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SOFTWARE SYSTEM FOR MATHEMATICAL MODELING THE
INFLUENCE OF EFFECTIVE POTENTIALS ON ELECTRON STATES
IN QUANTUM WELLS
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This work presents a detailed review and analysis of mathematical models and development
software solutions applicable to the field of electronics of low-dimensional structures. Based on this, the
architecture and components of a comprehensive software system were developed, intended for mathematical
modeling of the spectral characteristics of electronic states in quantum wells using various effective potentials. A
wide range of effective potentials is considered, including: the harmonic oscillator, anharmonic oscillator,
Poschl-Teller potential, modified Poschl-Teller potential, as well as Morse and Lennard-Jones potentials. Each
component of the software system allows users to modify the input physical and geometrical parameters according
to the developed mathematical models and the types of functional materials used. In addition, the sofiware enables
convenient and efficient visualization of the effective potentials applied to potential wells, performs calculations
of electronic spectra dependencies on input parameters, and generates their graphical representations. Based on
the developed software modules, a software suite was designed and subsequently constructed in this work for
direct application in the fields of nano- and microelectronics, addressing both engineering and purely scientific
purposes.

mathematical model, sofiware system, Wolfram Mathematica, quantum well, finite difference
method, effective potentials.
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1. INTRODUCTION

In modern electronics, over the last two decades, the field concerning the application of
micro- and nanostructures has become significantly widespread. These structures are
characterized by their high-tech nature and active connections with other disciplines, especially
with the tools and methodologies of information technology.

The aforementioned low-dimensional structures are applied in various human
engineering and technological activities, for example, in optoelectronic engineering,
semiconductor electronics, and are also of great importance for technologies used in wartime.
This is due to the fact that nanodetectors and nanolasers, which are created based on

low-dimensional semiconductor structures [1-5], are functional components of equipment
designed for detecting the flight of enemy military aircraft (airplanes and UAVs) thanks to the
so-called «anti-stealth» technology [6-8].

This is extremely important for the development of Ukrainian science and
technology at this difficult time. Another fundamentally different application of this type
of structures is found in medicine, where semiconductor lasers are successfully used for
performing high-precision operations, especially in oncology, and as a means for effective
drug delivery to the necessary location in the human body (so-called effective
macromolecules) [9-11].

As for the application of software engineering methods, its subject area is one of the crucial
ones when applied to nanoelectronics tasks. This is because, as an analysis of the current state of
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technology shows, software systems and complexes support the functioning of electronics
components throughout all stages of their lifecycle — starting from their creation and fabrication up
to the moment of their direct implementation into specific devices.

Furthermore, the direct functioning of electronic devices based on low-dimensional
systems is absolutely impossible without the use of specialized software, which on the one hand
ensures the operation itself, and on the other hand, provides the maximum efficiency of these
devices.

Software related to nanoelectronics can be categorized into several groups based
on its purpose. The first group includes control-type software, which completely
controls the process and timeframes during the creation of low-dimensional systems [12—
15] based on predefined parameters. Examples of such software systems are software
suites supported by the companies Nextnano.de [12—15]. These software suites are
multifunctional and are essentially a set of application programs. The complexity of
working with such software suites lies in the fact that dozens and hundreds of specialists
from software engineering and mathematical modeling can work on each software package,
and their subject areas and fields of knowledge may not overlap. This effectively
necessitates a completely different approach to the management of such software projects,
primarily in terms of work organization. The disadvantages of this group of software
systems include the following: their high cost. Even considering the multimillion-dollar
expenditures on fabricating low-dimensional structures, purchasing software or ordering
specialized software developments from the mentioned companies requires significant
financial outlay.

Furthermore, a user can rarely purchase only a specific, required package
of programs. Due to the rapid development of this field, the entire software system
has to be updated several times a year, but in fact, 90-95% of the software
becomes irrelevant and cannot be used anywhere. This constitutes a serious problem
and requires a different approach to controlling the development processes of such
software.

Thus, for the implementation of such mathematical models, a holistic approach is
required, which should ultimately be presented in the form of a complex software system.
Each of its software components is responsible for visualizing the potential and
implementing the mathematical model itself.

As a result, the findings representing the practical part of this work are as follows.
Mathematical models of various effective potentials have been developed, and their
visualization has been carried out using the Wolfram Mathematica environment with the
help of software components allowing for the change of their main parameters. These
software blocks from the first part of the developed software system.

For the second block of the software system, based on mathematical models of
boundary value problems with various effective potentials for the Schrédinger equation,
their finite difference schemes have been constructed and their software implementation has
been carried out. Each component of this software block provides mathematical modeling
of the spectrum, localization, and distribution of quasiparticle states by changing the
parameters of potential wells, all parameters of effective potentials, and the physical
parameters of the materials used.

