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MATHEMATICAL MODELING OF MOISTURE TRANSFER IN WOOD DRYING
FOR THE TWO-DIMENSIONAL CASE

Mathematical modeling of moisture transfer in lumber during drying is a relevant and complex task with significant practical im-
portance in the forestry and wood processing industries. Moisture transfer in lumber is a primary physical process during drying, and
it directly affects the quality and efficiency of wood processing for various applications. Improving this process can lead to cost re-
duction and higher quality of the final product. However, predicting moisture release in lumber under different conditions and para-
meters remains a challenging task due to the complex nature of the process and various physical and mechanical factors that influen-
ce it. In total, this work dedicated to the development and utilization of mathematical models for the analysis and simulation of mois-
ture transfer in lumber during drying. Special attention given to the use of finite element methods and cellular automata for modeling
this process in a two-dimensional context. In this study, the cellular automata method employed as a potentially efficient tool for si-
mulating moisture dynamics in lumber during drying. The fundamental idea of this method is to divide lumber into small entities or
cells, each of which assigned its physical properties and state. Subsequently, the transfer of moisture between these cells simulated
based on their states and surrounding conditions. This approach allows for a more detailed examination of moisture transfer proces-
ses and considers the influence of various factors, such as temperature, air humidity, lumber geometry, and its physical properties, on
each individual cell. The results of the conducted research indicate that the cellular automata method proves to be an effective tool
for modeling the dynamics of moisture transfer in lumber during drying. When comparing cellular automata with finite element met-
hods, it is evident that cellular automata provide quicker results with fewer computational costs. This makes them an attractive choice
for modeling complex processes like lumber drying and opens up possibilities for further research and innovations in this field.

Keywords: Anisotropy; finite element method; cellular automaton method; transition rules.

for further research underscores the significance of this
study.

In summary, this work is dedicated to the development
and utilization of mathematical models for the analysis and
simulation of moisture transfer in lumber during drying.
Special attention is given to the use of finite element met-
hods and cellular automata for modeling this process in a
two-dimensional context.

Object of research — the process of moisture transfer in
lumber during their drying.

Subject of research — the mathematical modeling of this
process.

The purpose of the work — develop a mathematical mo-
del for the analysis and modeling of moisture transfer in
lumber during drying in a two-dimensional case.

To achieve this purpose, the following main research
objectives are identified:

1. Review of moisture transfer process in wood under non-eq-

Introduction / Bctyn

Setting the research task. In the field of forestry and
wood processing, mathematical modeling of moisture
transfer in lumber during drying is a relevant and one of the
most important issues. This process directly affects the qua-
lity and production costs of finished products, and therefore
precise mathematical modeling can significantly facilitate
its management.

Characterization of the research problem in the global
scientific literature. In the global scientific literature, the is-
sue of moisture transfer in lumber during drying has already
attracted the attention of recognized scientific experts. Re-
searchers such as L. M. Hirnyk, Ya. I. Sokolovskyy, B. P. Po-
bereyko, V. O. Safarov, and many others have made a sig-
nificant contribution to understanding this problem and ha-
ve developed new or improved existing basic methods for
modeling moisture transfer in lumber.

The relevance of the research. Despite the existing achi-
evements, the problem of modeling moisture transfer in
lumber remains complex and insufficiently studied. To ac-
hieve better results in lumber drying and enhance the effici-
ency of its processing, it is necessary to develop new appro-
aches or refine existing methods for modeling. This need

IHdopmauia npo aBToOpiB:

uilibrium conditions.

