simulated machin® has of course to be encoded in an appropriate way to be given as
inputtoU.

However, Turing machines are by no means the only inter@stirmputation devices
investigated in the literature: there are, for examplegsgwariants of register (also
counter) machines [17, 14], Post's tag systems [21], thébtiarcalculus [13, 3], sev-
eral variants of P systems [19, 20, 29], and many others. @oimg the Church—Turing
thesis, all these systems can be simulated by determifisting machines; when also
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the converse simulation can be performed we say that thesmonding computation
device isTuring completeor universal since by simulating a universal Turing machine
we are able to compute any Turing computable (that is, pag@rsive) function. In-
deed, this is what happens with all the computation devicestioned above, at least
in their general (unrestricted) version; indeed, an irgting direction of research in the
Theory of Computation consists into putting some constsdimthe features which are
used by the devices to perform their computations, and se¢h&hthey still reach the
computational power of (unrestricted) Turing machines.

Looking for small universal computing devices is a natural avell investigated topic
in computer science: see e.g. [14, 26, 16, 22-24, 15, 28]éssit computational mod-
els, [25, 8, 5] for tissue and symport/antiport P systemg, 42 for universal cellular
automata such as Conway's Game of Life and Wolfram's Rule ah@ [18] for spik-
ing neural P systems. A related question that we try to answihis paper is: What is
the size of thesmallestuniversal computation device? Of course we must agree on the
meaning of the term “size”; as we will see in the next sectiha,size of a given device
may depend on several parameters (for example, the numtegisters and the number
of program instructions when speaking of register machinvasose number and possi-
ble values vary depending on the device under considerdiiging to nd a common
unit to measure the size of different computation deviceseiction 3 we will de ne
thedescription sizeof a computation device as the number of bits which are netxled
describe it. Precisely, for a given model of computatibrffor example, register machi-
nes), we will de ne an encoding functid@: M ! f 0;1g that associates a bit string
to every computing devickl taken fromM ; the description sizdsc(M ) of M (under
the encodingC) will be the length of the bit strin@(M ), whereas the description size
of the entire clas will be the minimum between the description sizisg(M ) for M
that varies over the set ahiversalcomputing devices containedih. In this paper we
start a quest for the shortest possible bit string that dessra universal computation
device; in other words, we look for a computational molfeland an encoding func-
tionC: M !'f 0;1g such thatM contains at least one universal computation device
anddsc(M) is as low as possible. To this aim, we will compute the desorigsize of
randomly generated deterministic register machinesjmspikeural P systems [11] and
UREM P systems [6], as well as the size of a spesimalluniversal instance of each
of these computational models. Then, by taking deternminisgister machines as the
reference model, we will compute the redundancy of the twmbrane computing de-
vices here considered as the ratio between their desaripiie and the description size
of the smallest (to the best knowledge of the authors) usaleteterministic register
machine currently known. As a result, we will have an idealalhow verbose are such
models of computation in catching the notion of univergalit

A word of caution is due: with our work, we are not saying tha tmost compact
computational model is the best: a computation device #tiires a lot of features to
perform its computations may be more interesting than sthecause of many reasons.
A notable example is given by traditional P systems, whos&tire and behavior are
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inspired from the functioning of living cells; the amounttb&oretical results and appli-
cations reported in the bibliography of [29] is certainlyiadication of how interesting
is such a model of computation.

The paper is structured as follows. In section 2 we brie yalethe de nition of the
computational models we will work upon: deterministic g machines, spiking neu-
ral P systems and UREM P systems. In section 3 we will de ne@dpute the de-
scription size offandomly choseinstances of all these models. We will also consider
a universal instance (taken from the literature) of eachhesé models, and we will
compute both its description size and the redundancy wiheet to the smallest (to
the best knowledge of the authors) currently known deteistimregister machine. In
section 4 we draw some conclusions, we criticize some linfitsur approach and we
propose some directions for future research.

2 Some (universal) models of computation

Let us brie y recall the three computational models that wi# use to investigate the
description size and the redundancy of universal computewces.

2.1 Deterministic register machines A deterministicn—register machinés a con-
structM = (n;P;m), wheren > 0is the number of register®, is a nite sequence
of instructions bijectively labelled with the elements bétsetf 0; 1;:::;m 1g,0is
the label of the rstinstruction to be executed, and 1is the label of the last instruc-
tion of P. Registers contain non-negative integer values. Theuastms ofP have the
following forms:

j (INC(r);k),withj;k 2f0;1;:::;m l1gandr 2f0;1;:::;n 1g

This instruction, labelled witl, increments the value contained in registeand
then jumps to instructiok.

j 1(DEC(r);k; 1), withj;k;1 2f0;1;:::;m 1gandr 2f0;1;:::;n 19

If the value contained in registeris positive then decrement it and jump to in-
structionk. If the value ofr is zero then jump to instructidn(without altering the
contents of the register).

Computations start by executing the rst instructionPf(labelled with0), and termi-
nate when the instruction currently executed tries to jumiabelm.

Formally, acon gurationis a(n + 1) -tuple whose components are the contents of the
n registers, and the label of the next instructiorPofo be executed. Amitial con g-

registerd) to 1, all the other registers are set@pand the label of the next istruction
to be executed is also set@oA nal con guration is a con guration in which the label
of the next instruction is equal tm. A computationstarts in the initial con guration,
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and proceeds by performing computation stepsofputation steponsists of execut-
ing the current instruction, modifying accordingly the temts of the affected register
and the pointer to the next instruction to be executed. A agatn halts if it reaches a
nal con guration. The contents of the registers in the nabn guration are regarded
as the result of the computation. A non—halting computadio@s not produce a result.

Register machines provide a simple universal computaltioodel. Indeed, the results
proved in [7] (based on the results established in [17]) dbagean [9] and [10] imme-
diately lead to the following proposition.

Proposition 1 For any partial recursive functiori : N ! N there exists a de-
terministic (maxf ; g + 2)—register machineM computingf in such a way that,
when starting with(ng;:::;n ) 2 N in registersO to 1, M has computed
f(ny;:iio;n ) =(rq;:io;r ) ifit halts in the nal labelm with registersO to 1

2.2 Spiking neural P systems Spiking neural P systems (SN P systems, for short)
have been introduced in [11] as a class of synchronous |lekaald distributed compu-
ting devices, inspired by the neurophysiological behawfareurons sending electrical
impulses along axons to other neurons.

In SN P systems the cells (also calleduron$ are placed in the nodes of a directed
graph, called thesynapse graphThe contents of each neuron consist of a number of
copies of a single object type, called thgike Every cell may also contain a number
of ring andforgettingrules. Firing rules allow a neuron to send information toesth
neurons in the form of spikes, which are accumulated at tigetaells. The applicabil-
ity of each rule is determined by checking the contents ofntngron against a regular
set associated with the rule. In each time unit, if a neuranuse some of its rules then
one of such rules must be used. The rule to be applied is nemdigiistically chosen.
Thus, the rules are used in a sequential manner in each neurbneurons function
in parallel with each other. Observe that, as usually hapjjemembrane computing,
a global clock is assumed, marking the time for the wholeesyshence the function-
ing of the system is synchronized. When a cell sends out spikeecomes “closed”
(inactive) for a speci ed period of time, that re ects thefractory period of biological
neurons. During this period, the neuron does not accept nputs and cannot “ re”
(that is, emit spikes). Another important feature of biotad neurons is that the length
of the axon may cause a time delay before a spike reachesgtt.téh SN P systems
this delay is modeled by associating a delay parameter to rede which occurs in the
system. If no ring rule can be applied in a neuron, there mayhe possibility to apply
aforgetting rule that removes from the neuron a prede ned number of spikes.

Formally, aspiking neural membrane syst€¢8N P system, for short) of degree 1,
as de ned in [12] in the computing version (i.e., able to takeinput and provide and
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output), is a construct of the form
=( O; 1; 2;::1; mssyn;in;out);
where:

1. O = fagis the singleton alphabed {s calledspike;

2. 1; 2;:::; m areneuronsofthe form ; =(nj;R;),1 i m,where:
(@) nj 0Ois theinitial number of spikesontained in ;;
(b) R; is a nite set ofrulesof the following two forms:

(1) ring (alsospiking)rulesE=a°®! a;d, whereE is a regular expression
overa,andc 1,d Oareinteger numbers;E = a°, thenitis usually
written in the simpli ed form:a® ! a; d; similarly, if d = 0 then it can
be omitted when writing the rule;

(2) forgettingrulesa® ! , for s 1, with the restriction that for each
ruleE=a! a;d of type (1) fromR;, we havea® 62L (E) (the regular
language de ned b¥);

3.syn f 1;2:::;mg f 1;2;:::;mg, with (i;1) 62syn for 1 i m, is the
directed graph ofynapsebetween neurons;

4. in;out 2 f 1;2;:::; mg indicate theinput and theoutputneurons of , respec-
tively.

A ringrule E=a®! a;d 2 R; can be applied in neuron if it containsk  c spikes,
anda® 2 L(E). The execution of this rule removesspikes from ; (thus leaving

k cspikes), and prepares one spike to be delivered to all theonsu; such that
(i;j) 2 syn. If d = 0 then the spike is immediately emitted, otherwise it is esuitt
afterd computation steps of the system. As stated above, durirgg theomputation
steps the neuron osed and it cannot receive new spikes (if a neuron has a synapse to
a closed neuron and tries to send a spike along it, then thitydar spike is lost), and
cannot re (and even select) rules.férgettingrule a® ! can be applied in neuron

if it containsexactlys spikes; the execution of this rule simply removes all shepikes

from ;.

A common generalization of ring rules was introduced in IB] under the name of
extended rulesThese rules are of the forle=a® ! aP;d, wherec 1,p 1land

d 0Oareinteger numbers. The semantics of these rules is the aaualgove, with the
difference that novp spikes are delivered (aftditime steps) to all neighboring neurons.

Theinitial con guration of the system is described by the numbietsny, :::;ny of
spikes present in each neuron, with all neurons being operin@the computation, a
con guration is described by both the contents of each nearmd itsstate which can
be expressed as the number of steps to wait until it becomess @ero if the neuron is
already open).
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A computationstarts in the initial con guration. In order to compute a @tion f

N ! N (functions of the kind : N ! N , for any xed pair of integers 1
and 1, can also be computed by using appropriate bijections fromand N

to N), a positive integer number is assigned as input to the sakgiput neuronin.

In the original model, as well as in some early variants, theber is encoded as the
number of time steps elapsed between the insertion of twiespnto the neuron. To
pass from a con guration to another one, for each neuronaisuthosen among the set
of applicable rules, and is executed. Generally, a comjpmtatay not halt. However, in
any case the output of the system is considered to be the kipsasl between the arrival
of two spikes in the designated output aalit. Other possibilities exist to encode input
and output numbers, as discussed in [12]: as the numberlk#spontained in neuron
in (resp.,out) at the beginning (resp., the end) of the computation, asitimber of
spikes red in a given interval of time, etc.

In [11] it is shown thagenerative(nondeterministic) SN P systems are universal, that
is, can generate any recursively enumerable set of naturabers. Moreover, a char-
acterization of semilinear sets is obtained by spiking akBrsystems with a bounded
number of spikes in the neurons. In [18] two small deterntimisniversal SN P systems
are de ned, one containing only standard rules, viimeurons, and one containing ex-
tended rules, witl#9 neurons. Their universality is proved by simulating detiistic
register machines, by using appropriate modules to reathfh spike train, to simu-
lateINC andDEC instructions, and to produce (if and when the computatiotief
simulated register machine halts) the output spike train.

2.3 UREM P systems P systems with unit rules and energy assigned to the mem-
branes (UREM P systems, for short) have been introduced ias[@ variant of P sys-
tems in which a non—negative integer value (regarded as au@aihof energy) is as-
signed to each membrane of the system. The rules are ass@tedmembranes rather
than to the regions of the system, and operate like Iters timatrol the movement of
objects (symbols of an alphabet) across the membranes.

Formally, a UREM P system [6] of degreéler 1 is a construct of the form:

where:

A is an alphabet obbjects
is amembrane structuravith the membranes labelled by numbérs::;din a
one-to-one manner;

€;:::; eq are the initial energy values assigned to the membr@nes; d. In what
follows we assume thab;: : : ; ey are non—negative integers;

Wo; @ ; Wy are multisets ove associated with the regio@s:::;dof ;
Ro;:::;Rq are nite sets ofunit rulesassociated with the membran@s : :; d.

Each rule has the forh : a; e;b,where 2fin;outg,a;b2 A,and] €is
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the amount of energy that — fore 0 —is added to or — for e < 0 —is
subtracted frong (the energy assigned to membrahéy the application of the
rule.

By writing ( i : @; e;binstead of( :a; e;bH 2 R;, we can specify only one set
ofrulesRwithR=1f( j:a; e :( a5 eP2R;;0 i dg.

The initial con guration of  consists ofey;:::;eq andwy;:::;wy. The transition
from a con guration to another one is performed hgn-deterministicallychoosing
one rule from somdR; and applying it (observe that here we consideseguential
model of applying the rules instead of choosing rules in aimalty parallel way, as it
is often required in P systems). Applyiio; : a; e;b means that an objeat(being
in the membrane immediately outsideipis changed intd while entering membrane
i, thereby changing the energy valgeof membrané by e. On the other hand, the
application of aruldout; : a; e;b changes objea into bwhile leaving membranie
and changes the energy vakgeoy e. The rules can be applied only if the amoent
of energy assigned to membrantul lls the requiremente; + e 0. Moreover, we
use some sort of local priorities: if there are two or morelegple rules in membrane
i, then one of the rules witmax €j has to be used.

A computations a sequence of transitions; it $siccessfuif and only if it halts. The
resultof a successful computation is considered to be the distoibof energies among
the membranes (a non—halting computation does not produesud). If we consider
the energy distribution of the membrane structure as thetitgppbe processed and the
resulting output, we obtain a model for computing functiohthe kindf : N ! N,
for any xed pair of integers; 1. The following result, proved in [6], establishes
computational completeness for this model of P systems.

Proposition 2 Every partial recursive functioh : N ! N can be computed by a
UREM P system with (at mostjaxf ; g+ 3 membranes.

The proof of this proposition is obtained by simulating detmistic register machines.
In the simulation, a P system is de ned which contains onenelgtary membrane into
the skin for each register of the simulated machine. Theasuatof the register are ex-
pressed as the energy vakjeassigned to the-th subsystem. A single object is present
in the system at every computation step, which stores thel laibthe instruction of
the progranP currently simulated. Increment instructions of the kind(INC (i); k)
are simulated in two steps by using the ru(@s; : p;j;1,®) and(out; : @;0; px).
Decrement instructions of the kind: (DEC (i); k; ) are also simulated in two steps,
by using the rulegin; : p;;0; @) and(out; : ; 1;px) or (out; : @;0;p). The use
of priorities associated to these last rules is crucial toemily simulate a decrement
instruction. For the details of the proof we refer the readdb].
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We conclude this section by observing that if we just wanteach Turing complete-
ness with UREM P systems it is not necessary to exploit neitbadeterminism nor
the membrane structure: as stated above, a sidgtierministicsystem which is com-
posed by a skin that contains an elementary membrane forregister of the simulated
register machine suf ces. It will be thus interesting to reege how redundant is this
universal model of computation with respect to the more cachgeterministic register
machines. We also observe that the use of local prioritiéssead important, since
by omitting them we do not get systems with universal comjiutal power. Precisely,
in [6] it is proved that (nondeterministic) UREM P systemsheiut priorities and with
an arbitrary number of membranes characterize the faRgM AT of Parikh sets
generated by context—free matrix grammars (without o@nae checking and with-
rules).

3 Description size

As stated in the Introduction, we de ne tldescription sizef a given computation de-
viceM as the length of the binary string which encodes the streciti . Since this is
an informal de nition, we have to discuss some technicakdities that immediately
arise. First of all, for any given computational modi#l(register machines, SN P sys-
tems, etc.) we have to nd a “reasonable” encoding functionM ! f 0;1g , in the
sense givenin [1]. Such a function should be able to enaogeomputation devic&l

of M as a nite bit string. When this string is interpreted (thsitdlecoded) according to
a speci ed set of rules (thdecoding algorithijy the decoder unambiguously recovers
the structure oM . In order to avoid cheating — by hiding information into theced-
ing or decoding algorithms — we ask to consider only reastenafcodings that satisfy
the following requirements.

1. For each model of computation, the encoding and decodjogithms are xed a
priori, and their representation as a program for a detestinregister machine
or as a deterministic Turing machine have a xeite length. Note that, when
computing the description size of a given device, we will omtint the size of the
encoding and decoding algorithms; moreover, instead ofi#dlly specifying such
algorithms, we will only providenformal instructions on how to encode and de-
code our computation devices. An alternative approachfatiotved in this paper,
consists of minimizing the size of the decoding — and, pdgséimcoding — algo-
rithm (that is, its Kolmogorov complexity) together withetlength of the encoded
strings.

2. With the selected encoding algorithm it should be possibtescribenyinstance
of the computational model under consideration (for exanahy deterministic
register machine). Encodings that allow to represent inrg @@mpact form only
one or a few selected instances of the computational modekgample, all the
register machines whose progrércontains exactly ve instructions) are not con-
sidered acceptable.
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Another point to consider is the following: Given an encagfanction for a compu-
tational model, how much should we care about the fact thatoitluces the shortest
possible bit strings? On the one hand, we clearly prefertbitgs which are as short
as possible. On the other hand, without loss of generalitgaverestrict our attention
to encodings that produce strings whose length is polynlowith respect to the pa-
rameters that determine the size of the encoded deviceXémple, the numben of
registers and the lengtim of the programP in deterministic register machines). All
such encodings produce strings whose lengths differ by &t mpolynomial amount,
and thus we could be tempted to accept such differences aikde work with handy
but verbose encodings rather than with more compact butialsomfortable ones. In
order to nd results which depend as little as possible onadhesen encoding, when
calculating the description size of our universal instanakthe computational models
here considered (deterministic register machines, SN ssand UREM P systems)
we will use (when feasible) trentropyof the encoded string to determine its description
size. This behavior is justi ed by the fact that optimal ety-based lossless compres-
sions, such as the Huffman encoding, produce binary stiwigsse average length is
as near as possible to the entropy (that is, the average darabinformation) of the
uncompressed input string. Of course many other losslespEssion algorithms may
be used, but we will not consider them in this paper.

We can look at any computational model as a family of comjratevices, whose size
depends upon a pre xed collection of parameters. For exanthk class of all deter-
ministic register machines is composed by machines whigh haegisters and whose
programs are composed by instructions, for all possible integens 1 andm 0.

Denoted byM a computational model, and fyn1;n2;:::;nk) the non—negative in-
teger parameters upon which the size of the computing dewthsl depend, we can
write M = Ny ka (ng;:::;nk)g, whereM (nq;:::;ng) is the instance oM

LetC: M !'f 0;1g denote a xed encoding d¥l, and letM be a computation device
from M. By dsc(M) = jC(M)j (the length ofC(M )) we will denote the description
size ofM , obtained by using the encodi@yand bydsc (M) we will denote the length
of the most compact representation — produced by the engadijorithm ofC— of a
universalcomputing device taken from the clagls that is:

dsc(M)=min fdsc(M) : M 2 M is universaj

By de nition, for any xed universal computing devidél 2 M the valuedsc(M ) is an
upper bound fodsc(M). We say that a universal computing devde 2 M is opti-
mal (referred to the description size, for a pre xed encod@)df dsc(M ) = dsc(M).
Given two classes of computational deviddsandM © (with possiblyM = M9, we
de ne the redundancyof a universal computation devidd © 2 M? with respect to

the computational modéll and the encoding, asRy .c (M 9) = ddsscc(('\,f,l?. Similarly,

we de ne the redundancy of a computational mobEl (with respect toVM andC) as
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Rm.c(M9 = (fécc((m)- Finally, by lettingC vary on the class of all possible “reason-

able” encodings, for any computational modelsandM °we can de ne:

ds(M9
ds(M)

ds(M) = mijn fdsc(M)g and Ry (M9=

that is, the description complexity & and the redundancy ol ° with respect toM,
respectively.

Let us note that the quantities(M ) anddsc (M), for some xed computational model
M and encodingC, may be dif cult to nd, as it usually happens with theoredic
bounds. Hence in general we will obtain upper bounds to tlyesatities, and thus
lower bounds for the corresponding redundancies. The el @f the research line
set out with this paper is to nd a universal computationalssM and an encoding
C: M !'f 0;1g whose description sizdsc(M) is as low as possible, and even-
tually an optimal instancé 2 M. In this way, no other modeWl° that contains
a universal computation device would had&gM 9 < dsc(M), and hence the value
dsc(M) = dsc(M) could be regarded as thikescription size complexityf universal-
ity: in other words, it would be the minimal number of bits whick aeeded to describe
the ability to compute Turing computable (that is, partedursive) functions.

In the next subsections we will compute the description sizeandomly generated
computing devices taken from the classes recalled in se@tiaeterministic register
machines, spiking neural P systems and UREM P systems. Weewill also compute
the description size of a small universal device taken frawheof these classes, with
respect to a pre xed encoding, thus providing upper boundbé description sizes of
the whole classes.

In what follows, for any natural number we will simply denote bylgn the number
dog, ne+ 1 of bits which are needed to represenin binary form.

3.4 Deterministic register machines Let DRM denote the class of deterministic
register machines. In order to encode a particular madkiin2 DRM we rst have to
specify the numbaen of registers (that will be numbered frodton 1) and the number
m of instructions (numbered fro@tom 1) that compose the prograbh. These will
be the parameters upon which the sizeMvfwill depend. Denoted by DREh; m)
the subclass of register machines t@at hawegisters and programs composedof
instructions, we can thus write DRM = ;... ( DRM(n;m).

LetM 2 DRM(n; m) be a register machine, and etdenote its program. To describe
a single instruction oP, we need 1 bit to say whether it is &NC or aDEC in-
struction,lg n bits to specify the register which is affected, dgan bits (resp.2 Igm
bit) to specify the jump label (resp., the two jump labelg)ttee INC (resp.,DEC)
instruction.
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0:(DEC(1);1;2) 1:(INC(7);0)
2:(INC (6);3) 3:(DEC (5);2;4)

4 : (DEC (6);5;3) 5:(INC (5);6)

6: (DEC (7);7,8) 7:(INC (1);4)

8: (DEC (6);9;0) 9: (INC (6);10)

10 : (DEC (4);0;11) 11: OEC (5);12;13)
12 : (DEC (5); 14;15) 13: (DEC (2);18,19)
14 : (DEC (5); 16;17) 15 : (DEC (3); 18; 20)
16 : (INC (4);11) 17 : (INC (2); 21)

18 : (DEC (4);0; 22) 19 : DEC (0);0; 18)
20 : (INC (0); 0) 21:(INC (3);18)

Fig. 3.1 The small universal deterministic register machine de nmeflL4]

A simple encoding of a deterministic register machine hgwimegisters anan instruc-
tionsis a sequence of blocks, each composedb#lg n+lg m or 1+lg n+2 Igm bits,
encoding the corresponding instructionR®f In order to correctly and unambiguously
decode a bit string that encodes a register machine from @RM), we also need to
store in a separate place the numbeendm; this will require furthedg n +1g m bits.

For arandomly chosefand thus, possibly, non—universal) machihne2 DRM('n; m),
about half of the instructions d® will be INC s and half will beDEC s; hence the
description size oM , with respect to the encodingwe have just de ned, will be:

dsc(M) = g[1+lgn+lg m] + g[1+lgn+2 lgm]

=m [1+Ign]+ 37m lgm

In order to compute an upper boundds(DRM ) we have instead to restrict our at-
tention touniversalregister machines. In [14], several universal registermrees are
described and investigated. In particular, gmall universal register machine depicted
here in Figure 3.1 is de ned. This machine has= 8 registers anan = 22 instruc-
tions. However, recall that we need a further label (22) tib th@ execution oP any-
time by simply jumping to it, and thus we pat = 23. The number of bits required
to store these values aBeand5, respectively. The encoding of this machine produces
a bit string which is composed @2 blocks, one for each instruction &f. Each reg-
ister will require3 bits to be speci ed, and each label will requisebits. If we denote
INC instructions by &, andDEC instructions by al, then the rst block will be

1 001 00001 0001,0vhere we have put a small space to make clear how the block is
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formed: the rst1l denotes HEC instruction, which has to be applied to register num-
berl (= 001), and the two labels to jump to when we have executed theuictitn are

1 (= 00009 and?2 (= 0001Q. Similarly, the block that encodes the second instruction
is 01110000Qhere we have omitted the unnecessary spaces), whereatsitigetisat
encodes the whole machii is:

10010000100010 011100000 011000011 11010001000100
11100010100011 010100110 11110011101000 000100100
11100100100000 011001010 11000000001011 11010110001101
11010111001111 10101001010011 11011000010001 101110000
010001011 001010101 11000000010110 10000000010010
000000000 001110010

Here the spaces denote a separation between two consegloibks; of course these
spaces are put here only to help the reader, but are not regd¢esdecode the string.
We can thus conclude that, referring to the encodirgiven above:

dsc(M)=14 13+9 9=182+81=263

Since our nal goalisto nd the shortest bit string that ewles a universal computation
device, we could wonder how many bits we would saveebsnpressinghe above se-
quence. Many compression algorithms exist, that yield fiedint results. Here we just
consider entropy-based compressors, such as the Huffrgaritaim, and we compute
a bound on the length of the compressed string. If we lookethove bit string, we
can see that it contairib4zeros and.09ones. Hence in each position of the string we
have the probability, = % that a0 occurs, and the probabilify; = % that al
occurs. By looking at the output of the encoding algorithra agemorylesmformation
source, we can compute the entropy of the above sequenten¢lagures the average

amount of information carried by each bit of the string:

HM)= polog,po pilog,pr  0:979

Now, by applying an optimal entropy-based compressor wddvobtain a compressed
string whose length is approximately equal to the lengthhef itncompressed string
times the entropy, that isl263 0:97% = 258 bits. Such a quantity is less tha63 but
of course is still an upper bound tis(DRM) , the (unknown, and possibly very dif cult
to determine) description size complexity of determiiiséigister machines.

These results can be compared with those obtained by ohgehat (of course) also
Figure 3.1 depicts an encoding of the register machine: bgrigg the spaces, carriage
returns and the labels in front of each instruction, we cagragent the machine as
(DEC (2);2)(INC (7); 0)(INC (6); 3) ::: that, expressing each character in standard
7-bit ASCII code, produces a string d841bits (= 263 7, exactly seven times the
length obtained with the previous encoding), contairlifg2zeros and’/59ones. The
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probability that a0 occurs in such a string is thyg = % 0:588 similarly, the
probability that al occurs isp; = % 0:418 and thus the entropy d (M) =
Polog, po  pilog, p1 0:978 As we can see, we have obtained almost exactly the
same value for the entropy that we obtained with the prevenmding (indeed, we
performed our computation using three decimal digits, leehe third decimal digit of
the result could be wrong due to roundings). This time, haxdyy compressing the
encoded string by means of an optimal entropy encoder wedaahthin aboutil841
0:978 = 1801 bits. This result con rms that the rst encoding has to befpreed if
one looks for compact representations.

As stated above, the choice of a different category of (&ss9Icompression algorithms
may Yyield to different string lengths. Moreover, even if westrict our attention to
entropy-based compressors the fact that we have modekedutput of the encod-
ing algorithm as a memoryless information source is queatite. In fact, it is clear
that when we encouter@at the beginning of a new block that encodes an instruction
of the register machine then we already know ®hits will follow, instead of13, since

we are reading abiNC instruction. This means that the occurrence of the bits @& th
sequence does depend somehow upon the bits which haveyatreew emitted by the
source, and to capture this dependence we should use a smadoeed with memory,
such as a Markovian source.

3.5 Spiking neural P systems Let us denote by SNP the class of SN P systems.
In order to encode a particular system2 SNP, we have to specify the following
parameters:

thedegreem, that is, the number of neurons;

the total numbeR of rules contained in the system;

the maximum numbeC of spikes consumed by any rule in the system;
the maximum delayp that occurs in the rules.

In order to describe the synapse graph (which is a directapghgmwithout self-loops)
we needn? m bits. To describe a forgetting rué ! we needLl bit to distinguish

it from spiking rules, andg C bits to represent the value sf On the other hand, to
describe a ring ruleE=a®! a;d we needl bit to distinguish it from forgetting rules,
Ig C bits to represent andlg D bits to represend; moreover, we need some bits to
describe the regular expressign In general, there are no limitations to the length of
a regular expression, but by observing the systems desciibfL8] we note that the
following ve types of expressions suf ce to reach compubatal completeness:

a;, a’ a°; a(aa)'; a(aa)
and thus we will restrict our attention to systems that contanly these kinds of
regular expressions. Of course this restriction will innee our results; any differ-
ent choice of the set of regular expressions is valid, pedithat the class of SN
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P systems thus obtained contains at least one universalutatigm device (if one
is interested in nding an upper bound to the descriptioresif SN P systems). To
specify one of the above ve expressions we né&edits, and hence we need a to-
tal of 1 + Ig C bits to describe a forgetting rule, arid+ 3 + Ig C +Ig D bits to
describe a ring rule. On the average,randomly generated&N P system withR
rules will contain abou% ring rules and % forgetting rules, and thus we will need
B[1+lgC]+ &[4+IgC+Ig D]= R[1+Ig C]+ % [3+Ig D] bits to encode them.

A simple encoding of an SN P systeihm; R; C; D) of degreem, havingR rules
that consume at mo§&l spikes each, and whose delays are less than or eqia| i®

a sequence ah blocks — one for each neuron — followed by th& m bits that
encode the structure of the synapse graph. For each neuedmawve to specify the list
of its rules; since each neuron may have a different numbeules, we could put an
additional bit in front of the encoding of each rule, to sipwaether such a rule is the
last in the description of the neuron. However, in order tcabke to encode also the
empty list of rules, we will put a bit equal tbin front of each rule, and @ at the end of
the list. In this way, when decoding, the presence bfaeans that the next bits encode
a rule of the neuron, whereasOameans that the next bits encode a different neuron.
Using this encodin@, the description size of mndomly choserfand thus, possibly,
non-universal) system is:

dsc() = §[2+IgC]+ %[5+Igc+lg D]+ R+m? m=

9R R
:7+RIgC+EIgD+m2 m

As we did with register machines, in order to determine arenfound to the descrip-
tion sizeds(SNP) of the entire class of SN P systems we now turn our attention to
universalsystems. In [18], amalluniversal SN P system is obtained by simulating a
slightly modi ed version of the small universal determiticsregister machine described
in section 3.1. The modi cation is needed for a technicabmradue to the behavior of
SN P systems (see [18] for details); the modi ed version @f tbgister machine h&s
registers24 istructions an®5 labels. Each instruction is simulated through an appro-
priate subsystem; moreover, anPuT module is needed to read the input spike train
from the environment and initialize the simulation, andaurPuT module is needed
to produce the output spike train if and when the computatiotine simulated regis-
ter machine halts. As a result, the universal SN P systemrigposed 091 neurons,
which are subsequently reduceddby simulating in a different way one occurrence
of two consecutivéN Cs and two occurrences of dNC followed by aDEC . These

84 neurons are used as follon&neurons for the register&2 neurons for the labels,
18 auxiliary neurons for th® INC instructions,18 auxiliary neurons for th® DEC
instructions,2 auxiliary neurons for the simulation of two consecuti¢C instruc-
tions,3 2 = 6 auxiliary neurons for the two simulations of consecutiMdC DEC
instructions,7 neurons for thenPuT module, and nally2 neurons for theouTPUT
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module. Considering all these neurons, the system cordaioizl numbeR = 117 of
rules.

For such a system it is uncomfortable to make a detailed aisaby the encoded string
as we did for register machines, and thus we will just deteenitis length. Let us rst
note that in such a system we hdve= 1 andC = 3, and thusl and2 bits will suf ce
to represent any delay and any number of consumed spikpgatdgely. Thed neurons
that correspond to the registers contain two ring rulesteaand thus requiré5 bits
each, for a total ofL35 bits. The22 neurons associated with the labels contain each
one ring and one forgetting rule, for a total dfl bits that, multiplied by22, makes
242 bits. Each auxiliary neuron involved in the simulation oé®INC instructions
contains one ring rule, and thus requir8sbits to be described; all th#8 neurons
requirel44bits. The same argument applies to fl@auxiliary neurons involved in the
simulation of thed DEC instructions, thus adding furthé&#d4 bits. The two auxiliary
neurons used to simulate two consecutNe& instructions also contain one ring rule
each, thus contributing with6 bits. The same applies to tBauxiliary neurons used to
simulate (two instances of) 4N C followed by aDEC , thus addingt8bits, as well as
to the7 neurons that are used in thepUT module 66 bits) and the2 auxiliary neurons
of theouTPuTmModule (L6 bits).

All considered, we nee801bits to describe the rules contained in the neurons. To these
we must add then® m = 6972 bits needed to describe the structure of the synapse
graph. We thus obtain a total @7 73bits to encode the universal standard SN P system
presented in [18]. This quantity is an upper boundsg( ), the description size of the
system under the proposed encoding, which in turn is an uppend tods(SNP), the
description complexity of the class of SN P systems. Tightemds can be obtained by
explicitly computing the encoding of and then compressing it by means of a lossless
COMpressor.

By assumingds(DRM) = 263 andds(SNP) = 7773, an approximated value of the
redundancyf spiking neural P systems with respect to deterministigster machines,
is:

ds(SNP) _ 7773

R NP) = =
orm (SNP) ds(DRM) ~ 263

29:56

On the other hand, by assumidg(DRM) = 258 (that results from the computation
of the entropy of the string that encodes the universal detestic register machine
depicted in Figure 3.1) the redundancy becomegw (SNP) = ;SS((DSF'{“Q = 7
30:13. These results suggest that the description of a univefdd? System is at least
29 or 30 times more verbose with respect to the description of a usaledetermin-
istic register machine. This number can certainly be logdre computingds(SNP)
from the entropy of the bit string used to encodeWe are currently performing these
computations; the results will be exposed during the waoksh
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In [18] it is also shown that by allowing ring rules of the ettded type it is possible
to build a universal SN P system by using od§ neurons. However this time many
neurons havé rules instead o2, and to describe every extended rilea® ! aP;dwe
need also some bits to specify the valug@gathat does not occur in standard rules. As a
result, there may be some doubts about what, among the twensysis smaller. To nd
out the winner of this competition, let us compute the dgsion size of the extended
SN P system. As reported in [18], this time the system is abirhulate the universal
register machine which is composedrof 8 registers anan = 23 instructions. The
rules contairl2 different regular expressions, do not contain delays, hedriaximum
number of spikes produced or consumed & Thus we will need4 bits to specify a
regular expressiorf) bits to represent the delays, afbits to represent each number of
produced/consumed spikes. T4@neurons are used as follow&neurons for the reg-
isters,22 neurons for the labeld,3for the DEC instructions5 for the INPUT module,
andl for the ouTPuT module. Each extended ring rule requirést 4 +4 +4 = 13
bits to be encoded, whereas a forgetting rule requirest = 5 bits. Recall that each
rule is preceded by ain a list of rules, while the list itself is terminated withDaEach
of the8 neurons used for the registers contatneng rules (2 13 + 3 = 29 bits), for a
total of 232bits. Each of th2 neurons used for the labels contatsing rules and4
forgetting rules §7 bits), for a total ofLl474bits. Each of thd 3 neurons which are used
in the simulation of thédEC instructions containg ring rule ( 15 bits), for a total of
195bits. Each of thé& neurons used in theiPuT module also containk ring rule (to-
tal: 75 bits), whereas the neuron used in theTPUT module contain? ring rules and

1 forgetting rule B5bits). To all these bits we must add #@ 49 = 2352bits which
are needed to encode the synapse graph. All considered, taie dB61bits, which is
well less than th&773bits obtained with the rst universal SN P system. Henceithes
tighter upper bound tds(SNP) and, assumings(DRM) = 263 or ds(DRM) = 258 ,
we obtain

RoRrwm (SNP):% 1658 and  Rpgrw (SNP):%Gsl 16:90

respectively. Also in this case, tighter bounds can be abthby explicitly computing
the bit string that encodes the universal extended SN Prayatal then compressing
it using a lossless compressor. We are currently perforrtiege computations; the
results will be exposed during the workshop.

3.6 UREM P systems Let UREM denote the class of UREM P systems. As proved
in [6], in order to reach computational completeness we estrict our attention to
deterministicsystems in which the skin membrane contains one elementamyarane

for each register of the (possibly universal) simulatecedatnistic register machine.
This means getting rid of the membrane structure, saving ef lbits while describing
the system. Similarly, we can restrict our attention to URBMystems in which the
amounts e of energy that occur in each rule are taken from thefset; O; 1g. This
means that for each rulebits will suf ce to encode the actual value ofe.
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Under these assumptions, in order to encode a particulerays 2 UREM we have to
specify as parameters the numipeof elementary membranes contained into the skin,
the numbem of symbols contained into the alphabet, and the nunibef rules that
occur in the system. Then, for each membrane we have to ggeiflist of its rules.
Just like it happens with SN P systems, in general every mangowill have a different
number of rules, and thus we will prepend the descriptioracherule by a bit equal to

1, and we will conclude each list of rules witt0aTo encode each rul@p : a; e;bh

we needl bit to specify whetheop = in or op = out, 2 Igm bits to specify the
alphabet symbola andb, and2 bits to express the value ofe.

(i1 po; 0;Bo); (outs : po;  1;p1); (outy : Bo; 0; p2)

2 (in7 :p1;1;p1); (outs : py;0; po)

2 (ins : p2; 1, p2); (outs : po; 0; p3)

(ins 1 p3; 0;Bs); (outs @ ps;  1;p2); (Outs : ps; O; pa)

:(ing 1 pa; 0;pa); (OUts : pa;  1;ps); (Outs : Pa; O; p3)

2 (ins : ps; 1, p5); (outs : Bs; O; Pe)

(in7 :pe; 0;Bs); (OUt7 1 ps;  1;p7); (out7 : ps; O; Ps)
:(in1:p7; 1 p7); (outy : pr; 0;pa)

:(ine : ps; 0;Bs); (outs : Ps; 1;po); (outs : Ps; O; Po)

2 (ing : po; 1;B9); (outs : Po; O; Pro)

(ing @ p10; 0; p1o); (Outs @ Bro; 15 po); (Outs : Bro; 0; Pao)
(N5 :p11;0;p11); (Outs @ pu1;  1;p12); (outs : pu1);0; p13)
(ins @ p12;0;p12); (outs : p12;  1;p1a); (OUts : B12); 0; Pis)
2(in2:p13;0;p13); (outz @ piz;  1;pas); (outz : Bia); 0; pio)

© 00 N o o~ WN - O

[ S S T
w N P O

14 :(in5 : p1a; 0; p1a); (OUts @ Pra;  1;p16); (OUts : P14); 0; P17)
15:(in3 : p13;0;p13); (outz : pra; 1;p1s); (Outs : p13);0; p2o)
16 : (in4 : p1s; 1, B16); (0Uts : B16; O; P11)
17 :(in2 : p17; 1, p17); (outz @ p17; 0; p21)
18 :(in4 : p1s; 0; p1s); (Outs I Prs;  1;po); (OUts @ Bus); O; P22)
191 (ino : pr9; 0; Bro); (OUto : Bro;  1;Po); (Outs : Pio); O; pis)

N
o

2 (ing : p2o; 1; B0); (Outp : Poo; O; Po)
2(in3z :p21; 1 p21); (outs @ po1; 0; pis)

N
=

Fig. 3.2 A small universal deterministic UREM P system. In each rdw humber on the left
refers to the label of the simulated instruction of the reggisnachine depicted in Figure 3.1
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A simple encoding of a UREM P systetfi n; m; R) containingn elementary mem-
branes into the skin, an@ rules that operate om symbols of the alphabet, is com-
posed ofn + 1 blocks, one for each membrane. Each block encodes the sszjoén
rules associated with the corresponding membrane, ligtiegules as described above.
Each rule required4 + 2 Ig m bits to be encoded (one bit is used to indicate that we have
not yet reached the end of the list of rules), for a totaBf[2 + |g m] bits. One bit is
needed to terminate each of ther 1 lists, and thus the description size of the whole
system under the encodi@just proposed is:

dsc()=2 R[2+Igm]+ n+1

A small universal UREM P system (here proposed for the nstet) can be obtained by
simulating the small universal deterministic register hine described in section 3.1.
Such a small UREM P system contaims= 8 elementary membranes. As recalled in
section 2.3 (see [6] for details) we need the objectandpg , forallj 2 f0;1;:::;21g,

to simulate the instructions of the register machine, as agthe objecp,, to simulate
the jump to the non-existent instruction numBer(to halt the computation), for a total
of m = 45 alphabet symbols. EadiNC instruction of the register machine requires
2 rules to be simulated, whereas ed2BC instruction require8 rules, for a total of

R =57 rules, depicted in Figure 3.2.

