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ABSTRACT

We use membrane systems to define a formalism inspired by
cell biology in which mobility and timing are explicitly spec-
ified. In order to reason about the behaviours of complex
biological systems, we introduce several observational equiv-
alences over mobile membranes with lifetimes. These equiv-
alences based on observations correspond to several combi-
nations of mobility operations that can be performed, timing
aspects of the objects involved in mobility and their explicit
positions inside membranes. Various relationships between
these observational equivalences are proved.
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1.

Inspired by the compartments of biological cells and their
movement, we have defined a rule-based model of mobile
membranes [4]. The structure of the cell is represented
by a set of hierarchically embedded regions, each one de-
limited by a surrounding boundary (called membrane), and
all of them contained inside an external special membrane
called skin. A membrane without other membranes inside
is called elementary. The molecular species (ions, proteins,
agents, etc.) floating inside cellular compartments are repre-
sented by multisets of objects described by means of symbols
or strings over a given alphabet. Chemical reactions (e.g,
Hy + O — H>0) are represented by evolution rules that
operate on multisets of objects written as H? + O — H»O,
Permission to make digital or hard copies of all or part of this work for
personal or classroom use is granted without fee provided that copies
are not made or distributed for profit or commercial advantage and that
copies bear this notice and the full citation on the first page. To copy
otherwise, to republish, to post on servers or to redistribute to lists,
requires prior specific permission and/or a fee.

BICT 2014, December 01-03, Boston, United States
Copyright © 2015 ICST 978-1-63190-053-2
DOI 10.4108/icst.bict.2014.257861

TIMING ASPECTS IN CELL MOVEMENTS

173

Gabriel Ciobanu
Romanian Academy
Institute of Computer Science
Blvd. Carol | no.8, 700505 lasi, Romania

gabriel@info.uaic.ro

meaning that we have two objects H and an object O pro-
ducing an object H2O. The biologically inspired rules we use
in this paper are endocytosis (moving an elementary mem-
brane inside a neighbouring membrane), exocytosis (moving
an elementary membrane outside the membrane where it is
placed), and elementary division (dividing an elementary
membrane).

Timing is an important aspect in biological systems: evo-
lution of real systems frequently involves various temporal
interdependence among components [12]. We consider life-
times associated to objects (as done in [3]), and use a global
clock to simulate the passage of time. The endocytosis
and exocytosis rules work whenever the involved membranes
“agree” on the movement by using dual objects a and @ in the
involved membranes. An object a marks the active part of
the movement (is ready to interact when its lifetime reaches
0), while an object @ marks the passive part (is ready to
interact during its entire lifetime).

DEFINITION 1. A system of mobile membranes with life-
times is a construct

ITy = (O, H, pt,we,1, . .., We,n, Re), where:

~

. n>1 (the degree of the system);

2. Oy = O x N is a set of objects with lifetimes, where
O is an alphabet (its elements are called objects), and
(a,tq) represents an object a and its lifetime to > 0;

8. H is a finite set of labels for membranes;

4. o C HxH is the membrane structure, a tree-like struc-
ture in which (i,j) € p denotes that the membrane
labelled by j s inside the membrane labelled by i;

5. w1, w2, ..., W are multisets over Oy describing the
initial multisets of objects with their lifetimes placed in
the n regions of u;

6. The finite set Ry contains the rules for mobile mem-
branes [4], where lifetimes for objects are added, and
rules used to manipulate the lifetimes of objects. The
rules of Rt have the following forms, where (a,0),(a, ta),
(a,ta — 1),(a, ta),(c, te),(b,ty) € Or and h,m € H:

((1) [ (a7 0)] h[ (67 ta)] m - [ [ (07 tc)] h(b7 tb)] m? (endo)
an elementary membrane h containing (a,0) en-
ters the adjacent membrane m containing (@,tz);
(a,0) and (a, tz) are rewritten to (c, t.) and (b, ts),
respectively;



(b) [ [ (a7 0)] h(a7 ta)] m — [ (C7 tC)] h[ (b7 tb)] m (exo)
an elementary membrane h containing (a,0) exits
the parent membrane m containing (@, ta); (a,0)
and (a,tg) are rewritten to (c,tc) and (b,ts), re-
spectively;

[(a,0)],=[(c,te)], [ (b,tp)],; (elementary division)
if containing (a,0), a membrane h is divided into
two membranes with the same label h, and (a,0)
is rewritten to (b,ty) and (c,te).

(d) (a,ta)~(a,ta —1);

(e) (a,0) ~> ¢, for (a,0) € Oy.

