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Abstract—A method has been developed for constructing large-scale electrophysiological models using
extended cellular automata and for running such models on a cluster of shared memory systems. A
method is proposed, including the extension of the language cellular automaton for the implementation of
quantitative calculations, the construction of the whole-heart model with the Visible Human Project data,
the parallelization of the model on a cluster of computers with a general and a simulation algorithm that
connects the activity of cells with an electrocardiogram. It is shown that electrical activity at the level of
canals, cells and organs can be traced in the extended system of cellular automata. Examples of some
signals of electrocardiograms simulated by a two-dimensional cut are given. Also, an evaluation of the
performance of a three-dimensional model on a four-member cluster.

Index Terms—Cellular automata; derivation of hydrodynamics; molecular dynamics; hexagonal grid;

Navier—Stokes equations.

I. INTRODUCTION

This article concentrates on description of new
algorithm of the liquid's dynamic based on cellular
automaton. One of the well-known methods of
modeling of liquids is Lattice gas automata model
and its subspecies: FHP and HPP models [1], [2].
The model presented in the article has several
common features with FHP model or rather cellular
automata grid form which is used in both models.
Still presented algorithm is a new approach which
has own benefits.

Main idea of the modeling of continuous
dynamic of liquid using the cellular automaton lays
in fact that the synergy of big quantity of micro-
particles leads to the emergent macroscopic
phenomena. Cellular automaton is by nature discrete
mathematical model which consists of array or, by
other words, grid of cells that are essentially finite
automatons and which interact with each other
according to the set of predefined rules [3]. The state
of the cell is basically any computable entity which
is dictated by the need of the research. For example
velocity and direction of liquid molecule. The matter
of interest is behavior of the model “in large” which
is relevant to the results obtained by analytical
methods like Navier—Stokes equation [4]. From the
perspective of computability cellular automats are
natural representation of emergent phenomena [5].

II. ANALYSIS OF RESEARCHES

Frish-Hasslacher-Pomeu (FHP) model variations
like FHP-I, FHP-II are commonly used for liquid
and gas modeling, [6]. FHP model was introduced in
1986 by Uriel Frisch, Brosl Hasslacher and Yves
Pomeau.

The model works on hexagonal grid whose sites
are connected with nearest neighbors by the links

(Fig. 1).

b

Fig. 1. FHP model hexagonal grid collision
and propagation (or streaming)

Each site represents the fluid particle which
moves along the links during the propagation step
following an exclusion principle which states that
only one particle is allowed to move along the link.
Each particle is considered to be of constant mass
and moves with unit velocity. After end of the
propagation phase the collision phase begins. During
this step particles that turn up to be in one site change
their move directions according to preset rules.

The computation is representative in the sense of
viscosity of moving fluid and velocity is derived
from Reynolds law.

Re=Vd /v.

III. PROBLEM STATEMENT. PURPOSE AND
OBJECTIVES OF RESEARCH

The problem of determining the vorticity of a
liquid flow in a tube (blood vessel) of finite
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dimensions reduces to solving a boundary value
problem for the Helmholtz equation

a—m—Vx(vxoo)=vV2m,
ot
o=Vxv, V-v=0; ©=(0,,0); Czﬁ_u_ﬁ_w‘
0z oOr
r oz’ ror

where is the current function, is the radius of the
cylinder, / is the length.

0<r<l1, 0<z<z, z,=1/a.
0<r<1,0<z<z, z,=1/a.

Vorticity is determined through the vorticity

function
Fr=-—rl= r(@_w_@_u}
or 0Oz

The Navier—Stokes equation for (in a cylindrical
coordinate system):

or or
—tu—+w =
ot or 0z r Re

Boudary conditions:

v=u=_r=0, r=o, 0<z<z,
or
ow
y=u=w=0, =2 r=1,0<z<z,
or

w=u=w=0, 7= 0<r<1, z=0,z,.
Oz

The solution of this nonlinear boundary value
problem will be sought using the approximating
Boltzmann equation [7], whose solution is based on
the use of cellular automata.

IV. SOLUTION OF THE PROBLEM

As a precondition we have next initial parameters
of the experiment:

— size of the container with resting liquid
S :=(rows | element € N, columns|element € N);
— width of the incoming stream

d= (startlndex € N |0 < startIndex < endIndex,

endIndex € N | endIndex < columns);
— initial velocity of incoming particles
v,eQ and v, >0;

— number of waves of incoming particles

waves e N and waves > 0.

