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Ab stract

Time de vel op ment of monolayer of the liv ing cells rep re -
sents the clos est ap prox i ma tion to or gan de vel op ment and
func tion. It in spired the com pu ta tional ap proach of cel lu lar
au tom ata and agent-based mod el ing. Yet, for de scrip tion
of the liv ing cell this ap proach is sel dom uti lized. In this pa -
per we ad dress rea sons why bio chem i cal /mo lec u lar bi ol -
ogy ap proach is so much more pop u lar. We pres ent the
for mal struc ture of sto chas tic sys tems the ory for for mal de -
scrip tion of the cell cul ture ex per i ment. We de fine
phenomenological at trib utes of cell monolayer sys tem as
cell states as signed by the op er a tor. As sys tem vari ables we 
con sider lev els of met a bolic fluxes in cell com part ments
and be tween them and states of intracellular sig nals. For
ex am ple, cells com po si tion and shape dy nam ics may be
uti lized as phenomenological sys tem vari ables. Con stit u -
ents are also all chem i cal individui de tect able in the sys tem. 
Com po nents are sets of con stit u ents which change in de -
pend ently, e.g. a set of chem i cal com pounds bound to -
gether by a chem i cal re ac tion. In prac ti cal terms it means to 
de ter mine all mea sur able – phenomenological – vari ables
in suf fi cient time preceeding the change of state to as sure
that the state change is in de pend ent from any preceeding
his tory. By count ing the num ber of tran si tions and state
life times we ob tain prob a bil ity dis tri bu tion func tions for
tran si tions be tween states. For the be hav ior of sys tem vari -
ables we con sider that of sta ble or bits in the state space
which arise from move ment in the con fined intracellular
space com bined with chem i cal re ac tions. Re cent the o ret i -
cal stud ies in di cate also that for ma tion and main te nance of
cell shapes may arise by sim i lar mech a nism. Bio-in spired
com put ing has been a holy grail of com pu ta tional the ory
since its eve. Re cent de vel op ments in bi o log i cal sys tems
de scrip tion open a ques tion what is re ally meant by this
term, how much the neu ral net works are re lated to neu ron
and cel lu lar au tom ata to cells. We ad dress in this pa per also 
the is sue of re al ity of bio-in spired com put ing in pro duc tion
of ad e quate mod els and/or in te gra tion of liv ing cell el e -
ments in the com pu ta tional pro cess. 

In tro duc tion

The cell state may be ul ti mately char ac ter ized by state of
met a bolic and sig nal ing path ways, and by state of cel lu lar
struc tures. These two pa ram e ters com ple ment each other.
The path ways and me tab o lite trans for ma tions de fine and
main tain the cel lu lar struc tures. The cur rent state of knowl -
edge, does not al low to de vise state of path ways from ob -
ser va tion of struc tures and vice versa. Both phe nom ena are
be ing ob served ex per i men tally in many rou tine ex per i -
ments. 

Any me tab o lite anal y sis con tains the el e ment of me -
tab o lite pro fil ing and tar geted anal y sis. It is al ways more
than one class of com pounds pres ent in tar geted anal y sis.
There is never a com plete me tab o lite pro file. On to of that,
the ef fec tive level of de tec tion of, e.g. ions emit ted from the 
electrospray source, de pends on sam ple con tent, sep a ra -
tion, ion source state, de tec tor setup etc. The in for ma tion
con tent of the ex per i ment needs to be ex am ined lo cally and 
in de pend ently from any as sump tions on the pre-as sump -
tions on the sam ple.

The time-lapse mi cro scopic im ag ing of cells is gain -
ing in creas ing pop u lar ity with the in tro duc tion of flu o res -
cent pro teins such as GFP. Most of the ex per i ments on
liv ing cells, in par tic u lar those which uti lize cells de rived
from hu man pa tients, can not be con trasted by these highly
ad vanced meth ods. Then the prob lem of ob ser va tion and
data anal y sis be comes sim i lar to that of metabol(n)omics.
The in for ma tion con tent de pends on sam ple pre-treat ment
as well as the qual ity of im age cap tur ing. In time cells
changes in size, shape and ob serv able mor pho log i cally
con toured par ti tions, var i ous in their shape, bor ders and
light in ten sity.