2. Improvement of the mathematical model for modeling mo-
isture transfer in lumber during drying.

3. Solving a system of linear differential equations using cel-
lular automata method.

4. Discussion and analysis of the obtained results.
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Analysis of recent research and publications. During
the analysis of recent research and publications in this field,
the following can be highlighted: In paper [10], authors
constructed a two-dimensional mathematical model of the
process of convective drying of anisotropic porous materi-
als, considering the movement of the phase transition boun-
dary. In paper [6], a three-dimensional mathematical model
of heat and moisture transfer in wood during convective
drying was developed. Authors took into account the influ-
ence of the surrounding fluid flow and described the cha-
racteristics of both wood and fluid flow using conservation
equations of mass, momentum, energy, as well as ther-
modynamic relations. In turn, article [7] focused on a mat-
hematical model of moisture transfer during the drying of
Pinus massoniana wood. The work allowed for simulating
moisture distribution inside the wood and proposing an em-
pirical formula for calculating wood permeability. In paper
[12], a mathematical model of heat and mass distribution in
capillary-porous materials with fractal structure during wo-
od drying is investigated. Fractional partial differential eq-
uations are used to describe this model. In addition, in pa-
per [5], a mathematical model of moisture transfer during
Masson pine wood drying is discussed. The work divides
the drying process into two phases and provides informati-
on about moisture distribution inside the wood. In turn in
paper [8], a mathematical model for heat and moisture
transfer in porous media, taking into account internal heat
and moisture release, is developed. At the last paper [11], a
mathematical model of heat and moisture transfer in materi-
als with fractal structure, considering memory and spatial
correlation effects, is synthesized. The work includes the
development of numerical methods for solving mathemati-
cal models and proposes algorithm parallelization.

Despite the extensive research in the field of moisture
transfer modeling in wood, it is worth noting that the aut-
hors of these studies did not attempt to utilize cellular auto-
mata for this purpose. Thus, this work explores the possibi-
lity of using cellular automata for modeling moisture
transfer in wood.

Research results and their discussion /
Pe3ysbTaTH AOCAiIJP)KeHHSA Ta iX 06rOBOPEHHS

Overview of the non-stationary process of moisture
transfer in wood. The non-stationary process of moisture
transfer in the process of drying wood at the stage of remo-
val of bound moisture described by equation [3] in partial
derivatives:

oUu @ ouY) o oul of ou
— = a— |+ | ay— |+ = a.— . 1)
or Ox ox ) oy oy ) Oz [o4
At the same time, it has boundary conditions of the 3rd kind:
U=Ugy(S), 2
ou
a—=p(Up-Ug). 3)
on
In addition, an initial condition:
Ul._,=Uo, “4)

where: U is moisture content, kg/kg; 7 is time, s; x, y, z are
coordinate of axes; ,, @, ¢. are moisture conductivity co-
efficients along the anisotropy axes, m%/s; Uy(S) is the mo-
isture content on the surface, which can be a function of co-
ordinates; n is external normal; £ is moisture exchange co-
efficient, m?/s; Uj; is moisture content on the surface; Uy is
the equilibrium moisture content, which is a function of the

temperature £, and the relative humidity of the external en-
vironment; U is the initial humidity distribution.

To solve equation (1) with boundary conditions (2), (3)
and initial condition (4), we place the Cartesian coordinate
system for lumber as follows. Radial direction across the fi-
bers along the trunk radius (thickness b) — y axis, tangential
direction across the fibers tangent to the border between an-
nual rings (width a) — x axis, axial direction along the fibers
(length L) — z axis (Figure 1).

Moisture removed from the wood in all directions, but
since the cross-sectional dimensions of most lumber to be
dried are small compared to their length, the coefficient of
moisture conductivity along the grain is much greater than
the coefficients across the grain. The moisture difference
along the grain will be also negligible, that is 6*U/az2~0,

and therefore lumber can be considered as a two-dimensi-
onal body.

Fig. 1. Cross section of lumber / [Tonepeunnii nepepis nmnomarepi-
aiB

So, for the cross-section of lumber, which is located in a
region sufficiently far from the ends with constant coeffici-
ents of moisture conductivity, equation (1) can be rewritten
as follows:

ou o U
— =yt ay—,
or a2 92
with boundary (2), (3) and initial (4) conditions.