(lifetime decrementing)

(object degradation)

In terms of computation, we are working with membrane
configurations. A computation is performed in the follow-
ing way: starting from an initial configuration of the system,
the evolution takes place by applying sequentially rules from
the set R;. A rule is applicable to a membrane configuration
when all the involved objects and membranes appearing in
its left hand side are available. When a membrane is divided,
then all its inner objects are replicated in the two new mem-
branes. When there is no rule from R; applicable, then a
lifetime decreasing step is performed using the rules (d) and
(e): all the objects from a current configuration have either
their lifetimes decreased by one or are eliminated from the
system (depending on the value of their lifetime).

DEFINITION 2. The set M(Ily) of membrane configura-
tions M in a system Il is inductively defined as follows:

e if i € H denotes the label of an elementary membrane
and ug is a multiset over Oy, then (i;us) € M(ILy) is
an elementary membrane configuration;

o if Mi,...,M, € M(Ily), n > 1, i € H and us is a
multiset over Oy, then (i;ue, My|| ... ||M,) € M(IL)
is a composite membrane configuration. Mi|| Mz de-
notes two membrane configurations My and M2 placed
in parallel using the parallel composition operator ||.

DEFINITION 3. For a membrane system Il;, we say that
a membrane configuration M reduces to another membrane
configuration N if there exists a rule in R; applicable to
membrane configuration M such that we can obtain mem-
brane configuration N. We denote by —" (~") a sequence
of n > 1 reductions — (time steps ~), and by —* (~") the
reflexive and transitive closure of — (~).

Using commutativity and associativity of parallel compo-
sition, we can identify large populations in which elements
are commuted. Membrane systems with the same structure
and commuted components are identified. This is expressed
by means of an equivalence relation = defined as the smallest
congruence such that the following laws hold:

M|Q = N|Q
(M|N)[|Q = M|[(N]Q)

(Par Comm)
(Par Assoc)

Due to the strong relationship established between mo-
bile ambients and mobile membranes [1], it results that the
structural congruence = over mobile membranes is decid-
able.
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2. OBSERVATIONAL EQUIVALENCES

Process calculi can be used to describe biological sys-
tems at different levels of abstraction. Two systems are
deemed equivalent when they “have the same observed be-
haviour”. Bisimulation congruences of a very simple formal-
ism are used in [15] to reduce the size of a model of the
lactose operon regulation. In [11], bisimulations are used
to compare the evolution of biological systems described in
r-calculus [8]. Using process calculi like mobile ambients [6]
and tDm-calculus [7], the authors use bisimulations over
membranes to reduce the size and compare behaviours of
complex biological systems in which mobility is involved [4].

Membrane systems are closed to automata [14], and two
membrane systems are said to be equivalent whenever they
have the same input/output behaviour with respect to the
external world, regardless their evolution. The idea underly-
ing observational equivalence is that two systems are equiv-
alent when no observation can distinguish them. In process
calculi, various observational equivalences are used to equate
systems which behave in the same way according to specific
assumptions [5, 13]. The simplest equivalence that can be
defined and used in our framework to compare two evolving
systems is given by M ~~*— N denoting the fact that given
a membrane configuration M to which no rule from R; is
applicable, there are performed a number of ~ steps until a
rule from R, is applicable.

DEFINITION 4. A reduction equivalence S is a symmetric
binary relation over membrane configurations such that, for
all (M,N) € S, if M ~*— M', then there exists N' such
that N ~*— N’ and (M',N') € S.

Reduction bisimilarity is the union of all reduction bisim-
ulations. Two membrane configurations are reduction bisim-
ilar, denoted M ~ N, if and only if (M,N) € S for some
reduction bisimulation S.

Note that ~ is an equivalence relation (~ is reflexive, sym-
metric & transitive), and the largest reduction bisimulation.

In this paper we connect our approach to process calculi,
in which several bisimulations involving mobility are already
defined [7, 13]. Using mobile membranes, we are interested
either in explicit locations, lifetimes of evolution, mobility
objects, or in combinations of these concepts. Thus we de-
fine several equivalences, showing that some of them are finer
than others, and that some of them are incomparable. Defin-
ing several equivalences, we offer flexibility in selecting the
right one when verifying biological systems and comparing
them. We present five observational equivalences forming a
lattice (see Figure 1), and use them to compare systems of
mobile membranes with lifetimes.

~TLmob
~Tmob ~ Lmob
~mob ~L

Figure 1: Five bisimulations and their relationships

To avoid ambiguity, in what follows we consider that the
objects involved in mobility, namely endocytosis and exo-
cytosis rules, belong to the sets of objects Ocgo and Oendo,
respectively, such that Oczo and Oenao are subsets of O, and
Oendo N Oe;vo - @

In what follows, = € {endo, exo} represents the possible



movements, uj, u; arbitrary multisets of objects with life-
times, M, M’ configurations, and m € H a membrane label.