A flexible architecture has been developed for this software system, which provides
clear and fully visualized access to graphical and numerical information obtained from each
of the models constructed. By design, the software system will find application both in the
field of electronics and in related and interdisciplinary fields, such as the use of microporous
materials in air purification systems and the monitoring of harmful emissions into the
atmosphere.
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2. CONSTRUCTION OF A MATHEMATICAL MODEL FOR TASKS
DESCRIBING THE OPERATION OF NANOELECTRONICS DEVICES, THEIR
NUMERICAL AND SOFTWARE IMPLEMENTATION

Mathematical models used in nano- and microelectronics tasks are typically based on
the capability to calculate the electron spectrum. Such models are mainly based on finding
analytical or numerical solutions to the time-independent or time-dependent Schrodinger
equation. The adequacy of these mathematical models is determined by the fundamental
principles of quantum mechanics.

The non-parabolic stationary Schrodinger equation is used in almost all calculations
of the band structure of nanodevices with quantum wells. For semiconductor lasers,
considering deviations of the quantum well profile from rectangular is of great importance,
because a large band gap in quantum wells leads to states located high above the conduction
band edge, where this effect becomes noticeable and crucial. This deviation necessitates the
construction of separate mathematical models for each case. This modification of the
mathematical model can be introduced by introducing a local effective mass for the electron
according to relation [16]:

m(E,z) =m(z) {1+ a(zNE-U(2))} ", (1)

where m — the effective mass of the electron in the local region, the model fitting parameter,

E — the electron spectrum energy. Special attention should be paid to the dependence U(z),
which is a key problem in optimizing the mathematical model and calculating activation
energies. The better this function is chosen under the given conditions, the more accurately the
activation energies will be calculated, as well as the wave functions of an electron, another
quasiparticle or a molecule in general. In the general case, the function U(z) is also called the
model potential. We use two approaches to describing the model potential outside the local
region with width w. In the first, simplified approach, the potential outside the region is infinite,
i.e. (Fig.1 a):

U(Z)=U(Z)—)OO. (2)

z—0 zow

In such a case, the Schrédinger equation is significantly simplified, and it is often even
possible to obtain its analytical solutions. However, such mathematical models provide only
qualitatively reliable quantitative results.

In the second approach, the potential outside the local region is considered finite
(Fig.1b), that is:

U(z)=U(z) > U,, (3)
z—0 zZow
or
U(z) > Ui U(z) > U,. (4)
z—0 zow

Such mathematical models are more realistic. However, they can primarily be
implemented numerically, and such an implementation itself requires the use of specialized
software or its custom development for such specific tasks.
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The initial model considers a single potential well with arbitrary geometric confinement
of its base. It is assumed that the potential energy of the electron in the
quantum well is determined by its confinement, which is represented by a coordinate
dependency U =U(z), as shown in Fig. 1 a, b. Accordingly, a simplified model of the local
region of the potential well can be obtained from the model in Fig. la
when U(z), ,, > x; U(z),,, . This model represents a potential well that has

infinitely high walls. The geometric scheme of such a local region is presented in
Fig. 1 b. In both possible models, it is assumed that the potential well has the same width
equal to w.

For this given local region, the determination of the electron spectrum, activation
energy, and electron wave functions reduces to finding the solutions of the time-independent
Schrodinger equation:

H(2)Y(z)=EY¥Y(2), (5)

where the Hamiltonian for the electron in this mathematical model, in the Luttinger
modification, is as follows:

U(z)—o0 U(z)—o U,

U(z) (=)

a b

Figure 1. Geometric confinement and energy scheme of a potential well with walls of infinite height (a)
and with walls of finite height (b)

H(z)=——————+U(2), (6)

In our mathematical model, it is assumed that the electron has different
effective masses in the studied local region and the surrounding medium. This leads
to a coordinate dependence of the effective mass m(z) and the electron's potential
energy, which in our case, taking into account the notations used in Fig. la, b, are as
follows:

U(z),0<z<w,

0<z< -

m(zy=1"0"">2>" . Gz)=1U,, z <0, (7)
my,z<0,z>w U. 25w

29 .
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When considering expressions (7), the Schrodinger equation is somewhat simplified,
and its form for the entire local region will be as follows:

1Y)

2

+U,¥Y(z)=EY¥(z), z<0,
2m;  dz
1t d*¥(z)

_% dz*

0P dPY()

dz*

+U(2)¥(2)=E¥(2),0<z<w, (8)

+U,¥Y(z)=E¥(z2), z>w.