The time-lapse mi cros copy ex per i ment is the sim -
ple rep re sen ta tion of bi o log i cal cell dy nam ics. It is cur -
rently gen er ally ac cepted that cell fate is best de scribed by
the cha otic at trac tor. The ob serv able cell states rep re sent
in di vid ual bas ins of at trac tion. It is not quite clear in which
re la tion the ex per i men tally ob serv able mac ro scopic pa -
ram e ters are to the state vari ables of the at trac tor space. In
other words the ex per i ment cuts the state space by its frac -
tion, pos si bly low er ing the space di men sion, and of un -
known shape - with re spect to sys tem co or di nates. 

Nei ther me tab o lite anal y sis nor the ob jec tive im age
dis sec tion gives straight for ward an swer to di ag nos tic
ques tions, sim i lar to that ex pected from pro tein or m-RNA
based biomarkers. This is caused by the fact that in for ma -
tion con tent of these anal y ses is higher and pro vides deeper 
in sight into the state of ex am ined cells or cell cul tures. Sta -
tis ti cal anal y sis of time evo lu tion of sec ond ary me tab o lite
con tents or par al lel changes in im age con tents rep re sents
time evo lu tion of intercellular com mu ni ca tion. With the in -
crease of the through put of both the metabolomic (Ur ban)
and mi cro scopic (Levitner) tech niques, ad e quate au to ma -
tion of data anal y sis is be com ing in ev i ta ble. The ob jec tive
anal y sis of the in for ma tion con tent of ob tained data is an
in ev i ta ble first step pre ced ing any ex ten sive path way re -
con struc tions, com plex sta tis ti cal eval u a tion etc. 

One re al is tic ap proach to wards ob jec tive anal y sis
of the ex per i ment is to de ter mine evo lu tion of in for ma tion
fluxes as sessed by the ex per i ment in time: Rep re sen ta tion
of in for ma tion con tent of each timestep por trait. This rep -
re sen ta tion is also in re la tion to dy namic bi o log i cal sys tem
state in time of mea sure ment. It is the map of in for ma tion
con tent in ac tual point in state space. Such de tailed anal y sis 
is ex tremely computationally in ten sive, how ever, it might
be of high value for rapid di ag nos tic in med i cine, bio tech -
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nol ogy, and any other dis ci pline uti liz ing cell bi ol ogy re -
sults.

Cur rently, there ex ist two com ple men tary ap -
proaches to sys tems the ory. One ap proach is to de com pose
the in ves ti gated sys tem into sub sys tems, which are in ves ti -
gated in de pend ently. This an a lyt i cal ap proach sup pose that 
prop er ties as well as be hav ior of the whole sys tem should
be de duced from the prop er ties of its sub sys tems. In sys -
tems bi ol ogy, it is nec es sary to choose cer tain level of de -
com po si tion which leads to the key sub sys tem of in ter est
rea son. The other ap proach sup poses that the com pli cated
sys tem is more then just the sum of its sub sys tems. This
syn thetic ap proach is the pro cess of un der stand ing how
sub sys tems in flu ence one an other within a whole. There -
fore, the sys tem as a whole de ter mines how the sub sys tems
be have. How ever, liv ing sys tems are com plex func tional
wholes, which can pro duce sur pris ingly un ex pected be -
hav ior. The stochasticity in the be hav ior arise from our in -
abil ity to mea sure ex act val ues of all sys tem at trib utes with
in fi nite ac cu racy on in fi nite range in in fi nite time. Un for tu -
nately, the an a lyt i cal and syn thetic ap proaches had not
gained cor re spond ing po si tion in the science.

Cel lu lar be hav ior and cell fate es ti ma tors are the out -
puts which are ex pected from the sys tems bi ol ogy in the
near fu ture. Gen eral math e mat i cal sys tems the ory is re -
quired in he sys tems bi ol ogy to con struct ro bust ab stract
mod els for ex per i ments in silico. In ter est ing new par a -
digms of the sys tems the ory were de fined in the cy ber net ics 
in 1996 (Žampa). There was a de mand for such a def i ni tion
of an ab stract sys tem which would be suf fi ciently gen eral
as to cover any real prob lem and, at the same time, suf fi -
ciently spe cial ized, as to en able to find an ad e quate phys i -
cal re al iza tion to any the o ret i cally given ab stract sys tem.
This new sys tems the ory ful fills also the con di tions of liv -
ing or gan isms, for tu nately for sys tems bi ol ogy. 