Necessity of the parameter waves will be seen
below during further analysis of algorithm.
Describing cellular automaton we need to describe
configuration of the grid, the state of the automaton
cell, the neighborhood and the algorithm of
evolution of the automaton.

As in the FHP model the grid of our model is
hexagonal with pointy topped hexagons. The
number of hexagons is CellsQuantity =
rows-columns. Offset coordinate system, specifically
“event-r” horizontal layout, is chosen for indexing
the cell [7].

Each cell has it's own index:

Celllndex = (x € N |0 < x < columns,
yeN|0Sy<r0ws).

One of the main differences between presented
model and FHP is that grid cell represents the
moving particle, not the site of the liquid's space
with velocity channels, which interacts with
neighbors (description of interaction see below) and
the state of the cell is its velocity decomposed along
the abscissa and ordinate:

State = (Xproj € Q, YprojeQ and Yproj = 0).

In current version of algorithm the particle is
allowed to move only forward.

Neighborhood of the Current Cell Index, which is
the Cell Index, includes 4 cells: and based on chosen
layout the rules to define the addresses of the
neighbors are:

{LeﬁNeighbor, UpLeftNeighbor,
UpRightNeighbor, RightNeighbor},

and based on chosen layout the rules to define the
addresses of the neighbors are:

1)  LeftNeighborindex := Celllndex,

where x = CurrentCelllndex(1) —1
and y = CurrentCelllndex(2).

2)  UpLeftNeighborindex = Celllndex,
where x = CurrentCelllndex(1) -1,
and y := CurrentCelllndex(2)+1,
if CurrentCelllndex(2) is Odd
or x:=CurrentCelllndex(1)
and y:=CurrentCelllndex(2) + 1,
if CurrentCelllndex(2) is Even.

3) UpRightNeighborindex = Celllndex,
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where x = CurrentCelllndex(1),
and y := CurrentCelllndex(2)+1,

if CurrentCelllndex(2) is Odd
or x:=CurrentCelllndex(1)+1
and y:=CurrentCelllndex(2) +1,
if CurrentCelllndex(2) is Even.
4)  RightNeighboriIndex = Celllndex,

where x = CurrentCelllndex(1) +1,
and y = CurrentCelllndex(2).

Whole experiment is based on the hypothesis that
during collision of three particles which are
represented by hexagons of the grid their impulses
are decomposed as the binary fractal tree (Fig. 2).
Considering the unit mass of each particle it can be
eliminated from the computations.

Fig. 2. Binary distribution of the forces

On the Fig. 3 below high-level program execution
is described. Having all preconditions stated above
we start with adding new wave to the cellular
automata grid. Then we proceed to the computation
of the grid on step ¢ to the step ¢ + 1. Adding the new
wave means to set the Y),,,, of the State of Cell where
d(0) < Celllndex < d(1) equal to v,.

while True
(Animation loop)

Yes Add Wave

- (waves —)

pariicles move

Cellular
automaton
evolution

Fig. 3. High-level flow of the program

Describing computation of evolution of cellular
automaton we need two variables:

CurrentCtepGrid, and NextCtepGrid.

CurrentCtepGrid is defined in the global scope
of the program and NextCtepGrid is defined in the

Cellular automaton evolution procedure. The flow
diagram of the procedure is described on Fig. 4.
From the flow-chart we can see that after
transmitting impulse to the up left and up right
neighbors the impulse of transmitter is set to 0 due
to conservation law. Also there are traverse impulses
in each row of the grid which eliminate each other
leaving the edge effect. Transmission of the traverse
impulse proceeds according to the general rules of
cellular automaton Fig. 5.

Tor (CurrentCellindex(2) = 0
CurrentCellindex(2) <= rows)

for (CurrentCellindex(1) = 0;
CurrentCellindex(1) == columns)

15 valid UpLeftNeighbor exists
e

NexiStepGrid[UpLeftNeighborindex] State YProj =
NexiStepGrid[UpLeftNeighborlndex] State. Y Proj
+ CurrentStepGrid[CurrentCellindex]. State. Y Proy2
NexiStepGrid[CurrentCellindex].State YProj = 0

l

NextStepGrid[UpLeftNeighborindex]. State XProj =
NextStepGrid[UpLeftheighborindex]. State XProj -
CurrentStepGrid[CurrentCellindex]. State Y Proj/4;

T
< valid UpRightNeighbor exists
Yes

NexiStepGrid[UpRightNeighborindex] State. YProj =
NextStepGrid[UpRightMNeighborindex]. State. YProj

+ CurrentStepGrid[CurrentCellindex]. State ¥ Proj/2
NexiStepGrid[CurrentCellindex].State YProj = 0

!