The skin membrane does not contain any rule, and thus thélostk of the encoding
of is0. The elementary membrane that simulates regstentains the ve rules that
correspond to théNC (line 19 in Figure 3.2) and to thBEC (line 20) instructions
that affect the contents of regis@rSincen = 8, we will need3 bits to encode a register
number; similarly, to encode an alphabet symbol we will niggd = Ig45 = 6 bits.
The bit string that encodes membréahis thus:

ek PR R 1o PR

in P19 0 P19 out P19 1
L 105409 PR D PARAG9QT 1190
out P19 0 p1s in P20 1 B20
L1 112199099 PopRgm
out P20 0 Po
where we have encoded as0,outasl, e=0as00, e=1as0l, e= 1

asll, px as theb-bit binary encoding ok 2 f 0; 1;:::; 22g with an additional leading
0, andpx as thes-bit binary encoding ok 2 f 0; 1; :: :; 21g with an additional leading
1. Operating in a similar way for all the elementary membraoks , we obtain the
following binary string (the spaces denote a separatiowdeth consecutive rules; they
are put here to help the reader, but are not necessary to elvedtring):
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(Skin membrane)
0

(Membrane 0)
1 001001100110011
1 001010001110100

(Membrane 1)
1 000000000100000
1 000011101100111

(Membrane 2)
1 000110100101101
1 001000101110001

(Membrane 3)
1 000110100101101
1 001010101110101

(Membrane 4)
1 000101000101010
1 101000001110000
1 111001011000000

(Membrane 5)

000001100100011
000010101100101
110101111001100
110110011001110
110111011010000

I e

(Membrane 6)
1 000001001100010
1 110010011000101
1 110100011001001
1 110100100001010

(Membrane 7)

N

O R Rk, R,

111001111000000
111010000000000

110000011000001
110011100000100

110110111010010
111000100010101

110110111010010
111010100010010

110101011000000
111000000001011
111001000010110

110001111000010
110010100000110
110101100001101
110110000001111
110111000010001

110001000000011
110010000000011
110100000000000

O R Rk R R

b e
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111001100010010

110000000000010

110110100010011

110110100010100

110101000001011
001001000110010

110001100000100
000101100101011
000110000101100
000111000101110

000010000100100
000100000101000
000100101101001

1 000000101100001 1 110000100000000 1 000011000100110
1 110011011000111 1 110011000001000 O

We can thus conclude thdsc () = 921 , whereC denotes our encoding.
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Also in the case of UREM P systems we can ask how many bits wéddvgawve by
compressing the above bit string. If we look at such a striegcan see that it contains
516zeros andiO50nes. Hence the probability thaleoccurs in any given position is
Po = %, whereas the probability thatlaoccurs isp; = %. The entropy of the above
sequenceis thud () = Polog, po  pilog, p1 0:990 and we can conclude that
a compressed string produced by an optimal entropy-basegmssor, whose length is
approximately equal to the length of the uncompressedgstiines the entropy, would
containd911:79% = 912 bits. Such a quantity is an upper boundds(UREM) , the
theoretical description size complexity of the class of WRE systems.

By assumingls(DRM) = 263 andds(UREM) =921 , and approximated value of the
redundancyf UREM P systems with respect to deterministic registermaes is:

ds(UREM) _ 921

dsORM) 263 0

RDRM (UREM) =

On the other hand, by assumidg(DRM) = 258 andds(UREM) = 912 (that re-
sult by considering the entropies of the corresponding dadatrings) the redundancy
becomeRprm (UREM) = % 3:53. These results suggest that the description
of a universal UREM P system is at le&sb times more verbose with respect to the
description of a universal deterministic register machine

4 Conclusions

Trying to nd a common measure for the size of different cortgtion devices, we
have introduced thdescription sizeof a deviceM as the length of the binary string
produced by a “reasonable” encodingMf. For three classes of computation devices
(deterministic register machines, SN P systems and UREMsE$)5) we have com-
puted the description size of randomly chosen devices, #sawef a universal device
taken from each class. In this way we have observed that tlafleshuniversal SN P
system currently known has a description which is ad@:68 times as verbose as the
the description of the smallest deterministic register niae (currently known), while
the smallest universal deterministic UREM P system (heserileed for the rst time)
is only abouB:5 times more verbose with respect to the register machinedddan in-
teresting question that naturally arises after these Gions is: What is the minimum
theoretical description size that can be obtained by cenisigall possible universal
computing devices? In other words: What is the minimum nunabéits which are
necessary to describe the structure of a universal congpdénice?

Making a bit of self-criticism, we are aware of some weak p®in our results. First of
all, since we are speaking about Turing computable funstiva should also consider
the many small universal Turing machines which have beemei@ in the literature.
Such a work is currently in progress, as well as the compangith the description
size complexities of small universal tissue and antipogt$tesns. Moreover, we should
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not give for free that the smallest universal computatioricks de ned in the literature
automatically produce the smallest possible descripiipess for example, minimizing
the number of neurons in SN P systems does not automaticaljupe the shortest
among all possible encoded bit strings, since the encodikgstinto account all the
parameters (number of rules, number of consumed spike}ttedt may affect the size
of the system. Finally, smarter encoding functions couladpice shorter strings than
those we have presented in this paper, thus showing tiglotends to the theoretical
values of description size complexities. Improving oututesunder all these points of
view is a direction of research of a clear interest. Spealitayut the encoding functions,
we note that on one hand we required that the encoding andlohecprocesses should
be as simple as possible: their description should requilg @ nite number of bits.
On the other hand, we did not add (nor specify better) suahtbithe description size of
our computing devices. Whether this is correct or not is tjaeable, but let us note that
also representing the decoding algorithm as a string ofviadtsid require a decoding
process, and so on in an endless sequence of encodings attindgsc
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A recurrent formula for enumerating membrane structuregiven. It is de-
duced by elementary combinatorial methods, by providinigngk cation with
respect to a classical formula for the enumeration of treddch is based on
the analytical method of generating functions.

1 Introduction

The computation of the number of different membrane stmestaonstituted bg mem-
branes was considered at early beginning of Membrane Cang@{, in a preliminary
draft of [7]. It is a well known combinatorial problem equigat to the enumeration of
unlabeled unordered trees [4]. Therefore, it is related ataan numbers and to a lot
of combinatorial problems [2] which recently were provedi® investigated even by
Greek mathematician®( g, Hypparcus' problem and its modern variant known as
Schroder's problem [8]).

For the enumeration of (this kind of) trees, no exact anedyfiormula is available, but
a recurrent formula, based on integer partitions, was gingb], which was deduced
by means of generating functions. In the same paper also plegmsymptotic formula
is presented.

In this note, we provide a new recurrent formula related torgpge combinatorial anal-
ysis of membrane structures.

The setM of nite membrane structures can be de ned by induction. lstconsider
nite multisets as an extension of nite sets, denotedlaya; b; @, where elements can
occur more than one time. A membrasién wrappingof a nite multisetS is an oper-
ation which provides a structure, denoted[BY, where the elements & arewrapped
in a common membrane. We remark that braces denote mukisetdtic collections,
while brackets denote membrane (spatial-topologicalusions. For a mathematical
de nition of membrane structures, it is useful to distingilnithese two notions and to
use both of them. Let us start from the multi§gfg including only one occurrence of
the elementary membrari€] (wrapping the empty multiset). The Set of membrane
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Fig. 1.1 A representation of the membrane structures with four memds (braces are repre-
sented by rectangles and brackets by ovals).

structures is generated by induction by means of the multis®n + (summing the
element occurrences of two multisets), which is a binary matative and associative
operation, and by means of tls&in wrapping operation. The elements occurring in a
multisetS of M are called theomponentsf S.

f[lg2 M Base step
S; S S$22M =) f [Slg; S1+ S22 M Inductive step

Forexamplef[]g+ f[lg= f[]:[lgand[f[];[lg] =[[]:[1] 2 M.

2 Cells, Colonies, and Neo-colonies

Givenn elements, the number of multisetsloélements over the elements, according
to [1], is given by:
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n+k 1
4
) (40)
By using formula (40), the following recurrent formula isvgh in Knuth's book [4]
(pag. 386), which provides the numk(n) of membrane structures of typs] with
n membranesN is the set of natural numbers, > 0, P(0) = 1, j;ng;ny; 0,

X Yo MMm)+k 1

P(n) = (41)

ki nit+kz nz;iiky nj=n  i=1;05]

Unfortunately, formula (41) is not manageable for an effectomputation, because
it is based on integer partitions, which grow exponentiélgcording to Ramanujan's
asympthotic formula [3]) making the evaluation of the sunfiarmula (41) very com-
plex. For this reason, we adopt a different enumeratioriegiya by considering the fol-
lowing partition of membrane structures:Q@gells, ii) Neo-coloniesand iii) Colonies
Cells are structure of typE[S]g whereS 2 M, andS is not empty. Neo-colonies are
multisets of typeS + f[ ]g, with S 2 M, that is, multisets having an elementary mem-
brane as their component. Colonies are structures diffém@m cells and neo-colonies,
that is, they are not singleton multisets and do not have compts which are elemen-
tary membranes. In Fig. 1.1 structures on the left side dlg, structures in the middle
are neo-colonies, and the structure on the right is a colGejls are easily proved
to be equivalent to rooted unlabeled unordered trees, vebilenies and neo-colonies
represent unlabeled unordered forests. We denotd fiy) the numbers of membrane
structures having membranes (pairs of matching brackets), andliigy); P (n); C(n),
the number of Neo-colonies, Cells, and Colonies, respelgtihavingn membranes. It
easy to realize that a membrane structure witmembranes inside a further external
membrane provides a cell with+ 1 membranes, while united with the multiddt]g
provides a neo-colony. The following lemmas are simple eqnences of this partition
of membrane structures.

Lemma 1 For n > 0 the following equations hold:

M(@@M)= N(n+1)= P(n+1):

Lemma?2 Forn> 1

Mn+1)=2M(n)+ C(n+1):
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Lemma 3 LetM;(n) denote the number of colonies havimgnembranes and exactly
i components, then far> 1

X
C(n) = Mi(n):
i=2 ;bn=2c

Proof . At mostbn=2c components can be present in a colony witmembranes.

Lemma4 Forn> 2
C(n+1) M(n):

Proof . Removing an external membrane, in a component of a colothynw 1 mem-
branes, provides a membrane structure withembranes. Therefore colonies with 1
membranes are at magk(n).

Lemma5 Forn> 2
Cn+1l) M(n 1) L

Proof. Some colonies with + 1 membranes come from the neo-colonies witmem-
branes, which ar# (n 1), by wrapping all their elementary membranes in a unique
membrane. This cannot be done in the case of a neo-colongitcbed only by elemen-
tary membranes. Therefor€(n+1) M((n 1) 1

Putting together the two previous lemmas with Lemma 2 welgefdllowing lemma.

Lemma6 Forn> 2
2M(n) M(n+1) 3M(n):

2"<M (n+1) < 3

According to the previous lemmas we see that in the nurivb@r + 1) the par2M (n)
refers to cells plus neo-colonies. ThereforaVii{n) is known, the real problem for the
computation oM (n +1) is the evaluationoM (n+1) 2M (n)= C(n+1), thatis,
the number of colonies with + 1 membranes.
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In the case of 1, 2, and 3 membranes we hs®) = 1, M (1) = 1, M(2) = 2,
M (3) =4, as itis indicated in the following schema (external breamesnot indicated).

111

2 [L0] (1]

3| [LILLT [moin  [rin - ILen

From Lemma 6 we evaluate immediatdly(4) = 2M (3)+1 =9 . In fact,M,(4) =

1, because there is only a colony with 4 membrarep:] 1;[ [ ] ]. Analogously,
M(@B)=2M@4)+2 =18+2 = 20 , because there are two colonies with 5 mem-
branes{ [1L;[[[1and[[1LII[[11]1 The sequence fror (1) up toM (12)
(sequence A000081 of The On-Line Encyclopedia of Integeu8eces [8]) provides
the following values:

n 1 2 3 45 6 7 8 9 10 11 12
Mn) |1 2 4 9 20 48 115 286 719 1842 4766 12486

LetN be the set of nite sequences over the Bedf natural numbers. IK 2 N , and
i 2 N we denote byX j the length ofX , and byX (j ) the number which occurs K at
positionj . Let x be the set of partitions of the the integeas sum ok summands
(simple recurrent formulae for generating and countingdaedinality of this set are
available). A partition of integers is a multiset of integers, let us denote fy) the
number of occurrences of the integein

The following operation associates, for an® N, a natural number to any sequence

X 2N.
O X Y i i
iy = X+ () 1 (42)

2 PX g+l i 12 (J)

Fori;j 2 N, letM(1;::;]) denote the sequeng® (1);:::;M(j)), then the main
lemma follows.

Lemma?7 Forn> 2
X o
C(n+1)= "M (1;::;n):
i=2 ;b(n+1) =2c
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Proof Outline. Colonies with n+1 membranes may have 2, 3, ..., but at mostréoer
b(n + 1) =2c of components. If we x a numberof components, thenmembranes, of
then + 1 membranes, must be used for the skins of thesmmponents, therefore the
remainingn+1 i are partitioned among these components in all the poss#ns.vin
colonies with 2 components+1 2 membranes can be distributed in 2 components.
In colonies with 3 components+ 1 3 membranes can be distributed in 3 compo-
nents, and soon,upt@+1 b (n+ 1)=2c. In order to compute the number of all
possible membrane arrangementa each partitionaffn + 1 into i summands must
be “read”, according to the formuld;, 0" 97 1 on the sequendd (1;::;n)

of membrane giructure numbers. If a numbgof membranes is assigned to the com-
ponentj, \6th jz1iNj = n+1 i and all thenj summands are different, we
easily nd =1 M (n;) different membrane structures. However, this simple fdemu
cannot be applied if two, or more, summands are equal. Fanpba if a partition has
three parts, with two equal parts, say-r 1 3 = p+ p+ g, then in a corresponding
colony of three componentsmembranes can be arrangedin(q) ways in a compo-
nent, andp membranes can be arrangedvin(p) ways in the other two components.
However, in the two components wihmembranes [§e repetitions of the same con g-
urations must be avoided. For this reason, the prodygt " " 1) * is used. In
fact, when (j) = 1, then this formula provides the valdé (j ), but, when (j) > 1,
the number of different multisets &4 (j ) elements with multiglicity (j) is provided.

In conclusion, the number of all possible colonies is the s@im 'M (1;:::; n) for all
possible numberr of components.

This lemma suggests an algorithm for computdgn + 1) . From Lemmas 2, 3, and
7 the nal proposition follows. The application of the formauof Lemma 7, tested for
=0;:::;11, provided the same values, previously given, of the secri&000081.

Proposition 1 Forn > 2

X (O
M(n+1)=2M(n)+ "M (1;:;n):
i=2 ;b(n+1) =2c

As an example we provide the computatior3yfL1). According to lemma 7 the value
C(11) is given by:

X O
c@11)= "M (1;:::;10)

The integer partitions of 9 in two summands yield the follog/set:
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o2 = ff 8;109;f7,29;16;3g;f5; 499
therefore:
XY MG+ () 1
()

286+1 1 1+1 1 + 115+1 1 2+1 1 48+1 1 4+1 1
1 1 1 1 1 1 1 1

286+ 115 2+48 4+20 9=888:

The integer partitions of 8 in three summands yield the foihg set:

g3 = ff 6;1;10;f5; 2; 10;f4; 3;1g; f 4, 2; 2g; f 3; 3; 2099

therefore:

oM@+ () 1
(i)

2 g3j2

48+1 1 1+2 1 2041 1 2+1 1 1+1 1 9+1 1 4+1 1 1+1 1

+ + 1 1 +

1 2 1 1 1 1
9+11 1 2+22 1 + 4+22 1 2+ll 1 =48+20 2+9 4+9 3+10 2=171

The integer partitions of 7 in four summands yield the foliogvset:

7a = ff 4,1,1;19;13;2,1;1g;f2; 2,2, 199
therefore:
YoM@G)+ () 1
2 1ai2 ()

9+1 1 1+3 1 + 441 1 2+1 1 1+2 1 + 2+3 1 1+ 1 _

1 3 1 1 2 3 1
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9+4 2+4=21:

The integer partitions of 6 in ve summands yield the follmgiset:

65 = ff 2,1;1;1; 199

therefore:
°M (1;:::;10) = M@+ @) 1
2 6;5j2 (J)
241 1 144 1 —n.
+l +4 _2.

In conclusionC(11) =888+ 171 + 21 +2 = 1082, therefore:

M (11) = 2M (10) + 1082 = 4766:

Bibliography

[1] M. Aigner. Discrete MathematicAmerican Mathematical Societ®007.

[2] A. Cayley. On the analytical forms called trees, with Bggttion to the theory of
chemical combinationMathematical Papers, Vol. 9, 427-460, 1875.

[3] JH.. Conway and R. K. Guy. The Book of Numbe8pringer-Verlag1996.

[4] D. Knuth. The Art of Computer Programming, Vol. 1, Fundamtal Algorithms.
Addison Wesle$968.

[5] R. Otter. The Number of Treed he Annals of Mathematic&nd Ser. Vol. 49, N.
3, 583-599,1948.

[6] Gh. Paun. Personal Communication, October 1998.

[7] G. Paun. Computing with membraned. Comput. System Scb1(1): 108-143,
2000.

[8] N.J.A. Sloane. The On-Line Encyclopedia of Integer Sapes.Notices of The
American Mathematical Socie¥pl. 59, N. 8, 912-915, 2003.



Toward an MP model of Non Photochemical
Quenching

Vincenzo Mancs, Roberto Pagliarii Simone Zorzah

LVerona University, Computer Science Department,
Strada Le Grazie 15, 37134 Verona, Italy
fvincenzo.manca, roberto.pagliarini g@univr.it

2Verona University, Biotechnological Department,
Strada Le Grazie 15, 37134 Verona, Italy
zorzan@sci.univr.it

In this paper we apply the formalism of Metabolic P Systenmsnfiodelling

an important phenomenon of photochemical organisms, wihgtarmines the
plant accommodation to the environmental light. By usinmsa@xperimental
data of this phenomenon, we determine an MP system whiclowdisg, in a
speci ¢ simpli ed case, the regulation mechanism undeglithe Non Photo-
chemical Quenching phenomenon and reproduces, with a ggowdxmation,

the observed behaviour of the natural system.

1 Introduction

Photosynthetic organisms have a controversial relatipngtth the light. They need to
maximize the amount of absorbed light but avoid the damawsollow from an ex-
cess of excitation energy. The excess of light is, in fag nttain cause for the formation
of reactive oxygen speci€ROS), chemical species that are able to oxidize many consti
tutive molecules of photosynthetic organisms, producimgféect callegphotooxidative
damage In the most extreme cases the damage suffered from orgamiamproduce
macroscopic effects like the lost of characteristic greelorc(due to the degradation
of chlorophyll molecules) or even the death. The phenoméhanhelps to deal with
quick light excess, and prevent ROS formation, is caNesh Photochemical Quench-
ing, shortlyNPQ phenomenon/process this phenomenon the excess of light can, in
fact, be dissipated through non chemical ways, when theatian is transmitted to
particular molecules that can pass to their unexcited siagmitting heat.

In this work we present a computational model for NPQ phenwneobtained by
the Metabolic Log-Gain Principlecombined with techniques of multiple regression.
This principle was introduced in [15] and developed in [1d} the construction of
Metabolic P model$rom experimental data of a given procebtetabolic P Systems
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shortly MP systemsare a special class of P systems, developed for expresisitogb
ical metabolism and signaling transduction. MP systemsweroduced in [21] for a
better understanding of quantitative aspect of biologsyatems, meanwhile avoiding
the use of complex systems of differential equations. Déffely from the classical P
systems [7, 25, 26], based on nondeterministic evolutiategies, MP systems have a
discrete evolution computed by deterministic algorithralledd metabolic algorithms
based on a new perspective introduced in [21] and then desdlin the following
papers [5, 6, 16, 18, 20,17, 19, 10]. This new perspectivebeasynthesized by a new
principle which replaces thmass action principl®f Ordinary Differential Equations
(ODE), calledmass partition principlewhich de nes the transformation rate of object
populations rather than single objects, according to ablétgeneralization of chemi-
cal laws. In [10] it has been demonstrated that exist, undg&lsde hypotheses and with
some approximation, an equivalence between ODE systemis|Brdodels.

Starting from ODE models some signi cant biochemical preses effectively modeled
by MP systems are: Belousov-Zhabotinsky reaction in Biatsl formulation [5, 6],
the Lotka-Volterra dynamics [5, 21], the Suitable-Inf&=eovered epidemic [5], the
Protein Kinase C activation [6], the circadian rhythms [93iahe mitotic cycles in early
amphibian embryos [20]. The MP model of NPQ phenomenon, theveloped, is the
rst MP model completely deduced by using experimental detabserved behaviors
and without any use of previous ODE models.

2 NPQ phenomenon: a biological description

In this section a synthetic description of photosynthetmcpsses that underlies NPQ
phenomenon will be given. For a deeper description somewes/bn the subject are
available in [23, 24].

Light energy is absorbed by plants mainly by means of pratemplexes calletight
harvesting complexed.HC) or antennae which bind many chlorophyll molecules
(Chl) that are excited by light radiation. LHC are connediethe photosystemsgro-
tein super-complexes that host structures cakedtion centersvhere the rst phases
of photosynthetic process occur.

When a chlorophyll molecule absorbs a photon it passes texbiged stateExcited
states can be transferred to the reaction centers wherensicdleeaction calledharge
separatiortakes place. Here the oxidation of two water molecules preda stoichio-
metric amount of electrons, oxygen and hydrogen ions. Elastare then carried to
enzymes which synthesize high energy molecules ATP and NADRolved in the so-
calleddark phaseof photosynthesis ( xation of atmospheric G@ carbohydrates [3],
Figure 2.1, arrow 1). Moreover, excited chlorophyll molesscan be deexcited by pass-
ing energy to molecules that emit heat resulting from theptostochemical quenching
phenomenon (Figure 2.1, arrow 2), they can emit uorescemadgation (Figure 2.1,
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arrow 3), or can decade in thiplet state that can be transferred to oxygen atoms thus
generating ROS (Figure 2.1, arrow 9).

Fig. 2.1 Main actors and relationships of NPQ phenomenon of exaitadeexcitation chlorophylls dia-
gram, according to the following abbreviations: chl = cbiohyll, ps = photosytem, h = hydrogen ion, r =
reactivity, p = NADPH, VDE = violaxanthin de-epoxidase, vielaxanthin, z = zeaxanthin.

In this model photosystem supercomplexes include bothioracenters and antennas,
and can be irtlosed statéwhen photons have been already acceptedgpan(when
the system is able to accept photons).

The LHC in addition to numerous chlorophyll molecules, batder molecules, called
caroteoindswhich can absorb energy from excited chlorophyll molespte dissipate

it by heat generation. Two caroteoinds of great interesténNPQ phenomenon ave
olaxanthinandzeaxanthinWhen the absorption of solar radiation exceeds the capacit
of the organism to use it, an increase of hydrogen ions pesvalsignal of overexcita-
tion of the photosystems that triggers a regulative feetklpaocess. Theiolaxanthin
de-epoxidaseshortly VDE, once activated by hydrogen ions, catalyzescifcle of
xanthophyllswhich transform violaxanthin to zeaxanthin. The presesfcaeaxanthin,
bound to LCH, favours the NPQ uorescence and heat prododtd that is respec-
tively, the arrows numbe2 and3 of Figure 2.1.

3 Metabolic P Systems

In an MP system the transition to the next state is calculatedrding to anass par-
tition strategy that is, the available substance is partitioned amongalitions which
need to consume it. The policy of matter partition is regedadt each instant byix
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regulations map®r ux mapsassociated with reactions. The notion of MP system we
use comes essentially from [14], whédeandR respectively denote the sets of natural
and real numbers.

De nition 1. (MP system) An MP systenM is a discrete dynamical system speci ed
by the following construct:

M=(X;R;V;Q; ;::: o)

whereX , R andV are nite disjoint sets, and moreover the following conaiits hold,
withn;m;k 2 N:

H = fhyjv 2 Vg of parameters evolution functions. The functton: N! R
states the value of parametey and the vectoW[i] = (hy(i)jv 2 V) represents
the values of parameters at the siep

Q is a set of states viewed as functiaps X [ V ! R. If we considering an
observation instaritranging in the set of natural numbers, the stqeg the instant
i can be identi ed as a vector

of real numbers, constituted by the values which are assigngj, to the elements
of X [ V;

= f',jr 2 Rgis asetof uxregulation maps, where the function: Q! R
states the amount (moles) which is consumed or produced&sy eccurrence of
areactant or product of. We puu, [i]= " (X [i]; V[i]), also called the (reaction)
ux unit of r at the step, whereU[i] = (u,[i]ir 2 R) is the ux units vector;

is a natural number which speci es the number of molecules(@bnventional)
mole of M, as population unit of M;

is a function which assigns, to eagh?2 X, the mass (x) of a mole of x (with
respect with to some measure units);

is the temporal interval between two consecutive obsarmatieps;

o 2 Qs theinitial state, that is, o = ( X [0]; V[0]);

:N! Qisthe dynamic of the system, whe(e) = ( X [i]; V[i]) for everyi 2 N.
The vectoN [i] is given by the parameters evolution functions, while thestance
evolution is given by the following recurrent equation:

X[i+1]= A U[i]+ X[i] (43)

whereA is the stoichiometric matrix d® overX of dimensiom m (we de ne
this matrix below), while , +, are the usual matrix product and vector sum.
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De nition 2. (Stoichiometric matrix) The general form of a reactionis: !
where | is a string which identi es the multiset of the reactantsistrates) ofr and

¢ a string which identi es the multiset of the productsrofThe stoichiometric matrix
A of a setR of reaction over a seK of substances i&\ = (AxrjXx 2 X;r 2 R)
with Ay, = j (i, | riy, wherej (j, andj j, respectively denote the number of
occurrences ok in  and .

4 A computational model for NPQ phenomenon

Now, we pose the following questiofGiven a set of experimental data about the NPQ
phenomenon, is it possible to determine an MP system havdggamic in accordance
with the experiment, within an acceptable approximatiarn,wehich could also predict
the future behaviour of the processWe will de ne an MP model that answers to this
guestion.

To represent the NPQ phenomenon it is necessary to know thesvaf the quantities
involved in the phenomenon, along the time. Literature daaanplemented by experi-
mental measurements in the laboratory, on Arabidopsigthawild type plants, made
it possible to estimate the fundamental values for a selagtaup of molecules involved
in the dissipation of light energy excess.

It is possible to measure the fraction of closed and openetbglistems. The presence
of many closed photosystems induces the incapacity of zamglfurther amount of
energy through the photochemical way: it is the ideal situato measure the NPQ
ability. To induce such a condition strong light ashes edi$aturating ashesre used.
With closed photosystems the reduction of the uorescenell\i.e. the ef ciency of
nonphotochemical quenching) can be measured in functitredfme. Our model takes
into account the reactivity of the system to reach equilibriafter light absorption.
The rate of xation of CQ during the NPQ measure condition gives an index of how
reactive is the system, as biochemical activity is stricityynected to the capacity of
absorbing light energy. The amount of chlorophyll molesukerelated to the volume
and the surface of the model [2] and the amount of photosysté@ime uorescence
and NPQ value can be deducted in arbitrary @¢nfsu.) from measurements on the
sample [22]. NADPH produced has been estimated with labgraheasures, the pH
value was deduced by combining data from literature [8, IBaPd applying the rate
of change to the estimated pH values during the NPQ measiE.state and activity
was set in relation to various pH values [11]. The change tiner of violaxanthin and
zeaxanthin was obtained with lab measurements and on thea¢ty [12].

The NPQ process discussed in Section 2 can be expressed $st thiereactions given
in Table 4.1. The rst three reactions model the possibledaif excited chlorophylls

6 Arbitrary units are values of suitable observable magmitugvhich are proportional to a given phe-
nomenon. They are especially used for evaluating relagwetions of variables.
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(arrowsl, 2 and3 in Figure 2.1), the fourth models the fact that the openedqdys-
tems turn into closed photosystems (ardim Figure 2.1), the fth and sixth represent
the ways that leads the unused products of reactida the dark phase of photosynthe-
sis (arrow labeled with numbeBsand6 in Figure 2.1). Finally, the seventh and eighth
represent xanthophylls cycle (arrowsnd8 in Figure 2.1).Tunersof a reactiorr; are
quantities which in uence, with their variations, the \atiobns of the ux units, as itis
indicated in Table 4.1.

Reactions Tuners
ri:c! o+12h+p c,hrp
r:c! c+dg" cl,z,r,h
rg:c! c+f* c,lbv,r,h
rp:o! c o, l,v=z
rs:h! h, r
re:p! p, r
r; :x+100v! x+ 100z X, V
rg:y+h! x y, h

Table 4.1 NPQ reactions and tuners according to the following abhtevis: ¢ = closed photosytems, o
= open photosytems, h = hydrogen ions, r = reactivity, p = NADP= light, g* = cumulative heat,’f =
cumulative uorescence, x = active VDE, y = inactive VDE, v ikaxanthin, z = zeaxanthin.

We introduce the cumulative value of uorescence and NPQed&* andq” respec-
tively, as new substances which will be useful for the agion of Log-Gain theory to
our model. The following equations de rfe" andq" :

+ . X . + . X .
f01=  fOL a 1= di] (44)
i=0 i=0
where the value§[i] andq[i] represent, respectively, the amount of uorescence and
NPQ observed in the system at the step

Almost all elements occurring in the de nition of MP systeme &now, because they
are deduced by macroscopic observations of the biologleahpmenon under investi-
gation. The only componentwhich can't be directly deducatié set of ux regulation
functions. The problem is that each element ofiepends on the internal microscopic
processes in which molecules are involved [14]. This meaas the key point, for
de ning an MP system modelling the NPQ process, is the ddtetion of the set of
functions.

We can understand, from the De nition 1, that the knowled§&e number of moles
transformed by any rule in the temporal interval between tensecutive observation
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steps are essential for the calculation of biological dyicarhy means of MP systems.
The rst step, in order to approximate the ux regulation nsajs to discover the nu-
meric values of the reaction uxes at each observation dteprder to determine these
values we use thieog-Gain Principlefor MP systems, introduced in [15], which can be
seen as a special case of the fundamental principle caleahetry[4]. In this principle
itis assumed that a proportion exists between the reladiviation ofu, and the relative
variations of tuners of (in Table 4.1 the set of tuners, for each reaction, are given)
more formal terms, the relative variation of an elemen2 X [ V is expressed, in
differential notation, byd(lg w)=dt, where the terntog-gaincomes from [28]. We use
a discrete notion of log-gain, given by the following eqoati

Lg(wli]) = (wli +1]  wli)=wi] (45)

on which the following principle is based.

Principle 1. (Log-Gain) LetUJi], fori 0, be the vector of uxes at stépThen the
Log-Gain regulation can be expressed in terms of matrix aetdor operations:

(Uli+1] Uli)=Ulil=B L[i] + C P[i+1] (46)

where:

B=(pwijr2Ryw2 X[ V)wherep., 2f0;1gwithp., =1 if wisatuner

ofr andprnw = 0 otherwise;

L[i]=(Lg(w[i])jw 2 X [ V) is the column vector of substances and parameters
log-gains ;

P = (prjr 2 R) is the column offset vector. This vector is constituted fey th
difference between tuner log-gains and ux log-gains;

C is a column binary vector d and 1 which selects some offsets for obtaining a
univocally solvable square linear system (see [14] for adetl explanation);

,+, ,=are, in this context (with some abuse of notation) the prodhe sum,
the subtraction and division over matrix.

We callLG[i] the system of equations obtained by (46).
In an MP system the matri® and vectoi[i] are determined by using the biological

information. In NPQ phenomenon the Log-Gain Principle jileg the following matrix
B and vectolC PJi +1]:
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2 3 2 3
011100000001000 _pyfi +1]
01100001001100 poli + 1]
01100010001100 pafi + 1]
10000000001000% 0
001000000001008" @pufi +1]
00010000000100 ps[i + 1]
00001010000000 poli + 1]

001001000000000  pyfi +1]

The transposed[i]" of vectorL [i] of equation (46) is speci ed by the following equa-
tion:

LOT" = Lo((ali] cli] h{i] pli] x[i] y[i] Vi 2[i] f * [T " [T 1G] r[i] f [i] ali] (v=2)[i]])

We reduce the stoichiometric matrix by removing rows whicé Enearly dependent
on other rows (continuing to cal this reduced matrix) and we obtain the following
system of equations, call&D[i] [15], which represents the substances variations

X[i+1] XJ[il=A Ul 47
where:

2 1001 0 O 0 03 2 c[i]3

0100 0 O 0 q*[i]

0010 0 O 0 f il

A=R212000 1 O 0 14; X =8 hJi]

1000 0 1 0 0 pli]

0000 O O 100 v[i]

0000 O O 0 1 x[i]

If we assume to know the ux unit vector at ste@nd put together the equations (46)
and (47) at stepsandi + 1 respectively, we get a linear system calt&tset log-gain
adjustmentnodule at step, shortlyOLGA [i], in which the number of variables is equal
to the number of equations. In [14] it is proved that @eGA [i] of an MP systenM

is univocally solvable for any stdp 0. In this way we obtain the followin@LGA [i]
system for NPQ process, where variables are in bold font angtitute the ux unit
vectorU[i + 1] and the offset vectdP[i + 1]:

A Ufi+1]= X[i+2] X[i+1] (48)
Uli+1] (C P[i+1]) U[il=(Uli] (B L[]+ Ui

Now, as the vectorX [ilandV[i],forl i 810 are given by experimental measures,

This procedure requires the knowledgd {D]. Actually, there are several possibilities
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under investigation to obtain this vector. In our case, wesgder a system composed
by the set of equationsG [i]+ SDJ[i] and we used a suitable iterative technique [15] in
order to solve a non-linear system of equations giving a ggatoximation otJ[0].

Given the values of the unit reactions for a sequence of sthpsproblem, as pre-
viously stated, is to discover the setof ux regulation functions. Although a ux
regulation mapg . depends on the state of the MP system, we can assume that only
some substances and parameters are relevant for it. Wenea# elementegulators

of ' .. We use standard multiple regression techniques to nd gmagmation of' .

(with respects to its regulators). The resulting functiogigen in Table 4.2, approxi-
mate the regulation function associated to each reactior?2 R. It is possible to see

in Figure 4.2 that the behaviors of uorescence and heatinétbby our MP model are

in accordance with the observed values (they are the masesting parameters of the
phenomenon).

Reactions Flux regulation maps

rp:c! o+12h+ p "t = 1+ 101+ e+ grl + #hlp+ (7]
ro:.c! c+q+ Irzz 2+ oC+ or+ Lz+ #+ ,h
rg:cl c+f* "1y = 3+ 3ch+ v+ ar 1

rs:o! c "ra= a4t 401+ gcl+ grl + #hip+ 43
rs:h! ' rs = 5t sol+ scl+ srl +#5h|p+ 5%
le - p! ' re — 671 gol+ gcl+ grl + #ehlp+ 6%
r:x+100v! x+100z | ',, = 7+ v+ X

rg:y+h! x "ty = 8t gyt gh

Table 4.2 NPQ reactions and ux regulation maps. The values of polyiabmoef cients can be down-
loaded from [29].

5 Conclusions

Our proposed model of NPQ phenomenon, allowed to reproduite gccurately ex-
perimental results for the Arabidopsis wild type case. Titegljztive ability of computa-
tional experiments are so far limited, but it is our objeetie progress to an MP model
that will be a valuable tool to suggest biological phenomeszmgly observable in silicio,
like pH values or effects of mutations.

The analysis of NPQ process here reported is oversimplirethany aspects. In fact,
two kinds of photosystems are involved which play colldteske and may in uence the
overall dynamics of chlorophyll deexcitation. It is out b&taim of this paper to take into
account these more detailed aspects. However, we limietugs to reproduce in our
mathematical model the observed data of NPQ phenomenomewl@escence and
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Fig. 4.2 Value of the uorescence and NPQ, in a. u., during the expenital measurements (top) and
simulation results obtained by MP system (bottom). Notiwe tvhile experimental heat is measured in cor-
respondence of saturating ash, simulated one is contisu@ur results allow to hypothesize that also the
NPQ values are perturbated by ash of light.

heat curves show a particular shape related to the ef ciefi¢ljis mechanism to dissi-
pating excess of light energy. An interesting property wtig predicted by our model
is that uorescence decreases in dependence of photochkaditivity (photochemical
quenchingand non photochemical dissipation. It will be matter otfetinvestigation
to take into account other relevant aspects, when reliadie should be available for
extending out analysis. In particular, we want to considens different ways that lead
to uorescence decrease (i.e. LHC migration between plystesns and ROS damages
consequences).

The theory of MP systems is evolving and crucial tasks rertmime performed for a

complete discovery of the underlying MP dynamics which ek the observed dy-
namics. The principal investigations are directed to thelgtof systematic ways for
deducing the ux regulation maps from the time series of uxctors. This problem is

directly related to the search of the best regulators aatatio reactions. Different re-
search lines are active in this direction and importantg@tél be given by statistics and
genetic programming. However, the modeling of real impartsological phenomena
is an essential activity for orientating the research ofggahmethods and principles for
the theory of MP systems.
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The page rank of a webpage is a numerical estimate of its itapce. In
Google's PageRank algorithm the ranking is derived as tveriant probability
distribution of a Markov chain random surfer model. The @algpoint in this
algorithm is the addition of a small probability transitifor each pair of states
to make the transition matrix irreducible and aperiodic. $lew how the same
idea can be applied to P systems and allows to de ne a pratyadiistribution
on the objects, resulting in a new complexity measure for $2esys. Another
interesting application is the pathway identi cation plefm, where informa-
tion about biochemical reactions from public databasesaallto construct a
metabolite graph. The invariant distribution should allewsearch pathways
in this graph more ef ciently than the degree weighted allfpons used at the
moment. From such automatic pathway calculations one cam ¢bnstruct P
system models for targeted metabolic compounds and thestioms.

1 Introduction

Page ranking is the process of assigning a quantitativeumea$“authority” to a web-
page. Internet search engines usually use a combinatioayofvkrd related measures
and general page ranks to order the results of a user queggelresults are displayed in
alinear order, and the higher the combined rank of a webghgédigher in the resulting
list it is displayed. Since a higher rank means a higher iligibthere has developed a
large commercial interest in optimizing a webpage's cométh the goal of improving
its ranking, and nowadays the activity sarch engine optimizatidms become a full-
time job for many people. On the other hand, users of a seaigihe expect results that
lead them to their desired search goals ef ciently, so in § wasearch engine should
optimize their ranking methods with regards to user prefees. In particular, it can be
argued that a search engine should use ranking strategiek afe objective and unbi-
ased. But note that this leads to a dilemma: if a search enginéd openly publish its
ranking algorithms, on the one hand this would bene t itsrassince then they could,
in principle at least, target their queries better. On theeohand, this knowledge would
enable owners and designers of webpages to target theredesidience by speci c
search engine optimization strategies — which might not batwisers desire. At the
moment, search engines therefore keep their algorithmsaankihg methods as closely
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guarded secrets. This is, of course, not the only possibigisn, but seems to also
stem from (i) considerations about competition betweetirgissearch engines, and (ii)
probably the assumption that the bene t for the common userdbe negligible, since
on the average s/he would not be able to understand the thigariwhereas commercial
companies would.