Ap proach

Bi ol ogy-in spired com pu ta tional ap proaches such as neu ral
net works or ar ti fi cial life – agent based pro gram ming are
only vaguely re flect ing the in for ma tion pro cess ing prin ci -
ples in bi o log i cal sys tems. In case that we ac cept the de -
scrip tion of fate of bi o log i cal sys tem as a move ment in a
cha otic at trac tor – in multifractal space. How ever the ap -
pro pri ate ob serv able is a q-de formed en tropy. This is re -
flected in mea sur able val ues – data points on mi cro scope
cam era, nanoscope de tected re flec tivity and po si tion
changes etc.

Cell monolayer is the sim plest model to or gan func -
tion uti lized in wide va ri ety of ap pli ca tions. It is also clos -
est ap prox i ma tion to the type of cell de vel op ment which
in spired the in ven tion cel lu lar au tom ata in 1940´. Sur pris -
ingly, cel lu lar au tom ata are not the pre vail ing model ap -
proach in sys tems bi ol ogy. Yet, they oc ca sion ally sur face
out un ex pect edly in fields so dis tant as quan tum me chan ics 
(Blasone et Jizba). 

Can we save cel lu lar au tom ata for bi ol ogy or at least
for ob jec tive de scrip tion of cell monolayers? The time de -
vel op ment of the cells may be de scribed by sto chas tic cell
au tom a ton in which prob a bil i ties arise from the travel of
sys tems vari ables in non-lin ear state space. The sys tems

vari ables, as we pro pose as zero or der hy poth e sis, are noth -
ing else than me tab o lite fluxes in cell com part ments as well 
as sig nal fluxes be tween the cells. Prob a bil ity dis tri bu tions
for dif fer ent fates of the cell (au tom ata) are then given by
prop er ties of these un der ly ing non-lin ear dy namic. Re la -
tions be tween cell fates and bi o log i cal sys tem vari ables
may be math e mat i cally treated as phenomenological at trib -
utes and sys tem vari ables in en gi neer ing Sto chas tic sys -
tems the ory (Žampa).  In clas si cal ther mo dy nam ics, the
Gibbs (and/or Helmholtz) en ergy is the cor rect po ten tial.
Po ten tials rep re sent a gen er al ized prop erty char ac ter iz ing
the sub-sys tems in equi lib rium. In sta tis ti cal phys ics it arise 
from max i mi za tion of Boltzmann-Shan non en tropy un der
con di tions of con served en ergy, and num ber of par ti cles. It
is im por tant to con sider that Gibbs en ergy is unique value
de ter mined by all par ti cles in the sys tem. There may be
many com bi na tions of con cen tra tions lead ing to the same
Gibbs energy.

The in for ma tion flux in dy namic sys tems whose sys -
tem vari ables obey the non-lin ear dy nam ics rules at any
time adopts avail able q-de formed en tropy max i mum. In
an other words, Renyi en tropy max i mum is the ap pro pri ate
po ten tial which en ables to com pare sys tem states (Stys).
Re cent ex per i ments (Cai et al, Choi et al) show that there is
het er o ge ne ity in mol e cule dis tri bu tion among cells in the
cul ture. Yet, all cells fol low ho mo ge neous fate. We pro -
pose that all cells in the cul ture rep re sent multifractal ob -
jects whose Renyi en tropy is (a) that of the re spec tive cell
cul ture – for cell cul tures with no ob serv able in te gra tion or
(b) con trib ut ing to that of the cell monolayer. 

In sto chas tic sys tems the ory we de fine sto chas tic
causal model which de scribes rules ac cord ing to which
sys tem achieves val ues of phenomenological at trib utes. In -
ter nal vari ables of the model are sys tem vari ables. Us ing
the Blasone et al. ter mi nol ogy, there are observables and
be-ables. The model is de ter mined by time de vel op ment of
sys tem vari ables. When the sys tems model is build, we
have to de ter mine time be hav ior of phenomenological at -
trib utes, and build mod els of sys tem vari ables time be hav -
ior which is con form with ob served phenomenological
at trib utes de vel op ment. 