Modeling of moisture transfer process in drying wood.
To modeling the moisture transfer process during wood
drying using the cellular automata method [13], at first we
considered the possibility of using the finite element met-
hod. The main idea of this method is that any continuous
quantity, such as moisture content, can be approximated
using a discrete model. This discrete model built on a set of
functions defined on a limited number of elements [9].
Such functions defined using the values of a continuous qu-
antity in a limited number of points of the domain. To build
a discrete model, the domain divided into a limited number
of nodal points. The domain of the definition of a continuo-
us value also divided into a limited number of elements that
generally approximate the distribution of moisture in the
cross section of lumber. A continuous quantity is approxi-
mated on each element by a polynomial determined using
the nodal values of this quantity.

From the variation point of view, the solution of equati-
on (5) with boundary conditions (2) and (3) is equivalent to
finding the minimum of the next functional:

2 2 .
;(:jl ax(a—Uj +ay(a—U] +266 Uldv+
2 ox oy or

B 2
+SJ'22(U Ug)” dS.
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Before calculating the integrals, let us make a substituti-
on in the functional (6) by entering the following matrices:

(e} = [‘ZU f.;’] %)
and DU=ﬁ; 5} (8)
y

Then let us write it in the next form:
1 T
7=15 (e}

1
+ Sj 5 BlU% - 20pUR+ U} dS.

U
[DU]{g}]dV+£EUdV+
€))

It is clear that the integrals in the functional (9) must be
broken down into integrals for individual elements, which
give us the following notation:

‘- Z{f [ 22

U
U©q

(10)

()
) ds — jﬂ W s + j‘ﬂTURdS

é st st

where E is the total number of elements, and the superscript
(e) means an arbitrary element.

Thus, the contribution of a separate element % to the
functional y will be:

E
7=70+ A4 4B = Zl(e’). (11)
e=1

In the general, the value of the moisture content appro-
ximated by the dependence:

U(e)=|:N(")]«{U} , (12)

where: [N“] are shape functions of the selected element;
{U} is column matrix of nodal values of moisture content.

To find the value {g} we substitute the expression for
approximating the moisture content (12) into formula (7)
and obtain:

) (o) o oo

@\ _) @ [_| &  dx & ||U» "

{g } ou® aNl(e) aNge) 0N1(,e) S 13)
dy dy dx dx Up

o [g9}=[ BU]-{u}, (14)

where: p is the number of element nodes; [BU] is matrix of
derivatives of the shape function of the selected element.

Therefore, the functional for a single element #*' can be
written as follows:

29= ] %{U}T[BU(")T[DU(")
ple)

[BU@]{U}ay +

o{U}

+ j [N(")]{U}[N(")] -
j [N(‘):| [NOu}ds -

dv +
(15)

- [ pur[N@]{U}tas+ | Lz as.
st s 2

Minimization of the functional y requires the fulfillment

of such a relation:
P E e E 5 ()

b ratl (16)

o{u} }

where {U} are nodal values of moisture content.
Next, we differentiate the terms of the functional for
each element (15) by the nodal values of the moisture con-

tent {U}'
— j l{U}T[BU@]T[DU“’)][BU(")]{U}dV=

b a7
j [BU@] [DU©][BUO]{U}dV.
s
vo T Tyvela YL
[ ()] [M”]dV -
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i ? (19)
- jﬂ[N@]T [ve]{v}ds.
st
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The contribution of a separate element 9y /o{U} to

@n

the total amount oy /0{U} will be as follows:

2 =[ [ [BU©] [pU@][BU®]aV +
V

a{uy |
+ (j’) p[veT [N(")]dS] {U}+ (22)
gl [ver [N“’]dV I pua[N©T] as
[k ]= | [BU“’)] [DU("):| [BU©]av +
Marking: V(:j ﬂ[w)] [N©]as, @
g
[czj@)]= j [N] [N]av . (4)
{ fu(e)}=— j /;’UR[ ] ds, (25)
equation (22) write in the next matrix form:
27{{;; =[] U} + [cu(ﬂ% Al e

If we consider equation (26), we can write equation (16)
in the next form:

%é(w o[l L

or [CU]

+{ fu(")}J =0, (27)

+[KU] {Uy+{FU} =0, (28)
where: [KU] is moisture conductivity matrix; [CU] is dam-
ping matrix; {FU} is the load matrix.