A particular case is Google, probably the most importanegaipurpose search engine

of today. It is believed by professional consultants thapihge ranking methods take

into account more than 200 distinct factgrbut Google states that the “heart of their
software” is an algorithm calleBageRanK13], whose name seems to be inspired by
the last name of Google founder Lawrence Page [34].

The original ranking algorithm behind Google has been higld [6, 29] and is also
patented (sic!) as a “Method for node ranking in a linked Hase” (US patent no. 6.285.
999), assigned to Stanford University. It can be shown BageRanks natural in the
sense that a few axioms, motivated by the theory of sociakehaniquely character-
ize PageRanK1]. Interestingly, the same method has recently been mepas a new
method of citation analysis that is more authoritative e ctations have less impact
than in traditional citation analysis [24].

In the following we will describe applications of page ramdin the area of membrane
systems. We will speci cally concentrate on the origifalgeRankalgorithm, since it

is closely related to Markov chain modelling of dynamicalBtems as in [27]. The ap-
plications that we will discuss are (i) de ning tresymptotic behavioof dynamical P
systems, (iljppproximatinghis asymptotic behavior in a manageable way, (iii) de ning
a newcomplexity measurr dynamical P systems, and (iv) applications in ithen-

ti cation of P systems, where biochemical databases are used to suggessting P
system models via pathway extraction.

2 The PageRank algorithm

The description of théageRanlkalgorithm is usually given in terms of the so-called
webgraph. This is the directed graph= (V;A) where each node 2 V represents
a webpage and each aig;v) 2 A V? represents a link. A link from page 2 V
tov 2 V can be thought of as providing evidence thias an “important” page or,
more generally, as aotefor pagev. Intuitively, the more authorative pageitself is,
the higher its vote for page should count, leading to a recursive de nition as follows.
Let

r: V! R:
v 7lr(v)

7An analysis of the most important factors used by Google cae fpund on
http://www.seomoz.org/article/search-ranking-factor S.
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be theranking functionthat assigns a numerical valugv) to each node in the web-
graph. Then
X r(u)

u2f Vij(uyv)2Ag OUtdeg(u)

r(v) =

where the sum runs over all nodedinking to the pagev andoutdeg(u) is the out-
degree of noda. In the above interpretation, each page thus transfersitdRageRank
value equally to all of its link targets. Note that webpagas kink multiple times to the
same page, but that this counts as only one link, i.e. onendheiwebgraph.

To see that th®ageRankanking function is well de ned, we need to turn to the theory
of Marko|¥ chains [5]. Since the webgraph is nite, the fuictir can be normalized
suchthat ,, r(v) =1.0ne cantheninterprete2 RLV’ as a probability distribution
over the seV of webpages. Thegansition matrix

p = 1=outdeg(u) if (u;v) 2 A;
W 0 if (u;v) 2 A
then corresponds to the model for a person sur ng between pegies, from now on
simply addressed assarfer, described in [6]. In this so-calle@ndom surfer moded
surfer is considered who randomly follows links, without/gsreference or bias. The
matrix P, then describes the probability for the surfer, being at page visit pagev
next. ThePageRanlkle nition is then equivalent to the following matrix equearti:

r=Pr

In the language of Markov chain theory this means thigtrequired to be atationary
distribution In other words, if a large number of random surfers nd thehass, at the
same time, at webpages distributed according to these bpitiites, then after randomly
following a link, the individual surfers would end up at @ifent pages, but the number
of surfers visiting each webpage would stay approximatetysame (exactly the same
in the limit of an in nite number of surfers).

Markov chain theory tells us when such a stationary distidiouexists and when it is
unique. By the ergodic theorem for Markov chains,ageriodicandirreducible tran-
sition matrix P is suf cient. The transition matrix is aperiodic if the ldasommon
multiple of all possible circuits in the webgraph is trividhis can always be assumed
for general digraphs, since only very special digraphs areic. Irreducibility is the
requirement that each webpage is reachable from each atger pe. that the webgraph
is strongly connected, and this is usuailyt ful lled by the transition matrix. In partic-
ular, the webgraph usually has pages without outbound Isdsalleddanglingpages
or, in the language of Markov chain theosmksor black holes|If one were to apply
thePageRankdea to a digraph with one or more of these, they would effettiabsorb
all probability, since eventually a random surfer would ayw end up in a black hole
and stay there forever. To be more precise: One would expatttie resulting invariant
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distribution would be zero for all non-sinks, and each sirduld be assigned the prob-
ability of ending up in it, starting from a random page, in @ctance with the random
surfer model. However, this is not true. There simply woutit exist any stationary
distribution in such a case. This “singular” behavior ledhgopeople to call such pages
black holes, since the usual laws of Markov chain theory egasvork, when one of
these is encountered.

The solution to this problem is the truly original idea of tfeainders of Google: In
analogy with the random surfer model, it is assumed thatfeisending on a sink gets
bored and turnsandomlyto a new page from the whole webgraph, which is called
teleportationin [17]. Of course, this is a somewhat unrealistic model foual inter-
net user behavior, since how does a sunfiet a randomwebpage (and with uniform
probablity)? But changing the transition matrix accordyng

8
2 1=outdeg(u) if (u;v) 2 A;
Pw = S 15V] if outdeg(u) =0;
0 if outdeg(u) > Oand(u;v) ZA

leads to a matrix with irreduciblelocks(which is still not irreducible, though, except
in special cases). Finally, extending this idea and assyithiat the surfer has a certain
chance > 0 of turning to a random pageverytime s/he follows a link, leads to

8
2 19Vj if outdeg(u) =0;
Pw = _ =V if outdeg(u) > Oand(u;v) 2A;  (49)
=jVj+(1 )=outdeg(u) if (u;v) 2 A

which is truly an irreducible and aperiodic matrix [23]. The&tionary distributiomn is
then, also by the ergodic theorem,asymptotic distributionThis means that a random
surfer, starting at an arbitrary webpage, has the cha@iceto be at page 2 V, if he
has followed a large number of links, usiRg, as transition matrix:

im (PH"xg=r; (50)

independent of the initial distributioxy, i.e. his/her starting page(s). Note that there is
a probability = jV] that the random surfestaysat the same page (we can also say that
the surferaccidentally‘jumps” to the same page that he comes from), i.e. we exjylicit
allow self-transitions here, since it makes the matherabginalysis simpler.

These results are consequences of the Perron-Frobenarsth¢3], which also shows
thatr is the (normalizedylominant eigenvectaf P!, i.e. the corresponding eigenvalue

= 1 is the largest eigenvalue' possesses. In practice, the direct computation of
the dominant eigenvector for the (sparse) transititionrixatf the webgraph is very
dif cult, due to the graph's enormous size. On the other haad. 50, starting from
the uniform distributiorxo(u) = 15V]j can be used, and is usually called thewver
method12]. See [17] for further improvements.
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3 Leaky P systems

P system is a general term to describe a broad class of unatieivaodels of computa-

tion that are usually based on multiset rewriting in a hielnézal structure of so-called

membranes [31], but also include computational modelsagseother mechanisms,
for example string or grammar rewriting. Originally intraced by Gheorghe Paun in a
seminal paper [30], nowadays there exists a large commahigsearchers working on
and with different extensions and variants of P systems.

How are we to interprete the above changes in the context géferas, i.e. when we
are thinking about the random surfer model with possiblegsrtEqg. 49) not only as
mathematically necessary and convenient, but rather aalde@ure of a P system?
Obviously, such a mechanism can turn the multisets thatitbesthe object content of
a P system into completely different multisets — and we neewntrol the outcome of
such an operation somehow, since otherwise we would end tinpawiin nite number
of possibilities, as multisets are (usually) unbounded.

Let us rst consider the case of a probabilistic P system af@]nStarting from an
initial con guration (multiset)cy the evolution of a probabilistic P system generates a
rooted tree. The leaves of this tree are the halgng states and each halting st&te.

is reached with a distinct probabiliy,, where |, pn = 1. If we now introduce
additional transitions from each halting state back to tiigal statecy, we have an
irreducible Markov chain. This system could be periodid, ibis easy to see that for
such a ( nite) “closed tree” an invariant probability digtution exists as in the case of
an irreducible and aperiodic Markov chain. In fact, the nevat distribution for a state

i 2 Sisgivenby ; =15Sj pe,:i, Wherepe,:i is the probability of rgachingthe state
when starting fronty. The factorl=jSj has been introduced such that, s | =1.So
we see that the concept of invariant distribution geneealihe probability of reaching
a halting state in a probabilistic P system. However, thisighe same as the dynamics
proposed in Eq. 49. It is interesting to ask how the invamaaasure changes when we
additionally introduce the teleportation property extebliby Eq. 49.

Problem 3.1 Given a nite Markov chain on a séf with a unique invariant distribu-
tion 2 RLV’, how does change when we replace the transition probabilifogs by
@ eyt g5?

To our knowledge, there has not been much progress on thigagalthough numer-
ical studies have been done in case of the webgraph (cor§efd@references).
Let us now consider a more general situation. Assume thatcit éme stepthere is a

8f time is assumed to be continuous, as in dynamical P systiemsire simulated by Gillespie-type algo-
rithms, there is still a discrete sequence of events, andtbyducing an exponential waiting time distribution
for such an event the same comments also apply to this case.
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small probability for each object to change spontaneoustyanother object, analogous
to mutations in DNA, where one base can suddenly change mg@mbthe other three
possible bases (such a change could be caused by UV radfatierample). Of course,
the objects undergoing such a change cannot be used in andthat this time step. In
fact, by adding rules of the form! v for each possible pair of objects;v), we can
realize this mechanism easily. Let us call a P system withgtoperty deakyP system.
Note that leaky P systems are not always irreducible, astige example of a system
with the rule2A ! B shows: From the state with only o we can never get to a
state with more than on&, although the opposite is possible. However, if all rulesave
reversible, a leaky P system would be irreducible and havevamiant distribution.

Interesting as these thoughts are, they lead too far hereebthink that leaky P systems
should be investigated more closely. For example, a sutdessnputation in a leaky
P system would need to be robust against the continuousiildgsf small changes of
its objects. How could this be realized? Moreover, the failtg two problems should
be looked into:

Problem 3.2 Given an irreducible aperiodic Markov chain, when adding telepor-
tation property of Eq. 49 (for some choice of 0), do the corresponding invariant
distributions () converge in the limit ! 07?

Problem 3.3 Although the random surfer model does not apply to a leakystery,
does the invariant distribution of a leaky P system, in casists, converge against
the same invariant distribution as in the random surfer mddéthe same underlying
P system), in the limit that ! 07?

Intuition suggests that the answers to both questions dhmmiaf rmative.

4  Asymptotic behavior of P systems

A particular interesting application area for P systemshis émerging discipline of
systems biology [21], and in the past years a number of bicddgystems have been
simulated and anlyzed by P systems [8, 33]. It should be nb@dever, that this line
of research is only a small part of the total work on P systesmsye consider P systems
from a particular perspective here.

The original state-transition P systems are charactebyedunique description of their
dynamical behavior in terms of @ondeterministi@ndmaximally parallelapplication
of rules. The rst of these concepts puts the focus not on amadhcealization of behav-
ior of a P system, but on all possible computations possiltle ity i.e. on the (formal)
languagegenerated by it. The concept of maximal parallelism allomisriesting con-
trol structures, but seems rather inappropriate when nfiageh a biological context.
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Therefore, a number of researchers have turnatiytamicalP system models, where
the nondeterministic dynamics is replaced by a sequentilpgobabilistic evolution
law. Two important approaches agdgnamically probabilistic P systenj82] and the
metabolic algorithnmdeveloped and propagated by V. Manca and colleagues [4B8&].
rstis directly based on mass action kinetics [15], whertaslatter considers a special
form of competition of rules for objects, called tieass partition principle Another
approach has been proposed in [33], where rules have xetticgarates.

As has been discussed in [27], st&titynamical P systems are Markov chains. Unfor-
tunately, thestate spacef a dynamical P system is usually very large.

Example 1. (Brusselator) Consider a membrane system on a set of three ob{2ets
fA; B; C g, and with the following four rules:

ry: A r,:. Al B;
rs3: 2A+ B! C; ro: C1l 3A;

where denotes the empty multiset and can be interpreted as a (gpeaned) in ow.
This is an equivalent of the Brusselator, a discrete modéi@Belousov-Zhabotinskii
chemical oscillation reaction. Its state spateconsists, in principle, of all multiset
con gurations on three objects, i.&. = N2, where we identify a multiset with a vector
of nonnegative numbeidy = f0;1;2;:::0.

Although no dynamical law has yet been speci ed, a biochaihicmotivated law,
based on mass action kinetics, for example, results in aitran matrix P; , where
i;j 2 X and the entries d?; depend, usually nonlinearly, on the state

The asymptotic behavioof a dynamical P system can then, in principle, be de ned
as its stationary distribution as in the case of the webgrapiplying ideas from the
PageRanlalgorithm, halting states of the system, in analogy withgliaug links, are
assumed to result in a teleportation to an arbitrary staté oAlso, at each time step
there is a small probability> 0 that the system teleports to a random state ffom

It should be clear that a prerequisite for the de nition oétasymptotic behavior of
a dynamical P system is theitenessof its state space, so this concept will only be
applicable in some special cases. Even then, due to thet@bt®ne of the state space
it is not clear at the moment how to actually perform such adyesis. In the next section
we will therefore propose a much simpler characterizatithe “asymptotic behavior”
of a dynamical P system.

9A P system is static if the membrane structure does not evoliree course of time. To be more precise:
membrane creation or destruction are not allowed in a Staigstem.
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(=) ML

Fig. 5.1 The object network (left panel) and the stoichiometric reta(right panel) of the Brus-
selator example.

5 Approximating asymptotic behavior

Since the state space in dynamical P systems is usuallyte) aistationary distribution
usually does not exist, or even if it does, it is not clear hovadtually compute it. An
interesting alternative is to simplify the situation catesiably. Instead of working with
the state space on which the dynamics takes place, we wdnklébbject networlkof
the P system.

De nition 1 Theobject networlof a P system is the directed graph= (V; A), where
the vertex se¥ is given by the set of objects, and there exists ar{@re) 2 A between
two objectau; v 2 V if there exists a rewriting rule of the form

piup+  +ppUn ! vt + GnVm; Pc;g lforallk njl m;

and furthermoreau = u; andv = v; for some indices nandj m.

Theconnectivity matrixof a P system is then the adjacency matrix of its object né&kwor

De nition 2 Theranking matrixof a P system is the matr@ (confer Eq. 49) wher€
is its connectivity matrix.

Example 2 The object network of the Brusselator example is shown inleftgpanel
of Figure 5.1. It is obviously aperiodic and irreducibles &ionnectivity matrix and the
corresponding ranking matrix are, respectively,
0 1 0 1
011 =3 1=2 =612 =6
c=fook; c=8 =3 -3 1 2-3%:
100 1 2=3 =3 =3
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De nition 3 Thestationary object distributionf a P system is the dominant eigenvec-
tor of its ranking matrix.

Numerical values are given with an accuracy of three digitthe rest of the paper, if
not otherwise stated.

Example 3 For the Brusselator example, choosing 0:01, the stationary object dis-
tribution is

(0:399,0:201; 0:399);

i.e. in the long-term limit one expects 40 percent of all alge¢o be of type A, 20 percent
to be of type B, and 40 percent to be of type C. Of course, ddpgrah the actual
dynamical law, the true long-term distributions of thesenters will vary considerably
from these approximate values.

Up to now, only theopologicalinformation about how objects can be transformed into
each other has been used. However, in a P system there aredgdavels that can be
considered, namely (i) the stoichiometry and (ii) reactiates.

De nition 4 Thestoichiometric networlof a P system is the weighted digraph =
(V; A;w), where(V;A) is the object network ana is the stoichiometric weighbn
each arc, i.ew(u;Vv) 2 Z describes the number of objects of typ@ V that result
when all the rules are applied simultaneously wher@ V appears (somewhere) on
the left-hand side, and (somewhere) on the right-hand side.

Note that, to avoid multigraphs with parallel arcs, the déan of the stoichiometric

network effectively sums the contributions of all rules lbe tstoichiometry of a target
object. Normalizing the stoichiometric weights, we arratethenormalized stoichio-

metric weightdV @ | conveniently written as a matrix whose rows all sum to one:

wb .= p Ww
w2V Wow

De nition 5 Thestoichiometric ranking matrigf a P system is the matri @ (confer
Eq. 49).

Example 4 The stoichiometric weights, the normalized stoichionuatréights, and the
stoichiometric ranking matrix of the Brusselator exampie aespectively
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0 1
0112 02:31_3
w=Pfoo 1%x: wo=Fo o 1K;
30 0 10 0
0 1
-3 223 =61=3 =6
wo =8 =3 -3 1 2-3%
1 2=3 =3 =3

The latter has dominant eigenvector (0:375 0:25; 0:375).

One important question, that we have avoided so far, is thawer of stationary distri-
butions of a (weighted) digraph under restriction. In apgtions, we might only be in-
terested in a small part of a P system, or the dynamics of thgtment might not even
be known explicitly. To address this question, we intemptée stationary distribution
over the objects as dnvariant ow. Given a ranking matriR and a stationary distri-
butionp for R, its nonnegative entrie,, multiplied by the (probakility) masg, are
interpreted as a ow from node to nodev. The totgd sum of inows , (PwRwu)
into a nodeu g V, and the total sum of out owp, w2y Ruw are equal. Moreover,
the total ow ., »\ (PuRw ) is equal to one.

Givenacutof V,i.e.asefA; A of arcs that separatdés V from its complement
V n Vi, the corresponding partition of arcs[i81; A n A1], whereA; = f(u;v) j
exactly one olu orv lies inVig. We interpreté/; as a subnetwork of . It is clear that
the invariant in- and out ows across the cut are equal:
X X
puRw = pPuRw:
(uv)2A1;u2Vy (uv)2A1;u2Vy

If we replaceV nV; by a single nodee 2 V and all relevant arcs by their obvious
connections witte, the invariant distribution of the netwoN [ f eg, restricted tov;
and then normalized, will be the same as thalVofor a certaineffectivechoice of
in-weightsw(e; V1).

However, to compute these effective in-weights, one neeadw the structure of the
complement ofV; — or one has to treat the weightge; V1) as unknowns and use
further constraints to determine them.

Example 5 Consider the network shown in the left panel of Figure 5.2 déminant
eigenvector ip = (0:300,0:150,0:275, 0:275, 0:075; 0:125)':

The dotted arcs represent a cut separating the subnetyorkf A; B; C gfromfD; E;

F g. Replacing the latter by the single no8eesults in the network shown in the right
panel of Figure 5.2. With the effective edge weights from there, w(S;A) = 1=6
andw(S; C) = 5 =6, its dominant eigenvector @ = (12 =35; 6=35; 11=35; 6=35)': The
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Fig. 5.2 Extended Brusselator system, where three additional tthjewe been added. The num-
bers on the edges are the normalized stoichiometric weigtts network in the right panel is
derived from the left one by the construction described etext.

(normalized) restriction op to V; is p; = (0:414 0:207,0:379), which is the same as
the restriction op°to ;.

More important is the situation in which we are given tge owasross the cut as an
external constraint. Normalizing the sum of in ows suchttha(u;v)ZAl;ugV1 puRw =

1, we can interprete this ow as a probability ow. It is then ggible to calculate an
invariant distribution for the subnetwork by closing thessgm, connecting in- with
out ows. Of course, to avoid the reducibility and aperiatiicproblems, we need to
introduce some teleportation, as before.

Let us also brie y consider the analysis of steady state sikebiochemical networks.
Given a stoichiometric matri§& 2 Z™ " that describes the possible transitions of a
chemical system, and some external uxe® RT, one searches for a solutiar2 R"

of the equatior§ x = 0, which is interpreted as a steady state ux. In the context
of P systems, we can think of as anapplication vector telling us how often each
rule has to be used. Unfortunately, linear algebra cannatdeel, since the solutions
need to be positive, i.e. it is necessary tkiat 0 for some of the components rf=

convex analysis and calculates the convex cone of all pessitutions [20]. This cone
is usually not unique, so there are many possible steady stets across the system.

But consider now what happens if we make use of the probiaisilior transitions, not
only the topology. The invariant distribution then indu@esniquesteady state ux,
in contrast to the topological case. The implications o$ tleispecially with regard to
pathway analysis, have yet to be fully realized (see below).
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6 A new complexity measure

From a stationary distribution of the object network we inttia¢ely derive a complexity
measure for P systems.

De nition 6 Theobject entropyof a P system is the entropy of its stationary object
distribution. That s, ifp 2 R} is its stationary object distribution, then

P n

h =
logn

is its object entropy, whet@log Ois interpreted a®.

The denominator has been chosen such@hath 1 holds. A low value oh signi es
avery ordered state, whereas a valul cfose to one signi es that the stationary object
distribution is almost uniform.

Example 6 For the Brusselator example, the object entropyiss 0:961 For the

extended Brusselator example in the left panel of Figure & object entropy is
h = 0:921, corresponding to the higher complexity of it. The systentranright panel
of that gure has object entroply = 0:963

This idea generalizes thglobal entropyof [9], where a similar complexity measure
has been introduced for probabilistic P systems with anutiai tree. Of course, the

question arises what the advantage of such a measure isacedtp other complexity

measures (for a list of possible candidates, see [7]). Aroitapt point here is that the
de nition of entropy of an invariant distribution is a matmatically elegant concept that
quanti es the complexity of the dynamics of a P system in a Weat easily relates to

complexity considerations in other elds of science (corifg).

7 Page ranking in P system identi cation

In a previous work [26] we have discussed the general proloieidenti cation of P
systems; here we will focus on the application of page ramkirthis problem. System
identi cation can be considered the reverse of the usualefiimg) and analysis process.
Instead of analyzing givenP system, the problem is tod an interesting P system that
then can be analysed, for example by simulation studies. iShuarticularly interesting
in the application of P systems to biochemical systems. iBoetktent, public databases
on the internet can be used that store and collect informatiwut biochemical reac-
tions. These include WIT, EcoCyc, MetaCyc [19], aMAZE and®E& [18]. We will
only consider the LIGAND database here [14], which is a pafér database inside
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the KEGG repository. As of version 42.0, LIGAND containsdrrhation about 15053
chemical compounds (KEGG COMPOUND), 7522 biochemicaliczec(KEGG RE-

ACTION) and 4975 enzymes (KEGG ENZYME) in ASCII text les thare easily

parseable by computer.

In the usual approach [10, 28] one constructsiadirectedmetabolite network graph
G = (V;E) from these les, where nodes represent compounds, and edgessent
reactions (for simplicity, we do not consider enzymes heFejp compoundsi;v 2 V

in the metabolite graph are connected by an(are) 2 E V2 if there exists a
reaction in which bothu andv participate. Note thati andv can both occur on the
same side of a reaction, in contrast to what we have done fgsters object networks,
resulting in an undirected as opposed to a directed grapdhnidin problem considered
in the bioinformatics community is the extraction of (meagful) possible pathways
that allow to transform one compous® V into a target compound?2 V, which is
equivalent to thé shortest path problerfi1].

A patrticular problem with this approach is the existencemtalledcurrencymetabo-
lites [16]. These are usually small biomolecules that pgudte in a large number of
reactions, and are used to store and transfer energy aneltaircions. Examples of
currency metabolites includd,O, ATP , andNADH . Because of them, for example,
there exist more than 500000 distinct pathways of lengthadtmine between glucose
and pyruvate [22], most of which are not biochemically fe&si The solution con-
sidered by Croes and co-workers is to weight the paths bydbe)(degrees of their
vertices, such that vertices with a large degree are pudisative to compounds with
a higher speci ty, i.e. a lower degree [10].

Here we propose to usedrectedmetabolite graph that more realistically captures the
ow constraints of the biochemical reaction network, andue the stationary distri-
bution of such a biochemical object network to weight théhpaCurrency metabolites
are expected to have a large stationary probability, siheg partake in many circular
reaction patterns, and interesting pathways should thefodoed more effectively by
bounding the total path weight.

We shall demonstrate this here by way of a simple example.

Example 7 Consider the network graph in the left panel of Figure 7.3sTtas been
generated by starting at Caffeine (C007481) in the KEGG COMRD database. All
paths of length at most 2 have been generated, and the ngsgitiph has been pruned,
such that no leaves remains (i.e. such that no vertices rewith only one arc). The
resulting network is shown in Figure 7.3 on the right. Froms tkhe stoichiometric net-
work graph on the left has been created. For each pair of cangsfu; v) 2 V, we sum
over the contributions to the stoichiometry from all rul&fiese weights are then nor-
malized, such that they can be interpreted as transitiobghitities, and are displayed
in the left gure. The stationary eigenvector (using= 0:01) of the stoichiometric
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C07481
Cﬂﬁelne

0.166667/0.2
507450

000067
mealdshyde

Fig. 7.3 Normalized stoichiometric network graph (left panel) faaft@ine example in the text.
The right panel shows the underlying reaction network inlagg-transition) Petri net represen-
tation, where boxes correspond to distinct chemical reasti

ranking matrix is
=(0:487,0:122 0:122 0:146, 0:122)';

corresponding to the compounds
(C00067 C07130C0748QC07481 C13747)

and we see that Formaldehyde (C00067) quali es as a curremcypound. In KEGG

REACTION there are 57 reactions in which it participatesfaot. Note that the stoi-
chiometric network graph where paths of length up to threeaflowed cannot be drawn
sensibly anymore, since it already contains 58 verticesiynofwhich are due to reac-
tions with Formaldehyde. The invariant distribution candad¢culated easily, however.

P systems identi cation is then possible by rst generatanfarge stoichiometric net-
work graph, calculating its invariant distributign2 RY , and using its componenps,

1 i N, todeneweightsN p; for a second pathway search (the constéants
used to ensure that the average weight is one). Only compoemzbuntered on paths
with a weight below a certain, user-de ned threshold arenthged to de ne a P system
model that captures the (hopefully) relevant biochemieattions.

8 Discussion

In this paper we have shown some applications of page rartkirige analysis and
identi cation of P systems. Dynamical P systems can be camed Markov chains, and
Google's page ranking then corresponds to the stationggneiector of the transition
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matrix, after adding a small positive constant to ensuediicibility and aperiodicity.
For P systems, page ranking allows to de ne a probabilityritistion on the objects
(and, dually, also on the rules), and this in turn allows tondethe entropy of a P
system, generalizing ideas of [9]. A different applicatlwas been in the identi cation
of P system models from biochemical databases. There,thaamt distribution should
allow to search more effectively for pathways, improving ttegree weights introduced
by Croes and co-workers. Although the complete stoichioimgtaph available in the
LIGAND database is quite large (more than 10000 verticég)gigenvector calculation
has to be done only once. The test of this idea is underway.

We have also presented some interesting problems andidireor future work. Lastly,
let us remark that it is possible to generalize the page rankpproach to systems
with an in nite state space (by normalizing tleeragepage rank, and not the sum
of all ranks). This should be especially interesting for &malysis of (pseudo-) lattice
digraphs, being a continuation of the work in [27]. More getfig, this work was mo-
tivated by the urge to adapt the methods of dynamical systeewy to P systems,
and from this perspective the invariant distribution of ayBtem can be considered to
represent the asymptotical dynamical behavior of a givestesy. In particular, we can
now give operational de nitions of the concept of “stableed points” for P systems
as states with a large invariant probability, whereas ‘$rant” states will have a very
small invariant probability (on the order of).
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We have recently developed a prototype hardware implertientaf membrane
computing using recon gurable computing technology. Thistotype, called
Recon g-P, exhibits a good balance of performance, extpiand scalability.
However, it does not yet implement nondeterministic obgistribution. One of
our goals is to incorporate nondeterministic object disttion into Recon g-

P without compromising too signi cantly its performancegxibility or scal-

ability. In this paper, we (a) propose an algorithm for nadedainistic object
distribution in P systems, and (b) describe and evaluatettype hardware
implementation of this algorithm based on recon gurablenpaiting techno-
logy. The results of our evaluation of the prototype impletaéon show that
our proposed algorithm can be ef ciently implemented usiegon gurable

computing technology. Therefore there is strong evideheg it is feasible to
incorporate nondeterministic object distribution intod@e g-P as desired.

1 Introduction

We have recently developed a prototype hardware implertientaf membrane compu-
ting using recon gurable computing technology. This pitgfme, called Recon g-P, ex-
hibits a good balance of performance, exibility and scaliap However, it does not
yet implement nondeterministic object distribution. Orieor goals is to incorporate
nondeterministic object distribution into Recon g-P watht compromising too signif-
icantly its performance, exibility or scalability. In tkipaper, we (a) propose an algo-
rithm for nondeterministic object distribution in P systenand (b) describe and eval-
uate a prototype hardware implementation of this algoritresed on recon gurable
computing technology. The results of our evaluation of thetqitype implementation
show that our proposed algorithm can be ef ciently implensehusing recon gurable
computing technology. Therefore there is strong evidehatit is feasible to incorpo-
rate nondeterministic object distribution into Recon g desired.
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The contents of the paper are as follows. In Section 2, waudisthe background to
the research problem. In Section 3, we state the researdiiepno In Section 4, we
present and explain our proposed algorithm for nondetdstigrobject distribution in
P systems. In Section 5, we evaluate the correctness ancetivab ef ciency of the
algorithm. In Section 6, we describe our prototype hardviagementation of the al-
gorithm. In Section 7, we present and discuss empiricalt®seiated to the ef ciency
of the prototype implementation. Finally, in Section 8, wawl some conclusions re-
garding the signi cance of our research results.

2 Background

In this section, we present the background to the problemntiwdivates the research
described in this paper. First, we present a brief overviéunembrane computing.
Second, we present formal de nitions of nondeterminism arekimal parallelism in
the context of object distribution in P systems. Third, wecdiss our overall research
program, which thus far has produced a prototype hardwasedhcomputing platform
for membrane computing called Recon g-P. Finally, we imlnge the recon gurable
computing technology used in Recon g-P.

2.1 Membrane computing Membrane computingis a branch of bio-inspired compu-
ting. It investigates models of computation inspired bytaiarstructural and functional
features of biological cells, especially features that@abiecause of the presence and ac-
tivity of biological membranes. There are several types efmbrane computing models.
These include cell-like models, tissue-like models and@eunodels. As many of the
fundamental features of membrane computing models arempirés cell-like models,

we focus on cell-like models in our research.

Biological membranes de ne compartments inside a cell qrasate a cell from its
environment. The compartments of a cell contain chemidastsunces. The substances
within a compartment may react with each other or be selelgtiransported through
the membrane surrounding the compartment (e.g., througfeiprchannels) to another
compartment as part of the cell's complex operations.

In a membrane computing model, calle® aystemmultisets of objects (chemical sub-
stances) are placed in the regions de ned by a hierarchieahbrane structure, and the
objects evolve by means of reaction rules (chemical reasfialso associated with the
regions. The reaction rules are applied in a maximally palraiondeterministic man-
ner (in a sense to be de ned below). The objects can interéhtather objects inside
the same region or pass through the membrane surroundimgdia to neighbouring
regions or the cell's environment. These characteristiesused to de ne transitions
between con gurations of the system, and sequences ofiti@ms are used to de ne
computations. A computation halts when for every regioa itdt possible to apply any
reaction rule.
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Fig. 2.1 (a) A P system with one region and four reaction rules, ana (lsx of the possible ways
in which the reaction rules in the P system can be applieddrctirent transition given that they
must be applied in a maximally parallel manner.

For more information about the fundamentals of membranepedimg, we refer the
reader to [6].

2.2 Nondeterministic, maximally parallel application of reaction rules in P sys-
tems Nondeterminism and maximal parallelism are key feature® afystems. We
de ne these features below, rstinformally and then formyal

De nition of maximal parallelism In a transition of a P system, if any reaction rule
can be applied, imustbe applied. That is, in a transition, if a reaction rule iseatal
consume a multiset of objects that have not been consumetthbyreaction rules, then
it must consume that multiset of objects. This is thaximal parallelisnproperty of P
systems.

Figure 2.1 shows an example P system, and lists the possilyteiwwhich the reaction
rules in the P system's only region can be applied given they tmust be applied in
a maximally parallel manner. The actual way in which the tieacrules are applied
is selected nondeterministically (in a sense to be de neldvipefrom this range of
possibilities.

Suppose that zero instancesRf, one instance oR,, one instance oRz and one in-
stance oRy4 were to be applied in the current transition. This wonddbe a maximally
parallel application of the reaction rules. This is becaadter the application of the
reaction rules, the multiset of objects remaining in théaegvould have beea®b°c?,
in which case an additional instanceR®$ could have been applied.

Note that the case in which the number of instances for eaxtiion rule in a region is
zero is regarded as an application of the reaction rules.
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De nition of nondeterminism As illustrated in Figure 2.1, when the reaction rules in
a region are applied in a maximally parallel manner duringpadition, there are often
multiple ways in which the objects in the region can be disiiéd to the reaction rules.
(For instance, in the current transition of the P systemaegdiin Figure 2.1, the ob-
jects can be distributed in eleven different ways, so thegekeven possible maximally
parallel applications of the reaction rules.) If the maximaparallel application that
actually occurs is selected from this range of possibdité random, we say that the
application isnondeterministicOtherwise, we say that the applicatiordisterministic

Formal de nitions We now present formal de nitions of maximal parallelism and
nondeterminism.

Letthen 1reactionrulesin aregion of a P system be:

Ri:0f" 05 ...0Am1 |

- Q12 A222 a,
Ro: 072 05% ...oqn2 !

Rp: o o3> ...ogm | ..,

whereoy, 0y, ...,0n are the objecttypesinthe P system, andegclil i m;1

j n) is a nonnegative integer. Let the multiset of objects avdd in the region be
021 022 :::021m ,wWhereeacly (1 i m)isanonnegative integer. And let, X, ...,Xn
denote the numbers of instances of the reaction RlgR,, ...,Rn, respectively, to be
applied in the current transition.

Suppose that the reaction rules in the region are applied during a transithmit is
not possible to consume more objects of a given type thamérally available, each
of the following conditions must be satis ed:

A Xy + appXo +...+ta;mXn by

A1X1+ apXy +...+tanmXp

Am1X1 t @ma2X2 + ... ¥8mn Xp bm

De nition of maximal parallelismLet s = (s1, S2, ..., Sn) be a solution to the linear
system of inequalities given above, wheig s, ..., Sy are nonnegative integers. This
solution represents values »f, X», ..., X, for which all of the inequalities in the lin-
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ear system hold. Themcorresponds to a maximally parallel application of the tigac

rulesRi, Ry, ...,Ry if and only if the solutiorv = (v1;Va; 2 vn) (Whereva; vo; i v
are nonnegative integers) of the linear system

ai1Xq1 + aoXo + ... +ainXp bg

Ap1X1 + AooXo + ... +aAonXnp bg

am1X1 + am2Xz + ... +amn Xn BB,

where

B =b ast aieSe i &S
B=h axsi axns; i amnss

by = bn  amiS1  am2S2 i @mnSn

is such that is the zero vector.

(Note that ifvy;vo; ::i; v, were real numbers rather than integers, we would have that
each of these values is greater than or equal to zero anchis4 )

De nition of nondeterminisnThere argp 0 possible values fos. If the value fors is
selected at random from this rangempossibilities, thers corresponds to a nondeter-
ministic maximally parallel application of the reactiores. Otherwise, it corresponds
to a deterministic maximally parallel application of theac#on rules.

2.3 Our overall research program To exploit the performance advantage of the
large-scale parallelism of P systems, it is necessary toutg&ehem on a parallel compu-
ting platform. To this end, researchers have investigatdlfel computing platforms
for membrane computing, including platforms based on saféw(see, e.g., [1]) and
platforms based on hardware (see, e.g., [4], [5] and [7]).

Our overall research program is focused on hardware-basedlgd computing plat-

forms for membrane computing. Hardware-based paralleleding platforms execute
algorithms that have been directly implemented in hardwEne hardware platform im-
plements the algorithm in terms of the parallel activitiés @ertain number of proces-
sors that are spatially, rather than temporally, relatdgk dbility to use parallel proces-
sors brings a potentially very signi cant improvement ineexition time performance.
However, the use of the spatial dimension means that the euoflprocessors, and
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therefore the class of algorithms, that can be implememebeplatform is constrained
by the amount of hardware resources available on the piatfor

Our research involves an investigation of a certain novplragch to the development
of a parallel computing platform for membrane computingisTdpproach involves the
use of recon gurable hardware and an intelligent softwasenponent that is able to
con gure the hardware to suit the speci ¢ properties of theyBtem to be executed.
We have developed a prototype computing platform callecbRecP based on the ap-
proach [4] [5]. Recon g-P is currently able to execute P eyss$ that are the same as
basic cell-like P systems, except that objects are diggibto reaction rules in a deter-
ministic (rather than a nondeterministic) manner. It is tis¢ hardware-based parallel
computing platform for membrane computing to implemengfialism at both the sys-
tem and region levels, and is one of the most complete haelimgrlementations of
membrane computing published to date.

The implementation approach on which Recon g-P is basedlirs

use of a recon gurable hardware platform,

generation of a customised digital circuit for each P sydieive executed, and
use of a hardware description language that allows digitaliits to be speci ed at
a level of abstraction similar to the level of abstractiomvaich a general-purpose
procedural software programming language (such as C) alklgorithms to be
speci ed.

In the approach, a software component of the computinggatatfis responsible for

analysing the structural and behavioural features of thgstem to be executed and
producing a hardware description for the P system that lertad to these features.
When determining the hardware description for the P systeensoftware component
aims to maximise performance and minimise hardware resargnsumption. The em-
pirical results presented in [4] show that for a variety ofyBtems Recon g-P achieves
very good performance while making economical use of hardwesources.

The natural next step in the development of Recon g-P istienapt to incorporate non-
deterministic object distribution into Recon g-P. Althghi it is quite clear that support-
ing nondeterminism will result in higher hardware resouroeasumption and a degra-
dation in execution time performance, it is unknown just refwient an implementa-
tion of nondeterministic object distribution could be madée. Therefore, despite the
positive results mentioned above, it is unknown whethedeterministic object distri-
bution could be incorporated into Recon g-P without commising too signi cantly
its performance, exibility and scalability.

2.4 Recon gurable computing technology As already mentioned, hardware-based
computing platforms execute algorithms that have beerctjrénplemented in hard-
ware. In one approach, an application-speci c integratiecudt (ASIC) is used. The
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Fig. 2.2 An FPGA chip with different types of memory.

design of an ASIC is tailored to a speci ¢ algorithm. As a cegsence, ASICs usu-
ally achieve a higher performance than software-prograchmiroprocessors when
executing the algorithm for which they were designed. Havewith this higher per-
formance comes reduced exibility: as the implemented &tpm is fabricated on a
silicon chip, it cannot be altered without creating anotbtieip. In another approach,
recon gurable hardware is used. Unlike ASICs, recon guebardware can be modi-
ed. Therefore, by using recon gurable hardware, it is pilds to improve on the per-
formance of software-based computing platforms whileingtg some of their exi-
bility. The computing paradigm based on the use of recoredple hardware is known
asrecon gurable computingWe now brie y introduce the recon gurable computing
technology used in Recon g-P.

FPGAs A eld-programmable gate array (FPGA) is a type of recon gbte hardware
device. A standard FPGA consists of a matrix of con gurablgit blocks (CLBs). The
CLBs are connected by means of a network of wires. They carsbd to implement
logic or memory. Each CLB is composed of a number of sliceshed which consists
of two four-input lookup tables (LUTS), two ip- ops and soeninternal logic (e.g.,
carry logic used in the implementation of arithmetical ggiems). The LUTs can be
used to implement logic gates or small memories. The ip-sogan be used to create
state machines. The CLBs at the periphery of the FPGA camperf/O operations.
The functionality of the CLBs and their interconnections dg modi ed by loading
con guration data from a host computer. In this way, any ousdigital circuit can be
mapped onto the FPGA, thereby enabling the FPGA to execw#getyof applications.

Figure 2.2 shows an FPGA chip with different types of memory.