In re al ity, model tra jec to ries must sub stan ti ate the
multifractal char ac ter of the ob served bi o log i cal cell fate.
The sim plest model lead ing to cha otic dy nam ics is the pin -
ball model with re gions of as ymp tot i cally sta ble non-es -
cap ing pe ri odic or bits. The ge om e try of the pin ball lead ing
of nu mer ous sta ble tra jec to ries con sists of rel a tively dense
struc ture of cir cles di vided by free paths. The cell in te rior is 
also full of par ti cles of dif fer ent sizes and shapes which in
most cases do not in ter act in a bio chem i cal man ner (i.e.
com plex for ma tion or chem i cal re ac tions). Par ti cles may
well man i fest sta ble tra jec to ries from which they es cape
only oc ca sion ally to un dergo bio chem i cal in ter ac tion,
namely trans fer ring sig nal or chem i cal trans for ma tion. We
thus pro pose the intracellular pin ball model as work ing
model for un der ly ing mech a nisms which lead to ob served
sto chas tic cel lu lar au tom a ton be hav ior of cell cul tures. The 
intracellular pin ball model nat u rally pre dicts nu mer ous
prob a bil ity dis tri bu tions.

Phenomenological at trib utes of cells are gen er ally
shapes and shape changes. Their re la tion to nat u ral sys tem
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vari ables has al ways been dif fi cult to ex plain. Re cently a
se ries of pub li ca tions ap peared which shows that cell-like
3D space par ti tion ing nat u rally arises in the sys tem of sim -
pli fied dis crete chem i cal re ac tions (Cybulski et al).  We
pro pose that in the dense mix ture of com pounds of
non-neg li gi ble size arose set of sta ble states which cor re -
sponds to set of most prob a ble states. The states have vast
struc tural and chem i cal vari abil ity, yet un til non-ex ten sive
en tropy flux re mains the same they con trib ute in the same
way to sys tem state. 

Re sults and dis cus sion

There are nu mer ous ex per i men tal non-ideali ties in the
time-lapse mi cros copy which can not be elim i nated. Ma -
jor ity of al ter na tive ap proaches re quires sam ple mod i fi ca -
tion (i.e. by flu o res cent probe) which is of ten im pos si ble in
real life sam ples. We thus rather ac cept the ex per i men tal
setup which is op ti mized for (a) least in ter fer ence in the bi -
o log i cal be hav ior of the sam ple and (b) max i mum dy namic
res o lu tion of the cam era. Ac tu ally, the sam ple  im age is
cap tured each time with three dif fer ent cam era set ups to in -
crease the dy namic range. Prop er ties of phenomenological
at trib utes,  i.e. in ten si ties I all three RGB col our sig nals and 
at all three cam era set tings, are ana lysed by the op er a tor
which at trib utes them bi o log i cal names and au to mat i cally
by com puter. 

In man ual anal y sis the op er a tor be comes in ev i ta bly
part of the sys tem in the same sense as the equip ment and
an a lyt i cal soft ware. How ever, it still seems to be the only
so lu tion for many in stances of cell bi ol ogy. We made the
meta-anal y sis of the sys tem of cell cul ture de vel op ment in -
clud ing the op er a tor. Skilled bi ol o gist re turns of course
rather dif fer ent dataset than the com puter en gi neer. Yet,
with out man ual anal y sis the mac ro scopic de scrip tion of
med i cally rel e vant cell cul tures does not seem to be pos si -
ble. 