2.1 Mobility and Location Observational

Equivalences

There are mainly three observational coordinates in sys-
tems of mobile membranes with lifetimes: one involves the
mobility operations that can be performed, another is given
by the position (explicit location) inside a membrane, and
a third one is given by timing aspects. Following [13], two
membrane configurations are observational bisimilar if they
satisfy the same observation predicates and, by performing
a reduction, can evolve to membrane configurations that are
still observational bisimilar. Two systems are equivalent if
an observer cannot distinguish their behaviour.

We clarify first what is observable. To emphasise the mo-
bility aspects, the objects involved in endocytosis and exo-
cytosis rules are observable. In what follows, Myl ... || M,
i > 0 stands for the parallel composition of zero or more
membrane configurations. The predicate |,,) means that
an object a performs a movement x € {endo, exo}.

DEFINITION 5. A mobility observation predicate |gq) is
defined by the rule M |,y iff M = (m; (a,ta) Wuy, Nof| ...
| Ni) || Mol ...|| Ms, where a € O,.

DEFINITION 6. A mobility observational bisimulation S is
a reduction equivalence over membrane configurations such
that, for all (M,N) € S, if M |y, then N |y for any
mobility observation predicate |q(q)-

Mobility observational bisimilarity is the union of all mo-
bility observational bisimulations. Two membrane configura-
tions are mobility observational bisimilar, denoted M ~pop
N, if and only if (M, N) € S for some mobility observational
bisimulation S.

Note that ~,,0p is an equivalence, and the largest mobility
observational bisimulation.

EXAMPLE 1. Following an example of [2], we consider
a molecule infected by a virus that offers the possibility to
molecules like CD8 and CD4 to read and initiate the sig-
nalling pathways for the destruction sequence before the newly
created viruses are released. The information b about the in-
fecting virus is displayed by the infected cell for a short period
of time (until the lifetime of object b reaches 0). The lifetime
20 of the object b restricts the amount of time to wait for an
interaction with a T cell.

An interaction between the infected cell and either C D8
or CD4 takes place if these contain an object b € Oendo s
present. By considering the configurations:

M = (cell; (5,20), M || (virus; u})) || (CDS; (b, 13))

My = {cell; (b,20), M || {virus;u})) || (CD4; (b, 14))
it results that M1 lendo), M2 lendow), M iendo@) and
Mo Lendo@) hold, and thus Mi ~mop M.

Due to the connection between mobile membranes and
mobile ambients [1], we define an observational bisimulation
that is similar to the bisimulation defined for mobile ambi-
ents in [9], being able to distinguish only locations.

DEFINITION 7. A located observation predicate lam is de-
fined by the rule: M lam iff M = (m;us, Nol|| ... || Ni) || Mo
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DEFINITION 8. A located observational bisimulation S is
a reduction equivalence over membrane configurations such
that, for all (M,N) € S, if M lam, then N lam for any
located observation predicate lam, .

Located observational bisimilarity is the union of all lo-
cated observational bisimulations. Two membrane configura-
tions are located observational bisimilar, denoted M ~p, N,
if and only if (M,N) € S for some located observational
bisimulation S.

Note that ~, is an equivalence, and the largest located ob-
servational bisimulation.
~mob and ~p, are the coarsest equivalences of this paper,
in the sense that the observer is restricted to observe only
movement objects ~,0, or the label of membranes in ~,.
It is rather natural to strengthen the observing power of
the previous defined observations:

DEFINITION 9. A located mobility observation predicate
Le(@yam s defined by the rule M |, (ayam off M = (m; (a,ta)¥
ug, Noll ... || Ne) || Mol ... || Ms, where a € O,.

The observational bisimulation ~r,mep is defined in the same
way as the observational bisimulation ~,,., given above.
This bisimulation compares membrane configurations by look-
ing also at the label of the membrane containing an object
that facilitates a movement, and it is of interest when trac-
ing the movements of certain membranes. Note that ~ rmob
is an equivalence relation, and the largest located mobility
observational bisimulation.

In what follows, for simplicity, we use O for the opera-
tional semantics induced by the observational equivalences ~o
(e.g., we use mob to stand for ~p,05). We define a pre-
order relation < over observational equivalences to say that
the first observational equivalence makes at least the same
number of identifications as the second. This means that
the first observational equivalence (the coarsest) can equate
more processes than the second observational equivalence
(the finest). For the sake of notation, O < O’ is used instead
of ~o=~pr. Also, O < O if O X O and O" £ O. The dif-
ference in the observation power between equivalences comes
from the definition of observations.