Handel-C Digital circuits are speci ed in hardware description larges. A popular
high-level hardware description language is Handel-C.dé&C allows a hardware cir-
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cuit to be speci ed at the algorithmic level rather than aeeel at which the structure
of the circuit is apparent, and therefore eases the prodedssigning a circuit for an

application. Handel-C includes a small subset of the C nogning language as well
as additional constructs for the con guration of a hardwadegice, including constructs
related to parallelism, communication, timing and bit npautation. Every Handel-C

statement takes exactly one clock cycle to execute. Therdffas relatively easy for

programmers to measure the number of clock cycles thatéstekexecute a particular
algorithm on the hardware device. In terms of data storageddl-C provides several
options, including arrays, on-chip distributed RAMs, dripcdedicated RAMs and off-

chip RAMs. Each of the storage options has its own bene tsdrad/backs, depending
on the speci c data to be stored. We discuss the storageroplielow.

Data storage

Arrays An array in Handel-C is a collection of individual registeesach of which is
implemented directly as one or more ip- ops. An element of array may be used
exactly like an individual register (by means of an indewitite array) and therefore all
elements of the array can be accessed in parallel. Howéiglistachieved by means
of a multiplexer between the registers, which can be expertsiimplement, both in
terms of the hardware resources required and in terms obtjie tielay induced.

On-chip distributed RAMs The LUTs in CLBs can be con gured to operate as 16

1 RAMSs (i.e., 16-deep, 1-bit-wide RAMS). In this way, RAMsdae placed at arbi-
trary locations on the chip. These RAMs are caltBstributed RAMsIn terms of the
hardware resources required, a distributed RAM is moreiehtto implement than an
array, because there is no switching between the various Kamd therefore no need
for a multiplexer. However, this ef ciency comes at a costlyoone entry of a dis-
tributed RAM can be accessed in any one clock cycle, andfihrerdistributed RAMs
are unsuitable in situations where concurrent access terdift entries in a RAM is
required.

On-chip block RAMs To complement the shallow distributed RAMs that are im-
plemented in CLBs, some FPGAs provide dedicated RAMs knariack RAMsor
BRAMs which allow for on-chip storage of kilobits of data. BloclARIs are set aside
for use as memory, and cannot be used for any other purposeefbhe, using block
RAMs instead of distributed RAMs for on-chip data storagleves one to dedicate
more of the con gurable hardware resources on the FPGA tartiementation of
processing logic. However, using block RAMs has three m#adiantages. First, a
block RAM has greater access latency than a distributed Rad, therefore the use
of block RAMs instead of distributed RAMs can result in a skoveircuit. Second,
because block RAMs have xed locations, the use of block RABtuces the routing
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options available to the compiler, and consequently mayltresgreater routing delays.
Third, although a single block RAM holds a large amount ogd#te number of block
RAMs available on an FPGA is limited. This limits the amoufhparallelism across
data structures implemented as block RAMs. Block RAMs aitable in situations
where a large amount of data needs to be stored on the chiplaer@ wach block RAM
is not accessed from many locations on the chip.

Off-chip RAMs In addition to allowing data to be stored on the chip, some A®G
allow data to be stored in RAMs located off the chip. These RARBlledoff-chip
RAMs provide for the storage of megabytes of data. Howevergtigea higher latency
associated with accessing an off-chip RAM than with acogsan on-chip RAM, and
off-chip RAMs allow only one read or write access per clockley

3 Research problem

The problem that motivates the research described in thgerda (a) to devise an ef -
cient algorithm for nondeterministic object distributionP systems, and (b) to develop
and evaluate the ef ciency of a prototype hardware impletagon (based on recon g-
urable computing technology) of the devised algorithm.

This research problem ts into our overall research programich is aimed at the de-
velopment of a complete hardware implementation of badidike P systems which
effectively balances the requirements of performanceibiixy and scalability. In par-
ticular, the extent to which the problem can be solved isaliyeelevant to the question
of the feasibility of incorporating an implementation ofrrteterministic object distri-
bution into Recon g-P, our existing hardware implemeragatof membrane computing.

4  An algorithm for nondeterministic, maximally parallel ob ject
distribution in P systems

In this section, we propose an algorithm for nondetermimistaximally parallel object
distribution in P systems.

In order to indicate some of the important issues that wegoti@ed during the de-
velopment of the proposed algorithm, and in order to fatiita comparison of our
algorithm with possible alternative algorithms, we preasamd discuss our algorithm
in the context of a wider discussion of the main potentiatsigies for the solution of
the nondeterministic, maximally parallel object disttilom problem (henceforth to be
referred to as thebject distribution problem
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4.5 Potential approaches Fundamentally, any effective approach to the object dis-
tribution problem must (a) consider a certain space of jpdssiolutions which contains
all of the solutions to the object distribution problem, (b) béeao correctly distinguish
(either explicitly or implicitly) between solutions and maolutions within this space of
possible solutions, (c) randomly select a solution in suglag that all solutions have
the same nonzero probability of being selected, and (d)utwpsolution in a timely
manner.

Approaches may differ with respect to the size of the spagmss$ible solutions that is
considered. Some approaches may involve an explicit détatian of the boundaries
of the space of possible solutions to be considered, wheitbas approaches may be
designed in such a way that an explicit determination is eqtiired.

Approaches may also differ with respect to the way in whigythavigate the space of
possible solutions. Some approaches are designed in sual that all non-solutions
are avoided, so that only solutions are considered duriegévigation of the space of
possible solutions. We call such approactigsct approaches. Other approaches con-
sider both solutions and non-solutions during the navigatiVe call such approaches
indirectapproaches.

To ful | requirement (c), an approach obviously requiresecor more sources of ran-
domness.

4.6 Indirect approaches

Indirect straightforward approachTheindirect straightforward approacks to simply
enumerate all the possible solutions to the object diginbyproblem that are contained
in a certain space of possible solutions (which is known tota@io all the solutions to
the object distribution problem), and then pick possibleisons at random, checking
whether they are actually solutions, until a solution isrfdu

The indirect straightforward approach considers both soltions and solutions as
it navigates the space of possible solutions. More speltycd considers a number
of non-solutions before it nds a solution. The algorithningihates only one possible
solution at a time. The rst solution to be found is the sadatithat is output.

The designers of an algorithm for the solution of the objéstridhution problem should
regard the ef ciency of the indirect straightforward appoh as a baseline ef ciency,
and aim for an ef ciency signi cantly higher than this based ef ciency.

Incremental approachNondeterministic, maximally parallel distribution of @ajts to
reaction rules is perhaps most intuitively implementedrinrecremental manner. In the
incremental approacithe distribution of objects to a particular reaction rideaccom-
plished in rounds; that is, a reaction rule may potentialyppocessed many times. It
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is an indirect approach. Martinez, Fernandez, Arroyo antiegez (2007) have pro-
posed an incremental algorithm for nondeterministic, nreatly parallel distribution of
objects to reaction rules. This algorithm has signi carittter ef ciency than the indi-
rect straightforward approach. We now describe the allgoriin order to illustrate the
fundamental features of the incremental approach.

In the incremental approach, those reaction rules to whistpiossible that objects will
be distributed are placed in@ool. Initially, all of the reaction rules are in the pool.
During the course of the object distribution process, lieactules are removed from
the pool. At any given time, the reaction rules in the poolthase that are still under
consideration, whereas the reaction rules out of the pa@harlonger under consider-
ation. In each iteration, one of the reaction rules in thel jpeelected at random, and
its number of instances is incremented by a random amouoh ($at the total num-
ber of instances of the reaction rule does not exceed itsrmani possible number of
instances given the multiplicities of the object types i@ tegion). The multiplicities of
the object types in the region are then updated (decreasedjding to the number of
instances of the reaction rule added in the previous stefhigpoint the applicability
of each of the reaction rules in the pool (given the updatetiipticity values) is che-
cked. If it is impossible for there to be additional instamoéa particular reaction rule,
then that reaction rule is removed from the pool; otherwitseemains in the pool. The
process repeats until there are no more reaction rules ipabk

Like the indirect straightforward approach, the increna¢approach considers a num-
ber of non-solutions before it nds a solution, and outputs trst solution it nds.
Unlike the indirect straightforward approach, it may eliraie more than one possible
solution at a time (i.e., in a round). As it is impossible foetnumber of instances of a
reaction rule to decrease, at any given time all possiblatispis for which the number
of instances of any reaction rule is less than the currenievir the number of instances
of that reaction rule is no longer under consideration. €fae, in general, the incre-
mental approach converges on a solution more quickly thamttirect straightforward
approach.

This approach can be more ef cient for many applicationswieer, the ef ciency of
the incremental approach depends on the random numbertahues that is added
to the current number of instances of the selected readtilenat each iteration. If the
random numbers generated are small, the approach can takgterations to distribute
the objects to the reaction rules. This is particularly twteen there is a large number
of applicable reaction rules in the region and the numbewaflable objects for each
object type is large.

It might be more desirable, particularly from the point oéwi of ef ciency, to deter-
mine the nal number of instances of a reaction rule directiyher than indirectly. In
a direct approach, the distribution of objects to a paréicuéaction rule occurs in one
step. To the best of our knowledge, no instances of the diygmtoach to the implemen-
tation of nondeterministic, maximally parallel objecttdiisution have been reported in
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the literature. This is a re ection of the general lack of easch done so far on im-
plementations of nondeterministic, maximally parallejeait distribution, and does not
suggest that the direct approach is infeasible. We now iestwo direct approaches:
thedirect straightforward approachnd our own proposed algorithm.

4.7 Direct approaches

Direct straightforward approachin the direct straightforward approachall the solu-
tions to the object distribution problem are given as input] one of these solutions
is simply selected at random. This would be a feasible amprifethe multiplicity of
each object type in the region were static. In that casehalpbssible solutions could
be calculated at compile-time, and one of these solution&ldoe randomly selected
at run-time during each transition of the P system. Howayigen that the multiplici-
ties of the object types in the region change throughout xeewion of the P system,
the approach is infeasible, mainly because of the large atmfutime and hardware
resources required for the calculation of all the possiblatfns at run-time.

Our proposed approach: the DND algorithridve have devised an algorithm for nonde-
terministic, maximally parallel object distribution in Rsgems. Our algorithm, which
we call theDirect Nondeterministic Distribution algorithwr DND algorithm performs
the distribution of objects to a reaction rule in one steglfwi possible adjustment step
performed before the termination of the algorithm), ndsodusion without needing to
enumerate possible solutions, and is able to operate witheing explicitly aware of
many of the characteristics of the space of possible saisitid/e now describe how the
DND algorithm works.

As shown in Section 2.2, the number of objects available énrétgion in the current
transition and the number of objects for each object typeired by each reaction rule
can naturally be represented as a linear system of inemsalit the number of reaction
rules isn, then the linear system, if interpreted geometrically,ries am-dimensional
space. This space is the space bounded by the hyperplanestdey then inequalities
(taken as equations) of the linear system. The possiblemalyi parallel applications
of the reaction rules correspond to certain points withangpace. Our approach selects
one of these points at random in a direct manner: the randdue ¥ar each coordinate
of the point is determined in one step (plus a possible axthiti adjustment step in
which the value is con rmed or adjusted).

Under the geometric interpretation, each reaction ruleesmonds to one of the di-
mensions of space. The point closest to the origin at whicypeifplane intersects the
axis for a dimension is the least upper boubdyndary valugfor the number of instan-
ces of the reaction rule associated with the dimension. Bbisdary value is simply
the minimum ratio of all the ratios of the number of availablgects for an object type
and the number of objects of that object type required by ¢laetion rule.
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procedure obtainASolutionNondeterministically (
m: number of object types required by a reaction rule
n: number of reaction rules in the region
A:an m n matrix (with initially unmarked columns) used to store the c oe cients
of the linear
system
B: an initially empty m n matrix that contains results of calculations carried out
on A
C: anm 1 matrix that contains the RHS constants of the linear system
X:an n 1 matrix used to store the solution
V:an m 1 matrix used to store accumulated sums used in the calculatin of values
to be
stored in B
Z: a list of integer labels for columns of A (ordered accordirg to the order in which
the columns
of A are processed)

Z(k): the k™ element of Z

/[Forward phase

1. foru=1ton
2 Randomly select a columnp from all the unmarked columnsin A(1 p n).
3 Add p to Z.
4. if B is empty
5. let g be the minimum value of all g/aj (1 i m).
6 else
7 let g be the minimum value of all by,.yy/aip (L i m).
8. if p is the only unmarked column in A
9. if g is an integer
10. Set xp = 0. End procedure.
11. else
12. Set xp = bagc. Go to 22.
13. else
14. ifqg=0
15. Set xp = g and mark xp as nal.
16. else
17. Randomly select r2 f 0; 1; ::;; bgcg and set % = .
18. Foralli (1 i m), setv; = v + rap.
19. Foralli (1 i m), set by, =c; {v;.
20. Mark column p in A.
21. end for
/IBackward phase
22. ResetV and sety = Xznaizm foralli (1 i m).
23. fors=n{ltol
24. if Xz(s) is not marked as nal
25. ifs=1
26. let g' be the minimum value of all (¢; { vi)/ ajzqy (1 1 m).
27. else
28. let g' be the minimum value of all (bys (1) { Vi) @iz (T 1 m).
29. if Xz(s) 6 q’ set Xz(s) = bq'C .
30. Foralli (1 i m) setvi=v+ bgcas-
31 end if
32. end for

Fig. 4.3 Pseudocode for the DND algorithm. (For the sake of simplioit presentation, it is
assumed that the coef cient matrix contains only nonzeloes)
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At the beginning of the DND algorithm, the linear system iilda haven 1 degrees

of freedom. This is because if 1 of the dimensions have been assigned a value, the
value for the remaining dimension is xed at a particularu@l(obviously dependant
on the values assigned to the other dimensions). The digostarts by selecting a di-
mension (1 i n)atrandom. Anintegervalug 2 [0; ], where isthe boundary
value for the dimension, is then selected at random. Theevaf;, the number of
instances of the reaction rule associated with dimenisi@set tov;. The value ofx;

is provisional at this stage, unlegs = 0, in which case the value of, is nal. Even

if the current value ok; is provisional, the algorithm proceeds for the time being on
the assumption that the value xf is nal. That is, the value for dimension of the
random solution is assumed to be determined. (It is thistfeitmakes the algorithm
an instance of the direct approach to the object distrilbytimblem.) The value of; is
substituted into the linear system, which results in a needr system with one fewer
degree of freedom. This in effect removes the dimensifsam consideration and im-
plicitly changes the boundary values for the remaining disi@ens. At this point, one
of the remaining dimensions — call it dimensipr— is selected at random. This di-
mension is processed in a similar manner to the previouslggssed dimension (i.e.,
dimension): x; is calculated (and regarded as provisional unigss 0), x; is substi-
tuted into the linear system, and a new linear system withfewer degree of freedom
results. The remaining dimensions are processed in a simdaner. When the last di-
mension is processed — call it dimensior— the degree of freedom is 0. This means
that the random value for the dimension (ix&.) has already been determined. Because
of the mathematical properties of the object distributioolpem, it turns out thaty is
always the oor of the boundary value for the dimension. T¥adue is the nal value
for xx, even if it is nonzero. This completes the rst phase of thgoathm, which we
call theforward phase

At the end of the forward phase, a provisional solution todbgct distribution problem
has been obtained. Eagpvalue @ p n)isthe number of instances of the reaction
rule associated with dimensignin the provisional solution. It is a key feature of the
DND algorithm that the provisional solution obtained dgrthe forward phase is either
an actual solution or close to an actual solution that urjgoerresponds to it. If the
boundary value calculated for the last dimension to be m®e# in the forward phase
(i.e., dimensiork) is an integer, and each reaction rule requires at least bjexioof
each object type (so that the relevant coef cients in thedinsystem are all nonzero),
then the provisional solution is an actual solution. In ttase, no further computation
is required, and the algorithm terminates. Otherwise, @lodthe algorithm called the
backward phaseommences. In the backward phase, the provisional solthignwas
obtained during the forward phase is adjusted (if nece¥sarthat it coincides with its
corresponding actual solution.

In the backward phase, the dimensions are processed irsesgatter (with respect to
the order randomly chosen in the forward phase). Dimenkjdhe last dimension to
be processed in the forward phase, is skipped, becauseltteefgaxy is already nal.
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In processing a dimensian(q 6 k), thex, values ( 6 q) for the other dimensions
(regardless of whether they are provisional or nal) arearetpd as xed (i.e., these
values are substituted as is into the linear system)nage— the maximum value ofq
(given the inequality associated with dimensgpn the linear system) — is determined.
The value of is either con rmed (if it is the same amq) or adjusted tony. When the
nal x, values( p n) for all dimensions have been determined, the nal solution
to the object distribution problem has been obtained, aadlforithm terminates.

Unlike algorithms based on the incremental approach, thB Bidorithm does not need
to navigate through a series of non-solutions. It is designsuch a way that it always
converges on a solution without needing to process nortieoki In fact, it avoids the
processing of non-solutions, and exhibits no bias towangssalution, without needing
to perform any explicit reasoning about the space of possiblutions as a whole.

Pseudocode for the DND algorithm is shown in Figure 4.3.

4.8 Explanation of our proposed approach In this section, we attempt to provide
some intuition for the principles behind the operation & BND algorithm. Again we
exploit the analogy witm-dimensional geometry.

To allow a graphical presentation, we project all the soluito the object distribution
problem (i.e., all the possible maximally parallel appiicas of the reaction rules) in
n-dimensional space onto two-dimensional space using lphcaordinates. Parallel
coordinates are often used in the visualisation and arsatyslata im > 3 dimensions.

If one regards am-dimensional datum as a point mdimensional space, then the
method of parallel coordinates can be explained as folldwshow a set of points in

n dimensions, a backdrop consistingrofvertical and equally spaced parallel axes is
drawn. A point is represented as a polyline with verticestengarallel axes, where the
position of the vertex on thig" axis corresponds to thé& coordinate of the point.

We use parallel coordinates in the following way. Each parakis corresponds to one
ofthex; (1 i n) (i.e., the number of instances of the reaction rule assediaith
dimension). There aren reaction rules, and so there argarallel axes.

A solution to the object distribution problem corresporaa fpolyline with exactly one
vertex on each parallel axis, where the position of thisesecbrresponds to the number
of instances calculated for the reaction rule associat#u the axis.

In Figures 4.4 and 4.5 we present two examples to show in ladithe how the DND
algorithm works. The P system used in the examples is showiigure 2.1. Thus we
haven = 4. In the examples, we suppose that the random order in wheheihction
rules are to be processedris ro, r3, r;. All of the solutions to the object distribution
problem for the current transition of the example P systeersaown in Figure 2.1.
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Example 1

Initially, the linear system has 1 (= 3) degrees of freedom. Since in the DND algorithm, eachbtiea
rule is processed in only one step, the algorithm determtinesolution (in the forward phase) m(=
4) steps. The algorithm starts by selecting a reaction rutaradlom. According to our assumption, the
reaction rule that is chosen rst is;. The algorithm determines the maximum possible value (Bagn
value) forx (i.e., the number of instances 1of). The boundary value is determined to be 3, so the rahge
of values on the parallel axis associated withis [0, 3]. The algorithm then selects an integer value

in this range at random. Suppose that the value it selectsTigi® means that the value »f is set to
0. This provisional value ok4 will either be equal to the nal value af4 (if the algorithm “guessed
correctly) or smaller than the nal value ofs (if the algorithm guessed incorrectly). Consequently, [all
values smaller than the provisional value are Itered ougvaltheless, as there are no solutions to the
object distribution problem for whickis < 0, no solutions are eliminated, and so all of the solutigns
still have a chance of being output by the algorithm (see reigia). The provisional value ofs is
substituted into the linear system, which means that therititgn now proceeds on the assumption that
x4 = 0. In effectrs is no longer under consideration, and so the updated lingsters now has 2|
instead of 3 degrees of freedom. At this point, the algorisetects another reaction rule at random. By
our assumptior; 2 is selected. When processing (see Figure 4.6b), the algorithm determines that the
updated boundary value f&p is 2, so the range of values on the parallel axis associatibdkwiis [0, 2].
Suppose that the algorithm selects 1 as the provisionaévalux,. This eliminates all the solutions tp
the object distribution problem for whicky < 1. The polylines associated with the eliminated solutigns
are now shown in grey on the graph. The valua pis then substituted into the linear system, effectively
removingr2 from consideration, and resulting in a new linear systenmitdegree of freedom. At thi
stage, the algorithm randomly selects the reaction rglewhen processings (see Figure 4.6c), the
algorithm determines that the updated boundary valuefois 4. Therefore the range of values on the
parallel axis associated with is [0, 4]. Suppose that the algorithm selects 1 as the pandsivalue
for x3. As a result, all solutions to the object distribution pegil for whichxz < 1 (that have not yet
been eliminated) are eliminated. The polylines associatttthese eliminated solutions are now shoyn
in grey. The provisional value forz is substituted into the linear system, effectively remguvig from
consideration, and resulting in a new linear system withgrekes of freedom. The algorithm now moves
on to process i, the last remaining reaction rule. As the degree of freedom is 0,x1 is set to be the
updated boundary value far , which is 1. This eliminates all the possible solutions fdriet x1 < 1.

Since the boundary value is an integer, no application ofdbefunction is required, no backward phase
is required, and the algorithm terminates.

Thus the nondeterministically chosen solution to the dhgiestribution problem isx; = 1,x2 =1,
X3 =1,x4 = 0. This solution corresponds to the only remaining polyliné-igure 4.6d.

Fig. 4.4 An example of the operation of the DND algorithm, in whichtiie forward phase is
executed.

5 Evaluation of the DND algorithm

In this section, we evaluate the correctness and theokética and space complexity
of the DND algorithm.

5.9 Time complexity We now compare the time complexity of the DND algorithm
with the time complexity of the incremental algorithm delsed in Section 4.6. In our
time complexity analysis, we make a number of simplifyinguaaptions. First, the
comparisonis done at the conceptual/algorithmic levéleathan at the implementation
level. Second, we do not take into account relatively inisigimt operations performed
by the algorithms. Third, we assume, for both algorithmat ttertain operations have
the same time complexity in all situations, even though alitg this time complexity
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Example 2

In Example 1 (see Figure 4.4), it was not necessary for the CAigorithm to execute the back
ward phase. We now alter the example slightly in order testflate the backward phase.

Suppose that in Example 1 the algorithm had set the value; db 3 instead of to 1. In this case, all
solutions to the object distribution problem that had ndtly@en eliminated for whiclkz < 3 would
have been eliminated. However, since there is no solutidghegmbject distribution problem for whicl
x3 = 3, anew polyline going througks = 3 needs to be introduced (see the dotted polyline in Figure
4.6e). With the value o3 set to 3, the boundary value calculated faris 0.5 (see Figure 4.6f). Sinc
the value for eaclx; (1 i n) must be an integer, the algorithm performs the oor funotmn 0.5
and therefore sets the valuexf to O (see Figure 4.6g). The fact that the boundary value ferldkt
processe; value (i.e.,x1) was not an integer alerts the algorithm to the fact that édseto execute
the backward phase. In the backward phase, the algorithwepses each of thg values in reverse
(with respect to the order followed in the forward phasethvtiie exception of the last; value to have
been processed in the forward phase, which is skipped. sret@mple, the algorithm skips (leaving
its value set to 0), processrs (increasing its value to 4), processes(leaving its value at 1), and then
nally processesxs (leaving its value at 0). When processinganvalue, the algorithm calculates th
maximum possible value for theg value on the supposition that the othgrvalues are xed at their|
current (not necessarily nal) values. For example, wheacpssing thexs value, it is assumed that
x4 =0,X2 =1 andx; = 0. Given these constraints, the maximum possible valua fais 4, so the
algorithm sets the value of; to 4.

The solution that is output by the algorithm in this examperesponds to the polyline shown in Figu
4.6h. Thus the nondeterministically chosen solution to dbgect distribution problem isx; = 0,

X2 =1,X3=4,x4=0.

1%

[

[]

Fig. 4.5 An example of the operation of the DND algorithm, in which lb¢the forward phase
and backward phase are executed.

may vary depending on certain characteristics of the infpatexample, the time taken
to nd the boundary value associated with a reaction ruleethe}s on the speci c de -
nition of the reaction rule, but in our analysis we do not take account the speci cs
of this de nition, and so assume a xed time complexity foetbperation. Finally, we
assume that all the reaction rules in the region are appédalithe current transition.

We consider the performance of the algorithms in the besg;@verage-case and worst-
case scenarios. The best-case scenario is the situatiohial wt so happens that as
many objects as possible are distributed to the rst reaatide to be selected, and there
are not enough objects remaining for any objects to be Higed to any of the other
reaction rules. The average-case scenario is the situatiohich all reaction rules are
processetf. The worst-case scenario is the situation in which all rtéfactors that
cause an increase in time complexity are in effect.

The results of the time complexity analysis are shown in &&bl. We now comment
on the time complexity results.

In the best case, the two algorithms have similar time coxifs. However, the DND
algorithm devotes more time than the incremental algorithrthe random selection
of reaction rules. The incremental algorithm is able to detgtraight after distributing

10 Note that a reaction rule may be processed without beingmasgiany objects.
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Fig. 4.6 Graphs used in the explanation of the examples presentddunes 4.4 and 4.5.
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De nitions
n is the number of reaction rules in the region.

tsr is the time taken to randomly select a reaction rule from &ectibn of reaction rules
whose size is unknown at compile-time.

t2 is the time taken to randomly select a reaction rule from &ctibn of reaction rules
whose size is known at compile-time.

tpy is the time taken to calculate the boundary value for the rermbinstances of a reaction
rule.

try is the time taken to select a value from a range of valid vaideandom and assign this
value to a reaction rule as its number of instances.

ty is the time taken to update the multiplicities of availablgeat types in the region.

tev is the time taken to check whether the current value for thaber of instances of a
reaction rule is nal.

pi is the number of times reaction rule is processed.
q{ is the number of reaction rules still under consideratiorewheaction rule is
being processed in thd" iteration of the algorithm (a positive integer).

In the table below, we abbreviatg, + trv + ty (i.e., the time taken to process a reaction rulefpas

Time complexities

Best case Average case Worst case
DND ntd + tpr + ntey Betweenn (tg + tpr) nitg + tor + tu + tev)
algorithm andn(td + tpr + tu + tev)
P n P n
Incremental tsr + tpr + ntey i=1 Pi (tsr + tpr i=1 Pi (tsr + tpr
algorithm
P j P j
+ PLy dtev), where + PLy dtev), where
pi; g are relatively small pi;q are large

Table 5.1 Time complexity analysis for the DND algorithm and incrert@malgorithm.

objects to the rst selected reaction rule, that none of t@aining reaction rules is
able to obtain any of the remaining objects by checking preade nedorder the ap-
plicability of each reaction rule given the updated mulgjples of objects in the region,
and so does not need to make any further random selectioractfan rules. The DND
algorithm, on the other hand, checks the remaining reactites in arandomorder,
and therefore must perform one random selection per remgiiaction rule.

In the average case, in the DND algorithm, every reactiomigiprocessed at least once,
and possibly some of the reaction rules are subjected toditi@thl checking process,
during which it is determined whether the number of instancéthe reaction rule
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should be adjusted and, if so, by how mugh. In the incremeaitgakithm, each reaction
rule is processeg; times and is subject to jp‘:l d checking processes, during each
of which it is determined whether the number of instancesefreaction rule can be
increased. The values fpr andqg are in general of a moderate magnitude.

In the worst case, in the DND algorithm, each reaction rulerggessed once and also
subjected to one checking process. In the incrementalighgorthe time complexity is
the same as in the average case, but the values for the cterstandg are in general
much larger.

The above observations suggest that the performance ofNizdlgorithm, at least in
terms of theoretical time complexity, is similar to that betincremental algorithm in
the best case, clearly surpasses that of the incrementaithly in the average case,
and signi cantly surpasses that of the incremental aloniin the worst case. For the
average and worst cases, the time complexity of the DND #lgordepends om,
whereas the time complexity of the incremental algorithrpetels om, eachp; and
eachg (1 i n). In the average case, if th andqg values are small, although
the DND algorithm performs better than the incremental atgm, the difference in
performance between the algorithms is not large (espgdfafl is small). However, as
thep; andg values increase, the performance of the incremental algordiminishes
in comparison with the performance of the DND algorithm. e worst case, thp;
andgq values are very large, and the performance of the DND algoris much better
than that of the incremental algorithm.

5.10 Space complexity Let m be the number of object types in the region and
the number of reaction rules in the region. Both the DND &tfar and incremental
algorithm need to store (a) for each reaction rule in theaegihe number of objects
of each object type required for the application of one insgeof the reaction rule, and
(b) for each object type in the region, the current multipjiof the object type. The
space complexity for these two items in both algorithm®{snn + m). The DND
algorithm, unlike the incremental algorithm, requires adiional matrix, called the
traceback matrixsee Section 6.12), for the storage of data related to thatuppof
the linear system. The traceback matrix contaims elements. Therefore the overall
space complexity for the DND algorithm @(2mn + m), whereas the overall space
complexity for the incremental algorithm@(mn+ m). Thus, at least at the algorithmic
level, the incremental algorithm is more ef cient in termsspace consumption than
the DND algorithm.

5.11 Evaluation of the correctness of the DND algorithm A software program

written in Java has been developed in order to empiricalbjfwéhe correctness of the
DND algorithm. This program is able to (a) create linear eyst with random num-
bers of rows and columns and random values for the coef siamd RHS constants,
(b) generate all solutions to the object distribution pesblfor a given linear system,
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(c) generate a random solution to the object distributiabfm for a given linear sys-
tem using the DND algorithm, and verify that this solutionirisleed a solution, and
(d) record the sequence of random solutions to the objettildion problem for a
given linear system, determine the frequency of occurreriaach random solution,
and compare the set of random solutions obtained with thefsek solutions.

Veri cation of the correctness of the results produced by IIND algorithm We have
empirically tested, using the Java program mentioned glibeecorrectness of the re-
sults produced by the DND algorithm. One million differeabdomly generated linear
systems were used as input during the testing. Both the nuofibews and the number
of columns in a matrix in the linear system were limited to 8Ad the value of each
coef cient and RHS constant was limited to 20. It was founalttévery solution output
by the DND algorithm during the testing was correct.

Veri cation of the ability of the DND algorithm to cover alladutions Since it might
appear that the DND algorithm takes a “short cut' when ndingplution to the object
distribution problem, it is important to verify that (a) tlagorithm is able to generate
all the solutions in the solution space for an instance obthject distribution problem,
and (b) the algorithm does not have any positive or negata®towards any solution.
To verify these two properties of the algorithm, we have perfed statistical analy-
ses of the results produced by the algorithm for various tihipear systems. Figure
5.7billustrates the coverage exhibited by the algorithnafoexample input linear sys-
tem, for which there are 19 possible solutions, and wheralherithm was executed
approximately two million times.

Veri cation of the suf cient randomness of the sequence ofugions output by the
DND algorithm The solutions output by the DND algorithm must be produced in
a suf ciently random manner. To investigate the ability betalgorithm to produce
solutions in a suf ciently random manner, it is necessanatalyse the sequence of
solutions it generates when executed many times. Figuie $h@ws the sequence of
solutions that were output by the algorithm, and the fregyesf occurrence of each
solution, for a particular experiment. In this experiméhére were 56 solutions and the
algorithm was executed 560 times. The results of the exmerisuggest that the DND
algorithm produces solutions in a suf ciently random manne

6 Description of a hardware implementation of the DND
algorithm

In this section, we describe a prototype hardware impleatamt of the DND algorithm
that uses the recon gurable computing technology outlime8ection 2.4. For the pro-
totype, we used a Xilinx Virtex Il FPGA. First we describe thejor data structures and
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Fig. 5.7 (a) The sequence of solutions output by the DND algorithna, @) the frequency of
occurrence of each solution, for a particular experiment.

processing units in the implementation, and show how th&ract during the execu-
tion of the DND algorithm. Then we discuss the degree to whatallelism is achieved
in the implementation. Finally, we discuss optimisatidmsttwe implemented in order
to increase the ef ciency of the implementation.

In order to reduce the hardware resource consumption ameldee the execution time
performance of an implementation based on recon gurabiéare, attempts are com-
monly made to (a) tailor the design of the hardware compaterihe special character-
istics of the input, (b) minimise communication betweendwaare components, and (c)
use constants instead of variables where possible (simstartts, but not variables, can
be hard-coded into the circuit). We employed these strasadjiiring the development of
Recon g-P, and the result was a substantial bene t in terfrisamdware resource con-
sumption and execution time performance. However, thectfieness of these strate-
gies is limited when they are applied to the implementatibnandeterministic object
distribution. As nondeterministic object distributionda inherently uncertain process,
multiple alternative scenarios need to be accommodated pléices constraints on the
use of constants and hard-coded logic, and therefore lim&sability to optimise the
hardware circuit that is generated for a particular inpydiegation. In addition, the intro-
duction of nondeterminism inevitably increases the amofinommunication between
hardware components, mainly because of the more compleppiay between reaction
rules. Thus implementing nondeterministic object disttidn is more challenging than
implementing deterministic object distribution. Our pase in developing a prototype
hardware implementation of the DND algorithm was to inwgste the feasibility of
producing an ef cient implementation of nondeterministigject distribution.

6.12 Data structures The major data structures in our prototype implementation
are: (a) the two-dimensional coef cient matrix for the laresystem, (b) a two-dimensional
traceback matrixhat records intermediate results obtained during the dodvphase of
the algorithm, (c) the one-dimensional matrix containimgRHS constants of the linear
system, (d) an array for the storage of accumulated sumsaitbhatalculated during the
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execution of the algorithm, and (e) an array for the stordgbesolution to the object
distribution problem that is output by the algorithm. We ctése the implementation of
these data structures below.

Coef cient matrix The coef cient matrix (calledCoefficientMatrix ) corresponds
to the matrixA in the pseudocode for the DND algorithm in Figure 4.3. Herigée a
two-dimensional matrix withm rows andn columns, wheren is the number of object
types in the region anid is the number of reaction rules in the region.

Although our prototype implementation of the DND algoritidoes not aim to sup-
port parallelism across reaction rules, we leave open ttesipitity of implementing
some degree of parallelism in a future implementation bygisegisters rather than

RAMs in the implementation o€oefficientMatrix . In our implementation, each
row of CoefficientMatrix is implemented as an array of read-only registers called
CoefficientMatrixRow . This allows parallelism both across the rows (correspond-

ing to the object types) and across the columns (correspgridi the reaction rules)
of the matrix. However, this high degree of potential palédm comes at the cost of
a more complicated hardware circuit when the implementealyds large (i.e., when
there is a large number of reaction rules in the region).

Traceback matrix The traceback matrix (calletracebackMatrix ) corresponds to
the matrixB in the pseudocode for the DND algorithm in Figure 4.3. Eaclurom

in this matrix records intermediate results obtained dyitime forward phase of the
algorithm. Only one column of the matrix is accessed at a.tBirgce concurrent access
to the elements in a matrix row is not required, each matnx iimplemented as an
n-entry p-bit distributed RAM calledrracebackMatrixRow , wherep is the bitwidth
of the coef cient values stored in the matrix. With each matow implemented as a
separate RAM, all elements in a column can be accessed centyr

It might be thought that, if the coef cient matrix has a langember of columns (i.e., if
there is a large number of reaction rules in the region), itildtdoe better to implement
the matrix using block RAMs instead of distributed RAMs, &ese in this way hard-
ware resources (speci cally, LUTs) could be saved for otherposes. The Xilinx Il
FPGA used in the implementation provides up to 3 MB of deéidatn-chip memory,
organised into 144 18Kb block RAMs. As the default bitwidtn & coef cient value
is 8 bits, each block RAM on the FPGA has a depth of approxip&ed<b, which
is enough to meet the storage requirements for a large nuaillmiumns. However,
given the disadvantages of block RAMs identi ed in Sectio#, 21sing block RAMs is
most suitable when the number of reaction rules per regiderge and the number of
object types per region and/or the number of regions is sifigilese conditions are not
satis ed, then it is probably more ef cient to use distriedtRAMSs.

In our implementation, by defaulfracebackMatrix  is implemented using distributed
RAMs. However, depending on the speci ¢ characteristicthefinput application, the



350 An algorithm for nondeterministic object distribution in P gstems

user can change the default setting in order to con gurertipgémentation to use block
RAMSs only or to use both block RAMs and distributed RAMSs.

Other matrices MatricesC, V andX in the pseudocode for the DND algorithm in Fig-
ure 4.3 are implemented B$iSConstantsArray , AccumulatedArray  andSolution
Array , respectively. Each of these matrices is implemented asrawg af registers to
allow its elements to be accessed in parallel.

6.13 Processing units The major processing units in the prototype implementation
of the DND algorithm include a random number generator aratessing units that
implement the logic of the DND algorithm. We describe the liempentation of these
processing units below.

Random number generatoA random number generator (call@ndomNumber
Generator ) is included in the implementation in order to realise (asely as reason-
ably practicable) the nondeterminism of the DND algorithm.

A variety of methods of generating random numbers (reabguygorandom numbers)
have been studied. Most of these methods involve the useitbfreatical functions.
However, because the implementation of arithmetical fionstcan generate deep logic
when a language such as Handel-C is used, many of these metleodot suitable for
adoption in our implementation.

A random number generator that is commonly implemented cdBAZPis the Linear
Feedback Shift Register (LFSR). An LFSR is a shift registhose input is the result
of performing the XOR (or XNOR) operation on certain bits bé&tshift register in its
previous state. Initially, the bits in an LFSR are initialisin a random mann€t Then
a right-shift operation is performed. An XOR (or XNOR) op&oa is performed on
certain bits in the shift register, and then the result isiptatthe left-most bit of the shift
register. This bit may be regarded as the random number getey the LFSR. Then
the process iterates. Although it reduces the quality oféimelom numbers generated
somewhat, it is possible to construct a random number biygstrg togethen distinct
bits from the LFSR in one of its states, rather than by using=SRs and stringing
together the random bits from each of the LFSRs. As the XORJRNoperation is
very ef cient to implement on an FPGA, LFSRs are among thetrebsient random
number generators for FPGAs. Figure 6.8 shows an exampbit3ESR.

Implementing a 32-bit shift register in a standard way usipgops (registers) con-

sumes approximately 16 slices (4 CLBs) since there are tweops per slice (see
Figure 2.2). However, the Virtex Il FPGA used in the implertaion provides a partic-
ularly ef cient means of implementing LFSRs. It provides aeno that can con gure

11 The ultimate source of this randomness is an external ranuamber generator used by the software
program that generates the Handel-C code for the implertiemta
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Fig. 6.8 A 32-bit Linear Feedback Shift Register (LFSR). In this LE®Rs 9, 29, 30 and 31 are
the only bits to which the logical operation (in this case X@R operation) is applied.

an LUT into a 16-bit shift register, thereby enabling the letpentation of a 32-bit shift
register using only two LUTSs (i.e., approximately one sjice

In our implementation, since the object distribution prsses for different regions occur
in parallel, a 32-bit LFSR was included for each region. BNeSSRs execute in parallel
with the other processing units, and constantly producdaoannumbers. Since the
default bitwidth for data types in the implementation is &bpthe last 8 bits of the
LFSR are regarded as representing the random number gedénathe LFSR.

The DND algorithm requires random numbers within a certginaimically determined
range to be generated. Although an LFSR can generate randaroers with a certain
number of bits, it is unable by itself to generate random nerslwithin a dynamically

determined range. In our implementation, a random numbghimihe desired range is
obtained by dropping one bit every clock cycle (startingrirthe most signi cant bit)

from the original 8-bit random number until the random numisevithin the required

range.

Processing units that implement the logic of the DND aldwnit As described in Sec-
tion 4.7, the DND algorithm proceeds in two phases: a forwdrdse and a backward
phase. Similar operations are performed in the forward @laasl backward phase. To
prevent the Handel-C compiler from generating redundardware components, the
operations that are expensive in terms of hardware ressareeimplemented as sepa-
rate modules which can be invoked by the components thatimght the main proce-
dures for the forward phase and backward phase. These mperateFindBoundary

Value , SubstituteValue andUpdateRHSConstants . FindBoundaryValue  cal-
culates the ratios between the RHS constants and the regpecef cient values of

a variable, and returns the oor of the minimum ratio as theihdary value for the
variable. SubstituteValue computes for each coef cient value associated with a
variable the product of the coef cient value and the valughef variable, and updates
Accumulated

Array by adding each of the products to the value currently stonethé appropri-
ate element ofAccumulatedArray . UpdateRHSConstants calculates for each RHS
constant value the difference between the RHS constangaid the corresponding
value stored inAccumulatedArray , and stores these differences in the column of
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Fig. 6.9 An illustration of a hardware module implemented accordimghe client-server archi-
tecture.