‘ NextStepGrid[UpRightNeighborindex]. State XProj =

NextStepGrid[UpRightNeighborindex] State XProj
+ CurrentStepGrid[CurrentCellindex]. State_ Y Proj/4;

[Transmit traverse
impulses

CurrentCellindex(1) ++
CurrentCellindex(2) ++

Fig. 4. Algorithm of binary decomposition of impulses
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From the Fig. 6 we can see that introduced
hypothesis makes sense.

V. CONCLUSIONS

Animation of the presented cellular automaton
evolution shows similarity with the shape of real
<TE_CurrentStenGridiCurrentCellindex]. State. XProj == > ring vortex. Still it is just the beginning of the future
researches either from physical and computational
perspectives.
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Fig. 6. Results of the computational experiment
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€. A. Hactenko, A. B. Pagarys. MoznenioBaHHs BHXOPIB y pPiivHi 32 10MOMOr 010 KJIITHHHUX ABTOMATIB
Po3pobieno Meron moOyJOBH BEIMKOMACIITAOHHX €NEKTPOQi3i0NOriYHNX MOJENeH 3 BUKOPUCTAHHSAM pPO3IIAPCHUX
KJIITHHHUX aBTOMATIB 1 JUIS 3allyCKy TaKMX MOJeJied Ha KiacTepl MOALTIOBAHMX CHCTEM Iam’sTi. 3almporoHOBaHO
METOJI, BKIIOYAIOUU PO3IIUPEHHS MOBHOIO KIITHHHOI'O aBTOMAaTa Ul peaji3allii KUTbKICHUX OOYHCIICHb, MOOYIOBU
MoJeli mmporo cepid 3 ganuMu Visible Human Project, posmapasnenmoBaHHsS Momelli Ha KiacTepi KOMII FOTEPIB i3
3araJbHOI0 1 QJITOPUTM MOJEJIOBAHHS, SIKWH IOB’s3ye aKTHBHICTh KIITHH 3 eJeKTpokapiiorpamoro. IlokazaHo, 1o
EJIEKTPUYHI aKTHBHOCTI Ha PiBHI KaHAIiB, KJIITHH 1 OpraHiB MO)KHa MPOCTEXHUTH B PO3MIMPEHIA CHUCTEM] KIITHHHUX
aBTromariB. HaBeseHi mpukiagu AESKUX CUTHATIB €IEKTpOKapjaiorpam, siki iMITYyIOThCS JABOBHUMIpHHM 3pi3oM. JlaHO
OIIIHKY MPOIYKTUBHOCTI TPUBUMIPHOI MOJIENI Ha YOTHPHIAHKOBOMY KIIACTEPI.

KirouoBi cjioBa: KIITHHHMIA aBTOMAT; FeKCaroHaJbHA CiTKa; TUCKPETHA MOIENb; MOJICKYJIAPHA TUHAMIiKa; PiBHSIHHSI
Hap’e—Crokca.
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E. A. Hactenko, A. B. Paaary3. MonenupoBaHue BUXpeil B sKUKOCTH C MOMOIIbIO KJIETOYHbIX ABTOMATOB
PaspabotaH MeTOm TOCTPOCHUS KPYIHOMACIITAOHBIX 3JICKTPO(DHU3UONIOTHICCKUX MOJCICH C HCIIOIb30BaHUEM
PaCIIMPEHHBIX KJIETOYHBIX aBTOMATOB W JJIs 3allyCKa TaKHUX MOJENed Ha KiacTepe paseaseMbIX CHCTEM ITaMSTH.
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aneKkTpokapauorpaMmont. ITokasaHo, 4TO AJIEKTPUYCCKHE aKTUBHOCTH HAa YPOBHE KaHAJIOB, KJIIETOK M OPTaHOB MOXHO
[IPOCIEANTL, B PACIIMPEHHON CHCTEME KIETOYHBEIX aBTOMATOB. IIpUBENEHBEI IPUMEPHI HEKOTOPLIX CUIHAJIOB
3JIEKTPOKAPAUOTPAMM, UMHTHPYEMBIX JIBYMEPHBIM cpe3oM. J/laHa OIleHKa MPOU3BOAUTEILHOCTH TPEXMEPHOH MOIeTu
Ha YETBIPEX3BEHHOM KJIacTepe.
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