The phase con trast mi cros copy rep re sents the ob served
ob ject by the way of com par i son of the refractivity in dex of 
the ob ject (i.e. liv ing cell) in te rior and refractivity in dex of
free me dium. As a re sult there is ob tained im age of light in -
ter fer ence in ten sity in the fo cal point of the mi cro scope.
Refractivity in dex is a sum of non-ab sorp tive, mainly elec -
tro mag netic, in ter ac tions of light with the mat ter. The ob -
jec tive as sess ment of the value of the refractivity in dex in
the liv ing cell in te rior is prac ti cally im pos si ble us ing the
phase con trast (Zernike). For the pur pose of this dis cus sion 
it is also im por tant that the refractivity in dex is wave length
de pend ent. If the de tec tion sys tem is for ex am ple a stan -
dard pho to graph, each of the three chan nels (Red, Green
and Blue) car ries dif fer ent, partly in de pend ent in for ma tion, 
which may be used for state def i ni tion. The in for ma tion
car ried by each of the data points at each chan nel rep re sents 
the free en ergy of the cell in te rior with the de gree of in ad e -
quacy com pa ra ble to that of one of the pro tein or ion con -
cen tra tions ob served in flu o res cence mi cros copy
(Zernike). For the anal y sis we pro pose that ob served el e -
ments of the state tra jec tory are in di vid ual elements of the
symbolic trajectory proposed by Vattay. By trajectory
element we understand the ordered couple 

( ( , , , , ), ( , , , , )), , , , , ,C t D tt t t m t t t nn n n n n n1 2 1 2K K            (1)

where C t t t t m( , , , , ), , ,n n n1 2 K  is com plete im me di ate cause
of the state D t t t t n( , , , , ), , ,n n n1 2 K  char ac ter ised by set of
vari ables n n nt t t n, , ,, , , )1 2 K  The vari ables are not nec es sary
con cen tra tions. Quite the con trary. We may set the anal ogy 
with multiphase sys tems in ther mo dy nam ics: the sys tem is
equally char ac ter ized by size of drop lets, sur round ing me -
dium etc. as by ac tual chem i cal con cen tra tion of all of the
chem i cals. How ever, when, as in most cases, the sys tem is
not in global min i mum, the dis tri bu tion of phases in given
me dium is more ad e quate ap prox i ma tion to the ad e quate
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Fig ure 1. Up per part: Mi cro scopic im age rep re sents only the layer within the fo cal plane and that un evenly. The phenomenological at -
trib utes have un known re la tion to the dis tri bu tion and op ti cal prop er ties of mat ter in the cell. Lower part: Time course of in for ma tion
con tent in a seg ment of time-lapse mi cro gram. Time is de noted in hun dreds of im ages.



state func tion (i.e. Gibbs or Boltzmann en ergy) than pre -
cise knowl edge of con cen tra tions. Which are often
determined in highly imprecise way, too.

Al though the o ret i cally ap par ently com plex, the pro -
posed method is es sen tially equiv a lent to bi o log i cal in tu -
ition. Nat u ral el e ments of the tra jec tory are el e ments of the
cell cy cle which have dif fer ent names for dif fer ent or gan -
isms. In the case of He-La cells mi to sis and interphase.
Nat u rally are ob served events like cell death, cell fu sion,
anom a lous cell di vi sion etc. The re al ity is that the man ual
anal y sis of the 3500 to 5000 im ages al lows the op er a tor to
note only mi to sis and interphase and no tify the neigh bour -
hood of newly ap pear ing cells.

Fig ure 2 shows a dataset in the course of man ual anal y -
sis and ex am ple of cor re spond ing sub-graphs. The
sub-graph show ing fate of the cell fol lowed from the point
of view of the in di vid ual cell as sys tem el e ment (Fig. 3) is a
re flec tion of the model ac cord ing to which cells com mu ni -
cate only by di rect long-term phys i cal con tacts. The cell
fate it self and any change in num ber of its neigh bours are
noted. The sub-graph show ing cell fate from the point of
view of the whole sys tem (Fig. 3) is an ex panded ver sion

based on the as sump tion that any change in any cell is no ti -
fied (i.e. through sig nal mol e cules) by all the cells. De tailed 
dis cus sion would largely ex ceed the scope of this article. 

From data ob tained in this way, one may pro duce plot
of length of these el e men tary tra jec to ries ver sus ex per i -
ment time (Fig. 4). The ini tial hy poth e sis was that there is
cer tain “bounded asynchrony” in the cell de vel op ment, as
was pro posed by Fisher et al. Since there was no guid ance
how to con struct the model from the data, we de cided to
fol low strictly the re ceipt of GSST. We as sume that the sys -
tem universum, the set of el e men tary sub-sys tems p i ÎP, ,
is formed by the set of all cells in the ob served sam ple. The
el e men tary sub-sys tems in ter act only by in for ma tion bonds 
of the in put or output type.