All integrals in equations (23)-(25) taken by individual
elements. Summing up the contributions of individual ele-
ments carried out by the method of direct stiffness.

Solving the system of linear differential equations by
the method of cellular automata. To obtain the value of the

moisture content {U} at each point of the time interval, it is
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necessary to solve the system of linear differential equati-
ons of the first order (28), for the solution of which was
used different methods. At the same time, the partial time
derivative replaced by its finite-difference analogue using
the central difference scheme, or the Galerkin method. This
method also used in combination with finite elements in the
time domain, not in the spatial domain [9]. However, we
tried to apply a new and faster method such us cellular au-
tomata [1].

Regardless of the method of solving equation (28), at
the end, the system of equations for determining the mois-
ture content in wood during drying, taking into account the
anisotropy of properties, will have the next form [2]:

[A]{U}NEXT ={R}, (29)
where: [4]= [KU]+£[CU] , (30)
(R} = (é[cu] -[Ku]){u}w D(FUY. G

Matrix [A] is a combination of matrices [CU] and [KU]
and depends on the time step Az. If A7 and the material pa-
rameters don't depend on time or on {U}, then the matrix
[4] will be the same at all time points. If Az or the material
parameters change during the solution, then the matrix [A4]
must be recalculated each time, summing over all elements
and then triangulation. This procedure significantly incre-
ases the volume of calculations, but it is necessary when
Atis variable or in the case where the moisture transfer co-
efficients ¢, o, are functions of moisture, etc.

In general, the process of creating a cellular automata
model [4] and transition rules, which based on the system
of equations (29)-(31) with the representation of the matrix
[4] as a combination of the matrices [CU] and [KU], descri-
bed in three stages:

Stage 1. Creation of a cellular automata model:

This stage consists of several actions, in particular: at
first, we must select the geometry of the study area, where
the moisture transfer process takes place. In this case, it is
one lumber, which mentioned earlier (look Figure 1).

Next, it is necessary to divide the studied area into cells.
At the same time, each cell represents a discrete object for
which the state of humidity will be determined at different
moments of time. Since our studied area has a simple ge-
ometric shape, the process of partitioning is not complica-
ted. The only difficulty at this stage is to choose the correct
cell size, since each of them must have the same dimensi-
ons and together they must clearly cover the studied area,
both in height (parameter » — Y axis) and in width (parame-
ter a — X axis).

At the end of this stage, it is necessary to determine the
cell parameters. The set of these parameters will be the sa-
me for all cells, but their values will differ. In general, ma-
terial parameters that directly affect moisture transfer and
other physical and mechanical properties added here.

Stage 2. Development of transition rules:

In general, several basic transition rules were develo-
ped, the implementation of which makes it possible to cal-
culate new values of moisture content in the material over
time. Therefore, the developed transition rules have the fol-
lowing form:

e For each cell, we calculate the matrices [CU] and [KU] based on
the parameters of the material and humidity {U} according to
equations (30) and (31).

e Calculate the matrix [4] as a combination of the matrices [CU]
and [KU], with taking into account the time step Az.

e We set the initial conditions for the { U}1 a5t and the load {FU}.
e For each time step, we calculate the vector {R} based on the
values {U}ngyr and {FU}. At the same time, the values of the
matrices [CU], [KU] and [A] are calculated according to equati-
ons (30) and (31).
¢ Find the new value of { U} yzyr according to equation (29).

Stage 3. Iterative process:

This step involves repeating step 2 until the desired ac-
curacy, specified time interval, or equilibrium state is achi-
eved. The last corresponds to the situation when the humi-
dity values in the cells no longer change over time or chan-
ge slightly, thereby reaching a stable level. In this state of
equilibrium, the studied system can be stable, and the dyna-
mics of the processes can be coordinated. To reach an equi-
librium state, the iterative process performed until the stabi-
lity or accuracy condition is satisfied.