TracebackMatrix ~ that corresponds to the variable currently being processed

TheFindBoundaryValue , SubstituteValue andUpdateRHSConstants  process-
ing units are each implemented using a client-server achite (see Figure 6.9). At the
centre of the client-server architecture is a data strectuat consists of input registers
and output registers. A server processing unit is respénfil performing a computa-
tion using the data in the input registers and storing thputdf the computation in the
output registers. It performs the computation constartlglient processing unit that
wishes to use the server uses a client API to feed new inputhetinput registers when
it requires the computation to be performed, and to readehkalt of the computation
from the output registers (after waiting for the approgiatimber of clock cycles).

Figure 6.10 shows the Handel-C code for a speci ¢ instandb@S$ubstituteVa-
lue operation.

For each region of the P system, the implementation includem addition to the
FindBoundaryValue ,SubstituteValue andUpdateRHSConstants processing units
for the region — two processing units calleorwardPhaseProcessor ~ andBackward
PhaseProcessor

ForwardPhaseProcessor  andBackwardPhaseProcessor  are clients to th&ind-
BoundaryValue , SubstituteValue and UpdateRHSConstants  processing units.
Forward-

PhaseProcessor implements the main procedure of the forward phase of the DND
algorithm. When processing a reaction rule, it invokes tfoeeamentioned processing
units, and also performs its own operations, such as asgjgniandom value to the re-
action rule and writing intermediate results inacebackMatrix . BackwardPhase
Processor implements the main procedure of the backward phase of the Biyo-
rithm. It operates in a similar mannerForwardPhaseProcessor , but processes the
reaction rules in reverse order. When processing a reaaiienBackwardPhaseProc
essor either adjusts or con rms the value that was assigned toehetion rule in the
forward phase.
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struct _SubstituteValueStructure
f
unsigned int 8 A0, Al;
unsigned int 8 B ;
unsigned int 8 CO, C1;
9
typedef struct
SVStruct;
macro proc SubstituteValueServer(SVPtr)
f
/* Constantly performs the computation
*/
while(1)
f
par
f
SVPtr->C0= SVPtr->B SVPtr->A0;
SVPtr->C1l= SVPtr->B SVPtr->Al;

g

_SubstituteVValueStructure

macro proc SubstituteValueAPI
(SVPtr, Address, Value)
f
/* Send data to server */
par
f
SVPtr->A0=CoefficientMatrixRowO[Address];
SVPtr->Al=CoefficientMatrixRow1[Address];
SVPtr->B=Value;
9
/* Wait for substitution to be
performed */
delay;
/* Receive (and store) data from
server */
par
f
AccumulatedArray[0]+=SVPtr->CO0;
AccumulatedArray[1]+=SVPtr->C1;

9 9
9

Fig. 6.10 An example of Handel-C code for ti&ubstituteValue
which uses the client-server architecture.

operation, an operation

6.14 Interaction between the data structures and processgnunits Figure 11
shows a high-level view of the interactions that occur betwthe various data struc-
tures and processing units during the execution of the DNjorighm.

6.15 Parallelism The presentation of the DND algorithm in Figure 4.3 is intedd

to indicate the fundamental nature of our proposed apprtatie solution of the ob-

ject distribution problem. It does not take into accountreloeristics of the specic

computing platform on which the algorithm is to be executddwever, because any
consideration of the implementation of the DND algorithmeohardware-based paral-
lel computing platform should include an investigation ospible ways of implement-
ing the algorithm as a parallel algorithm in order to minimits time complexity, we

now indicate some of the ways in which the DND algorithm cannpglemented in a

parallel manner.

Regarding system-level parallelism, it is obvious thatitistances of the DND algo-
rithm for the different regions of the P system can be exatutearallel. Regarding
region-level parallelism, during the processing of a reectule, operations that are
performed on individual object types associated with tlatien rule (i.e., performed
on rows of the relevant matrices) can be executed in paralhlt is, parallelism across
object types can be achieved. However, because of the épendlence between the
numbers of instances of the reaction rules to be process#tedyND algorithm, there
is no potential for the exploitation of parallelism acrose tnain processing performed
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Fig. 6.11 A high-level view of the interactions that occur betweenvhgous data structures and
processing units in the prototype implementation durirggekecution of the DND algorithm.
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Forward phase

obtain address for current variable from

pass address of current variable to

obtain intermediate RHS constants for current
variable from

obtain coef cients for current variable from
obtain RHS constants for current variable from
pass RHS constants (or intermediate RHS
constants) and coef cients to

obtain boundary value for current variable from
obtain random number from

process random number to make it less than or
obtain RHS constants from

store random provisional value or nal value for
variable in

pass random provisional value for current
variable to

obtain coef cients for current variable from
pass coef cients to

obtain products of variable value with

coef cients from

store products in

pass address of current variable to

obtain RHS constants for current variable from
pass RHS constants to

obtain intermediate RHS constants from

store intermediate RHS constants in

Backward phase

a: obtain adsregor previous, current and next
variables from
bl: abteil value of previous variable from
b2: pass nal value to

cl: obtaioef cients for previous variable from
c2: pasa value and coef cients to
d1: obtain ptedid nal value with coef cients
from
d2: storeducts in
e pass addresses of currdmtet variables to

f1: obtai@ Bthstants from
f2: obtain intermediate RHS a@onistfor next

variafiem

3: pass RHS constants or intermediate RHS
constants to

gl: obtain updated intermediate RHS constants for

currentiedle from
g2: store intermediate RHS constamt

h: pass addressiwént variable to
il obtain coef cients for current variable from
i2: obtain intermediate RHS constants for current
variable from
i3: wbRHS constants for current variable from

i4: pass RHS constants (or irdeara&kHS
constantsyaeficients to
I obtain boundalye for current variable from
k: store boundary value for current variable in
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for these reaction rules (i.e., across columns of the relevetrices)?. Even so, there
are some operations that can be carried out in parallel ierdx speed up the DND
algorithm (in both the forward phase and backward phase)nstance, lines 5, 14 and
15 in the pseudocode in Figure 4.3 can be executed for alkthetion rules before the
start of the DND algorithm so that those reaction rules toohtit is impossible that
objects be distributed can be entirely removed from comatiiten immediately. In this
way, the DND algorithm would need only to process a subsehb@f¢action rules. In
addition, during the execution of the DND algorithm, lined 4, 15 and 28 can be con-
currently and constantly executed for all the reactionsuter than the reaction rule
currently being processed in the usual way by the DND algoritThis would result in
the numbers of instances of some of the reaction rules begenmtively set to zero or
nalised. These reaction rules would not need to be proakbgehe DND algorithm in
the usual way. This would enable the detection of the follmativo types of situations:
(a) at the end of the forward phase, no values need to be adjwstd (b) at some point
during the backward phase, none of the remaining valuessntecie adjusted. In the
rst case, the backward phase can be skipped entirely, é¢ba boundary value for the
last reaction rule to be processed in the forward phase ismatteger. In the second
case, it would be possible to preemptively terminate thévvacd phase.

The purpose of our existing implementation of the DND altjori is to investigate the
feasibility of incorporating an ef cient implementatiori nondeterministic object dis-
tribution into Recon g-P. So in this work we are interestethparily in the average-case
execution of the DND algorithm. In the average case, all efrémction rules need to
be processed in the usual manner, one after the other (i nat possible to preemp-
tively set the number of instances of any of the reactionsrtdezero). Thus, our current
implementation of the DND algorithm achieves full paradiei at the system level and
parallelism across object types at the region level. If weheine that it is feasible to
incorporate an ef cient implementation of the DND algorithnto Recon g-P, we will
take advantage of the existing parallelism across readtil@s achieved by the current
version of Recon g-P in the implementation of the paraieli preemptive termination
strategies outlined above. At presebdefficientMatrix isimplemented as an array
of registers to make the realisation of these strategiesilples

Given that our prototype implementation achieves systevetlparallelism, the num-
ber of clock cycles taken to complete the object distribufiwocess for every region
is equal to the number of clock cycles taken to complete thsttime-consuming of
these processes. Within each region, the major processitgythat perform computa-
tions across object types (such@stituteVariable-

Server andUpdateSystemServer ) take only one clock cycle to complete their re-
spective computations. Also performing its computatioroas object types, thieind
BoundaryValueServer  processing unit, provided that the standard Handel-C imple

12 Although it is conceivable that one could develop a nondeigistic algorithm that implements paral-
lelism across the main processing for the reaction rulesh s algorithm is likely to involve complicated
and potentially numerous rollbacks.
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mentation of division is used, takes log clock cycles to complete its operations, where
m is the number of object types.

6.16 Optimisations aimed at reducing path delays in the cingit Typically the
execution of an operation on a digital circuit involvesoaiting delay(because of the
time taken for the transmission of inputs and outputs) ahagac delay(because of
the time taken for data to be passed through a series of l@gé&sy Roughly, thpath
delayfor an operation is the sum of the routing delay and the logiayl associated
with the execution of that operation. As the clock rate ofwhimle hardware system is
determined by the longest path delay on the circuit, it isantgnt to evenly distribute
the path delays among the various operations.

Instead of manually placing hardware components at spéacations on the chip, it
is possible in our case to reduce the path delay in an indineciner by generating the
Handel-C code in such a way that it can be converted by the élabdompiler and
Xilinx synthesis tools into a circuit with ef cient placemeand routing.

We now brie y describe two methods by which we reduced patlaytein our imple-
mentation: duplication of hardware components and logptldesduction.

Duplication of hardware components$n the implementation of an operation, wher-
ever possible, if the cost of routing data to/from a compaigegreater than the cost of
implementing a duplicate component at a more optimal locathen a duplicate com-
ponent is implemented. For example, in the forward and bacttywhases of the DND
algorithm, different arrays of column indices are usedpab@ugh in principle a single
array of column indices could be used for both phases.

Logic depth reduction In our implementation, since an operation expressed ag#esin
Handel-C statement will always execute in exactly one cloalte, the execution time
performance of the implementation can be improved by redyitie logic depth gener-
ated by the statement that generates the greatest logic. dém logic depth generated
by a statement can be reduced by decomposing complex lagpeshtions into sev-
eral less complex operations by introducing local regssterstore intermediate results
and consequently spreading the operation over multiplekabycles. For example, in
FindBoundaryValueServer , the process of comparing the list of ratios between the
number of objects available and the number of objects reduily a reaction rule for
each object type is performed in a tree-like fashion withhdagel of the tree processed
in one clock cycle.

The logic depth of a statement can also be reduced by avoidagse of operations
that generate very large combinatorial circuits. For exiamio calculate the ratios in
theFindBoundaryValueServer , one could use the standard Handel-C division oper-
ator. When implemented at the hardware level, the operat@moted by this operator
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consumes only one clock cycle, but generates deep logic sewlisigni cant hardware
resources. As a consequence, alternative means of perfgrimé division operation
may be considered. One option is to implement the divisiograjion using bit shifts.
Because bit shifts can be implemented very ef ciently on RBor our implementa-
tion the default setting is that division operations arelengented using bit shifts.

The algorithm in Figure 6.12 describes how the division atien is accomplished in
our implementation using bit shifts. In Handel-C, each stegthe algorithm can be
implemented in one clock cycle without generating deepdogp the total number of
clock cycles taken to execute a division for two 8-bit valéshs xed at 25. Thus the
advantage of this method is that a division can be perform@dxed number of steps,
each of which can be implemented in Handel-C in a xed numlfetack cycles.

As we have observed, reducing a path delay associated vétlexecution of an op-

eration usually results in increasing the number of clockley taken to execute the
operation. Thus, in the optimisation of a circuit, a tradereeds to be made between
minimising the number of clock cycles and maximising theckloate. Hence careful

judgement needs to be applied in attempting to satisfy teeadiyperformance require-

ments for the circuit.

7 Evaluation of the hardware implementation of the DND
algorithm

In this section, we evaluate our prototype hardware implaatéon of the DND algo-
rithm. More speci cally, we report experimental resultéated to the hardware resource
consumption and clock rate of the implementation. CoNextyi these results provide
insight into the ef ciency of the implementation, and sugbehether it is feasible to in-

Integer division algorithm

1. Initialise all the registers. The remainder has a width dable the default width. Initialise
the right

half of the remainder register with the value of the dividend and initialise the left half
of the remainder

register with zeros.
2. Subtract the value of the divisor register from the left half of the remainder register.
3. If the value of the remainder is negative, restore the vale of the remainder to its value
prior to the

subtraction operation occurring, perform a right-shift op eration on the remainder, and
then insert

0 at the right end of the remainder register. Otherwise, perform a right-shift operation
on the

remainder, and insert 1 at the right end of the remainder regster.

After n steps, wheren is the default width, the remainder register contains the quotient
in its right half and the remainder in its left half.

Fig. 6.12 A division algorithm using bit shifts.
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Appli- Regions | Rules | Object types Appli- Regions | Rules | Object types Appli- Regions | Rules | Object types
-cation regions -cation regions -cation regions
Al 2 8 8 Bl 4 16 8 C1 4 8 16
A2 4 16 16 B2 4 16 16 c2 4 16 16
A3 8 32 32 B3 4 16 32 c3 4 32 16
Ad 16 64 64 B4 4 16 64 C4 4 64 16
A5 24 96 96 B5 4 16 96 C5 4 96 16

Table 7.2 Details of the input applications used in the experiments.

corporate the implementation into a hardware implememtiadf membrane computing
such as Recon g-P.

Before presenting the experimental results, we describexiperiments that have been
conducted.

7.17 Details of the experiments Each experiment essentially involved the genera-
tion of hardware circuits for a particular instance of thgembdistribution problem, and
the measurement of certain characteristics of these haedvirguits.

To perform the experiments, we developed two software @nogr One program is able
to automatically generate a set of linear systems (corradipg to a set of regions in
a P system), where the coef cients and RHS constants of éaebrlsystem are set
randomly. We refer to such a set of linear systems agput application The other
program is able to analyse an input application and genarétandel-C program that
implements the DND algorithm for each linear system in thgliaption.

Hardware circuits were generated for three classes of iapptications. The applica-
tions in a given class are ordered according to their size @asored by a particular
parameter. In the rst class, applications differ with respto the number of object
types per region. In the second class, applications différ mespect to the number of
reaction rules per region. And in the third class, applmagi differ with respect to the
number of regions. The details of the input applicationsgawven in Table 2.

Three circuits, and therefore three Handel-C programsewenerated for each input
application. One of the circuits used block RAMs, whereasdther two circuits used
distributed RAMs (the default option for memory). One of tim circuits using dis-
tributed RAMs used the standard Handel-C division operatbereas the other circuit
using distributed RAMs used the division algorithm spediia Figure 6.12. After com-
pilation, each Handel-C program was synthesised into aitiosing Xilinx tools.

7.18 Experimental results Table 7.3 shows the results of the experiments. In the
table, the values of various parameters are recorded foradéware circuits (gener-
ated for the 15 input applications). The rst of these partarg the percentage of the
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available LUTs used, serves as a measure of the overall laaedvonsumption of the
implementation. The second of these parameters, the gageeaf the available LUTs
used as RAMSs, serves as a measure of the extent to which hardegources on the
chip are used for data storage. In cases where block RAMssa@ the percentage of
the available block RAMs used is recorded. For each cirtugtclock rate at which the
circuit executes the input application is also recorded.

In uence of the type of scaling appliedin terms of in uence on hardware resource
consumption, varying the number of regions has a greatecgtfian varying the num-
ber of object types, which in turn has a greater effect thaying the number of reaction
rules. This is in accordance with our expectations. Sirepréserve system-level paral-
lelism, an instance of the DND algorithm has to be implemefaeevery region, if the
number of regions is increased, the hardware componerttgipiement the DND al-
gorithm need to be replicated once for each additional regimnsequently, the degree
of hardware consumption increases approximately lineaitly the number of regions.
An increase in the number of object types results in a sualtiircrease in hardware
resource consumption mainly because of the fact that théwreae components that
implement the major operations of the algorithm need to péaated to allow parallel
processing across object types. Since reaction rulesdokimns in the coef cient and
traceback matrices) are processed one after the otheelthwant hardware components
do not need to be replicated for the sake of parallel prongsaind therefore increasing
the number of reaction rules has a minimal effect on hardweseurce consumption.

In uence of the type of RAMs used As expected, in general, circuits using distributed
RAMs achieve higher clock rates than circuits using blockM&AIn terms of in uence
on hardware resource consumption, the percentage of thialsleaL UTs used when
distributed RAMs are used is approximately the same as theeptage used when
block RAMs are used. However, it is noticeable that, whemilnaber of reaction rules
increases, the amount of block RAMs used remains consthistiSbecause each block
RAM can store a large amount of data. In summary, it is gehyeaalvantageous to use
distributed RAMSs rather than block RAMSs, but the use of bl&&Ms should perhaps
be considered when there is a very large number of reacties.ru

In uence of the optimisation of the division operationn order to determine the effect
of our optimisation of the division operation (see Sectioh6y, for each application,
both a circuit using the standard Handel-C division operatind a circuit using the
bitshift division algorithm shown in Figure 6.12 were gestexd and compared. As il-
lustrated in Table 7.3, circuits using the standard Haldivision operation consume
signi cantly more hardware resources (almost three timesanin the case of applica-
tion B5) and achieve lower clock rates than circuits usirggfitshift division algorithm.
This is largely due to the large combinatorial circuit thregenerated by the standard
Handel-C division operation. In summary, the results destrarte that our introduction
of an alternative to the Handel-C division operation is weditivated.
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Overall assessment of the hardware resource consumpsaftge The hardware re-
source consumption results are illustrated in graphicahfim Figure 7.13.

As expected, the implementation of the DND algorithm conssimore hardware re-
sources than the algorithm for deterministic object disttion used in Recon g-P.
Even so, in regard to our goal of incorporating nondeterstioiobject distribution into
Recon g-P, the hardware resource consumption resultsramiging. For example, ex-
ecuting the application with the largest number of regidms,(@pplication A5) using the
bitshift division algorithm requires only approximatel9% of the hardware resources
to be used.

Overall assessment of the clock rate results the default con guration (i.e., when
distributed RAMs and bitshift division are used), the cloekes observed in the ex-
periments range from 53 MHz to 77 MHz, with the average clatk being 67 MHz.
Incidentally, this average clock rate is almost exactlyada the rate of the PCI bus
which connects the host computer and FPGA used in ReconReéon g-P, in its cur-
rent con guration, cannot exceed a clock rate of 66 MHz, rdtgss of the clock rate
of the circuit being executed, because its clock rate igdichby the rate of the PCI bus.
So, given that our ultimate goal is to incorporate the DNDoalypm into Recon g-P,
the clock rate results are de nitely promising.

Fig. 7.13 Hardware resource consumption and clock rate results éoptbtotype hardware im-
plementation of the DND algorithm in its default con guratti.

8 Conclusion

We have devised an elegant and ef cient algorithm for noedeinistic object distri-
bution in P systems: the DND algorithm. We have also sucua#gsiplemented this
algorithmin hardware using recon gurable computing tealogy, thereby showing that
it is suitable for implementation using such technology.
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Application Using distributed RAMs and bit- Using distributed RAMs and Using block RAMs and
shift division (default con guration) Handel-C division bitshift division
% of % LUTs Clock % of % LUTs Clock % of % of Clock
LUTs as RAMs rate LUTs as RAMs rate LUTs BRAMs rate

Scaling number of regions

Al 2.81% 0.10% 76 5.64% 0.10% 50 2.81% 5.55% 76
A2 5.10% 0.20% 76 10.77% 0.20% 48 5.28% 11.11% 71
A3 10.00% 0.40% 60 20.86% 0.40% 51 10.00% | 22.22% 61
A4 19.32% 1.80% 56 40.96% 0.80% 46 19.50% | 44.44% 57
A5 28.55% 1.21% 53 61.24% 1.21% 42 29.13% | 66.66% 52
Scaling number of object types
B1 3.45% 0.11% 77 6.15% 0.11% 64 3.32% 5.55% 68
B2 5.10% 0.20% 76 10.77% 0.20% 48 5.28% 11.11% 71
B3 8.77% 0.40% 73 20.41% 0.39% 50 9.01% 22.22% 61
B4 15.57% 0.77% 65 38.54% 0.77% 46 15.16% | 44.45% 60
B5 22.52% 1.15% 58 64.02% 1.15% 30 21.71% | 66.66% 51
Scaling number of reaction rules
C1 4.37% 0.20% 75 6.70% 0.19% 53 4.29% 11.11% 68
Cc2 5.10% 0.20% 76 10.77% 0.20% 48 5.28% 11.11% 71
c3 6.49% 0.21% 67 12.50% 0.21% 48 6.39% 11.11% 66
C4 7.71% 0.21% 64 13.51% 0.21% 42 7.42% 11.11% 59
C5 8.54% 0.44% 53 14.00% 0.43% 41 8.06% 11.11% 52

Table 7.3 Hardware resource consumption and clock rate results éptbtotype hardware im-
plementation of the DND algorithm.

Our prototype hardware implementation of the DND algorittealises the DND al-
gorithm as a standalone process. Therefore we have not yedrdgdtrated that nonde-
terministic object distribution can be incorporated inted&n g-P, which includes the
other elements of basic cell-like P systems (such as ugglafiobject multiplicities as
a result of the application of reaction rules, and synctsation of the applications of
reaction rules occurring in different regions), withoutngoromising too signi cantly
its performance, exibility or scalability. For exampld, is conceivable that combin-
ing the existing standalone implementation of the DND athar with the existing
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implementation of Recon g-P will give rise to placement araiting problems that
will signi cantly reduce the current clock rate and/or sigiantly increase the current
hardware resource consumption of Recon g-P. Neverthetassresults provide strong
evidence that nondeterministic object distribution canreerporated into Recon g-P
as desired.

Our future work will involve an attempt to successfully imporate the DND algorithm
into Recon g-P.
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In this paper, membrane algorithms solving job-shop sclmglyproblems

(JSSP) are investigated. Two types of membrane algoritmensanstructed by
adding constraints of JSSP to components of membrane tgarifor solving

travelling salesman problems. Computer simulations shawthe algorithms
can get considerably good approximations for several beack problems.

1 Introduction

Membrane algorithm [5—7] is a practical application of Pteys[9]. A membrane algo-
rithm solves a combinatorial optimization problem usinganfework from P system,
i.e., a nested membrane structure. Each region which igatepkby two consecutive
membranes has a subalgorithm and a few tentative solutiothe groblem. The sub-
algorithm converts the solutions into new solutions anadhttieey are exchanged with
adjacent regions. A better solution is sent to the innerargnd a worse solution is
sent to the outer region. Thus a well approximate solutidhapipear in the innermost
region and it will be the output of the algorithm.

Membrane algorithm has two features, which other approteénadgorithms seldom
have. There is a spatial variety of subalgorithms in additio (possibly) temporal
variety. Many approximate algorithms, e.g., simulatedeating [2], change their pa-
rameters as the computation proceeds. On the other handbraeenalgorithm can
assign various parameters to subalgorithms and let thersimutaneously. Secondly,
membrane algorithm can combine subalgorithms based cerelift principles, e.g., ge-
netic algorithm and simulated annealing. Using these feafta membrane algorithm
has given good approximate solutions for the travellingsalan problem (TSP for
short) [8].

In this paper, we apply membrane algorithm to the job-shbpdualing problems (JSSP
for short). JSSP is a well known NP-hard optimization prablehich is investigated
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for about a half century [3]. Two types of membrane algoristsolving JSSP are con-
structed by modifying the algorithm for TSP [8], one has losarch subalgorithms
with temperature parameter (simulated annealing type)aagédnetic algorithm with

recombination only (no mutations) and the other has locaicteonly. Computer sim-
ulations show that the algorithms can get considerably ggguoximations for several
benchmark problems.

2 Job-shop scheduling problems

A job-shop scheduling problem (JSSP) consists of a numbgbsfand a number of

only one job at a time. A machine cannot be interrupted whbagins to process a job.
Machinej nishes jobi in a process timg; . For every job, an order of machines on
which the job is processed is given by an instance of JISSPitlee is called @echnical
order. For every pair of joti and maching, the process timp; is also given.

A schedule is assignments of beginning and ending time$ pait of jobs and machi-
nes. The time to complete all jobs is the interval betweermr#rkest beginning time and
the latest ending time, which is calledheaakespanGiven technical order and process
timesp; , JSSP is to nd a schedule of shortest makespan.

Table 2.1 A technical order (left) and process times (right)3f 3 JSSP. Each entry of the left
table shows the machine on which the job is to be processéut artler. The right table shows
the process timeg; ,1 i  3andl | 3.

order machines
jobs | 1st| 2nd | 3rd jobs| 1 2 3
1 1 2 3 1 3 3 2
2 1 3 2 2 2 3 5
3 2 3 1 3 1 2 6

Example 1. Table 2.1 shows a technical order and process times of W&BR jobs
and 3 machines.

A schedule is visualized by a Gantt chart. The left chart gliFé 2.1 shows a schedule
in which each machine processes jobs in the order 1,2,3. Hkespan of the left chart
is 27. The right chart shows a schedule which gives the sétartakespan 15. There are
more than one schedules which give the shortest makespan. 2
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Machine Makespan = 27 Machine Makespan = 15
1 B ! B:
. 2|3 2]n] -
2 : J :
3 : 3
! ! N ! i ! !
10 A 20 30 Time 10 20 30 Time

B

Fig. 2.1 Gantt charts of a schedule (A) and one of the optimal scheg@)le

Input: The solution matris = (s;j ).

Output: Solution matrix3°which is modi ed so that no deadlock occurs.
Symbols: processeld[is a set of jobs which are processable on machifide initial
value of processed][is f sj1g if job s;1 is processed on machinat rst by

the technical order, otherwise.
1. Letj = sk be the job which is examined whether it is processable or not.
1.1 Letl be the order that jop is processed on machinat|-th order in the
technical order.
1.2 Ifl =1 (the top the the technical order) p2 processedf; 1] (wheret; 1
is the machine on which jopis processed dt 1-st order),
1.3 theninserf into processedy] (job j is processable on maching
2. Ifthere are no jobs which become processable by stepslL.3 {there is a
deadlock)

2.2 Letj = si bethe rstjob which is not processable on machine
2.3 Letl be the order that jop is processed on machinat!-th order in the
technical order.

then do
24.1 Lety be an integer such that, .y = j.
2.4.2 Swasik ands, iy -
2.4.3 Inser{ into processed ].

Fig. 3.2 An outline of deadlock removing algorithm.

3 Design of membrane algorithm

We use am m matrixS to denote a solution of JISSP withjobs andm machines. The
i;j elements; of S denotes that jols; is processed on machimet thej -th process
of the machine. The beginning and ending times and the makesg automatically
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computed fromS and the process times. For example, the next mati$eand S,
represent schedules A and B in Example 1

0o 1 0o 1
123 213

Si= 123K and s, = B321%;
123 231

respectively.

Using the above notation, subalgorithms for a membranerighgo solving JSSP are
easily made from algorithms commonly used for other optation problems, since
solutions of many optimization problems are expressed iacor or a matrix. In this
paper, we make two subalgorithms which use one of the foligwirinciples.

The rst one is a local search based on a random exchange: Eef a;;:::;v) be
avector. Thenavecta® = (V1,15 Vi 1V Vier 115V 13 Vis Va1 ;i1 Vi) Where
1 i<j k are randomly selected integers is a neighbouwr.of

The second one is an order crossover on two vectors which éas teveloped for
genetic algorithm [4]. Since an order crossover is compdidawe explain it by an
example. Let

A=(1;2,3,4,5,6;7,8;9;10)
B =(8;7;1,2;3,10,9;5; 4, 6)
be vectors to be crossed over. Crossing positions, in ttamgke 5 and 7, are randomly
selected
A=(1;2,34]56,7,]8,910)
B=(8:;7,12j310,9j5;46):
We would like to insert the subsequenge 6; 7) between the crossing positions of
A to the corresponding part & . In order to remove duplications (5,6,and 7) in the
resulting vector8;7; 1;2;5; 6; 7; 5; 4, 6), numbers 5, 6, and 7 iB are marked by H
(and duplicated numbers i are done so)
A=(1;2H;4,j56,7,j8 H; H)
B =(8;H;1,2)3,10,9;jH; 4, H):
The marked positions are lled with a sliding motion thatrssafollowing the second
crossing position
A =(4:56,7jHH;H;|81,2)
B =(2;310,9jH;H;H;j48;1):
Finally, subsequences between the crossing positiondaredand the new vectors are
obtained



Membrane algorithm solving job-shop scheduling problems 367

A°=(4:5,6,7,13,10,9,)8,1;2)
B%=(2;3,10,9;]5;6;7;)4;8;1):

Using the above principles, we have designed Brownian ands@#algorithms. A
Brownian subalgorithm has one schedule ma8ixt makes a new matrig° by the
local search on one randomly selected rowSofif the makespan© of SCis smaller
than the makespamof S, thenSPis accepted as the solution that is sent to the adjacent
regions. Otherwise§®is accepted in probabilitgxp( 9=T whereT is a “tempera-
ture” parameter. I6%is not accepteds becomes the solution to be sent. At the solution
exchange phase, if the solution in the outer region is b#ttar the solution in the inner
region, then the two solutions are exchanged. In order falatisn not to go through
all regions at one iteration of subalgorithms, exchangéséen two Brownian regions
are done every other iteration step.

A GA subalgorithm has two schedule matrices. The algorithmsses every pair of cor-
responding rows of the matrices with the order crossovemaakles two new matrices.
The best solution of the four (old and new) solutions is serithé inner region and the
worst solution is sent to the outer region.

We must careful with deadlocks which are hidden in the matatation. In Example 1,
the next matrixSqy cannot be processed

0 1
312

Se= 231K
123

We denotgMy;Jyx) <1 (My;Jy) (resp.(My;Jx) <s (My;Jy)) if the combination
of machineMy and jobJy, must be processed earlier than the combinatiol pfand
Jy by the technical order (resp. soluti&). Then we have the next relations:

(M1;33) <sy (M1;32);  (M3;J2) <s, (M3;J3)

(M1;3J2) <7 (M3;Jd2); (M3;J3) <1 (M1;J3);

which make a loogM 1;J3) < (M1;J3) or a deadlock. Although algorithms speci ¢
to JSSP use other data structures, e.g., a graph, we us& aradra deadlock removing
algorithm. Outline of the deadlock removing algorithm cafbund in Figure 3.2.

4 Computer Experiments and their results

We examine two types of membrane algorithms. One has 20 naraband a Brow-
nian subalgorithm in each region. The temperature of therimost region is 0. The
temperature of region (0 < r < 20) is given byTmax ° " where
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r
_ 20 Tmin .

Tmax

Tmax = 0:5Mtmax , andTmin = 0:5tmin =min whichm is the number of machines and
tmax andtmin are the maximum and minimum process time, respectivelys Bipe is
called “all B”.

The other type has 20 membranes and one subalgorithm ofigéyyet and 19 Brow-
nian subalgorithms. The innermost region (region 0) hasvBran with temperature 0,
region 1 has genetic subalgorithm, and regions 2 to 19 havedan with temperature
varying from 0 to the maximum. The temperatdref regionr (2 r < 20) is given

by

0 ifr=2
Tmax 2 " otherwise

where

_ 18 Thin

Tmax

andTmax andTnin are the same as the “all B” algorithm. The genetic suballyorit
in region 1 does the order crossover once in every 16 stegmel$ nothing in every
other 15 steps. Since a crossover changes solutions laggelsover in every step is
ill-balanced with local search. This algorithm is calledGB

Table 4.2 shows the results for rather simple instancede B shows the results for
more complex instances which are called the “10 tough probld1]. Every experi-
ment consists of 20 trials. One trial is terminated after,200 iterations of subalgo-
rithms at every region.

Table 4.2 Averages and standard deviations (in the parenthesespuoltseof membrane algo-
rithms solving easy problems. The size is expressed by (runfijobs) (number of machines).

The number of trials is 20 for each algorithm-problem coralion. MA (all B) stands for mem-

brane algorithm with Brownian subalgorithms only and MA (BsEands for membrane algorithm
with Brownian and genetic subalgorithms. The “*” means ti&t optimum value is obtained.

Problems(optimum, size MA (all B) MA (BG)

abz5 (123510 10) | 1248.45(3.23) 1247.55(5.00)
lal (666,10 5) 666 (0.0)* 666 (0.0)*
la2 (655,10 10) | 655.15(0.48)*| 656.5 (3.04)*
la19 (84210 10 850.2 (4.80)*| 850.2 (4.12)*
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Table 4.3 Best values, Averages, and standard deviations (in thefheeses) obtained by algo-
rithms solving “10 tough problems”. CBSASB stands for results by T. Yamada and R. Nakano
[10]. Some optimum values are the best approximate valuesnaa up to now. The meaning of
other symbols are identical to Table 4.2.

Problems MA (all B) MA (BG) CBSA+ SB

(optimum, size) best av.(std.) best av.(std.) best av.(std.)
abz7 (65620 15) 706 715.4(4.76) 701 716(7.67) 665 671(3.92)
abz8 (64520 15) 718 730.6(5.92) 716 730.9(7.73) 675 680 (3.13)
abz9 (66120 15) 727 745.6(8.51) 728 743.0(9.46) 686 698.6(7.42)
la21 (104615 10) | 1059 1072.9 (7.71) 1058 1074.6 (8.83) 1046 1049.3 (3.32)
la24 (935,15 10) 951 962.1(5.03) 946 962.3(7.89) 935 939.2(1.99)
la25 (97715 10) 995 1007.5(7.90) 988 1008.4(9.72) 977 979.3(1.62)

la27 (123520 10)
la29 (115220 10)
la38 (119615 15)
lad0 (122215 15

1268 1279.3 (8.35
1202 1220.9 (11.3
1237 1265.0 (14.5
1262 1270.0 (6.09

1267 1276.0 (5.38
1196 1223.4 (13.4
1221 1251.7 (14.5
1249 1270.5 (12.3

1235 1242.4 (6.15)
1154 1162.4 (7.10)
1198 1206.8 (4.53)
1228 1230.2 (2.31)

5 Conclusions

The membrane algorithms which are investigated in this papanot solve “tough
problems” as well as a specially tuned algorithm [10]. Theutes do not discourage
membrane algorithm because the membrane algorithms usaaostructures for op-
timization problems and only obey the JSSP speci ¢ constraie., deadlock. There
must be many possibilities for improvement.

The combination of genetic and Brownian subalgirthms sljgbetter than Brownian
only. This supports the advantage of membrane algorithmittzan combine subal-
gorithms based on different principles. Subalgorithms amowus principles can widely
search the solution space and hence can avoid a local minima.
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A common ground language for linking anatomical, spatial famctional orga-
nization aspects of cortex is proposed with regards to quned (descriptive)
and computational approaches to cortex models formatiefyding distributed
computational systems inspired by cortex models. The cbthat common
ground language is mathematical language of hereditarilie sets, and some
known cortex models are described in this language of hienélgli nite sets to
link the mentioned cortex aspects.

1 Introduction

We propose a common ground language for linking anatonsgailtial, and functional
organization aspects of cortex, where the regards to cdnakf@escriptive) and com-
putational approaches to cortex models formation are wsgde

The regard to conceptual approach, contained in the papeceens anatomical assem-
bly, spatial features, and functional organization of evnivhich are based on cortex
models proposed by V. B. Mountcastle in [27], [28] and by DvVan Essen in [15], [39].
In the last two papers functional organization of cortexd&&sm of hierarchical system
then developed and improved in [20], [21].

The regard to computational approach, contained in therpepecerns computational
models of cortex based on the concept of a system of nestedl metworks described
by J. P. Sutton et al. in [37] and on the idea of a network of netedue to J. A. Ander-
son and J. P. Sutton, presented in [26], [5], [6], where ithisted computational systems
inspired by cortex models are also proposed.

The core of the proposed common ground language is matheahlatnguage of hered-
itarily nite sets which was applied by R. Gandy in [17] to gi\a characterization of
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abstract computing devices (the characterization was ithenoved and more exten-
sively explained by W. Sieg in [34], [35]) and by N. De Pisaipi§l 1] to model abstract
neural nets.

The cortex models presented in the papers quoted abovesmeélsba in the language of
hereditarily nite sets in Sections 2 and 3 of the presentgraghere the links between
the mentioned cortex aspects are also discussed.

The paper is aimed among others to be a hint and a brief sufvegnee methods of
cortex modeling and related topics for those who will apptoproblem B in [29] of
applications of spiking neural P systems (introduced ifj)[R2neurology, in particular
in modeling cortex behaviour and computations inspirechisy hehaviour.

The basic concepts concerning hereditarily nite sets ateoduced and explained in
the following de nitions and comments.

De nition 1 We recall now the notion of a hereditarily nite set used irfJ1For a po-
tentially in nite setL of labels or names which are urelements, i.e., they are rextgd
as) sets themselves, we de ne inductively a family oftdetsor natural numbers 0
such that

HFq = ?;
HF;+; = the set of nonempty nite subsetslof HF;:

S
The elements of the unidt- = fHF;ji Og[f ?gare called hereditarily nite
sets ovelL or hereditarily nite sets with urelements in, or simply hereditarily nite
sets if there is no risk of confusion.

For x 2 HF we de ne its weak transitive closuld®TC( x) and supporsupp(x) by
WTC(X) = [ WTC(y)jy 2 xandy 2 HF [f xg
supp(X) =(x\ L)[ fsupply)jy 2 x andy 2 HFg;
and the depth of is de ned to be the smallest natural numbdor whichx 2 HF;.
We writedepth(x) to denote the depth of a hereditarily nite set
Explanatory Comments 1 One interprets a hereditarily nite set of depth greater
than 1 and the corresponding s&sTC( x) andsupp(x) in the following way.

The urelements belonging tosupp(X) are elementary or indecomposable
pieces ofx, the elements ONTC(x) f xg are composed pieces »f The setx it-
self is assembled, or composed, or aggregated successigalythese two kinds of
pieces elementary and complex one according to membemslaifpon 2 restricted to
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WTC(x) [ supp(X). Any (pictorial or verbal) presentation of this restrictimf2 may
serve as a plan or an algorithm of an assemblyoff x is a model of a system, e.g.,
an organ in biology, the elements sfipp(x) correspond to indecomposable pieces of
this system and the element3/@TC(x) f xgcorrespond to composed pieces of this
system.

Explanatory Comments 2 For a hereditarily nite set x the collection
fsupp(y)jy 2 WTC(x)g can represent spatial aspect gfas a collection of sets
of regions of a space (on topological level of abstractiammihich pieces ok are
placed. Hence the assignment! supp(y) (y 2 WTC( x)) links assembly aspect »f
represented byWVTC( x) with spatial aspect ok represented on topological level of
abstraction byf supp(y)jy 2 WTC( x)g.

2 Columnar and areal organization of cortex

In this section we discuss anatomical, spatial, and funatiorganization aspects of
cortex with a regard to conceptual approach to cortex mddetsation. We show how

cortex can be modelled in terms of hereditarily nite setgptovide linking of these

aspects.

We begin the discussion with anatomical aspect of corter. ddlumnar and areal or-
ganization of cortex described in [27], [39], discussed ats[8], [10], [23], [24], and
the proposed interpretation of hereditarily nite sets irngdianatory Comments 1 give
rise to the following main example of hereditarily nite set

Main example 1 Anatomical assembly of cortex with respect to its colummakareal
organization can be modelled by hereditarily nite s@trex Of depth 4 such that

Xcortex ItS€lf is the set of all areas of cortex,

areas of cortex are non-empty sets of hypercolumns of gortex

hypercolumns are non-empty sets of columns of cortex,

columns are non-empty sets of neurons of cortex, where new® treated as
urelements.

We will discuss hypothetical properties ®forex by using the following auxiliary no-
tions.

De nition 2 A collection of sets forms a tree if and only if, for any twasgbhat belong
to the collection, either one is wholly contained in the atlog else they are wholly
disjoint. See [3].
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Remark 1 A lattice theoretical treatment of the above de ned tredates them in [25]
to ultrametric spaces, where a relationship is describedcibyisomorphism of appro-
priate categories mentioned directly in the title of [25prra survey of applications of
ultrametric spaces in biology and physics see e.g. [31].