Sum of im me di ate in put states plus in ter nal de vel op -
ment of sub-sys tem (en er getic and in for ma tion de vel op -
ment) cre ates com plete im me di ate cause C C Cext( , ),int

where C text t t t m( , , , , ), , ,c c c1 2 K  and
 C t t m t m t m n t m n sint , , , ,( , , , , , , , )c c c n n+ + + +1 1K K   of the state 
D t t s t s t s x( , , , , ), , ,n n n+ +1 K . This very gen eral view is a
frame work de fin ing pa ram e ters which we should search to
de fine a tra jec tory el e ment. 

The anal y sis pre sented in fig. 2 shows the sim plest ap -
proach con sist ing just of neigh bour ing cell count ing –
which splits the set C ext into sub-sets C Cj extÌ where n is
num ber of neigh bour ing cells. And this is max i mum in for -
ma tion which the op er a tor is phys i cally able to record.

Let us dis cuss gen eral def i ni tion of tra jec tory for this
par tic u lar sim pli fied case. Let us have set M rep re sent ing
all mitoses and I rep re sent ing all interphases. 

M I C M IÈ = Ç =, 0                (2)

The re la tion e( , )m m
1 2

 de fined as

m m m
m m m

m

1 1 1 2 1

1 1 2 1 1 1

1

- ® - ® - - ®

- ®

t t t

t

i

l l

l
i

( ) ( ) ( )

( )

( ) ( ) K

( )
( )

m m
m

1 2

1 1

- ®
+t i

where

m m1 2, ÎM and m m1 2¹  (3)

i i i I1 1 2 1 1( ), ( ) ( )m m mlK Î   (4)

where l dif fers for each m1 . El e ments of C de fined this way 
have unique iden ti fier re ferred to as cell re cord and thus the 
seem ingly com pli cated in dex struc ture is not cor re spond -
ingly com pli cated in the com puter im ple men ta tion. 

In bi o log i cal terms  mj+1 resp. mj+2  are daugh ter cell

orig i nat ing from the sub se quent mi to sis af ter mj in one
mother-daugh ter cell lin eage, i i i1 1 2 1 1( ), ( ) ( )m m mlK  are
mu tu ally dif fer ent interphases oc cur ring sub se quently in

the mother-daugh ter lin eage de fined by  mj and  mj+1. (It

should be noted here that no ta tion  mj and  mj+1 .is purely ar -
bi trarily for the pur pose of the der i va tion and cor re spond to 
unique cell iden ti fier as it is in tro duced in Fig. 2)

This is sub-sys tem p(mj) for which we may de fine or -
dered sub-set 

 
C i i ii( ) { , ( ), ( ) ( )}m m m m ml= 1 1 2 1 1K                        (5)
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Fig ure 2.  Cell monolayer cul ture im age No. 1000 (999
min) and 2500 (2499 min) of the time-lapse ex per i ment.
The cell dis cussed in sub se quent graphs is de noted by
the red dot.



where l is num ber of dif fer ent interphases be tween the
mitoses in the par tic u lar lineag or states of the sub-sys -

temp(mj). In other words C(mi) is the or dered set of at trib -
utes of the sub-sys tem . The num ber and iden tity of at trib -
utes is not known.

Time in ter vals t xx j( ) , , , ,m l> = +0 1 2 1K , form or -

dered set q(mi) as

q m m m ml( ) { ( ), ( ), , ( )}i i i it t t= 1 2 K                 (6)

Car te sian prod uct 

    W( ) ( ) ( )m m q mi i iC= ´                (7)

for each mj is called tra jec tory W(mj). It should be noted tha
in stead of rep re sen ta tion of the ex per i ment time by mea -
sure ment time, we rep re sent it by times be tween ob serv -
able changes of at trib utes in any of the sub-sys tems of the
sys tem. 