Thus, in the process of creating a cellular automata mo-
del and transition rules, we use the representation of the
matrix [4] as a combination of the matrices [CU] and [KU],
which depend on the time step Az. They can also change
during the solution process depending on the parameters
material and humidity {U}. This approach makes it possible
to more accurately take into account changes in humidity in
the material during the process of moisture transfer. In turn,
the use of the iterative process makes it possible to achieve
a state of equilibrium, thereby obtaining more accurate re-
sults of solving a given system of equations.

Based on the mathematical model (29)-(31), we develo-
ped the software in accordance with the principles of ob-
ject-oriented programming. This approach allow us to
describe the object and the actions on it as a single entity,
providing the opportunity to divide a complex problem into
a number of simpler ones. In general, the software consists
of a main module and two classes: "Point_class" and "Ele-
ment", and its class diagram you can see in Figure 2.

Point_class \ :
Class §
= Mona §
@® mashtab_x :int g% nomer_el :int §
g% mashtab_y : int @ type:int i
@ nomer_vyza :int @ v :Point_class[3] f
& x:int S Merohs
& yint ~Element() 3
& MeToabl ¢ Element() I
% ~Point_class() @ Get_type() : int ;
% Get_abs_koord_... % Set() : void it
% Get_abs_koord_... % Show() : void I
% Get_nomer() : int i
@ Point_class()
@ Set() : void
% Set_mashtab() ...
% Show() : void
~ y

Fig. 2. Class diagram of the developed software / Jliarpama kiacis
PO3pOOJICHOTO TPOrPaMHOTo 3a0e3MeYeHHs

During the execution of the task, we created a set of ob-
jects of the "Point class" class. These objects store the co-
ordinates of the points that were determined when using the
finite element method, or the cell number, if we used the
cellular automata method. After that, we formed a collecti-
on of objects of the "Element" class. Each object of this
class contains information about three points of the "Po-
int_class" class or the type and number of the correspon-
ding cell on the cellular automata field.

In general, the software implemented in console mode
in order to optimize the use of computer hardware resources
and, as a result, increase productivity. This becomes especi-
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ally relevant even in the conditions of modern development
of computer technology. In the course of research, it we es-
tablished that dividing the problem domain into 2,000 ele-
ments or cells allows calculations to perform for one iterati-
on in about 30-40 seconds on average.

Analysis of the obtained results. Determination of non-
stationary distribution of moisture transfer in the process of
wood drying was carried out for pine (o, = 400 kg/m’) with
initial values of moisture W, =0.3 % and temperature
tp = 20 °C with the following conditions of the drying pro-
cess: t=79°C, ¢p=77 %, v=2m/s (@, v— relative humi-
dity and drying agent speed).

As a result of calculations using the finite element met-
hod and the cellular automata method, several surface
graphs were obtained. As a surface, we decided to take a
cross-section of lumber along its center, as shown in Figure
1. We used the Python language to construct these two
graphs, and their appearance you can see in Figure 3.

20 0
b) a, mm 25 5

Fig. 3. Distribution of moisture in a section of pine lumber with a si-
ze of 25x25 mm using the finite element method (left) and the
cellular automata method (right) / Po3moain Bosoru B po3pisi
COCHOBHX IHJIOMATepialliB po3MipoM 25%25 MM METOIOM CKiH-
YEHHUX eJIEMEHTIB (JIIBOPYY) Ta METOIOM KJIITUHHHX aBTOMATiB

(ipaBopy)

According to this figure, we see that both methods sho-
wed adequate results. However, when we comparing them,
some discrepancies are immediately noticeable at the edges
of the cross-sectional surface when we using the cellular
automata method. This may be due to an excess or insuffi-
cient number of transition rules or cell parameters. Despite
this, the value of moisture content in the middle of the ma-
terial coincides with the results obtained using the finite
element method by approximate 80 %. However, we spent
less time to obtain these values. Despite this, we are confi-
dent that significantly better results can be achieve by

applying a combination of different cell parameters and
possibly transition rules. Considering this, the research will
persist.