De nition 3 For two elements; y of a collectionA of sets we say that is an imme-
diate subset of with respect tA if x is a proper subset of and there does not exist a
setz in A such thatx is a proper subset of andz is a proper subset of.

De nition 4 A hereditarily nite setx is a tree-like hereditarily nite set if the assign-
menty 7! supp(y) (y 2 WTC(x)) is an injection and supp(y)jy 2 WTC(x)gis a
tree.

De nition 5 We say that a hereditarily nite set is a regular hereditarily nite set if
the assignmeng 7! supp(y) (y 2 WTC(x)) is an injection andz 2 y implies that
supp(z) is an immediate subset stipp(y) with respect td supp(y)jy 2 WTC( x)g

forally;z 2 WTC( x).

De nition 6 We de ne depth-homogeneous hereditarily nite sets by atidn in the
following way:

a depth-homogeneous hereditarily nite set of depth 1 is ide mon-empty set of
urelements,

a depth-homogeneous hereditarily nite set of depthl is a nite non-empty set
of depth-homogeneous hereditarily nite sets of dapth

Arti cial example 1 We present an example of depth-homogeneous hereditaiiy n
sets of depth 3:

X = ff 1;5q;f1;4g;f1;3gg; ff 2;4g;f1;39g;ff 2;49;f2;599 is a regular
hereditarily nite set but the collectiofisupp(y)jy 2 WTC(x)g is not a tree and
hencex is not a tree-like hereditarily nite set.

Theorem 2.1 Every tree-like hereditarily nite set is a regular heredlitly nite set
but the converse is not true, i.e., there exist regular hiéaeitly nite sets which are not
tree-like hereditarily nite sets.

Proof One proves the theorem by induction on depth of hereditamitg sets. The
setx in Arti cial Example 1 is a regular hereditarily nite set wibh is not a tree-like
hereditarily nite set. 2
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Comment 1 A collection of sets which is a tree is a form of an idealizedtisy (on
topological level of abstraction) organization of a systewstly to simplify system anal-
ysis or system recurrent construction than to be a resulinoéeolutive natural process
of spatial adaptation of a system. This observation due toAléxander is contained
in his paper [3] concerning applications of tree structuia<city planning. Thus since
by Theorem 2.1 the notion of a regular hereditarily nite setess restrictive than the
notion of a tree-like hereditarily nite set, we propose floelowing hypothesis.

Hypothesis 1 The hereditarily nite sek¢oriex Modelling cortex is a depth-homogeneous,
regular hereditarily nite set.

The assignment 7! supp(y) (y 2 WTC( x)) establishes the links between anatomical
assembly aspect and spatial aspect of cortex forxcorex , S€€ Explanatory Comments
2.

Functional organization aspect of cortex is modelled in],[1539], [20], [21] by us-
ing more or less explicitly a graph of pathway connectionsveen cortex areas. The
vertices of that graph of pathway connections are areahéir labels, or names), the
edges are those ordered pairs of areas which are deternaimeshg others, by func-
tions y,yo:supp(y) supp(y) ! R((Y;¥9) 2 Xcotex  Xcortex ) Valued in the seR

of real numbers, where the valueg, o(n; n% describe strength of synaptic connection
between neurona 2 supp(y) andn® 2 supp(y9. The graph of pathway connec-
tions determined by functions.yo ((y; V9 2 Xcortex  Xcortex ) deScribing strength of
synaptic connections links functional organization aspécortex with its anatomical
and spatial aspects.

3 Multilevel (nested) neural networks and networks of
networks

In this section we discuss certain topic computational nalecortex which are based
on the concept of a system of nested neural networks dedcoiypd. P. Sutton et al.
in [37] and on the idea of a network of networks due to J. A. Asde and J. P. Sutton
presented in [26], [5], [6].

We describe the concept of a system of nested neural neta@ndkdhe idea of a network
of networks in terms of hereditarily nite sets by using tlaléwing notion.

De nition 7 For a natural numben > 1 ann-level networkN is given by

a depth-homogeneous tree-like hereditarily nite %€t of depthn, called the
underlying hereditarily nite set oN,
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a family of state interaction functioh® ¥, : supp(z) suppz®! R((z;292

(y y) — andy 2 WTC(xN) with depth(y) > 1) valued in the seR of
real numbers, wherey = f(z;z)jz 2 ygfor depth(y) > 2and —, = ? for
depth(y) = 2,

two functions N; N : supp(xN) ! R which are state function and threshold
function of N, respectively.

The underlying hereditarily nite setN of ann-level networkN describes hierarchical
organization ofN, where the elements @& TC(xN) correspond to clusters, see [37],
and indecomposable units df are urelements belonging gupp(x"), e.g., neural
elements themselves or elementary processors. The statadtion functions ., , de-
scribe the strength of synaptic connections between netit@functions y.,o in Sec-
tion 2.

Corollary 1 LetN be ann-level network. Then

for n = 2 the networkN is a network of networks understood ag26], [5],

forn > 2andy 2 xN one obtains a(n  1)-level networkN[y] determined
byy such thaty is the underlying hereditarily nite set dfi[y], the family of state
interaction function oN[y] is the restriction of the family of state interaction func-
tions of N to the case oWWTC(y), and the state function with threshold function
of N[y] are the restrictions of the state function and the thresHoftttion of N,
respectively, to the sstpp(y).

Thus forn > 2 an n-level networkN is a network of(n  1)-level networksN[y]
(y 2 xN) of (n  2)-level networksN[y][z] (z 2 y), etc., whereN[y] is immediately
nested il andN [y][z] is immediately nested N [y].

Proof The corollary is an immediate consequence of the de nitibaron-level net-
work. 2

Theorem 3.1 For a natural numbemn > 1, let N be ann-level network. Then there
exists a unique function : suppxN) suppxN)! R suchthat  supp(z)
supp(z) = J,oforall(z;z92y y —,y2WTC(xN), where  supp(z)
supp(z® denotes the restriction of to the sesupp(z) supp(z?).

Proof We prove the theorem by induction on 2

13 corresponding to state interaction matrices in [5]
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Corollary 2 For a natural numbemn > 1 an n-level networkN behaves globally as
a usual neural network whose state interaction functiorhett which is given in
TheorenB.1

Proof The corollary is an immediate consequence of Theorem 3.1. 2

Remark 2 Assume that we are given a neural network whose hierarchiganization

is represented by a depth-homogeneous tree-like herégitaite set x, wheresupp(x)

is the set of neurons of the network afgupp(y)jy 2 WTC(x)g is the collection
of network regions. The network may contain neighbourirtgvagk regionssupp(z),
supp(z9 withfz;z% vy 2 WTC(x) for somey, where for all neurons 2 supp(z)
andn®2 supp(zY) there exists a synaptic connection betwaeamdn® And vice versa,
the network may contain regiossipp(z), supp(z® which are far one to another such
that for all neuronsn 2 supp(z) andn® 2 supp(z® there does not exist any synaptic
connection. The above two cases of synaptic connectiontandck give rise to the
following de nition.

De nition 8 By ann-level network with neighbourhood graphs we meamalevel
networkN except it is completed by a new data which are neighbourhoaphsGY

(y 2 WTC(x) with depth(y) > 1) and the family of state interaction functions is
restricted by the neighbourhood graphs such that

the setV (GY) of vertices ofGY isy itself, the seE(GY) of edges ofGY is such
thatE(GY) (y y) -y for —, givenasin De nition 7,

the family of state interaction functiong;zo :supp(z) suppY! Ris deter-
mined by neighbourhood graphs such thatz% 2 E(GY) andy 2 WTC(xN)
with depth(y) > 1.

The neighbourhood graphs are interpreted such thdizf@® 2 (y y) —, butwith
(z;2% 2 E(GY) certainly for all neurons 2 supp(z) andn®2 supp(z9 there does
not exist any synaptic connection framinto n°.

For ann-level network with neighbourhood graphs its neighbourhgeaphs can be
illustrated by a Venn diagram of frontier disjoint balls, @re the balls represent the el-
ements of the weak transitive closure of the underlying diéaigly nite set of the net-
work and the edges of the neighbourhood graphs are repegsbythe arcs connecting
the frontiers of the corresponding balls, e.g. Figure 10hia paper [5] illustrates the
neighbourhood graph of corresponding 2-level network,adse Figure 1 in [37] illus-
trating neighbourhood graphs of a 3-level network.

Corollary 3 LetN be ann-level network with neighbourhood grapBé (y 2 WTC(xN)
with depth(y) > 1). ThenN determines an inductive construction of a family of graphs
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Gy (y 2 WTC(xN)) with Gyn as a nal result such that the s&t(G,) of vertices of
Gy and the seE (Gy) of edges 06y are given by

V(Gy) = supp(y) forally 2 WTC(xN),
fory 2 WTC(xN) with depth(y) = 1

E(Gy)= (b2 V(Gy) V(G Jy(@bh>0 if(yy)2E@G);

otherwiseE (Gy) = ?, wherey?is that unique element &¥TC(x") for which
y2y°
fory 2 WTC(xN) with depth(y) > 1
[ n
E(Gy) = (D 2V(Gy) VI(Gy)j J,o(@b>0 (z;,2)2E(G)
S|
andz6 z° [ E(G,)jz2y :

Proof The corollary is an immediate consequence of the de nitibaron-level net-
work with neighbourhood graphs. 2

Remark 3 The construction in Corollary 3 is a generalization of thenstructions of
an n-dimensional hypercube from the copies of hypercubes daértiians less than
forn > 3. For some mathematical treatmentreflimensional hypercubes see e.g. [12]
and for their applications see e.g. [33]. Some of the cortdtoms of higher dimen-
sional hypercubes from the copies of hypercubes of low diroes were pointed out by
Richard Feynman and Tamiko Thiel to apply these constrastaamong others for vi-
sual presentation of “constructive' structure of highemensional hypercubes in [38].
The drawings of structures of 6-D hypercube, 9-D hypercabé, 12-D hypercube in
Chapter Il of [38] can be treated intuitively as illustratis of those 2-level, 3-level, and
4-level networks with neighbourhood graphs, respectiwghjich determine the con-
structions (like in Corollary 3) of 6-D hypercube, 9-D hypebe and 12-D hypercube
from the copies of 3-D cube, respectively. The neighboutlysaphs of those 2-level,
3-level and 4-level networks are isomorphic to 3-D cube.

Remark 4 This remark is a hint for those who will approach modeling tegrbe-
haviour by application of spiking neural P systems. The dangimber (abouf.0'!)
of neurons in human cortex and various structural cortexamigations (anatomical,
physiological, and functional one) suggest to approach etiad of cortex behaviour
by application of (higher level) networks of spiking neuPasystems in a similar way
as networks of networks are applied, cf. [6]. It is worth toastigate those spiking
neural P systems whose sets of neurons and synapses forme byaids and chains,
cf. [7], [14]. The discussion illustrated by Figure 16 in Sien 5 of [1] suggests that a
concept of am-level network of spiking neural P systems with their setseoffons and
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synapses forming syn re chains may appear useful to modepositionality ability of
brain by binding syn re chains. Namely, one may consides#loigher level constructs
(similar to construct illustrated by Figure 16 in Sectionrb[il]) which are described
in terms of spiking neural P systems whose neurons and sga&msn am-level net-
work with neighbourhood graphs, where the levels of itsdridrical organizationation
(with respect to nesting relation in Corollary 1) may compesd to the abstraction levels
of image perceiving and processing from pixel-level, tleal feature level, structure
(edge) level, object level, to object set level and scenmcherization level. It gives rise
to an open problem, which is a variant of Temporal Correlatidypothesis of Visual
Feature Integration formulated e.g. in [18], whether higghical organizationation of
those higher level constructs is determined by spikinghgaeached in those learning
processes, e.g. in [19], which respect hierarchical orgationation like in [13].

Conclusion. The common ground language for linking various aspects égenod-
els, proposed in the paper, concerns mainly the modelsctsgeolumnar and areal
organization of cortex but neuroscience and related elustain a lot of other models
different from those which are based on columnar and areééxorganization. Look-
ing forwards, the proposed common ground language couldrixse of a future net
(or web) of common ground languages aimed to provide a diseobetween meth-
ods, treatments, and approaches, all respecting variotisations, to cortex models
formation from:

cortex models due to E. Bienestock in [7] based on syn rehand braids,

the models in [32] extending the hierarchical organizatiboortex pointed out by
D. H. Hubel and T. N. Wiesel, where there are speci ed thellefsimple cells
(neurons), the level of complex cells, and the level of hgperplex cells such that
a complex cell responds to some assembly of simple cellsaamgbercomplex
cell responds to some assembly of complex cells,

neural net models using tensor productin [30], [36], andivatéd by problems of
linguistics,

the models of brain memory inspired by the idea of spin glasdets in physics,
see [31] and Introduction to [37],

to the models inspiring construction of distributed systewrrlizing massively parallel
computations, cf. [6], [26], and neoperceptron due to K.uslkma [16].

That future net could be a platform for mutual inspiratiorivizen neuroscience and
other disciplines and elds of research and engineerirgy, eity planning, where gen-
eral aspects of harmony-seeking computations and evelptivcesses of spatial adap-
tation are discussed, cf. [2].

Maybe one could form that future net of common ground langsdg a similar way
to the networks of patterns forming pattern languages, d@ht Alexander, discussed
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in [4]. It is worth to point here that the idea of pattern laages has already inspired
computer scientists to similar constructions in the areabjéct programming, cf. [9].
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In the last decade, different computing paradigms and @eviigspired by bi-
ological and biochemical systems have been proposed. Werescall the no-
tions of membrane systems and the variant @PP. We introduce the frame-
work of chemical computing, in order to show how to describmputations by
means of a chemical reaction system. Besides the usualiegcofdprimitive
boolean functions, we also present encodings for instiostof register machi-
nes. Discussion will consider how this computing composiean then be parts
of a more complex chemical computing system, with a strecharsed on the
membrane structure of-DPP systems, to move toward a wet implementation
using the micro reactors technology. Our work thus expltiies close relation
between such chemical processes a+idPP systems.

1 Introduction

In the recent years, several computational models derrged the formal abstraction
of chemical reacting systems, such as the chemical absti@chine [3], and other in-
spired by the structure and functioning of living cells, bdveen proposed. One of
these models, introduced in [14], is called P systems. Thigloke nition of P systems,
also called membrane systems, consists of a hierarchiceltgte composed by sev-
eral membranes. Inside every compartment, delimited by Innanes, a set of evolution
rules is placed. The rules (in particular, multiset rewgtrules) are used to describe the
evolution of the objects occurring inside the system, wiiiekcribe the state.

Among the different variants of P systems, here we consieePP, presented in [5].
Within the framework of -DPP, the probabilities are associated to the rules, fatigw
the method described by Gillespie in [7]. MoreovePP extends the tau-leaping pro-
cedure [4] in order to quantitatively describe the behavmfucomplex biological and
chemical systems, embedded in membrane structures cothppskfferent volumes.

This kind of chemical reacting systems, can be also impléeteusing micro reactors.
Micro reactors [9], are laboratory devices composed of @weacting volumes (re-
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actors) with a volume at the scale of the connected by channels used to transport
molecules.

The aim of this work is to show the correspondence betweB®P and chemical react-
ing systems occurring inside micro reactors. The closdiogldetween the topological
description of the two systems is clear, that is, both arepmsed by several volumes,
and among these volumes it is possible to communicate mekecdgain, the approach
based on multiset rewriting rules, that characteris&PP, is similar to the chemical
reacting process occurring within a micro reactor. Funtinere, both -DPP and chem-
ical reacting systems emphasise the intrinsic stochgsti€éichemical processes. The
“noise” associated to the stochastic behaviour, rulesylgem dynamics at the micro-
scales. At this scale, the small volumes and the high ditgtiealize a system in which
particles interaction should be described in a discreteides Finally, the communica-
tion processes described by means of communication rulgénwi-DPP, are strictly
related to the channels interconnecting the reactors.

In this paper, we show how these analogies can be exploitedristruct a wet im-
plementation of P systems (in particular, ofDPP) and its feasibility. To obtain a
description of -DPP that can be implemented using micro reactors, the emgad
boolean functions and register machine through chemieatiens, following the chem-
ical computing principles, can be exploited.

Chemical computing [6] is a technique used to process indtion by means of real
molecules, modi ed by chemical reactions, or using elegitadevices programmed
following principles taken from chemistry. Moreover, inaghical computing, the result
of a computation is an emergent global behaviour based ompécation of small

systems characterised by chemical reactions.

Exploiting the de nition of chemical network, the desciigm of a system, as a set of
reactions applied to a given set of molecular species, cagivan. Moreover, with
the chemical organisation theory, the set of (so calledaoigations, within the set of
molecular species, can be identi ed and then used to desthi® behaviour of such
system, as the movement between the organisations.

Note that, within the framework of chemical computing, gveoolean function can be
expressed by means of chemical reactions, hence, everiept@an be encoded using
a set of reactions.

A different kind of problem encoding will be then presentds is based on the in-

structions of register machines [13]. This approach islsintd the one related to the
chemical computing eld. The idea is to use a set of chemieattions to describe the
instructions of the register machines. For instance, irstiesection 4.4, the description
and the simulation of a decrement instruction, is presented

The paper is organised as follows: in Section 2, membranemsgsand its variant of
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-DPP are explained. The chemical computing framework amital organisation
theory are presented in Section 3. In Section 4, we show thétseof the simulations
of the small components used to describe bigger systemh, aXOR and NAND
logic circuits, and the decrement instruction of a registeichine. We conclude with
some discussion in Section 5.

2 Membrane systems and -DPP

In this section we describe the framework of membrane systemP systems [15],
recalling their basic notions and de nitions.

We then present-DPP, a computational method rstly introduced in [5], udedde-
scribe and perform stochastic simulations of complex lgimal or chemical systems.
The “complexity” of the systems managed by means-@PP, is not only related to
the number of the reactions (rules) and species (objeatsiad, but it results from the
topological structure of the system, that can be composeddry volumes. Generally
speaking, the systems described usiFigPP are represented through multiset rewriting
rules placed inside the volumes forming the system stractur

2.1 Membrane systems P systems, or membrane systems, were introduced in [14]
as a class of unconventional computing devices of diseibuparallel and nondeter-
ministic type, inspired by the compartmental structure #mel functioning of living
cells.

In order to de ne a basic P system, three main parts need tatbeduced: thenem-
brane structuretheobjectsand therules

The membrane structurde nes the framework where multisets of objects are placed,
and evolve by means of evolution rules. Another feature efrttembrane structure is
related to the management of objects communication amdfegetit membranes, us-
ing particular evolution rules. The de nition of membraneusture is given through

a set of membranes with a distinct label (usually distinanbears), hierarchically or-
ganized inside a uniqgue membrane, narsiid membraneAmong others, a represen-
tation of a membrane structure is given by using a string absg parentheses. Every
pair of matching parentheses is placed inside a specialdgaioting the skin membrane.
Hence, every pair characterises a membrane of the system.

Forinstance, the string=1[ [, [, [3]5], 1, [4 14 ], represents a membrane structure
composed by 5 membranes, organised in four hierarchicaldeoreover, the same
membrane structure can be represented by the stfimg[ ola i 3151515 1o
hence, two pairs of matching parentheses, placed at the Beragchical level, can
be interchanged, together with their contents. This mehasthe order of pairs of
parentheses is irrelevant, whereas their respectivaoekdtips are important.
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Each membrane identi esi@gion, delimited by it and the adjacent membranes, possi-
bly present inside it. The number of membranes in a membriametsre is called the
degreeof the P system. Finally, the whole space outside the skinlnane is called the
environment

The internal state of a P system is described byabjectsoccurring inside the mem-
branes. An object can be either a symbol or a string over ai sgeand xed nite
alphabetV. In order to denote the presence of multiple copies of objedide the
membranes, multisets are usually used. A multiset conefste/o components: the
base set identifying the elements that constitute the satjtand a function associat-
ing to each element its multiplicity in the multiset. In thahework of P systems, the
multiset associated with membrains a mapM; : V I N.

The objects occurring inside the membranes of a P systems, sp with multisetsM,

are transformed by means evolution rulesThese rules are multiset rewriting rules of
the formr; : u! v, whereu andv are multisets of objects. The meaning of a rule is
that the multiseti is modi ed into the multiset/; moreover, it is possible to associate to
v the target of the rule, that is the membrane where the muiggaced when the rule
is applied. There are three different types of target. Iftdrget ishere, then the object
remains in the region where the rule is executed. If the tdsyeut, then the object is
sent out from the membrane containing the rule and placedemtiter region. Note
that, if a rule with this target indication is applied insittee skin membrane, then the
object is sent to the environment. If the targeiig, wherej is a label of a membrane,
then the object is sent into the membrane labelled juithis possible to apply this kind
of rule, only if the membrang is immediately inside the membrane where the rule is
applied.

Starting from an initial con guration (described by a merabe structure containing
a certain number of objects and a xed set of rules), andrigtthe system evolve, a
computation is obtained. A universal clock is assumed tsteat each step, all rules
in all regions are simultaneously applied to all objectsahhare the subjects of evo-
lution rules. So doing, the rules are applied in a maximabermanner, hence the
membranes evolve simultaneously. If no further rule canfygied, the computation
halts. The result of a computation is the multiset of objecstained into amutput
membraner emitted from the skin of the system to the environment.

For a complete and extensive overview of P systems, we teéaneiader to [15], and to
the P Systems Web Padstp://ppage.psystems.eu ).

2.2 -DPP We now introduce a novel stochastic simulation techniqule¢a-DPP
[5]. The aim of -DPP is to extend the single-volume algorithm of tau-legd#i, in
order to simulate multi-volume systems, where the distumitimes are arranged ac-
cording to a speci ed hierarchy. The structure of the systemequired to be kept xed
during the evolution. In Section 2.1, we shown that the fraor& of membrane sys-
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tem satis es this requirement, hence, the spacial arraegef P system is exploited
in the description -DPP. In particular, there is a close correspondence betwézPP
and a variant of P system called dynamical probabilistic ftesys (DPP). DPP were
introduced in [18]: they exploit the membrane structure slyBtems but they associate
probabilities with the rules, and such values vary (dynattyg, according to a pre-
scribed strategy, during the evolution of the system. Ferftitmal de nitions of DPP
and examples of simulated systems, we refer the reader {4718, 2].

There is a difference between DPP anr®PP: the former provides only a qualitative
description of the analysed system while the latter is ablgive a quantitative de-
scription. Though, the need for an accurgteantitativetool, led to the de nition of

-DPP [5]. This approach is designed to share a common tinteriment among all the
membranes, which allows to generate an accurate diswitbofirules in each compart-
ment. This improvement is achieved using, inside the memdsraf -DPP, a modi ed
tau-leaping algorithm, which gives the possibility to siate the time evolution of every
volume as well as that of the entire system.

The internal behaviour of the membranes, is therefore destiby means of a modi-
ed tau-leaping procedure. The original method, rst inthaced in [8], is based on the
stochastic simulation algorithm (SSA) presented in [7]e3& approaches are used to
describe the behaviour of chemical systems, computing tobabilities of the reac-
tions placed inside the system and the length of the ste@atieeration), according to
the current system state. While SSA is proved to be equivédethe Chemical Master
Equation (CME), therefore it provides the exact behavidtie system, the tau-leaping
method describes an approximated behaviour with respabet€ME, but it is faster
for what concerns the computational time required.

As previously said, in -DPP we exploit a modi ed tau-leaping algorithm, in order to
describer the correct behaviour of the whole system. Thiggeved by letting all the
volumes evolve in parallel, through a strategy used to cdmfhe probabilities of the
rules (and then, to select the rules that will be executed),ta choose the “common”
time increment that will be used to update the system state.

The method applied for the selection of the length of the t8tep is the following.
Each membrane independently computes a time incremergd lwasits internal state
(exploiting the tau-leaping procedure). The smallest timrement is then selected
and used to describe the evolution of the whole system, gutia current iteration.
Since all volumedocally evolve according to the same time incremenDPP is able

to correctly work out thglobaldynamics of the system. Moreover, using the “common”
time increment inside the membranes, it is possible to matiag communication of
objects among them. This is achieved because the volumesmarallysynchronised

at the end of each iterative step, when all the rules are ¢gdcu

The modi ed tau-leaping procedure ofDPP is used to select the time increment that
will govern the evolution of the system as well as the set dgthat will be executed
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during the current leap. Furthermore, in order to desciiiteedorrect behaviour of the
membranes and of the entire system, all the volumes havelegpéndently select the
kind of evolution they will follow. The membrane can evolvethree different manners
(as described in [4]): executing either (1) a SSA-like stap(2) non-critical reactions

only, or (3) a set of non-critical reactions plus one critigaction. A reaction is critical,

if its reactants are present inside the system in very smadlmts. The critical and non-
critical reaction sets are identi ed at the beginning of gvigeration. The separation of
these two sets is needed in order to avoid the possibilityptdining negative quantities
after the execution of the rules (we refer the reader to [Bhiore details).

After this rst stage of the procedure, the membranes selectules that will be used to
update the system, exploiting the common time incremewmiqusly chosen. A detailed
description of the algorithm will be given later on.

Formally, a -DPP is de ned as

is @ membrane structure representing the topological genaent of the vol-
umes;

representing the internal state of the volumes. The misdtige (1 i n)is
de ned overs ;

Inside the volumes of a system described by meansBPP, two kind of evolution

rules can be placed. These rules are callteernal andcommunicatiorrules. Internal

rules describe the evolution of objects that remain in theesaegion where the rule
is executed. Communication rules, send objects from the on@ne where they are
applied to an adjacent volume. Moreover they can also madt#yobjects during the
communication process.

are needed to compute the probabilities of the rule apjdicatalso called propensity
functions), along with a combinatorial function dependargthe left-hand side of the
rule [7].
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The general form of internal and communication rulesi$; + 2S;+  + ¢Sk !

( 1S1+ 2S5+ + (Sk;target), whereS;;:::; Sk 2 S are the objects involved in
theruleand 1;:::; «; 1;:::; k 2 N are the coef cients associated to the objects.
Note that we will usually consider the case where at mosetlotgects appear in the
left-hand side of the rule. This assumption is related tof#toe that the probability of
the combination of more than three objects is close to zero.

The target of the rules occurring inside the volumes of-BPP can be one of the
following:

here: the objects are modi ed and remain in the volume where the isiapplied
(internal rule)

out: this means that the products of the rule are “sent outside’sburce volume,
where the rule is applied, to the adjacent outer volume;

in japel : this means that the products of the rule are “sent inside’vtfilume with
thelabel speci ed in the target. This kind of rules are only allowedlie target
volume is placed inside the source membrane, and the twonediare adjacent
(that is, there exists no other volume placed between thececand the target
volume).

in : this means that the products of the rule are nondeterraalbt sent to any of
the volumes placed inside the source membrane. This kingdl®fcan be used in-
stead of a set of rules with speci c targets,pe (One rule for each inner volume).

Another difference between internal and communicatioesus related to the time
increment () computation. In the procedure used to compytehile internal rule are
involved using both left-hand and right-hand sides, in thgecof communicating rules,
the method considers only their left-hand side. This distom is needed because the
right-hand side of internal rule modi es the internal statethe membrane where the
rule is applied whereas the right-hand side of communigatite affects the state of
another membrane, hence it is not considered during tt@mputation.

Obviously, the right-hand side of communication rules wohtribute to the update of
the system state, which takes place at the end of the itarstgp, and will be therefore
considered to determine the state of the target volume ®n#xt iteration step.

We now describe the-DPP algorithm needed to simulate the evolution of the entir
system. Each step is executiedlependenthyandin parallel within each volumev;

(i = 1;:::;n) of the system. In the following description, the algoritlexecution
naturally proceeds according to the order of instructiovisen not otherwise speci ed
by means of “go to” commands.

Step 1. Initialisation: load the description of volumé, which consists of the initial
quantities of all object types, the set of rules and theipeesive stochastic con-
stants.
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Step 2. Compute the propensity functian of each rulee .5, =1;:::;m, and evalu-
ate the sum of all the propensity functionsvn ag = m:1 a .Ifag =0, then
go tostep 3 otherwise go tstep 5

Step 3. Set i, the length of the step increment in voluiieto 1 .

ng among those generated independently inside all volwhes :; V,, during
the current iteration, then go giep 13
Step 5. Generate the step size according to the internal state, and select the way to
proceed in the current iteration (i.e. SSA-like evolution tau-leaping evolution
with non-critical reactions only, or tau-leaping evolutiwith non-critical reactions
and one critical reaction), using the selection procedereet in [4].

ngamong those generated independently inside all volumesigiilne current it-
eration. Then:
- if the evolution is SSA-like and the valug = ssa generated inside the
volume is greater thany, , then go tostep 7
- if the evolution is SSA-like and the valug= ssa is equal to min , then go
tostep 10
- if the evolution is tau-leaping with non-critical reaati®plus one critical re-
action, and the valug = ¢1c is equal to min , then go tostep 11
- if the evolution is tau-leaping with non-critical reaati®plus one critical re-
action, and the valug = ¢ is greater thannm, , then go tostep 12
- if the evolution is tau-leaping with non-critical reaat®only (; = ¢), then
go tostep 12

Step 7.Compute ssa = ssa min -

Step 8. Wait for possible communication of objects from other voksnby means of
communication rules. If some object is received, then g lb@astep 2 otherwise
gotostep 9

Step 9.Set | = ssa for the next iteration, then go back step 6

Step 10.Using the SSA strategy [7], extract the rule that will be agbin the current
iteration, then go tetep 13

Step 11.Extract the critical rule that will be applied in the currétetration.

Step 12.Extract the set of non-critical rules that will be appliedfe current iteration.

Step 13.Update the internal state by applying the extracted rulesh(internal and
communication) to modify the current number of objects, #rmeh check for ob-
jects (possibly) received from the other volumes. Then gikhastep 2

The algorithm begins loading the initial conditions of thembrane. The following
operation is the computation of the propensity functiomsl(@dne sum of them) in order
to check if, inside the membrane, it is possible to executeesceaction. If the sum
of the propensity functions is zero, then the value a$ set tol and the membrane
waits for the communication of the smallestomputed among the other membranes
( min ) in order to synchronise with them and then checks if it is tdnget of some
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communication rule applied inside the other volumes. Tlogsrations are needed in
order to properly update the internal state of the membrane.

However, if the sum of all the propensity functions is gredt@n zero, the membrane
will compute a value based only on its internal state, following the rstipaf the
original tau-leaping procedure [4]. Besides this opergtihe membrane selects the
kind of evolution for the current iteration (like the comptibn of , this procedure is
executed independently from the other volumes).

The algorithm proceeds t8tep 6 where the membrane receives the smallesalue
computed by the volumes. This will be the common value usaghtiate the state of
the entire system. It is necessary to proceed inside evemrane using the same time
increment, in order to manage the communication of objects.

At this stage, the membrane knows the length of the time stdytee kind of evolution
to perform. The next step consists in the extraction of thesrthat will be applied in
the current iteration. In order to properly extract the sjlgeveral conditions need to be
checked.

In the case the membrane is evolving using the SSA strategyi,i is the value gener-
ated inside of it, then it is possible to extract the rule gotvise the execution of the rule
is not allowed, because the step is “too short”. In the nedestthe membrane veri es
for possible incoming objects, to update its internal stateording to the communi-
cation rules (possibly) executed inside the other regibimglly, if its state is changed
(according to some internal or communication rule), thenrttembrane, in the succes-
sive iteration, will compute a new value of On the contrary, the value of the time
increment used, will be the result of the applicatiorsoép 7of the algorithm.

If the evolution strategy corresponds to a tau-leaping sii¢ip the application of a set
of non-critical reactions and one critical reaction, thgaaithm veri es if the value of
computed by the membrane is equal i@, . If this is true, the membrane selects the set
of non-critical reactions to execute as well as the critiealction. The execution of the
critical reaction is allowed because, hefg, represents the time needed to execute it.
On the other hand, the application of the critical react®forbidden and the membrane
will execute non-critical reactions only.

If the membrane is following the tau-leaping strategy with execution of non-critical
reactions only, min is used to extract the rules (belonging to the set of noneat)tto
apply in the current iteration.

The last step is the system update. Here every membranetegdabe selected rules
and update its state according to both internal and comratiaitrules. This step is
executed in parallel inside every membrane, thereforepib&sible to correctly manage
the passage of objects and to synchronise the volumes.
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3 Chemical computing

In this section we introduce the basic notions of chemicalgoting systems and chem-
ical organisation theory, showing how to exploit them, tibge with membrane systems,
in order to obtain a representation suitable for the wet @n@ntation of the problem
in analysis, using micro reactors.

Biological systems are characterised by different medrasj employed in their evo-

lution, that are able to process information. This methaes mbust, self-organising,

adaptable, decentralised, asynchronous, fault-tolenadgitevolvable. The global infor-

mation process comes from the application, inside the biod system, of a large

number of simple components. In particular, informatiotrésformed by means of
chemical processes, and for this reason, chemical reactiave been used to build a
novel computational paradigm [6]. This new approach isechithemical computing,

and it is related to the computation with real molecules dsagethe electronic devices,

programmed using principles taken from chemistry

In general, the analysis of the solutions of chemical reaqgbrocesses, is hard because
of its nonlinearity. The same problems are related to thdyaisaof biological systems
since the behaviour of local parts can be very different fthenglobal behaviour.

In order to work out this problem, the notions of chemicalanigation theory can be
used to obtain the emergent behaviour of the system, sidrom its small components,
hence linking the evolution governed by every single reactule with the global dy-

namics of the system.

Chemical organisation theory is used to identify a hiergrohself maintaining sub-
networks, belonging to a chemical reaction network. Thegersetworks are called
organisations. In particular, a chemical organisationseteof molecular species that is
algebraically closed and stoichiometrically self-mainitag. To de ne the organisations
and the properties of this particular type of sub-network, wst need to introduce
reaction networks.

A reaction networkis a tuplehM ; Ri, whereM is a set of molecular species and
R is a set of reactions (also called rules). The ruleRirare given by the relation
R:Pu(M) Pu (M) wherePy (M) denotes the set of all the multisets of the
elements inM . The general form of a reaction issm; + o,m; + +  my !
1my+ omyp + + Mg, wherems;:::;mg 2 M are the molecular species

the molecules.

As previously said, a set of molecular species belonging ie called organisation, if
the properties of closure and self-maintenance are satisdere we report an informal
de nition of these properties, we refer the reader to [12); formal de nitions and
further details.
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A set of molecular specigs 2 R is closed if its elements are involved in reactions that
produce only molecular species of the §210n the other hand, theelf-maintenance
property is satis ed when the molecules consumed by theti@ainvolved in the set,
can also be produced by some other rule related to the sefftai@ng set. Note that, in
order to nd the organisations of a chemical network, onlgishiometric information
(set of rules) is needed.

The set of organisation of a chemical network, can be exgddi describe the dynamics
of the system, by means of the movement among its elemenparticular, only the
algebraic analysis of chemical organisation is neededderaio obtain the behaviour
of the system. This analysis consists in the study of preses$iere molecular species
appear or disappear from the system (that is, when their abimcome positive or go
to zero). Furthermore, the behaviour of the system, as ibestabove, can either take
place spontaneously or can be induced by means of extematisg\such as the addition
of input molecules.

If we want to use these reaction networks to compute, we sglliene to describe a com-
putational problem by means of a boolean function, whiclum tan be computed as
a composition of many simple functions, such as the binariNDATherefore, we will
create a reaction network (called boolean network), basealset of boolean functions
and boolean variables.

We de ne a boolean network using a setMf boolean functions and a set Nf (with

N M) boolean variableBby;:::; by ;:::; by g. The variabledy , such thatl |

M, are determined by the boolean functions (they are alsedatiternal variables).
The remaining variabledy( such thaM < j N ) represent the input variables of the
boolean network. The values computed by the sé\l dfoolean functions, are de ned

variable corresponding to theth argument of thé-th function. In general, the function
Fi hasn; arguments, therefore, there @& different input combinations. The truth
tableT; of the functionF; is then composed b3"' rows andn + 1 columns, where the
rst n columns contain values for the arguments of the functiontaedast one is the
corresponding output.

Given a boolean network (as described above), the assdcedetion networkiM ; Ri

is de ned ad follows. For each boolean varialije we add two different molecular
species taV , representing the valu€ésand1 of the variable. In particular, lowercase
letters are used for the molecular species representingaine0 and uppercase letters
for the valuel of the variables. Therefore, the 9dt contains2N molecular species.
The setR of rules, is composed by two kinds of reactiotggical and destructive
Logical reactions are related to the rows of the truth tabliethe functions involved
in the boolean network; hence the left-hand side of the reasents the input values
of the boolean function, while the right-hand side is thepotitvalue. The destructive
reactions are needed to avoid the possibility to have, éngié system, two molecular
species representing both states of the same variablesdtmetime (i.e. two molecules
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representing the sta@andl of the same boolean variable). In this case, the state of the
variable becomes unde ned, and a rule that degrades thedwesponding molecular
species, is required.

The resulting chemical netwotkM ; Ri implements the boolean network without in-
puts speci ed. The input variables of the boolean networlsting externally initialised
because they are not set by the boolean functions. Thdiseti@n is encoded by means
of in ow reactions. These reactions are zero-order readtiproducing substances from
the empty set.

4 Building and simulating component reaction networkt -DPP

To lay out our path from a model of computation to a chemicahpoting device, we
build and simulate small-DPP systems using techniques inspired by the literature on
reaction systems [6, 12]. Those small systems must be poletbugh to compute,
when assembled in more complex systems, any computableeg@gdunction.

Hence, in this section we describe the implementations®NAND and XOR logic
circuits, and of the decrement and increment instructidmegister machines, through
sets of -DPP chemical reactions. We then present some simulatguritseof our sys-
tems.

We recall thategister machineare universal abstract computing devices, where a nite
set of uniquely labelled instructions is given, and whichrat time keep updated a nite
set of registers (holding integer numbers) by performingequence of instructions,
chosen according to their labels. Every instruction canflmne of the following types,
here informally introduced:

ADDa speci ed register is increased by 1, and the label of mesttiiction is chosen
nondeterministically between two labels speci ed in thstiaction,

SUBa speci ed register is checked, and if it is non-empty it ecceased by 1,
otherwise it will not be changed; the next label will be difatly chosen in the
two cases,

HALTthe machine stops.

Later, we will describe -DPP implementations @UBandADUDOnstructions.

4.3 The NAND and XOR logic circuits The NAND logic circuit has been imple-
mented with the sequential composition of an AND and a NO€ gatshown in Figure
4.1. Following the chemical computing guidelines desdatibeSection 3, we de ned

the logic circuits with the rules listed in Table 4.1. The stamt values reported in the
table have been used to perform the simulation by meansiPP. Note that the rules
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rulesry; andrq3 are set tdl, the input given to the NAND gate &for both the input
lines. The rationale behind this, is that the different itsgior the system are obtained
producing the corresponding molecular species.

A

B

Fig. 4.1 The NAND logic gate

Table 4.1 Reaction rules for the NAND unit. The initial multiset is ¢et0 for all the molecular
species.

Reaction Rule Constant
r{ a+b! c 1 103
r, a+B! ¢ 1103
rs A+b! c 1103
ro A+B! C 1103
rs c! D 1 10?2
e c! d 1 10 2
r, a+A! 1101
r¢ b+B! 110°
r¢ c+ C! 1101
o d+ D! 1 10 1
r I a a1 2f1;0g
rio A c12 21 1;0g
ri3 ' b as 2f 1,09
l4 ' B Ciu 2f 1,09
Rulesri;:::;rq compute AND, ruless;:::;rg compute NOT, rules,;:::;rio will

clean the system when going to change its input and, in ggméran both values for a
variable are present in the system.

Exploiting the set of rules for the NAND gate, it is then pddsito de ne the -DPP
which encodes the logic circuit. Formally, theDPP nanp IS de ned as

nanD = (Vo5 5 S;Mo; Ro; Co);
where:

\ is the unique volume of the NAND unit;
is the plain membrane structurg ],;
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S = fa;A;b;B;c; Cgis the set of molecular species;
Mo = fama; AMa;gne; BMe ; cMe; CMec; dMd; D™Mp g, is the set of multisets oc-
curring inside the membran;

Ro = fri;:::;r149 is the set of rules de ned in volumeg and reported for
clarity in Table 4.1. Due to the at membrane structure, h# tules here involved
are internal.