In the pre ced ing three para graphs we dis cussed def i ni -

tion of cell states. We de fined on mi totic state and  l dif fer -
ent states dur ing the interphase. In re al ity, both within the
mi to sis and, namely, within interphase, there may be spot -
ted dif fer ent prop er ties of the cell. They have to be mostly
ig nored in or der to se cure sen si ble time of the man ual anal -
y sis. We as sume that for the in te gra tion of the cell into the
monolayer is most im por tant cell-to-cell com mu ni ca tion
and that be tween neigh bour ing cells. Thus we de cided to
no tify any change in the num ber of neigh bour ing cells.
This is equiv a lent to as sump tion that each cell is a sub-sys -
tem which has in for ma tion bonds with geo met ri cally
neigh bour ing sub-sys tems. We then in tro duce a vari able 

fl(mi) where l = 0, 1, 2, ..., z which rep re sents the in for ma -
tion bond to cells with which cells in the lin eage of the mi -

totic cell mi  are in ob serv able phys i cal con tact. The value

f0(mi) rep re sents in for ma tion bonds of the cell in mi totic

state, val ues f1(mi), f2(mi), ..., fz(mi)  rep re sent all other dif -
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Fig ure 3. Left: Fate of the cell fol lowed from the point of view of the in di vid ual cell as sys tem el e ment. Solid line rep re sents one sin gle

cell fate, dashed lines rep re sent cell neigh bour hood. Com plete in for ma tion is de picted only for the marked cell. Right: Cell fate from the
point of view of the whole sys tem. Cell num ber ing be gin ning with AG de notes au to mat i cally gen er ated. Times of these AG cells rep re -
sent any change in any cell in a par tic u lar neigh bour hood net work. By neigh bour hood net work we un der stand a cell clus ter, all cells in
con tact ei ther di rectly or me di ated by other cell or cells.



fer ent in for ma tion bonds. In an other words, we con sider

fl(mi)  the ap pro pri ate vari able of the sys tem. 
For the pur pose of fur ther der i va tion we de fine
  
i il i k i l i k i

, ,( ) ( ) ( ) ( )m m f m f m¹ ¹if                (8)

and may de fine or dered set f m( )i  by

f m f m f m f mz( ) ( ), ( ), , ( )i i i i= 0 1 K                 (9)

where we as sume that for each il i
, ( )m  there is a il  in the set

C. Pre cisely say ing

C M i i' { ( )...},= È 1 m (10)

for all mi and ob serv able il i
, ( )m  . In other words

C C'Ì   (11)
and

q m m m mz' ( ) { ( ), ( ), , ( )}, ,
i i i it t t= 0 1 K  (12)

Where t l i
, ( )m  is time at which was first ob served cor re -

spond ing f ml i( ).
We may then de fine real tra jec tory W ' ( )m j  as Car te sian

prod uct 

W ' ( ) ' ( ) ( )m q m f mi i i= ´             (13)

and use it for fur ther cal cu la tion. 
f ml i( ) now con tains all in for ma tion about in for ma tion

bonds be tween the sub-sys tems. Let us de note the bond be -

tween two neigh bour ing cells xij, or
 
f m x x xl i ij ix iz( ) { , , , }= K             (14)

where j, x, z may iden tify any cell re cord, i.e. any

sub-sys tempx ÎP .   xij it self does have three com po nents:

cell re cord 1 (mj or ik
, ), cell re cord 2 (mj or ik

, ) and or der in

which the bond was formed. Let us de note the or der w = f ,0
or l. The iden ti fi ca tion of f and l we ar bi trarily iden tify with
cases when a new bond is formed due to change in the

neigh bour hood of the cell with the cell re cord 1(mj or ik
, ), 

and l for the cases when the cell with cell re cord 1 (mj or ik
, )

cre ates a new bond due to change in ge om e try or mi to sis. 0
is the case when di vided mi totic cell in her its all neigh bours
from its mother. We may write for ex am ple 

x m wij i j iji= ( , , ),             (15)

This rather com pli cated def i ni tion al lows us to dis crim -
i nate be tween tra jec to ries and pro pose frame work for fur -
ther anal y sis of the ex per i ment. In the sim plest
ap prox i ma tion, we may over look all dif fer ent states of the
cell in the interphase and char ac ter ize the sub-sys tem
p m( )j , the mother-daugh ter fol low ing mi to sis m i  cell lin -
eage, only by time be tween two mitoses. This is the length
of the cell cy cle and is de picted in the Fig ure 3. As it is
seen, there is no ob serv able reg u lar ity in this dataset. This
may be due to in suf fi cient num ber of ob ser va tion as well as 
due to in ad e quate rep re sen ta tion of the tra jec tory. 