2m,

The requirement for the wave function to be finite expresses the need for
the electron to be localized in the studied region with the greatest probability.
Specifically, for the mathematical model, this is expressed as the wave function
normalization condition:

T E ) dz=1 )

and also, its asymptotics at a significant distance from this local region:

Y(E,z)—0 (10)

z—>to0

Solutions of the Schrodinger equation in the external environment with respect
to the local region can be obtained in exact analytical form. They have the following
form:

¥(z) = Aje ™17 + BeX1?, y; = —Vz"‘lg’l"f),

o= B s (12

7 'z

z<0. (11)

Y(z) = Aze 2% + BjeX2? y, =

Considering the asymptotics of the wave function given by relations (8),
we must consider that the wave function must be finite at z < Oand z > w. This leads
to the fact that in the expressions for the wave function (11), (12), we must accept
A; =0 and B3 = 0. As a result, finally for the wave functions in the external region
we have:

Y(z) = B,e*1%,z2 < 0;¥(z) = Aze %%,z > w (13)

For the wave function in the local region under study, in both mathematical models,
which correspond to Fig. 1a, b, boundary conditions must be satisfied, which are responsible
for the finiteness of the wave function and the continuity of its probability flow. These boundary
conditions are as follows:

¥(2)., o ="Y¥(2)

¥(2). 00 =F(2)

z—>+0 5 Z—o>w— z—>w+0 5
d¥(z) _d¥(z) d¥Y(z2) _d¥(2) (14)
dz z—>—0 dz z—>+0 dz z—>w—0 dz z—>w+0
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Conditions (14) lead to a dispersion equation that has transcendental form. His solutions
determine the spectrum of an electron, which is in local area is not acquired discrete values:
E,,n=1273,.. As a result, the energy value activation is defined as follow:

AE =FE —FE m>n.

3. DEVELOPMENT OF A FINITE DIFFERENCE SCHEME FOR A
MATHEMATICAL MODEL WITH THE STATIONARY SCHRODINGER
EQUATION AND ITS REPLACEMENT BY A GRID PROBLEM

In quantum mechanics, any equation must be modified to conform to the requirements
of wave theory, i.e. the electron becomes a wave (particle-wave), so the state of the particle
must be given by appropriate boundary conditions. Thus, the new representation of the
Schrédinger equation fully describes the peculiar waves corresponding to the particle. The
Schrodinger equation, in the one-dimensional case, together with an arbitrary potential V(z) has
the following form:

n d’
H(2)Y(z)= {_E? + V(Z):|LP(Z) =E¥Y(2), (15)

in this rearrangement it is convenient for us to approach the construction of the difference
scheme of this equation. In the relation (15) V (z) is the potential in which the wave arises;
H — is the Hamiltonian of the problem, analogously to (8), and W (z)is the wave function or

the state of the particle-wave. In the equation (15) the energy E was defined arbitrarily, that is,
it can be any value. As described above, the wave must satisfy the boundary conditions that
determine the spectrum of values of E. Such an equation is called we will call it an
eigenequation. Thus, the wave function obtained as a solution of (15) is the actual eigenstate of
the particle, respectively, the energy held is the eigenenergy. In matrix terminology, the
eigenvector and the eigenvalue are often used as corresponding to the eigenstate and the
eigenenergy, respectively.

Let us find out how the boundary conditions determine the eigenenergies for the
one-dimensional Schrodinger equation. Any differential operator can be approximated by a
finite difference form, so this method is called the finite difference method. For example,
if a continuous variable x is discretized into a series of uniformly distributed points x ;such that
xi=xot+tiA(i=0,1,2,.., N; Ais aconstant — the grid step), then the second derivative is
approximated as follows:

SG)=2f )+ f ()

it (16)

4>
gf(xi) =f"(x)=
Then, from equation (15 and considering (16), we easily obtain a set of one-dimensional
equations determined by the grid nodes x i:
a(‘I’2 -2¥, +‘P0)+V1‘P1 =EY,;

where: V, =V (x,), ¥, =¥(x,), and a =—h*/2mA* .
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For every mathematical model of the local zone, boundary conditions are very
important. In the simplest mathematical model, we assume that the wave function is zero both
in the leftmost and rightmost coordinates of the local region, i.e. W, =¥, . Then all these

equations (17) can be directly presented in matrix form as follows:

—2a+V, a 0 0 0 0 ¥, ¥,
a —2a+V, a 0 0 0 Y, ¥,
0 a —2a+V, a 0 0 Y, |_ Y,
0 0 a ' 2atV, a 0 | e TH e | Y

Thus, the finite-difference scheme (2.14) for the mathematical model of the Schrodinger
equation is equivalent to the problem of finding the eigenvalues of the matrix

2a+V;  a 0 0 0 0
a —2a+V, a 0 0 0
_ 0 a —2a+V; a 0 0 . .
A, = 0 0 a 2a+V, a . 0 ,  which  uniquely
0 0 0 0 0 .. —2a+Vy,

determines the spectrum E, and the wave function of each state \¥',,.