Co = fcy;:::;c1agis the sets of stochastic constants associated to the redes d

ned in Vp, reported for clarity in Table 4.1.

In Figure 4.2, the results of the simulation of the NAND gate eeported. In the ini-
tial con guration of the system, the multisets are emptgttis, the amounts of all the
molecular species are set to zero. At titne 0, the input of the system is, B, corre-
spondingto the rstinputline set to zero and the seconddigtdo one. This corresponds
toa -DPP con guration where the constants of ruteg andr 14 are set to 1, while the
constants of rules;, andri3 are set to zero. The output obtained with this con gura-
tion is 1, indeed the system, at the beginning of the simulation, yced the molecules
D corresponding to the expected output value. At time400 the input values of the
system change frora, B to A, B. The system starts producigmolecules, but the
output of the system changes only when all Enanolecules have been degraded (by
means of rule ;o) and the moleculed are then accumulated inside the membrane.
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Fig. 4.2 Plot of the dynamics of the NAND unit with two inputs in sucsies. The initial multiset
is set to O for all the molecular species.

The XOR gate (see Figure 4.3) has been implemented usingethaf sules listed in
Table 4.2. The constant values reported in the table have lied to perform the sim-

instance, when the constants of the rulgsndr g are set tdl, the input given to the
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Fig. 4.3 The XOR logic gate

XOR gate isO for both the input lines. The rational behind this, is tha thfferent
inputs for the system are obtained producing the correspgrdolecular species.

Table 4.2 Reaction rules for the XOR unit. The initial multiset is setQ for all the molecular
species.

Reaction Rule Constant
ri a+b! c 110 3
r, a+B! C 110 3
rsz A+b! C 1103
ro A+B! c 1103

rs a+A! 1101
r¢ b+B! 1101
r, c+C! 1101
rg I a cg 211,09
o A Cg 2 f 1;0g
I'o I b cltol;Og
ra I B c11 21 1;0g

Formally, the -DPP xor , corresponding to the XOR logic circuit, is de ned as
xor =(Vo; i S;Mg;Ro; Co);
where:

\ is the unique volume of the XOR unit;
is the plain membrane structurg ],;
S = fa;A;b;B;c;C;d; Dgis the set of molecular species;
Mg = fama; AMa;gne; BMe ; cMe; CMe g, is the set of multisets occurring inside
the membran¥®/;

Ro = fri;:::;r119 is the set of rules de ned in volumeg and reported for
clarity in Table 4.2. Due to the at membrane structure, a#é tules here involved
are internal.

Co = fcy;:::;ci1gis the sets of stochastic constants associated to the redes d

ned in Vg reported for clarity in Table 4.2.
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Fig. 4.4 Plot of the dynamics of the XOR unit with two input in successiThe initial multiset
is set to O for all the molecular species.

In Figure 4.4, the results of the simulation of the XOR gate @ported. In the ini-
tial con guration of the system, the multisets are emptgttis, the amounts of all the
molecular species are set to zero. At titne 0, the input of the system is, B, corre-
spondingto the rstinputline setto zero and the second eh&sone. This corresponds
toa -DPP con guration where the constants of rutgsandr; are set to 1, while the
constants of rulesy andr 1 are set to zero. The output obtained with this con guration
is 1, indeed the system, at the beginning of the simulation, yzed the moleculeG
corresponding to the expected output value. At tine 200 the input values of the
system change frora, B to A, B. The system starts produciregmolecules, but the
output of the system changes only when all @enolecules have been degraded (by
means of rule7) and the moleculesare then accumulated inside the membrane.

4.4 The SUB instruction We now describe and simulate a 2-membrand3PP
system reproducing, by means of chemical reactions opgrain a set of molecular
species, the behaviour o&UBnstruction of a register machine. This type of instruction
is shown rst because it hides a conditional behaviour, &ivegwhether a register is
zero or not, and respectively choosing a different labetliernext instruction, and the
availability of conditional instructions is a key issue ionsputing devices.

We consider &UBnstruction checking a register whose value is associatéugt pres-
ence of objectsl in volumeV,, and the resulting choice for the next label will be rep-
resented by the appearing in voluivg either of objectp or z. Finally, the triggering
of this instruction will be given by the injection ity of a quantity of objects.

Formally, a -DPP gyg is de ned as

su = (Vo;Vi; ; S;Mg;M1;Ro;R1;Co; C1);
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where:

Vo; V1 are the volumes of the SUB unit;
is the nested membrane structlgd, 1, 1,;
S = fp;s; % u; z; 2% is the set of molecular species;
Mo = fpme;sMs; s zMzg; My = fpMe;sMs;umv;zMz;29"2°g, are the mul-
tisets occurring inside the membrangsandV; respectively;

Ro = fry;:::;rs0; Ry = fry;:::;r3g are the sets of rules de ned in volumes
Vo; V1 respectively, and reported for clarity in Table 4.3;
Co = fcyp;iii;050; C1 = fey;iii;cagis the sets of stochastic constants associ-

ated to the rules de ned iNp; V1 reported for clarity in Table 4.3.

Table 4.3 Reaction rules for the SUB uniRp on the left andR1 on the right). The initial
multisets ard s”*° g in Vo, andf u®; z°gin Vi.

Reaction Rule Constant  Reaction Rule Constant
ri  2p! (p;here) 1 ry s+ ul! (p;out) 110°

ro, z+p! (z;here) 1 ro s+z! (z+ z%here) 1

rs 2z! (z;here) 1 rs z°1 (z;out) 1

I s! (s;ing) 1

rs  s°l (s;here) 610 ?

This system is initialised with small quantities for molé&uspecies, and this makes it
fragile with respect to the inherent stochasticity, butgoal is to qualitatively show the
required sharp change of behaviour occurring when the sitedlregister goes to zero.

The simulation starts with a positive register value witkin and it receives a sequence
of SUBequests (ruless andr,), bounded in this example by the initial availability of
s® molecules. Figure 4.5 shows the correct two phases of execun the rst phase
the counter is decremented and objge@re produced i, but when the simulated
counter reaches zero, only objeztwill be produced.

4.5 The SUBADD module The SUB unit can be extended to be able to perform
both aSUBand anADDnstruction, according to which objects it receives frontside:
s or a, respectively. Rules are de ned for the two possible operat and the choice of
objects avoid mixing them. The results can be seen in gurésaid 4.7.
Formally, a -DPP  sugapD is de ned as

sugabd = (Vo; Vi; V2, 5 S;Mo;M1;M2;Ro; R1; R2; Co; Cy1; Ca);

where:

Vo; V1; Vo are the volumes of the SUBADD module;
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Fig. 4.5 Plot of the dynamics of the SUB unit.

is the nested membrane structlgd, [, 1,1, 1
S = fI;1%m;k;k%0;q;s;p; z; a; A; u; 2 a% is the set of molecular species;
Mo = fImi;|0io:gMs: zMz- gMp- kM KIMko: AMa - gMo-mMn g M, = fsTs;
pMe:zMz;aMa; AMagandM, = fss;uMu: pMe; zMz; z0Mz0: gMaog, are the mul-
tisets occurring inside the membrangs Vi andV, respectively;

tic constants associated to the rules de ne¥inV; andV, reported for clarity in
Table 4.4.

5 Complete systems, discussion and open problems

Our results are a starting point, since they only tackle thkling of basic elements of a
computing device. A more complex problem is related to thenewtivity among these
components.

The general instance of boolean network, but also the gerearetion network consid-
ered in literature, do require a complex grid of channelsitnmicating variables/objects
to the required destination gates/volumes.

For usual P systems, such a grid of channels can only repeoauiee-like structure
of nested membranes, communicating only between adjacest ¥Ve could move our
studies to other models for P systems, which allow more fogacancy relations be-
tween membranes, such as “Tissue P Systems” [11]. But we e tavo positive

remarks: experimental chemical tools like micro react@ns be built reproducing any
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Table 4.4 Reaction rules for the SUBADD modul®§ on the left,R1 on the right andR, on
the bottom). The initial multisets! ; andM 1 are empty, whileM » isfu®’g.

Reaction Rule Constant Reaction Rule Constant
ri 1! (19 s;here) 1 ry s! (s;iny) 1
ro s! (s;iny) 1 ro 2p! (p;here) 1
rz 194 z1 (m;here) 1 r3 2z! (z;here) 1
ra 19 p! (m;here) 1 rs. p+z! (p;here 1
rs k! (k°+ ajiny) 1 rs z! (z;out) 1
e al! (ajing) 1 e p! (p;out) 1
r;  k°+ Al (o;here) 1 ry al (ajiny) 1
rg k°+ Al (qg;here 1 rs Al (A;out) 1

Reaction Rule Constant

r s+ u! (p;out) 110°

ro s+z! (z+ z%here) 1

rs z%1 (z;out) 1

ro a+u! (2u+ a%here) 1

rs a’l (A;out) 1

given grid of channels, while on the other hand the treedikecture of P-systems does
not rule out their universality [15].

Within our approach, by using SUBADD modules, we can outtime structure of a
-DPP system simulating a complete register machine withtjuse levels of nested
membranes: the skin membrane, and inside it a number ofstejimembranes struc-
tured like volumeVv, in SUBADD module. The key idea to be developed, is to simulate
the steps of the register machine by having in the skin mengbnaolecules represent-
ing the current instruction label. Then, for instance, gtictionl increments register
r, then rules would be de ned which produce objegit@and send them to internal mem-
brane representing registerContinuing the example, that internal membrane will pro-
duce object#\;, and a rule in skin membrane would transform pairs of objeétA,
into (non-deterministically chosen) objects wherem is one of the outcome labels
speci ed by theADDnstruction being simulated. (Other details to be specivat be
those related to the halting of the computation.)

All this leads to some open problems worth being studied.pgdssage from single sim-
ple components to complete universal devices, with theiredeonnectivity, how does
it scale? It is well known that small universal register maels can be built [10], but
their -DPP implementation, and eventually their chemical systapiementation has
to be evaluated. Moreover, the computational ef ciencyhadde systems can be stud-
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Fig. 4.6 Plot of the dynamics of the SUBADD module performing a de@atinstruction on a
register.
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Fig. 4.7 Plot of the dynamics of the SUBADD module performing a incesminstruction on a
register.

ied, for instance with respect to NP-complete problems siscBAT. Anyway, the usual
trade-off between space and time in structural complegiéyhaps has to be applied
with negative results to-DPP, since objects could exponentially grow in polynomial
time (by using rules likgp ! 2p, but the space structure of volumes is xed, and on the
other hand the stochastic nature of the model substitutedeterminism by equiprob-
ability, all motivated by chemical plausibility.
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K is a rewrite-based framework proposed for giving formaé@xtable seman-
tics to programming languages and/or calculi. K departenfather rewrite-

based frameworks in two respects: (1) it assumes multisetdists as builtin,

the former modeling parallel features, while the latterusayial ones; and (2)
the parallel application of rewriting rules is extendednfranon-overlapping

rules to rules which may overlap, but on parts which are nanged by these
rules (may overlap on “read only” parts). This paper shows Resystems and
variants can be de ned as K (rewrite) systems. This is therepresentation of
P-systems into a rewrite-based framework that capturebehavior (reaction
steps) of the original P-system step-for-step. In addit@providing a formal

executable semantic framework for P-systems, the embgddiR-systems as
K systems also serves as a basis for experimenting with avelafgéng new

extensions of P-systems, for example with structured dataude-based ap-
plication for executing P-systems de ned in K has been inmgated and exper-
imented with; initial results show computational advaetgf using structured
objects in P-systems.

1 Introduction

K [23] (see also [14]) is a rewrite-based framework which besn proposed and devel-
oped (starting with 2003) as an alternative (to structuparational semantics) formal
executable semantic framework for de ning programminggaages, language-related
features such as type systems, and/or calculi. K's strecagthbe best re ected when
de ning concurrent languages or calculi, because it givessé a truly concurrent se-
mantics, that s, one in which concurrent steps take placewently also in the seman-
tics (instead of interleaving them, as conventional openal semantics do). K assumes
as builtin and is optimized for multisets and lists, the ferrmodeling parallel features,
while the latter sequential ones. More importantly, reingtrules in K can be applied
concurrently even when they overlap, assuming that theyodlatmange the overlapped
portion of the term (may overlap on “read only” parts). Coatp of many program-
ming languages or computation models are already de ned indfuding Scheme [16],
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KOOL [13], Milner's EXP language [17], Turing machines, CCIB], as well as type
systems for these, etc. - see [23].

A fast developing class of computation models was introdume Paun in 1998 [20]
exploiting ideas from chemistry and biology (see [22] foregent survey). They are
calledmembrane systen(sr P-systemsand combine nested membrane structures with
computation mechanisms inspired by the activity of liviejis There is a large variety
of P-systems studied in the literature and a few toy impleatéons for developing
applications. The original motivation was to link this raseh to formal language theory
studies, but the model is more general, coming with imparsaggestions in many
elds, for instance in the design of new parallel programgianguages.

Both K de nitions and P-systems use potentially nested nramds as a spatial modu-
larization mechanism to encapsulate behaviors and tatatrithe systems (see Fig. 3.1(a)
for an example of nested membranes). P-systems are indpiretlemistry and biol-
ogy, using “objects” (abstract representations of chehmwalecules) which interact;

all communication is at the object level. Objects move fragion to region (in the
basic model, these are neighboring regions) either diremtby using symport/antiport
mechanisms. When far reaching regions are targeted, $pagmare to be added to
objects to reach the destination and, in most of the modadspbjects have to travel
through membranes from region to region to reach the natidation.

The K-framework uses a similar membrane structure (caltesdl™), but for a different
goal, leading to important differences. The main objecti¥& is to model high-level
programming languages and calculi, for instance allowil@ Or multi-threading pro-
gramming. To this end, the objects within the membranestaunetsred. This structure
is both in space and in time. The spatial aspect refers to $leeofl algebraic terms
to describe the objects oating in the membrane soups (regioDue to this alge-
braic structure, one has more power to express object tttera However, there is
another equally important mechanism, which is not expjigitesent in P-systems or
in CHAMs [6, 7], namely the use of computation tasks, as @bstiructures evolving
in time. To this end, a new data type is builtin in the K frameadhe list structuret*
used to capture sequential orders on tasks' execution. dmrhunication” in K is at
a high level, data being “moved” from a place to another placesingle step. It is this
combination of structured data and their use in a mixtureestted soups (for parallel
processes) and lists (for sequential tasks) which makessiiple to effectively de ne
various high-level languages in K.

P-systems may be described without membranes. Indeed thg@riree associated to
the membrane structure, one can tag each object with thdrpd#ik tree from the root
to the membrane where the object is in. Now, the objects maysiee in a unique
huge soup and the evolution rules, previously used in spa&gions, become global

14 Lists can be encoded with (multi)sets, but allowing them &st-tlass citizens” gives the K user the
capability to match fragments of lists.
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rules, but applied to similar path-tagged objects. Thisoletion highlights the advan-
tages of using membrane systems: the matching and thedtiterdetween objects are
localized and may be more ef ciently implemented. The pticbe paid is that commu-
nication between arbitrary membranes is not straightfodvead has to be implemented
with small steps of passing objects from region to regioretach the nal destination.
In K one has a somehow mixed setting: K uses membranes tocerfaral rewriting,
but the matching rules are global.

Three main classes of P-systems have been extensivelgdtudi

P-systems as transition systems [“classical” P-systems]
P-systems as communicating systems [symport/antipoysiiss]
P-systems as structure-evolving systems [P-systems watitteanembranes]

We present formalizations in K of these three basic types-sf$tems and of many
key elements used in the plethora of P-systems found in témature. We believe that
this is enough evidence that K can serve as a suitable senfiemtiework for de ning
P-systems in particular, and, in general, for experimegniwth new parallel program-
ming languages based on paradigms from natural scieneePh&ystems, for which
ef cient implementations are notoriously dif cult to delap. We make two additional
contributions:

We extend P-systems from a setting with unstructured objémt using a simple
monoid structure on objects, i.e., strings) to one whereabjare given by ar-
bitrary equational speci cations. Most data types may hesented by algebraic
speci cation techniques, hence one can use this line torparate complex data
types into P-systems.

We have developed a running environment for P-systems uksmgmbedding tech-
niques discussed in this paper and the implementation of Mande. The paper
includes a few experiments with both unstructured and &ired objects which
demonstrate the large increase in expressivity and pedocadue to adding struc-
ture to objects.

The paper is organized as follows. Sections 2 and 3 brie soithice K and P-systems,
respectively, referring the reader to the literature forrendetail. Sections 4, 5 and 6
show how the three types of P-systems above are de ned in &id®e7 discusses our
implementation and Section 8 concludes the paper.

2 K

K [23] is a framework for de ning programming languages bésm rewriting logic
RWL [15], in the sense that it has two types of sentenegeationgor structural iden-
tities andrulesfor computational steps. It has an implementation in Maurdkitallows
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Int ;= ::: all integer numbers
Bool ::= truejfalse
Name::= all identi ers; to be used as names of variables

Val ::= Int

AExp::= Valj Name
j AExp+ AExp [strict; extendst int intt ine] (r1)

BExp::= Bool
j AExp AExp [segstrict extends it it Booll (r2)
j notBExp [strict; extends goor Booll (I3)
j BExpand BExp [strict(1)] (ra)

Stmt::= Stmt Stmt [s1;82=s1Y S2] (rs)
j Name:= AExp [strict(2)] (re)
j if BExpthen Stmtelse Stmt [strict(1)] (r7)
j while BExpdo Stmt (rs)
j halt AExp [strict] (ro)

Pgm::= StmfAExp

Table 2.1 K-annotated syntax of IMP.

for a fast development of ef cient interpretors. We brie yedcribe the basic concepts
and notations used in K (see [23] and the referenced welmsitedetailed presentation
of K; ask the author for the current version of a draft bookingss an example a sim-
ple concurrent language. We start with the simple impeednguage IMP de ned in
Tables 2.1 and 2.2. Then, we extend IMP with threads andloalidsulting language
CIMP.

Annotating syntax. The plus operatiofr,) is said to be “strict” in both arguments/sub-
expressions (i.e., they may be evaluated in any order)ewhd conditiona(r7) is strict
only inits rst argument (i.e., the boolean expression labée evaluated rst); nally,

in “less-than”(r,) the evaluation is “seqstrict” (i.e., the arguments are @i@d in the
sequential order). Some operations “extend” other opmnaton primitive data types
(which may be computed with external libraries, for examphdl attributes can be
desugared with equations or rules (if they are not alreadyaggns or rules); they are
nothing but notational convenience. For example, the elgaittribute inr;) desugars
torule“iz +i2! i1+t o inti2”. The desugaring of strictness is explained shortly.

Semantics. The K semantics is de ned with equations and rules that applg nested
cell (or membrangstructure, each cell containing either multisets or litglements.
A K semantics of IMP is described in Table 2.2.ckin gurationsare speci ed using
cellsLS M, whereh is a cell index ands is any term, in particular a multiset or a list
of possibly other cellsSet[S] andList[S] denote multisets and lists of terms of type
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S; by default, the empty set or list is denoted by a d6t and multiset elements are
separated by space while list elements are separated by @olfrone wants a different
separator or unit, or wants to emphasize a default one, thercan specify it as sub-
and/or super-script; for exampleist, [S] denotesy "-separated lists of elements of
type S of unit “ ”. The syntactic categori stays forcomputationand typically has
a'y "-separated list structure @omputational taskswith the intuition that these are
processed sequentially. What “processed” means dependdtup particular de nition.
Strictness attributes are syntactic sugar for specialt@mnsallowing subcomputations
to be “scheduled for processing”. The strictness attribineTable 2.1 correspond to
(k;ky; ko 2 K, r1 2 KResulfx 2 Namé:

ki + ko = kly + ko ki and k, = kly and ko

kit ka=kay ki+ x=k=ky x:=

ki ko=Kkyy ko if k thenk; elseky, = ky if thenk; elsek;
ri ka=kyy ri+ haltk = ky halt

notk = ky not

The square “” is part of auxiliary operator names callesbmputation freezerdor
example, “ + _” freezes the computatickp in the rst equation above.

In K, the following derived notations are used to indicateoanurrence of an element
inacel:LSj, - atthe top;jS M - at the very end}jS j, - anywhere. The rst
two notations are useful when the con guration is a list, they are not used in the
representation of P-systems in K described in this papdesRtan also be written in
contextual formin K, where subterms to be replaced are underlined and thesttrey
are replaced by are written underneath the line. For exartipeassignment rule

x = Vj k |’j(X; ;)-' state
\)

reads as follows (underscoré ‘matches anything): if an assignmemt '= v” is at the
top of the computation, then replace the current valueiofthe state by and dissolve

KResult::= Val L .
Ix:=v X;
K = KResulfList, [K] X = Vi ;)J siate
Con g ::= LK M jLSet[(Name Val)IMiate

if true thens; elses, ! s

j LSet[Con
J [ glM if false thens; elses,! s;

. . L while bdo s ik
Lx X;V - -
;’ GV e if b then (s; while bdo s) else
Lhaltij, ! LM

trueandb! b; falseandb! false

Table 2.2 K con guration and semantics of IMP.
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the assignment statement. We prefer to use the more coamahtiotation I ! r”
instead of ‘:— when the entire term changes in a rule.

Extending IMP with threads. We extend IMP with threads and call the resulting
language CIMP (from concurrent IMP). We only add a spawniatesnent to the syntax
of the language, without any explicit mechanisms for syoofmation.

Stmt::= :::j spawn Stmt

Interestingly, all we have to do is to add a K rule for threagiation and nothing from
the existing de nition of the K semantics of IMP has to be ajed. Here is the rule for
spawning:

Lspawn(s) j
LsM

Therefore, multipld. _ M cells can live at the same time in the top cell, one per thread.
Thanks to the concurrent rewriting semantics of K, diffétbneads can access (read or
write) different variables in the state at the same time. &bver, two or more threads
can concurrently read the same variable. This is precibelyntended semantics of mul-
tithreading, which is, unfortunately, not captured by S@Sdions of CIMP, which en-
force an interleaving semantics based on nondetermitiiséiarizations of the concur-
rent actions. While K allows a concurrent semantics to alagg, note that it doasot
enforce any particular “amount of concurrency”; in partaayK's concurrent rewriting
relation, denotedV ”, includes any number of rewrites that can be executed aencu
rently, from one rewrite to a maximal set of rewrites; thusjraterleaved execution or a
maximally parallel one are both valid rewrite sequences.in K

Once a thread is terminated, its empty cell (recall thatestants are processed into
empty computations) will never be involved into any matchiso it plays no role in
the future of the program, except, perhaps, that it can axgrthe memory in actual

implementations of the K de nition. It is therefore natutalcleanup the useless cells
with an equation of the form:

L M=

Synchronization mechanisms through lock acquire andseless well as through rendez-
vous barriers, are discussed in detail in [23].

3 Membrane systems

Membrane systems (or P-systems) are computing devicemetest from the structure
and the functioning of the living cell [1].

In classicaltransition P-systemf0], the main ingredients of such a system are the
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membrane structur@ hierarchical cell-like arrangement of membrafgsn the com-
partments of whichmultisetsof symbol-objects evolve according to givewolution
rules The rules are localized, associated with the membraneséeith the compart-
ments), and they are used imandeterministic maximally parallehanner (a unique
clock is assumed, the same for all compartments). A comipatabnsists of a sequence
of transitions between system con gurations leading to lirigacon guration, where
no rule can be applied. With a halting computation one aasesia result, usually in the
form of the number of objects presentin a distinguished ntamd Thus, such a system
works with numbers inside (multiplicities of objects in cpartments) and provides a
number as the result of a computation.

. afc
skin elementary membrane
\ al ab

\
) 4 al! b
5 i f1ff
regions \\Z membranes BT d dTl de

N : 4 ff 1 f cf !
od
environmen \\ 7 environment \ J
: e! (e;out) f1! f

L J

(a) (b)

Fig. 3.1 A membrane system (a) and a “classical” P system (b).

7

From a different perspective, P-systems may be seen as coitating systems. In
this view, a P-system, better known sggmport/antiport P-systeffi9], computes by
moving objects through membranes, in a way inspired by bipldhe rules are of
the forms(x;in ) and(x; out) (symportrules, with the meaning that the objects speci-
ed by x enter, respectively exit, the membrane with which the rslassociated), and
(x;out;y;in) (antiportrules: the objects speci ed by exit and those speci ed by
enter the membrane at the same time). By rules of these tgsesiated with the skin
membrane of the system, objects from the environment caer #reg system and, con-
versely, objects from the system can be sent out into ther@mvient. One can also
usepromoterginhibitors) associated with the symport/antiport rules, in the fornolof
jects which must be present in (resp. absent from) a compeattin order to allow the
associated rule to be used.

Finally, a feature which may be added to any of the previops$yof P-systems is the
possibility to dynamically change the membrane structlihe resulting P-systems are
calledP-systems with active membrarj2s].

15 See [8], for a similar structure.
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4 P-systems as transition systems (classical P-systems)

This is the classical type of P-systems, originally introeldin [20]. In this model, each
membrane has an associated set of rules. The objects cah tliemugh membranes
and they may be transformed by the rules (the rules can cogatestroy objects). A
membrane may be dissolved and its objects ood into the gaegion, while the rules
vanish.

4.1 Basic transition P-systems A transition P-systepof degreem 1, is formally
de ned by a tuple

rules associated with the membrandes: : ; m; the rules are of the form

u! voru! v
withu 2 O* andv2 (O Tar) ,whereTar = fhere;in;outg

(6) io is the label of the output membrane, an elementary oneami, = 0, indi-
cating that the collecting region is the environment. Whds present in the rule, its
application leads to the dissolution of the membrane ankdeg@bolishment of the rules
associated with the membrane just dissolved.

A membrane is denoted by ],. By convention[,u], denotes a membrane with
present in the solution (among other objects). Startingnftbe initial con guration,

other by applying a transition, i.e., the rules from eachjeth anon-deterministic and
maximally parallelway. A sequence of transitions is calle@é@mputationa computa-
tion is successfuif and only if it halts. With a successful computation onecasstes

a result in the form of the number of objects present in membrianim the halting

con guration.

An example is presented in Fig. 3.1(b) — it computes/gersrtte square numbers
(k+1)%,;k 0. When a rule with is applied, the corresponding membrane and its
rules are dissolved and its current objects are ooded ineogdarent region. A typical,
terminating evolution of this system is as follows: It stait membrane 3 (the other
membranes have no objects), then membrane 3 is dissolvati@erdolution continues

in membrane 2, and when this is dissolved, the nal stage efetkecution is in mem-
brane 1 (the skin membrane). In membrane 3, the rst two rbkge a con ict ona:
when the 2nd rule is applied, objestas well as membrane 3, disappear; the ruld for
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is independent and has to be used each time another rulelisgp conclude, when
membrane 3 disappears, we are left witht andf 2 objects which are ooded into
membrane 2. In membrane 2, at each cycleftlseare divided by 2 and, in parallel,
a copy of eactb (now rewritten ind) is created. Finally one getk + 1) ? copies of
objecte when membrane 2 is dissolved, which are passed to membrargthen into
the external environment.

4.2 Basic transition P-systems in K Given a P-system , we de ne a K-system
K () , asfollows:

A membrand S]h, whereS is its contents, is represented@s
LS M

The top con gurationisL L My, L My M, including a representation of the
objects in the environment.

The rules in are represented as global ruleir{) , their localization being a
side-effect of membranes name matching. The evolutiorsraite reduced to two
basic rules used in a membraRd;, and are represented in K as follows:

u! v,withu2 O*;v2 (O Tar) ,whereTar = fhere;in;outg
Forav2 (O Tar) ,letv beits restriction t@. Next (recall that composi-
tion is commutative), let be written as/, vj vo, Wherevy, contains the objects
that remain in the membrafie]y, vi those that enter into internal membranes,
andv, those that leave out the membrane. Then, the associatead Kile the
following: foranyk  1andv; = vy :::vx (with nonemptyy; 's) we have a
rule

Hou b,

Vh V1 Vi Vo

u! u ( indicates that the membrane is dissolved)

LuzM! uz

Forthe rstruleu! Vv, a second possibility is to perform two steps: moyev, rst,
then for all remaining tagged objedt® ; in) use a matching rulg (vy;in) § j j .
Vi

The rules for object movement and membrane dissolution neagaonbined. For in-
stance, therula! v ,withv = vyV;V,, as above but fak = 1,17 may be represented
as

16 Another representation may telLh My S Mgy , if one prefers a single cell type. This can also be an
implementation optimization, to avoid structured celldih

17 For simplicity, we describe the cake= 1 where all objects which enter an internal membrane enter int
the same membrane
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LultwMz M ! vy, lwviMz v,

In this interpretation, rst the objects are moved out frdme imembrane, then the mem-
brane is dissolved. One can go the other way round, rst tealiee the membrane and
then to move the objects out; the K rule is

HLuLwMzMj
Vh Lwyv; Mz v,

Parallel rewriting in K. The rewriting logic in K extends the one in RWL by allowing
for overlapping rules which overlap on parts that are notngeal by these rule (on
“read-only” parts). Such an extension is needed, e.g., vilverthreads read the store
at the same time.

As an extension of the rewriting mechanism in RWL, the rewgiin K allows for the
application of an arbitrary number of rewriting rules in &t However, it does not
constrain the user to use a “maximal parallel” rewritingelilkh the case of P-systems.
Such an option may be handled at the meta-level by seleatiagaropriate strategy for
applying the rules. Actually, there is little evidence tadmaximal parallel” strategy is
presentin the living cells - it is more like a hypothesis tefe¢he evolution simpler and
to nd results in the theoretical model. We see here anotheatination of the classical
dichotomy between synchronous and asynchronous systeenkatter are more suited
for real applications, while the former are easier to unterg.

4.3 Variations of transition P-systems

Object movement. We present a few variations of the object movement rulesdoun
in the literature (and included in the survey [22]), then wesctibe their associated rules
in K.

(deterministicin) In this variant, one uses; instead of a simplén to indicate
that an object goes into the internal membranks K-translation is

Hu g, b0,

Vh Vi Vi Vo

(polarities) One can use classes of membranes with pegrisay+ =0= . The
newly created objects may have=0= polarities as well and those with=
polarities go into internal membranes with opposite ptikssj while those with 0
polarity may stay or goes outside. This is a case in betwealtbve two extreme
alternatives: complete freedom to go in any internal memb@nd precise target
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for each object. It is, therefore, easy to provide in K deioiits for the two cases
above. There are various ways to add algebraic structunediarities. For exam-
ple, one way pair each datum and each membrane label witragitypin the case
of data we write the polarity as a superscript, ead.,or a , while for the mem-
branes we write it as a superscript of the membrane, Iejnyj,; orfjuj, . The
membrane polarity may be changed, as well. For example,dorithe that in the
presence of objectsthe polarity is changed from + to one can use the K rule

Huj, ' uj, or equivalently, Huj,

(arbitrary jumps) In this variant, one can directly move dijeat into any other
membrane. The rule, written §su], !  [hov]no. T represent this rule in K we use
explicit rules for matching the membranes at different Is\éhe notatiortj |
means a match in any recurrently included cell, not only é¢brrent one):

if the membranes are not contained one into the other, then

Bhu by B Jpol

%
if the jJump is into an enclosed membrane, then

hE h _ Jholn
v
if the jump is into an outside membrane, then
HooHu i

%
Instances of this rule capture the particular casesmofout , notation used in
P-systems to indicate a movement into an elementary/skimbramne.

Membrane permeability. In the standard setting, a membrane is passive (label 1)

and the speci ed objects can pass through it. The membrandealissolved (label
0), as well. One can add impenetrable membranes (label ekhsThe status of the
membranes may be dynamically changed as a side-effect bfiagpeaction rules.

This case is similar to the case of polarities: One can use fiaii) to represent the
membrandd and its permeability level. The rules are simple variatiohshe basic
P-systems evolution rules and may be easily handled in K.

Catalysts. The role of catalysts may be viewed in two opposite ways: ithee they
may be seen as a sine-qua-non ingredient for a reaatlonbto take place; or (2) they
may be seen as a way to control the parallelism, by restgcifree reactiom ! bto
the number of occurrences of the catalyst. In a further esiéen catalysts may move
from a membrane to another, or may change their state (edalystis supposed to
have a nite number of isotopic forms).

Catalysts are just objects, hence the translation in K @égitforward.
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Rules with priorities. Capturing various control mechanisms on applying the nisles
a matter of strategies. Strategies are commonly held sepafreules in many rewriting
approaches. One important way to restrict the maximal fgisth convention is to
apply the rules according to their priorities. In a strongsien, only the rule with the
highest priority applies; in a weak version, when all pokesdpplications of the highest
priority rule have been resolved, a next rule with less piyds chosen, and so on.

In the current implementation of P-systems over K and Mapdeyities are handled
at Maude “meta-level” and using the corresponding prioaityorithm to capture a P-
system maximal parallel step. (K has not developed padicsttategies and uses the
strategies inherited from Maude.)

Promoters/inhibitors. The presence of promoters/inhibitors may be seen as addi-
tional context for rules to apply. In the case of promoterseaction rulel ! r in
membranér applies only if the objects in a promoter seare present in the solution
(they should be different from those lij

lzj,
r

The case of inhibitors is opposite: in the presence of theaibjinz the rule cannot
apply. The case of inhibitors requires a K rule with a sidediton

Hlzj wherez* x
r

Complex side condition like the above are handled by meaosrfentional conditional
rewrite rules in our Maude implementation of K.

Border rules. Border rules are particular object evolution rules of thkofeing type
xufjvy ! xu9iv%. They allow to test and modify the objects from two neighbgri
regions. Such a rule may be represented in K by

xuhvyj.
u® o

5 P-systems as communicating systems (symport/antiport
P-systems)

This type of P-systems was introduced in [19]. In this vari#ime environment is con-

sidered to be an inexhaustible source of objects of any typhe.evolution rules are

called symport/antiport rules and only move the objectsulgh the membranes (they
do not create or destroy objects).
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Basic symport/antiport P-systems. A symport/antiport P systerof degreem 1,
is formally de ned by a tuple

where: (1)V is an alphabet obbjects (2) T V is the terminal alphabet; (3)
is a membrane structure (with the membranes bijectivelgliedb by natural numbers

1;::0,m); (4)wy; i wy are multisets ovev associated with the regiods: : : ; m of
, represented by strings fromh ; (5) E  V is the set of objects which are supposed
to appear in an arbitrarily large number of copies in the emvinent; (6)R1;:::; Rm

a symport rule is of the fornix; in ) or (x; out), wherex 2 V* , with the meaning
that the objects speci ed by enter, respectively exit, the membrane, and

an antiport rule is of the fornfx; in ; y; out); wherex;y 2 V* ; which means that
X is taken into the membrane region from the surrounding regied the multiset
y is sent out of the membrane;

(7)1, is the label of the output membrane, an elementary one in

With the symport/antiportrules one can assoc@t@notergx; in )j,; (x; out)j; (x; out;
y;in)jz, orinhibitors(x;in)j. ;; (x; out)j. 2; (x; out; y;in)j. ,, wherez is a multiset of
objects — such a rule is applied onlyzifs present, respectively not present.

tem passes from one con guration to another by applying thesrfrom each seR; in
anon-deterministic and maximally paralielay!® A sequence of transitions is called a
computationa computation isuccessfuif and only if it halts. With a successful com-
putation we associaterasult in the form of the number of objects frofin present in
membrane, in the halting con guration.

Example. An example is presented in Fig. 5.2. It describes how synfgatiport P-
systems may simulate counter machines — it is well knowndbanter machines with
at least 2 counters are computationally universal, see [ Xjounter machine uses a
nite number of counters and a program consisting of labedeatements. Except for
the begin and halt statements, the other statements peti@following actions: (1)
increase a counter by one, (2) decrease a counter by one,tes{3 a counter is zero.
For the simulation in Fig. 5.2, one uses an equivalent d®nibf counter machines
where the statements are of one of the following two types:

(@) 11 : (add(r);12;13) (add 1 tor and nondeterministically go g or3)
(b) 11 : (sub(r);l2;13) (if r is not O, subtract 1 and go tg, else go tds)

18\We recall that the environment is supposed inexhaustibkaeh moment all objects frof are available
in any number of copies we need.
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E=fajl r mgl[f[;1%109100Vj 2 Bg
forly : (add(r);lz;13):
- (l1;out; & l2;in)

- (I1;out; a l3;in)
forly : (sub(r);lz;13):
- (I1; 0ut; 1919%in)

- (193, ; out; 19%in)

- (1%%out; 1Y ;in)

- (IV19%out; 1,;in)

- (IV19; out; 13;in)
forly : halt :

— - (In; out)

lo

Fig. 5.2 A “symport/antiport” P system.

The simulation works as follows: The statement to be nextebes is in the (unique)
cell, while the others stay outside. At each step, the ctis&aiement leave the cell
and the one to be next executed goes inside the cell. Duriagpthcess, the counter
associated to the statement goes updated. The processmdypé (b) statement is
slightly more complicate as a trick is to be used to checkefdbunter is zero, see [22].

Basic symport/antiport P-systems in K. The previous representation in K of transi-
tion P-systems and their variations almost completely cotrgs new type of P-systems.
What is not covered is the behavior of the environment. ThelK is actually an equa-
tion

Ifjxj(—:‘ﬁv = hxjenv X

Variations of symport/antiport P-systems. Most of the variations used for transition
P-systems can be used here, as well.

6 P-systems with active membranes

The third main class of P-systems brings an important amttilifeature: the possibility
to dynamically change the membrane structure. The membareevolve themselves,
either changing their characteristics or getting divided.

6.4 Basic P-systems with active membranesA P-system with active membranes
[21] is formally de ned by a tuple
=( O;H; ;w 1525w R)

where: (1)m 1 (the initial degree of the system); (©)is the alphabet of objects; (3)
H is a nite set of labels for membranes; (4)s a membrane structure, consistingof
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membranes having initially neutral polarizations, lalbgleot bijectively) with elements
them regions of ; (6) R is a nite set of developmental rules, of the following forms

(a) object evolutionrules: fdn 2 H;e 2f +; ;0g;a2 O;v2 O ,
ha! VI
(b) “in” communication rules: foh 2 H;e;;e, 2f+; ;0g;a;b2 O,
al It ! Wbl
(c) “out” communication rules: fon 2 H;e1;e; 2f +; ;0g;a;b2 O,
haly ! [h]7?b
(d) dissolving rules: foh 2 H;e 2f +; ;0g;a;b2 O,
Lhaf! b

(e) division rules (elementary membranes, only)ff& H; el;e2;e32 f +; ;0g;
a;b;c2 O
halpt ! [hblp? [h el

The objects evolve in the maximally parallel manner, whiéele membrane can be
involved in only one rule of types (b)-(e). More preciselyst the rules of type (a) are
used, and then the other rules.

The label seH has been speci ed because it is allowed to change the memlahels.
Notice that one uses a dictionary of rules, each lab&l inoming with its own set of
rules. For instance, a division rule can be of the more gehema

(e") general division: fohi;ho;hs 2 Heq;e;e32F+; ;0g;a;b;c2 O
[hla]ﬁll ! [hzb]ﬁzz [h3c]ﬁ3;

One can consider variations as the possibility of dividingnmbranes in more than two
copies, or even of dividing non-elementary membranes. 8fbeg, in P-systems with
active membranes the membrane structure evolves duringptingutation not only by
decreasing the number of membranes by dissolution, buiraseasing it by division.