PROPOSITION 1 (mob < Lmob).

1. mob=Lmob<<VM,N, if M ~pmor N then M ~on N;
2. LmobAmob<3IAM, N, if M ~upmop N then M 1 mob N.

The first part of the above result holds, since the located
mobility observation can distinguish in both membrane con-
figurations the same object a placed inside the same mem-
brane m facilitating a movement. Thus the mobility ob-
servation has the same observations for the object a in both
membrane configurations, and so M |, (q)am implies M |, (,).

For the second part we give the following counterexample:
take two membrane configurations M and N, and an object
@ € Ocgo s.t. M = (l;(a,tg) Wui) and N = (k; (@, ta) W ur)
with | # k. Both M ;0@ and N lezo@) hold, and
thus the two membrane configurations are mobility obser-
vational equivalent: M ~.,0p N. However M |cqo@)a; and
N lezo@ar also hold, and [ # k; therefore M % rmob V.



2.2 Timed Observational Equivalences

In what follows we deal also with the timed features for
systems of mobile membranes with lifetimes, and consider
also as observable the values of the lifetimes.

DEFINITION 10. A timed mobility observation predicate
\L';“(a) is defined by the rule M ii?a) iff M = (m;(a,te) W
uy, Nol|| -.. || Nk) || Mo|| -..|| Mi, where a € O,.

The timed mobility bisimulation ~7,.p is defined in the
same way as the mobility bisimulation ~,.p, where in Def-
inition 6, we replace the reduction equivalence condition
if M ~*— M’ then 3N’ s.t. N ~»*— N’ and (M',N’) € S.
by
if M ~"— M’ then N’ s.t. N ~»"— N’ and (M',N’) € S.
Replacing * by n means that both membrane configuration
M and N have to perform the same number n of lifetime de-
creasing steps, before performing a reduction step, instead of
performing arbitrary number * of lifetime decreasing steps,
before performing a reduction step.

Note that ~pm0p is an equivalence relation, and the largest
timed mobility observational bisimulation.

PROPOSITION 2 (mob < T'mob).
1. mob=<Tmob<=¥M,N, if M ~pmop N then M ~pon N;
2. TmobZAmob<IAM, N, if M ~pop N then M obppmop N.

We extend the timed mobility observation with position-
ing awareness as in located observation.

DEFINITION 11. A timed mobility located observation pred-

icate i;“(a)@m is defined by the rule M i;“(a)@m iff M =
(m; (a,te)Wuy, No|| ... ||Ng) || Mol ... || Mi, where a € O.

The bisimulation ~7rmeb, in terms of timing, location and
mobility, is defined in the same way as the bisimulation
~rmob- This bisimulation compares membrane configura-
tions by looking at the objects that facilitates a movement,
their positions, and also their lifetimes. It is of interest when
tracing the membranes movements in time and space. Note
that ~7Lmop is an equivalence relation, and the largest timed
located mobility observational bisimulation.

PROPOSITION 3 (Lmob < T Lmob).
1.Lmob=<TLmob<<VM, N, if M~r1mob N then M~p,mob N ;

2. T LmobA Lmob<3M, N, if M~ mobN then Moo mon N .

PROPOSITION 4 (T'mob < T'Lmob).

1. Tmob X TLmob < VYM,N, if M ~7rmer N then
M ~Tmob N"

2. TLmob £ Tmob < IAM,N, s.t. if M ~7mopr N then
M %1 rmoeb N.

For all observational equivalences defined above:

PROPOSITION 5. The observational equivalence is strictly
finer than reduction equivalence.

PROPOSITION 6. Structural congruence implies observa-
tional equivalence.
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3. CONCLUSION

The paper focuses on timing, mobility and locations for
mobile membranes with lifetimes. Several observational equiv-
alences are defined, and their distinguishing power is re-
flected by several relationships between them. The discrim-
inating power of the defined equivalences is given by the used
sets of observation predicates. The existence of this family
of equivalences allows to select the right observational equiv-
alence (as done in this paper for simple biological systems),
providing a flexible tool for studying and comparing biolog-
ical systems involving lifetimes, mobility and locations. We
have omitted an example and more details due to page limit.

As future work, we are interested in theoretical investiga-
tion of other behavioural equivalences and their applicability
to systems biology, thinking to behavioural equivalences like
trace equivalences and testing equivalences. Trace equiva-
lences are used to compare in two labelled transition systems
the traces obtained by concatenating the labels of the transi-
tions of each possible execution path. Testing equivalences
require observer processes: two processes are equivalent if
they interact similarly with all the observer processes com-
posed in parallel with each of them.
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