Discussion of research results. The results of this rese-
arch provide valuable insights into the mathematical model-
ling of moisture transfer in lumber during drying. Compa-
ring the obtained results with similar studies in this field [5,
6,7,8,10, 11, 12], it becomes evident that cellular automa-
ta offer a new and promising approach for modelling mois-
ture dynamics in wood. In contrast to the conventional fini-
te element methods used in previous research, the use of
cellular automata has proven to be more efficient, providing
quicker results with reduced computational costs. This
study demonstrates the potential of this approach and opens
up pathways for further research and innovations in this fi-
eld, potentially leading to more effective modelling of wo-
od drying processes.

So, based on the results of the work performed, it is pos-
sible to formulate the following scientific novelty and prac-
tical significance of the research results.

Scientific novelty of the obtained research results — de-
velopment of a cellular automata model for simulating mo-
isture transfer in lumber during drying, taking into account
anisotropy.

Practical significance of the research results — a new
approach has been developed that offers a more efficient
and cost-effective way of modelling and analysing the pro-
cess of drying lumber.

Conclusions / BucHOBKH

This study conducted an extensive review of the non-
stationary process of moisture transfer in lumber and explo-
red two distinct methods, namely the finite element method
and the cellular automata method, for modeling this
complex process. The research objectives encompassed se-
veral key aspects.

The first objective involved a comprehensive overview
of moisture transfer in lumber under non-equilibrium condi-
tions, serving as the foundational step for subsequent mode-
ling. The development and refinement of a mathematical
model to simulate moisture transfer in lumber during drying
constituted the second objective, aiming to enhance mode-
ling accuracy.

The third objective centered on solving a system of line-
ar differential equations using the cellular automata met-
hod, presenting an innovative alternative to traditional finite
element methods. Finally, the obtained results underwent ri-
gorous discussion and analysis, comparing the outcomes of
both modeling methods.

While both approaches demonstrated adequate results,
the cellular automata method displayed promise in terms of
computational efficiency and accuracy in specific areas.
The comparative analysis did reveal minor discrepancies at
the cross-sectional surface edges of lumber when emplo-
ying the cellular automata method. Future research will pri-
oritize refining transition rules and cell parameters to
address these discrepancies and further enhance the model's
precision.

At the end, the combination of diverse cell parameters
and refined transition rules will yield a more accurate and
efficient modeling approach for moisture transfer in lum-
ber. This study contributes valuable insights to the field of
moisture transfer modeling in lumber, offering potential en-
hancements for the wood processing industries.
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MATEMATUYHE MOJE/IIOBAHHA BOJIOTONNEPEHECEHHA I YAC CYIHIHHA
AEPEBUHU /14 ABOBUMIPHOI'O BUIIAJIKY