6.5 Basic P-systems with active membranes in K Except for membrane division,
P-systems with active membranes are similar to transitimydtems, hence we can
borrow the previous translation in K. However, for the sakelarity, we prefer to give
the K-representation for the full set of rules (a)-(e). A nwame with polarity is denoted
by pairs(h;e) withh 2 H ande2f +; ;0g.
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object evolution rulegpa! Vvlf (h2 H;e2f+; ;00,42 O;v2 0 )
Hajy
%
in” communication rulesal Jf* ! [hblf2 (W2 H;ey;e, 2f+; ;0g;a;b2 O)

€1

a i jy

b
“out” communicationruleshaly* ! [n]f?b(h 2 H;e1;e, 2f+; ;0g;a;b2 O)

dissolving rulesfhaly ! b(h2 H;e2f+; ;0g;a;b2 O)

La xM! b x

division rules for elementary membrangsl! ! [nb]i?[nc]f® (h 2 H;el;e2;e32
f+; ;0g;a;b;c2 O)

LaN! LbNF LcNF

i N gemmanon i h @
= [ EiolS)
d|V|de im

[iSES) — "D

merge

endocytosys i
ht] hl ha h2
exocytosys — ()

Fig. 6.3 Membrane handling operations.

dlssolutlon
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ﬁ

6.6 Variations of P-systems with active membranes

Membrane creation. Thisruleisa ! [nV]n, i.€., after its application a new mem-
brane is inserted into the system. The rules in the new memltapend oh and they
are taken from a dictionary. The K rule is

al LvM
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Merging of membranes. This rule is[yX]n[hoy]ho ! [hooz]noo, allowing to merge
the contents of two neighboring membranes (the ruleqyor],« are taken from a
dictionary). The K rule is

Lx M Ly Mo! Lz Mow

Split of membranes. This operation is opposite to merge. Its formafH®z]poo !
[rX]h[neY]ho and the K rule is

LZMow! LXM Ly Mo

One appealing version is to put into a membrane the objecsgdfen type and in the
other the remaining ones.

Endocytosys and exocytoses.Endocytosysis a rulg X]n[nelno ! [helnYln]no, i-€., in
one step a membrane and its contents enter into a neighbogntprane. The K rule is

LxM 1 Iho
Ly M

Gemmation. One can encapsulate into a new membrigge]en a partu of the so-
lution to be carried to membrarig ]Jn. The new membranganulan travels through
the system, being safe for its contents. By conventionaitdls with the speed of one
membrane per clock cycle following the shortest path towaine destination.

The nal result may be described as in the case of generakcbpjenps. What is dif-
ferent here is the step-by-step journeygf ulgn . This can be done using the shortest
path fromh®to h in the tree associated to this membrane systefthe details are left
to the reader.

7 Implementation, experiments

The intractability of P-systems with plain objects. While P-systems is a model with
massive parallelism, its huge potential is not fully extgdiby current approaches due
to the lack of object structur®. The illustrating example of computing with the P-
system in Fig. 3.1(b) is not a fortunate one. For instancegicesent 999 one needs 999
objects in the membrane and the computation ends up withG#98bjects in the nal
region; however, during computation an exponential meismaio record the number of
steps is used and in an intermediary soup there are mor@anbjects, signi cantly

19 0ne does not consider the complicated case when the detiegsylost into the system due to a recon g-
uration of the membrane structure.

20 A few P-systems with particular structured objects (ssingpnformons) are presented in [20, 12].
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more than the atoms in the UniverSeThere are other sophisticated representation
mechanisms in cells which may be used to achieve fast arablelcomputations of
interest for cells themselves. As shown below, with strredobjects we break ground
and achieve fast computations for P-systems with strudtobgects.

A K/Maude implementation. We have developed an application for running P-systems
using our embedding of P-systems in K and the implementafiéhin Maude (Maude
[10] can be downloaded at http://maude.cs.uiuc.edu/).appdication can be accessed
online at

http://fsl.cs.uiuc.edu/index.php/Special:MaudeStepp eron
line
One can choose the examples in the p-system directory. Tpleajon allows to run
a P-system blindly, or in an interactive way; another opt®to ask for displaying the
transition graph. (The options for interactive running oagh display make sense for
small examples, only.)

Results: structured vs. unstructured objects. We have performed a few experi-
ments, both with plain, unstructured objects and with $trex ones.

For the former case, we implemented the P-system in FighB.{{\Ve have already
commented on its intractability above.) We run experimentsur server with the fol-
lowing constraints: up to 2 minutes and using no more than MB80of RAM. With
these constraints, we were able to commagbutonly up ton = 18. The results are
presented in Table 7.3(a).

For the latter case (structured objects) we limited oueselw natural numbers and
run two experiments with P-systems for computing factdiiaiction and for looking
for prime numbers using Eratosthenes sieve. In both casesyere able to run large
experiments: in the rst case, we were able to com@Q@80!(a number with 12149
digits) within the given constraints; in the second cadgrahe numbers less than 1500
where found in no more than 1 minute. The results are colieat&able 7.3(b),(c). The
transition graph for the example with prime numbers umte 10 is displayed in
Fig. 7.4.

The P-systems for the last two examples are at, the comjmurtdeing similar to that
used in -programs. It is possible to describe P-systems with monalbmanes for this
problem and to nd the resulting speedup, but this is out & $tope of the current
paper.

21The Universe is estimated & 107° hydrogen atoms, whil&%%° is roughly103%°
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square|| time(ms)| rewritings | parallel steps|
6 11 2316 13
10 123 20012 21
15 3882 562055 31
18 32294 | 4463244 37
19 failure
()
factorial || time(ms)| no rew. | parallel steps
10 0 93 4
100 8 744 7
1000 545 7065 10
3000 6308 21079 12
3500 failure
(b)
primes || time(ms)| norew. | parallel steps
10 1 156 2
100 33 16007 6
1000 19007 | 2250684 14
1500 50208 | 5402600 15
2000 failure
(©)

Table 7.3 Runs for P-systems with and without data structure on object

8 Related and future work, conclusions

A similar approach to membrane computing via rewriting togias developed by Lu-
canu and his collaborators in a series of papers, inclu@r§]l The focus in the cited
papers was to use rewriting logic to study the existing Resyis, while our approach
is more on exploiting the relationship between P-systendstlae K framework for en-
riching each with the strong features of the other.

K was designed as a framework for de ning programming larggasaand has powerful
mechanisms to represent programs via its list structures e@bedding of P-systems
in K suggests to include@ontrol nucleusn each membrane. The role of this structure it
to take care of the rules which are to be used in the membraneckus generates a set
of rules for the next (nondeterministic, parallel maximstg@p. When the computation
step is nished the rules are deleted and the nucleus pradacew set of rules to be
used in the next computation step, and so on. This way, oseagaiwerful mechanism
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Fig. 7.4 The graph of computing the prime numbers up to 10.

for controlling the evolution of P-systems, narrowing thierherent nondeterminism and
opening a way to a better understanding of their behavior.

The classical model of P-systems uses a xed set of rulesdfoln enembrane, so a sim-
ple nucleus program may be used to generate this set of tdash step. One can think
at multiple possibilities for these nucleus programs — ksao the structured objects,
any program written in a usual programming language may bd.uehe embedding of
P-systems in K described in this paper naturally extendsisontew type of P-systems
and may be used to get a running environment for them.
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In this work we propose a translation scheme to obtain P systeith mem-
brane creation and division rules from transitions of Maéti Tree Automata
(MTA).

1 Introduction

The relation between membrane structures and MultisetAue@mata (MTA) has been
explored in previous works. So, in [11] we introduced theriat model of Multiset Tree
Automata, and in [6] this model was used to calculate ediiistances between mem-
brane structures. A method to infer multiset tree autonrata inembrane observations
was presented in [12], while in [13] different families of mbrane structures were
characterized by using multiset tree automata.

In this work we propose a translation scheme to obtain mengaes from MTA tran-
sitions. The advantages of this approach are clear so wengalerinent a computer tool
to automatically obtain membrane rules (i.e. simple P sysjdrom a set of trees that
model the desired behavior of the membrane structures dicepto [12]. The structure
of this work is the following: rst we give basic de nitionsred notation for tree lan-
guages, P systems and multiset tree automata. Then, wesgrepanslation scheme
to obtain membrane rules from MTA transitions. We analyzedbrrectness and ef -
ciency of the proposed scheme. In the last section, we giveguidelines for future
research.

2 Notation and de nitions

In the sequel we provide some concepts from formal languagery, membrane sys-
tems and multiset processing. We suggest the books [1Gn@]2] to the reader.

Multisets. First, we provide some de nitions from multiset theory apezed in [14].
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Let D be a set. A multiset over D is a pdiD;f i wheref : D ! N s a function.
Suppose thaf = HD;f i andB = HD;gi are two multisets, then the substraction of
multisetB from A, denoted byA B, is the multiseC = hD; hi where foralla2 D
h(a) = max(f (a) g(a);0). The sum ofA andB is the multiselC = hD; hi, where
foralla2 D h(a) = f (a)+ g(a), denoted byA B.We say thaf is emptyif for all

a2 D,f(a)=0,andA = B ifthe multiset(tA B) (B A)isempty.

The size of a multiseM is the number of elements that it contains and it is denoted

by jM|j (observe that we take into account the multiplicities of rgvelement). We

are specially interested in the class of multisets that welrzunded multisetsThey

are multisets that hold the property that the sum of all tleeneints is bounded by a
nstanin. Formally, we denote b (D) the set of all multiset$D; f i such that
a2p T (a8) = n (observe that, in this casi); f i should be nite).

A concept that is quite useful to work with sets and multisethe Parikh mapping
Formally, a Parikh mapping can be viewed as the applicatio® ! N" whereD =
fdi;dz;  ;dhg.Givenanelement 2 D wedene ( X) = (# q,(X); $# 4, (X))
where# g, (x) denotes the number of occurrencesipfn x, 1 j  n. Finally, in the
following, we work with strings representing multisets., $fte multiset represented by
x is the multiset with elements that appeaxiand multiplicities according td x).

P systems. We introduce basic concepts from membrane systems taken[8Db A
transitionP system of degrem is a construct

=( V;T;C swy; ;wWmi(R1y 1) 5(Rms m)iio),

where:

V is an alphabet (thebjects,
T V (theoutput alphabét
C V,C\ T=; (thecatalysty,
is a membrane structure consistingoefmembranes,

wi,1 i m,isastring representing a multiset oXemassociated with the region
i )

Ri,1 i m, is a nite set ofevolution rulesoverV associated with theth
region and ; is a partial order relation oveR; specifying apriority.

An evolution rule is a paifu; v) (oru! v)whereu is a string oveV andv = v°
orv = v wherevis a string over

fanere ;@out;@n; ja2 Vil j  mg

and is a symbol not iV that de nes themembrane dissolving actioRrom now
on, we denote the sdr byfhere;out;ingj1 k mg,
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ip is a number between 1 amad and it speci es theoutputmembrane of (in the
case that it equals tb the output is read outside the system).

The language generated byin external modeig = 1 ) is denoted by () anditis
de ned as the set of strings that can be de ned by collectimgabjects that leave the
system by arranging them in the leaving order (if severagotsjleave the system at the
same time then permutations are allowed). The set of vectmbiers that represent the
objects in the output membrangis denoted byN () . Obviously, both setk () and

N () are de ned only forhalting computations

Many kinds of rules have been proposed in P systems for orgadivision and mod-
i cation of membrane structures. There have been severaksvim which these rules
have been proposed or employed for different purposesf@eexample, [1, 7-9]).

In the following, we enumerate two kinds of rules which aréeab modify the mem-
brane structure, according to [1]

1. Division:[haln ! [h[h,@1lh, [h,@2]h,  [h,@p]n,]n- The objecta in regionh is
transformed into objecta;; a; ;ap. Then,p new regions are created inside
h with labelshy; hs; ;hp, and the new objects are communicated to the new
regions. This rule is a generalization of the 2-divisiorerpfoposed in different
works such as [1].

2. Creation:a ! [hblh. A new region is created with labél and the object is
transformed into objediwhich is communicated to the new region.

The power of P systems with the previous operations and athes (e.g.exocytosis,
endocytosisetc.) has been widely studied in the membrane computiregy &een that

the previous operations can modify the membrane structuméPosystem during the
computation, we denote Isgr () the set of membrane structures (trees) that eventually
are hold by during its computation. Observe that this de nition wasdibg Freund

et al.[4], in order to de ne tree languages generated bgystems. In such case, only
the membrane structures obtained after halting were ceresid

Tree automata and tree languages. Now, we introduce some concepts from tree lan-
guages and automata as exposed in [3, 5]. First,lahked alphabelbe the association
of an alphabeV together with a nite relatior in V.~ N. We denote by, the subset

f 2Vj(;n) 2 rg. We denote bynaxarity (V) the maximum integek such that
Vk 6 ;.

The setvT of trees oveV, is de ned inductively as follows:

a2 VT foreverya2 Vj
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(t1;5t0) 2 VT whenever 2V, andty;::;t, 2 VT, (n> 0)

and let aree languageverV be de ned as a subset ¥ .

Given the tupld = hl; 2;:::; ki we denote the set of permutationd dfy perm(l). Let
t= (t1;::;ty) be atree oveY T . We denote the set of permutationstaft rst level
by permq(t). Formally,permy(t) = f (ti,;:ti, ) jhiq; iz ini 2 perm(hl; 2;
:ni)g.

LetN be the set of nite strings of natural numbers formed by ugimg catenation as
the composition rule and the empty wordhs the identity. Let the pre x relation in
N be de ned by the condition that v ifand onlyifu w = v for somew 2 N
(u;v 2 N ). A nite subsetD of N is called aree domainif:

u vwherev 2 D impliesu 2 D; and
ui2Dwheneveu j2D @ i )

Each tree domaib could be seen as an unlabeled tree whose nodes correspdmad to t
elements oD where the hierarchy relation is the pre x order. Thus, eaelet overV

can be seen as an applicationD ! V. The seD is called thedomain of the tre¢,

and denoted bgom(t). The elements of the tree domaiam(t) are calledoositionsor
nodesof the treet. We denote by(x) the label of a given node in dom(t).

De nition 1 Adeterministic nite tree automatas de ned by the tuplé& = (Q;V; ;F)
whereQ is a nite set of statesY is a ranked alphabet witm as the maximum integer
inthe relationr, Q\ V = ;;F  Qisthesetof nalstatesand= ., ¢. iisa
set of transitions de ned as follows:

n:(Mn QL VO)M)! Q n=1;:::;;m
o(@=a 8a2 Vy

Given the statg 2 Q, we de ne theancestorsf the statey, denoted byAnt (q), as the
set of strings

Ant(g) = fpr  pnjpPi2Q[ Vo n(iP1i5Pn) = O9

From now on, we refer to deterministic nite tree automatagly astree automata
We suggest [3, 5] for other de nitions on tree automata.
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The transition function is extended to a function: VT I Q[ Vo on trees as follows:

(a) = aforanya?2
M= n(; (ta);:iz () fort = (ts;:::55ta) (n> 0)

Note that the symbol denotes both the set of transition functions of the automatal
the extension of these functions to operate on trees. Irtiaddiyou can observe that
the tree automatoA cannot accept any tree of depth zero.

Multiset tree automata and mirrored trees. We extend some de nitions of tree au-
tomata and tree languages over multisets. We introducedheept of multiset tree
automaton and then we characterize the set of trees thatepts

Given any tree automatgh = (Q;V; ;F)and (;p 1;P2;:::;Pn) 2 ,We can asso-
ciate to , the multisetQ[ Vo;fi2M ,(Q[ Vo) wheref isde ned by ( pipz2:::pn).
The multiset de ned in such way is denoted M ( ). Alternatively, we can de-
neM (np)asM (p1) M (p2) M (pn) where81 i nM (p) 2

M (n)=M (9 then , and  are de ned over the same set of states and symbols
but in different order (that is the multiset induced hpy ; p2; ;pni equals the one
induced byhp9pd ::: pli).

Now, we can de ne anultiset tree automatothat performs a bottom-up parsing as in
the tree automaton case.

De nition 2 A multiset tree automatas de ned by the tuplMA = (Q;V; ;
F), whereQ is a nite set of statesy is a ranked alphabet witmaxarity (V) = n,

Q\V =;,F Qisasetof nal states andis a set of transitions de ned as follows:
1
- I
1 i n
i:V, 6
it (Vi M Q[ Vo)) 'P (M 1(Q)) i=1;5n
o@=M (a)2M 1(Q[ Vo) 8a2 Vo

We can observe that every tree automatode nes a multiset tree automatdA as
follows
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De nition 3 LetA = (Q;V; ;F) be a tree automaton. The multiset tree automaton
induced byA is de ned by the tupléMA = (Q;V; %F) where each %is de ned as
follows:M (r) 2 2(;M )if o(;p1;p2;iipa)=randM (n)= M.

Observe that, in the general case, the multiset tree automatuced byA is non
deterministic.

As in the case of tree automat&could also be extended to operate on trees. Here, the
automaton carries out a bottom-up parsing where the tupksies and/or symbols are
transformed by using the Parikh mappingo obtain the multisets iM , (Q [ Vo). If

the analysis is completed anfireturns a multiset with at least one nal state, the input
tree is accepted. So? can be extended as follows

%a)= M (a)foranya2 Vo
()=fM 2 J(;M 1 Ma)jMi 2 %)l i ng
fort = (ti;::::ta) (n> 0)

Formally, every multiset tree automatbhA accepts the following language

L(IMA)=ft2VTjiM (o) 2 %t);q2 Fg

Another extension which can be useful is the one relatedd@iitestors of every state.
So,wedeneAnt (q)=fMjM (@ 2 »(;M )g.

The following two results formally relate tree automata amaltiset tree automata.

Theorem 1 (Sempere and &pez, [11]) LetA = (Q;V; ;F) be a tree automaton,
MA = (Q;V; %F) bethe multiset tree automaton inducedbgndt = (t1;:::;t,) 2
VT If (t)= gthenM (g) 2 Yt).

Corollary 1 (Sempere andidpez, [11]) LetA = (Q;V; ;F ) be a tree automaton and
MA = (Q:;V; % F) be the multiset tree automaton inducedAylf t 2 L(A) then
t2 L(MA).

We introduce the concept afirroringin tree structures as exposed in [11]. Informally
speaking, two trees are related by mirroring if some pertiara at the structural level
hold. We propose a de nition that relates all the trees wlitis tnirroring property.
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De nition 4 Lett ands be two trees fronv " . We say thatt ands are mirror equivalent
denoted by / s , if one of the following conditions holds:

lL.t=s=a2V

2. t 2 permy(s)

3.t= (t1;::::th),s= (S1;:::;Sn) and there existbs?; s?;:::; sKi
2 perm(bsy;sy; i Spi) suchtha8l i nt; /s’

Theorem 2 (Sempere and Gpez, [11]) LetA = (Q;V; ;F) be a tree automaton,
t= (ti;::ty)2VTands= (sy;:::;sp) 2 V'. LetMA =(Q;V; %F) be the
multiset tree automaton induced By If t /s then qt) = Ys).

Corollary 2 (Sempere and @épez, [11]) LetA = (Q;V; ;F) be a tree automaton,
MA = (Q;V; %F) the multiset tree automaton induced Ayandt 2 VT.Ift 2
L(MA) then,foranys2 VT suchthat /s ,s2 L(MA).

3 From MTA transitions to membrane rules

In this section, we propose a translation scheme to obtaiystms from MTA. The
relation between the input and the output of the scheme iweth@t the end of this
section. In addition, we show that the obtained P systemrgezemembrane structures
which can be represented by trees that the input MTA accejpss, we provide a couple
of examples that give some intuition in the scheme that wpgse later.

Example 1 Consider the multiset tree automaton with transitions:

(;aa)=a
(;a)=
(;ag2)=q
(;0101)=n
(;ag2th)= 2 F

Then, the following P system is able to produce, during déffeé computations, a set
of membrane structures such that the set of trees inducekdmy are the set of trees
accepted by the MTA.

=( fajbgifaibg:;:fg:biiiii(Ra,ii)i (Re:i:)i(Raiii)i1 ), where

R% = fb! a[QZ b]QZ [Q1 b]ih O
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Rq, = fb! afg,blg,;b! ag, and

Rg, = fb! aab! [g blg [q blq. 0

Observe that we have made a top-down design, in which welstamalyzing the nal

states (in this casg) and then we obtain the ancestors of every state accorditig wi
by using membrane creation and membrane division.

Let us see the following example, where the number of nalestés greater than one.

Example 2 Let us take the MTA de ned by the following transitions

(;aa)=w 2 F (1)
(;bb)=p 2 F 2
(;g2)= 2 F )
(;g1m)=w 2 F (4)
(;d2t)=w 2 F (5)

The following P system is associated to the previous MTA.édisthat we have added
a superscript to every membrane rule according to every MaAdition.

=( fabg;faib@:; ;o3 (Roi: )i (Rei: )i (Rais )i 1), where

Ro= fc! aa®;c! b#;c! [,Cl,[e, 0% ¢! o Cloy [ O ;
5
C! [Q2C]Q2[Q1C]((h)g

Re, = fc! bB?;c! [5,cledy g
A
Re = fc! aa®;c! [l le 0l g

We propose Algorithm 1 as a translation scheme from MTA tog®esyis. The main step
of the proposed algorithm, is step 5 which uses a transfoom@t. overM (). We
formally de ne the transformatiof ¢ as follows:} c(p1 px) = }c(p1) 3} c(pk),
where

(

bey= P IR2 o

[Pi C]Pi if Pi 2 Q

Now, we can formally prove the correctness of the proposgdriahm through the
following result.
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Algorithm 1 A translation scheme from MTA to P systems.
Input: AMTA A =(Q; ;;F)

Output: AP system = ( V;T;;:[lo;Cii; 55:(Ros 0); :(Rm; m);io) such
thatstr() = L(A)

Method:

1.V=T= o[f cgsuchthat2z

2.m=jQj

3.i=;0 i jQj

4R =;0 i jQj

5. Forevery transition in suchthat (;p1  p) = g
Ifg 2F
then AddtoRg therulec! }c(p1 pk)
AddtoR; therulec! }c(pr  pk)

6. Return( )

EndMethod.

Proposition 1 Algorithm 1 obtains a P system from the input MTAA such that
str()= L(A).

Proof The key step in the proposed algorithm is step 5. Observéhibatep 5, ensures
thatif (;p1 px) = g then the regiorR; holds a rule such that for every staie
in the ancestors ofj , according to the transition, a new regifyc]y is created. On
the other hand, every symbal2 p;  px is created in regioiR; . So, if the structure

(P2 px) (orany mirrored one) is reduced to the stgtén the MTA A, the structure
}e(pr  px) is created in the P systeminside the regiorR; . In addition, ifg 2 F
then all the (mirrored) trees reduceddoare accepted b, so this is the reason why
all these structures are inside the skin redin

On the other hand, observe that the unique object which @atenew membranesds
which does not belong tog. We have introducedbecause the rest of symbols are just
leaves in the trees accepted Ay So, once any of the leaves appears, it remains in the
region as a an object that cannot evolve anymore. Finakyotijects disappear when

all the leaves of the trees are created.

Another aspect that we take under our consideration is tiseenty of the proposed
algorithm. We analyze its complexity time through the fallog result.

Proposition 2 Algorithm 1 runs in polynomial time with respect to the sizéhe input
MTAA.
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Proof Again, the main step of the proposed algorithm is step 5. Heeemake as
many operations as the number afransitions. For every transition, we must evaluate
the transformatioh . which is quadratic with the size of the ancestors of evergsiad
the union offQj and . This holds a quadratic running time for Algorithm 1. 2

4 Conclusions and future work

In this work we have proposed a full translation scheme fromAMo P systems. The
proposed algorithm correctly and ef ciently performs tharislation task. This scheme
gives a formal proof for the relation between the structyreserated by the P system
with membrane creation and membrane division and the treeespted by MTA. This
result was pointed out in previous works such as [6,11-13].

Actually, we are developing a computer tool that holds tfeppsed translation scheme.
This tool will help to analyze the membrane dynamics in Paystby using the results
proposed in [12]. Furthermore, we will be able to propos@ahP systems based only
in the membrane structures we want to generate which williveleed later with the
corresponding evolution and communication rules.

On the other hand, a topic which has been investigated ingusworks is the relation-
ship between MTA and P systems. We can study in depth sometasge¢he P systems
by only observing the membrane dynamics. This study can biewed by characteriz-
ing different MTA classes as was proposed in [13]. We thirdt thie must keep on this
research in order to get a complex picture of different Paystand their relations by
using only MTA.
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We have proposed a deterministic approach for simulatirgmital reactions,
the Deterministic Abstract Rewriting Systems on Multis@8RMS. DARMS

is an approximate procedure of an exact stochastic methsidhoflating chem-
ical reactions. DARMS is not a stochastic method but a detestic method,
where reactions rules are applied in maximally parallelu§ i DPARMS has
good accordance with conventional P Systems with acceplast of chemical
accuracy. We have composed a simulation method for theioeadiffusion-

convection model of chemical reactions by synthesizing DFRand the Lat-
tice Boltzmann Method (LBM); LBM is a discrete expressiontioé Navier-
Stokes Equation.

1 Introduction

DARMS, a variant of conventional P System with chemical aagcy. There are two
formalisms for simulating spatially homogeneous chemsyatem; the deterministic
approach by a set of differential equations and the stoha@gproach based on a single
differential equation. The stochastic approach has a rpigsical basis, which is based
on the master equation than the deterministic approachhbuhaster equation is often
mathematically intractable. Thus there have proposed hodeb make exact numerical
calculations within the framework of the stochastic foratidn, such as the Gillespie
method, without having to deal with the master equationadiyeHowever such method
requires large amount of system time on simulation. And inyBt&ns, for simulating
(bio)chemical systems, the MP system has been known [13A[8pvel method that
we propose is Deterministic Abstract Rewriting System oritidets (DARMS), which
is a deterministic approach based on an approximate proe@dwan exact stochastic
method. DARMS can produce signi cant gains in simulatioreeg with acceptable
losses in accuracy and since reaction rules are appliedwieistically (not stochastic)
and maximally parallel so it has good accordance with cotiweal P Systems [16]
with acceptable loss of chemical accuracy.
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Reaction-Diffusion-Convection modelRecently, reaction-diffusion-convection (RDC)
phenomenon, RDC in a nonequilibrium chemical reaction teen observed with in-
terest by reseachers. For example, the Belousov-Zhakitieaction (BZ reaction) is

a typical nonequilibrium chemical reaction but also the RE#D be observed. In order
to understand nonequilibrium phenomena, it is importaniriderstand the reaction-
diffusion-convection phenomenon, however in order to nitite RDC, we have to in-
tegrate the reaction-diffusion equation and the Naviek&s equation and it is not easy
to simulate and analyze. Thus in order to model the RDC, wegiate the DARMS
and the Lattice Boltzmann Method, LBM. LBM is a discrete eegmion of the Navier-
Stokes equation.

2 Abstract Rewriting System on Multisets, ARMS

An ARMS [17]is a construct = ( A;w; R), whereA is an alphabety is a multiset
present in the initial con guration of the system, aRds the set of multiset rewriting
rules.

Let A be analphabeta nite set of abstract symbols). AultisetoverA is a mapping
M : A 7' N, whereN is the set of natural numbers; 0, 1, 2,.... For eaci2 A,
M (&) is themultiplicity of & in M , we also denot# (&) as[a;].

We denote byA” the set of all multisets oveX, with the empty multiset,, de ned by
;(@)=0 foralla2 A.

is the addition of vectore/; andw, that represent the multiseté,; M ,, respectively.
If M1(a) My(a)foralla2 A, then we say that multisdd ; is included in multiset
M, and we writeM1 M.

A reaction rule overA can be de ned as a couple of multisets; u), with s;u 2 A%

A set of reaction rules is expressedRs A rule r = (s;u) is also represented as
r = s! u. Given amultises |, the applicationofarule = s! u to the multiset
w produces a multisat® such thaiv®= w s+ u. Note thats andu can also be zero
vector (empty).

Thereaction vectar ; denotes the change of the numberapmolecules produced by
one reaction of rule; .

2.1 ARMS with chemical kinetics We modify the ARMS [21] [20] for modeling
chemical kinetics and this enables us to use experimerdhbtigined reaction rates di-
rectly, similar to the derivation of the Gillespie's “leap method” [10].
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In order to handle experimental data, we employ multisetk véial multiplicities; such

Let us assume that there @&de 1 molecular speciebay;::;;a,0;a 2 A that inter-
act through reaction ruleR = fry;:::;rng. As the time evolution ok unfolds from
a certain initial state, let us suppose the state transafaihe system to be recorded
by marking on a time axis the successive instdnfs$,;::: asX (tj) (j = 1;2;:).
We specify the dynamical state »ft) (X (ai(t); X (az(t));:::; X (an (1)), where
X (g (1)) is the molar concentration @ specie attime, t 2 R.

Chemical kinetics. We assume that all chemical reactions take place in a wekdt
reactor; this assumption is required due to the strong diase of the reaction rate on
the concentration of the reagent species. We de ne theifomti, called thepropensity
functionforrj 2 R by

fj(X): C]hj, (51)
wherec; denotes the average probability that a particular comiminaif r; reactant

molecules will react in the next in nitesimal time intervdt andh; is the number of
possible combinations of the species pin dt.

f; x(t)dt means that the probability that reactignwill occur in the next in nitesimal
time intervallt;t + dt); (j =1;:::;m).

The time evolution ok(t) is a jump Markov process [12] on thé-dimensional non-
negative lattice. In this case, an ARMS hagiacroscopically in nitesimal time scale

, Where reaction rules can be applied several times simediasly, yet since the sto-
ichiometrical change of the state duringis small enough, none of the propensity
functions change appreciably.

The parameter corresponds to (small time interval) in the Gillespie's method [10]
and it satis es theLeap Conditiorgiven below; an amount that spans aery large
number of applying every reaction rulssll satis es the Leap Condition.

Leap ConditionWe require to be small enough that the change in the state during
[t;t + ] will be so small that no propensity function will suffer anpaieciable (i.e.,
macroscopically nonin nitesimal) change in its value.

We also assume that the number of applications of each osactie in  obeys

WP (fj(x); i=fj(x) 1(8j =1;:;m); (52)

whereRA(f; (x); ) isthePoissomandom variables is the number of reactions that occur
in .
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Here, let us consider the probability functigh de ned byQ(zs; ::5; z«j ; x;t), which
means the probability, giveK(t) = x, that in the time intervalt;t + ) exactlyz
times of rule applications ar; will occur, for eachj = 1;:::;m. Qis evidently the
joint probability density function of thé integer random variableZ; ( ;x;t) means
the number of times, giveX(t) =x, that reaction rule; will apply in the time interval
tt+)( j=1;m5m).

If the equation (52) is satis ed, thBoissorrandom numbers will be practically indis-
tinguishable fromnormalrandom numbers, which are uncorrelated statistically inde
pendent normal random variables with mean 0 and variance 1.

Then the jump Markov process can be approximated bytimginuoudviarkov process
de ned by the standard form athemical Langevin equatiq@LE).

x X X .
i= zoy= fia= i)+ ;%) 2] i
j=1 j=1 j=1
xn 1 .
= i fj (<) + i f7ong 2 (53)
j=1 j=1

wheren; is temporally uncorrelated statistically independentmalirandom variables.
SinceZ;( ;x;t)= P(fj(x;)) ,itisequaltofj(x) , by the equation (52).

In casefj(x) ! 1 ,(52) implies that in the part; (x) + ( f;(x) %nj of the
equation (53) the second term becomes negligibly small @vetpto the rst term and
i inthelimit (f;(x) !'1 ), because

xXn xXn
i = z i = [f(x)] i
j=1 1

= i fj(x) - (54)
j=1

This is the Euler formula (piecewise linear approximatitor)numerically solving the
RRE. It shows how to derive the continuous and determini&RE of traditional chem-
ical kinetics from the stochastic method. Singef; (x) represents the stoichiometric
change in the next in nitesimal time, it can be regarded asrtaction rate of;, v;,
and we obtain:

xn xXn
i = i T (x) Vi (x) (55)
j=1 j=1
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In the Gillespie leap method, the number of applications of each rule withigiran-
domly generated according to tiissoror Normaldistribution and ; is calculated.

In the ARMS, ; is calculated by using the reaction rate given by the equd8). As
in the numerically solving an ordinary differential equoatiof the formdX=dt = f (X)

by the Euler method, a leap down the stepwise time axis lagcording toX (t+ ) =

X (t)+ f (X (t)) will produce errors whenever the functibnchanges during that

increment.

It is well-known that the second-order Runge-Kutta procedan reduce these errors;
use the simple Euler method to estimate the “midpoint” valu during , and then
calculate the actual incrementi by evaluating the slope functidnat that estimated
midpoint. The midpoint value can be obtained from the exgestate change asx

+ 5. In the Gillespie's leap method, this procedure is used and it shows that this
procedure can reduce numerical errors [10].

2.2 Algorithm of DARMS In Deterministic Abstract Rewriting System on multi-
sets (DARMS), reaction rules are applied in maximally paftand deterministic way.
Hence, the DARMS accommodates P Systems, while it has bawkdrin theoretical
chemistry [20].

Step Q@Initialization). The timet is set to 0 and the set of vectovs= ( 1; 2;::; N
(j =1;2;:::;m), expressing the stoichiometric change of each specieitiedized.
Then all inputs of the system are assigned to their respeetiviables,

X (a1); X (a2);:::; X (an ) are set to the initial quantities of species;
ki;:: km to setm rate constants corresponding to thereactions;
tstop to the ending instant of simulation;

set the value of ;

Step 1Calculation of state change vector). According to reaction rules, stoichio-
metric change of each specigis calculqjed as well as the state change vectors
(1; 235 N)is calculated, wherej = jm:l i Vi X(t)

Step 2System update and branching). The quantity of each spawdiss updated, by
using  and

x(@=x(t )+ ¢
to=t+
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Ift  tswop orif there are no reactions left in the reactor, the simolais stopped and
the results are sent to the output stream. Otherwise, théafion returns tcStep 1

In order to simulate pattern formation, we compose cellalaromata by using the
DARMS and call it Cellular Automata of Abstract Rewriting Sgm on Multisets
(CARMS) [20]. As for the calculation of diffusion, we use a@mtional explicit scheme
of difference method to solve partial differential equatif diffusion and for the cal-
culation of convection, we use the Lattice Boltzmann Metfdd.

2.3 Lattice Boltzmann Method (LBM) The lattice Boltzmann equation (LBE) method
is emerging as a physically accurate and computationadilei tool for simulating
laminar and turbulent ows. On the theoretical front, rigais mathematical proof now
exists demonstrating that the lattice Boltzmann method\)L.B& a special nite differ-
ence scheme of the Boltzmann equation that governs all ws (the Navier-Stokes
equation also has its basis in the Boltzmann equation).

The basic LBE for a single-component medium consists of tasidsteps: collision
and advection. The particle distribution function is thafized locally through collision
processes and advection to the closest neighboring sitesaccording to a small set
of discrete particle velocities. The LBE proposed here ésléttice Boltzmann scheme
with BGK approximation [2];

n(xte att 90 (6 TG Gyl (56)
wheren is the number density distribution function with discretdocity e n®? is
the equilibrium distribution function andis the relaxation time (towards equilibrium)
which determines the viscosity. The time-step size jsvhich is the time taken for the
advection process to be completed. For the sake of simpligthout losing general-
ity, we adopt the nine-velocity model. Then the equilibrigistribution function for
isothermal eld is given as

1
2cq
in which the discrete particle velocities and the weighting factow ( =0,1,2, ,8)
are

(e u? Su] (57)

1
(eq) —
n'®¥ = w n[l+ (e wu
[ c§( ) c?

8
2 (0;0) =0

e = (coq( 1) = 2]); sin|( 1)=2] =1;2;3;4 (58)
© (cod( 4) = 4]); sin[( 5)=2+ =4] =5;6,7;8

and
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8
249 =0
e :>1:9 =1;2,3,4 (59)

1=36 =5:;6;7;8

respectively. The sound speedns = 1:p 3( x= ) with  being the lattice constant
of the underlying square lattice. The macroscopic quastisuch as particle density n,
mass density ?? and mass velocitgre given by

X
n= n (60)
= mn (61)

X
u=m ne (62)

wherem is the molecular weight (for more detail of the LBM, refer [11

3 Lattice Boltzman Equations for Reaction ow

In a reacting ow, the state of the uid at any given point inesge and time can be
completely speci ed in terms of uid velocity, compositiorector (either in terms of
mass fraction or concentration). We will need to develodtBE for all these variables.
For generating a background ow, the conventional LBM stéps of collision (relax-

ation) and streaming (convection) are used. However foctimeentration elds, there
is an extra sub-step between collision and streaming ®fs$b account for reaction-
diffusion and convection. This is identical to the timeitjplg approach used in contin-
uum methods for chemically reacting ows.

The background ow- eld is obtained using the following si@l for partial pressure

p(x+eiteD)=p () o (p  peON] (63
p

where 9 3
p(eq) =w p[l+3(e u)+ E(e u)2 Eu2] (64)

The total pressurp(= ¢ 2) and the uid velocity are calculated using
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X
p= p (65)
1 X
u= [—) €alpha P (66)

This is the velocity used for determining the equilibriunstdbution functions in tem-
perature and concentration elds.

3.4 Concentraton elds For concentration eld, there is an extra computational
sub-step, reaction and diffusion by using the DARMS and C/ARbé&sides conven-
tional computational sub-steps of collision and advection

Collision of chemical specie.
ifvet) — Vify- 1. i(eq)(x;t)
YOG = Yixit) =Y (x;t) Y V] (67)
i

whereY' denotes the concentration of chemical spécie

YD = w Yi[1+3(e u)+ g(e Ju)? guz] (68)
and X

yi= vl (69)

Relaxation time-constantis determined by thermal diffusivity ang's are determined
by the diffusivity of corresponding species.

4  Simulation of the Oregonator

The Oregonator scheme is outlined in Table 4.1: In this papesmbination of Tyson's
"Lo” [19] and Field-Forsterling values [7] (TFF parame}are used [14]k; : 10°PM 2
S Lk,:2M 3S L:kz:2 10°M 1S L:k,:10M 2S L:ks:B 2 10 %S 1
whereM stands for one molar, arfél stands for a second.

4.5 Results of the simulation We take the non-slip boundary condition (the ve-

locities of particles which hit the wall are inverted aftéetcollision). The condition

of the simulation is described as follows; the amount of cotapon steps is 20,000,
=0 :01, =10;1:0 10*1:0times10’, the diffusion constant® obtained by
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X:Y:H f1 2W : (rq);
AY:2H F Xow (rp):;

2X £ AW:H :(ra);
A; X;H fs 2X; 27 : (ra);
B;Z s 05y : (rs).

Table 4.1 Oregonator

chemical experiments [14]ct? / sec.) ofX;Dx andZ;Dz arel:5 10 ° and
Dx =0:9 10 °.

It is assumed that the size of reactor in the CARMS is a 6¢cBtm square, where 50
50 DARMSes are placed. So, the distance between DARMSes is 5%cm. In the
chemical experiment of BZ reaction, usually a excitatiomp® generated by stinging
a sliver stick, which evokes oxidation reaction. In ordeexpress the generation of the
excitation point, we change the concentratiolXofindY are smaller, while that a2

is 100 times larger.

Fig. 4.1 Time evolution of chemicalsEach line composed of the difference of the time evolution

of concentration of X (top), Y (middle) and Z (bottom) in théARMS, where, time evolution

starts from right toward left. Blue illustrates that the centration is high, while white, low and
=1:.0 10

The results of simulation of the Oregonator illustrate thatCARMS with reaction, dif-
fusion and convection exhibits typical chemical wave spatattern of the Oregonator
on every chemical speck, Y andZ.

Next, we change effectiveness of the convection. Since d@hgewf denotes the ef-
fectiveness, we change= 10 (the effectiveness is strong),= 1:0 10* (middle)
and =1:0 10’ (weak). And we con rmed that the effectiveness of the cotioec
change the spatio-temporal pattern of chemical reactigure 4.2). When the effec-
tiveness is strong (the top line in the gure 4.2), since tbewection was strong, the
reactor was well stirred and spatial patterns were excludettemporal patterns were
preserved. And when the effectiveness is middle (the mitidéein the gure), there
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Fig. 4.2 Effectiveness of the convectioithe difference of the time evolution of concentration
of Z in the CARMS, where time evolution starts from right towdeft. Blue illustrates that the
concentration is high, while white, low. The effect of cootien is changed; the value ofdenotes
the degree of effectiveness of the convection, as tteegetting large, the effectiveness becomes
large. Each line illustrates when= 10 (top), =1:0 10*(middle), =1:0 10’ (bottom),
respectively

emerged spatio-temporal pattern, however, its patterndivBesent from the case when
the effectiveness is weak. When the effectiveness of caiovets weak, it is almost
same to the system only with reaction and diffusion. We cored that when the effec-
tiveness of convection is weak, its pattern (the bottomiline gure) is similar to the
ARMS with reaction-diffusion.
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