In re al ity we have to work with avail able data. Al -
ready in the ex is tent dataset there is sub stan tial amount of
in for ma tion which is not gen er ally used. For ex am ple, we
may con sider the tra jec tory W ' ( )m i  or its sub-sets where
only the set f m( )i   is sim pli fied, which leads to merge of
cer tain  x m wij i j iji= ( , , ),  and, con se quently, to merge of
cer tain t l i

, ( )m . The use of max i mum in for ma tion con tained
in W ' ( )m i  is sche mat i cally drawn in the fig ure 2. 

An other ap proach is to con sider the sys tem in the
whole. Which means to de fine global tra jec tory 

W W' )=
i

iU (m             (16)

In this global tra jec tory con tains in for ma tion about all
ob serv able events in the sys tem and their tim ing. in the sys -
tem we may de fine sys tem vari ables set
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Fig ure 4. De pend ency of cell cy cle time on ex per i ment time. Orig i nally cer tain de gree of synchronicity and
uni for mity of cell cy cles was ex pected. How ever, this was not ob served.



f f m=
i

iU ( ) ,             (17)

and new time set 

q q m' ' ( )= U i                     (18)

With the as sump tion that the sub-sys tem p m( )j   is af fected
by all events in the sys tem. For the def i ni tion of sub-sys tem 
tra jec tory we may then write 

W Fg j g i g i
, ,( ) ( ) ( )m m q m= ´              (19)

 
in which Fg i( )m  are all ob serv able changed com bi na tions
of at trib utes which were ob served at all time in stants 
q mg i

, ( ) at which the par tic u lar sub-sys tem p m( )i  ex isted.
This is sche mat i cally de picted in the fig ure 2. 

Al ready these two sim ple ap prox i ma tion to sys tem
tra jec tory re quired sub stan tial ex pan sion of the dataset. In
bi o log i cal ter mi nol ogy all changes in the num ber of neigh -
bours may be as signed to “new born” cells (Fig ure 2). The
neigh bour hood was de ter mined at each di vi sion, or to each
of the “in her ited neigh bours” (Fig ure 2). This ex pan sion
brought us to the limit of in dex space. 

Cur rent sub stan tial step for ward brings in for ma tion
equiv a lent to those em ployed in the bound asynchrony
model (Fisher). In stead of ob serv ing unique sig nal ling
path ways, which was pos si ble in model or gan ism C.
elegans we pro pose ob ser va tion of mac ro scopic states of
neigh bour ing cells. This makes the method ap pli ca ble to
any cell cul ture, ba si cally to any med i cine or bio tech nol -
ogy prac ti tio ner. 

In the course of the anal y sis we clearly ob serve
other states of the cul ture, open ing and clos ing of the
intercellular chan nels and mat ter flux, for ma tion of
pseudopodia and mat ter trans fer in non-neigh bour ing cells
etc. These ob ser va tions have never been con sid ered in cell
sig nal ling based mod els for cell de vel op ment. Fur ther, for
ex am ple the ex tent of the con tact area be tween neigh bour -
ing cells may be a mea sure of prob a bil ity and/or in ten sity
of sig nal transduction. It has never been ex am ined whether
it is true al though it is in prin ci ple sim ply mea sur able. 

Real prob lem is that ac qui si tion of this in for ma tion
by man ual work of the op er a tor is be yond her/his phys i cal
limit. It is not sur pris ing that no model with sub stan tial pre -
dic tive power based on real life ex per i men tally de ter mined
tra jec to ries is avail able for mam ma lian tis sue cul tures. The
au to mated anal y sis re quires de vel op ment of new meth ods
which, equally well, are likely to be based on a sto chas tic
(pseudo-)bi o log i cal model. We pro pose to iden tify cells in
the stage in which their mar gins may be eas ily iden ti fi able
(e.g. mi to sis) and the evo lu tion of cell bor ders will be fol -
lowed sim i larly as in the anal y sis by the op er a tor. This will
en able quan ti fi ca tion of cell prop er ties - ex act def i ni tion of
cell states which are now cov ered un der one com mon name 
etc. This is the first pre req ui site for ad vance def i ni tion of
cell monolayers state us ing, for ex am ple, ther mo dy namic
for mal ism (Vattay).
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