MareMaTriHe MOJAETIOBAHHS BOJIOTOIIEPEHECEHHS B MIJIOMaTepianax MiJ Jac CyIIiHHS € aKTyaJlbHHM i CKIaIHUM 3aBHAHHSM,
SIKE Ma€ BEIMKE MPAKTUYHE 3HAUCHHS B IepeBOOOPOOHili ramysi. BomoronepeneceHns € 0CHOBHUM (hi3MUHMM TPOIIECOM TIiJ Yac Cy-
HIiHHS, Bill HOTO 3aJISKHUTH SKiCTh Ta €peKTUBHICTH 0OpOOIICHHS TMIOMaTepialliB Juisl IX MOAANBINIOr0 BUKOPUCTAHHS B Pi3HUX ce-
pax. YI0CKOHaJICHHS [bOTO IPOLECY MOXKE CIPUSTH 3MEHIIEHHIO BUTPAT Ta IMiJBUILEHHIO SIKOCTI ocTaTouHoro rnpoaykry. IIpore
MPOTHO3YBaHHs BOJIOTOBiIadi B MAJIOMaTepiaiax 3a pi3HUX YMOB i TapaMeTpiB € CKIaIHAM 3aBJaHHIM Yepe3 BIUIMB HU3KU (iznu-
HUX | MEXaHIYHUX YMHHUKIB. Y 1iif poGOTi po3pobieHo Ta 3aCTOCOBAHO MaTeMaTH4Hi MOJIE JJIsl aHaNi3y Ta MOJIEIIOBAHHS MPOLECY
BOJIOTOIIEPEHECEHHS! B MMMIoMaTepianax mix gac cyminas. OcoOnuBy yBary IpHIiIEeHO BUKOPUCTAHHIO METOIB CKiHUEHHUX €JIEMEH-
TiB i KIIITHHHUX aBTOMATIB JUIsl MOJIETIOBAHHS ILOTO MPOLECY B ABOBUMIPHOMY BUITAAKY. BUKOpHCTaHO METO KIIITHHHUX aBTOMATIiB
SIK TIOTEHIIHHO e()eKTUBHUN {HCTPYMEHT AJIsI MOACTIOBAHHS AMHAMIKM BOJIOTM B NMJIOMaTepianax mig vac cyminas. OCHOBHA imes
IILOTO METOJY TOJIATAE B TOMY, IO MUAJIOMaTepiall MOJiSIOTh Ha MaJIeHbKi OCepeIKH, TOOTO KIITHHH, i A KOKHOI 3 HUX BH3HAYa-
10Th i1 (pi3uuHi BracTUBOCTI Ta cTaH. [1oTiM iMITYIOTE TIepeaaty BOJOTY MiX LIUMH KJIITHHAMY 3aJ1€XKHO BiJ IXHBOTO CTaHy Ta HaBKO-
JMIIHIX yMoB. Lle# miaxin 1ae 3Mory Aero AetabHillle MpoaHaltizyBaTH MPOLEC BOJOTONEPEHECEHHs Ta BPaXOBYBaTH BIUIUB Pi3HUX
YUHHMKIB, TAKUX K TEMIIEPaTypa, BOJOTICTh MOBITPsI, FeOMETPisl muitoMarepiany Ta i1 Gpi3udHi BIaCTMBOCTI Ha KOXKHY KJIITHHY OKpe-
MO. 32 OTPUMAaHUMHU Pe3yJIbTaTaMH JOCIIKEHHS 3'COBAHO, 110 METO KJIITHHHUX aBTOMATIB € e()eKTUBHUM iHCTPYMEHTOM JUIsl MO-
JICTIIOBaHHs IMHAMiKK BOJIOIONIEPEHECEHHS B [TMJIoMarepianax mix yac cyminns. [TopiBHIOIOYM METO/ KJIITHHHUX aBTOMATIB 3 METO-
JIOM CKiHUEHHHX €lE€MEHTIB BCTAHOBJIECHO, 110 KJIITHHHI aBTOMAaTH JAIOTh 3MOTY OTPHMYBATH PE3yJIbTATH MIBUIMIE Ta 3 MEHITUMH 00-
YHCTIOBATLHUMY BuTparaMu. Lle poOuts ix nmpuBaOiuBIM BUOOPOM JUISl MOAETIOBAHHS CKJIAJHUX MPOIECIB, TAKUX SIK CYIIiHHS ITH-
JoMatepiaiiB, a TAKOXK Ja€ MEPCTICKTUBH AT MOJAIBIINX JOCIIKEHb Ta iHHOBaMii y il cdepi Moacskol AisIbHOCTI.

KuarodoBi ci1oBa: aHi30TpOIIis; METO] CKIHUEHHNX €IEMEHTIB; METO/] KJIITHHHUX aBTOMATiB; IIpaBMIIa MEPEXOiB.
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