Let us now consider a more realistic and complex mathematical model corresponding
to the local region in Fig. 1a. For such a model, consideration of the boundary conditions (14)
is mandatory. Using the finite-difference approximation for the first derivative in the form:

d ’ xl - xl'*
_f(xi):f(x)zw (19)
dx A
we will have:
Yo=Y Yy =Yy (20)
Y,-2¥,+¥,=0" |¥,,-2¥, +¥,=0.

As a result, the difference scheme (17) is modified and takes on the following form:

4 a 0 0 0 0 ¥, ¥,
a —2a+/, a 0 0 0 Y, Y,
0 a —2a+V, a 0 0 Y, |_ Y,
00 a ' 2ax¥, @ .o 0w |TE e (D
0 0 0 0 0 . V) \¥y) ¥,

The algorithmic approach to solving the difference scheme (21) is similar to that of the
difference scheme (18), it consists in finding the eigenvalues and eigenfunctions of the

|4 a 0 0 0 0
a —2a+V, a 0 0 0
4 = 0 a —2a+V; a 0 0
™o 0 a  “2axVy a .. 0
0o 0 0 0 0 . ¥y,

ISSN 2522-4433. Bichux THTY, Ne 3 (119), 2025 hitps://doi.org/10.33108/visnyk_tntu2025.03 .........o.ovvvereeoeeereeereeereeerenee. 121



Software system for mathematical modeling the influence of effective potentials on electron states in quantum
wells

4. DEVELOPMENT OF SOFTWARE FOR IMPLEMENTING THE
MATHEMATICAL MODEL OF THE SCHRODINGER EQUATION IN THE FORM
OF A GRID PROBLEM

The software implementation of mathematical models of effective potentials as spectral
problems for the stationary Schrodinger equation was carried out based on the constructed (18)—
(21) grid finite difference schemes [19]. We started with the implementation of the simplest
components of this software system block, namely for the potential model with infinitely high
walls, within the potential well for which U(z)=0. The main parameters that can be changed in
such a model are the electron's effective mass m and the width of the potential well L. We also
took the number of divisions of the one-dimensional grid equal to N=500, which corresponds
to a matrix (18) and (21) of size 500x500, while ensuring an accuracy of 107°. The
implementation of this component of the software system is presented in Fig. 2.

m I 0.497
L l 492
KinbkicTe pisHis I 5

[#n(z)f*

7.8084 meV

31.2333 meV
70.2737 meV
124.9280 meV
195.1940 meV

_ : '] g

1 Es
! Ee

r
o
m

nmow o nowon

Figure 2. Modeling the spectrum and squared moduli of wave functions
in a potential well with infinitely high walls

The possibility of continuous change in the electron's effective mass m and the width
of the potential well L was implemented using sliders. The electron energy level number was
also changed using a discrete-step spinner. For convenience, the squared moduli of the wave

functions |‘Pn (En,z)|2 are plotted on the energy scale, and the energies E, themselves are

displayed in a side menu.

Next, mathematical models for different effective potentials in a potential well with
potential walls of finite height Uy were implemented. The component of the software system
created based on the quantum oscillator model with U/ =kz* /2 is presented in Fig. 3a. In
addition to the possibility of changing the electron's effective mass m and the width of the
potential well L using sliders, and the number of electron levels with a discrete step, the
possibility of changing the potential barrier height Up and the effective stiffness a has also been
implemented. Thus, in this implemented mathematical model, we can interactively change all
its parameters.
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b

Figure 3. Modeling the spectrum and squared moduli of wave functions in a potential well with finite walls
for a quantum harmonic oscillator (a) and quantum anharmonic oscillator (b)

A similar situation exists for the anharmonic oscillator for which U = az? + bz, the
software implementation of which mathematical model is presented in Fig. 3b. Here, unlike the
harmonic oscillator model discussed above, the possibility of changing the anharmonicity
parameter b has also been implemented.

a b

Figure 4. Modeling the spectrum and squared moduli of wave functions in a potential well with finite walls
for the Poschl-Teller potential (a) and modified Péschl-Teller potential (b)

Next, the software implementation of the Poschl-Teller potential was carried out:
V(z)=-V,/cosh® (az) . Such a mathematical model is additionally characterized by the depth
value ¥V, and the generalized width of the quantum well L. The results of such mathematical
modeling in the form of a software block are presented in Fig. 4a.

Unlike the mathematical models of the harmonic and anharmonic oscillator,
which are used in models of molecular spectra, the Podschl-Teller potential is well

suited for approximating potential traps for volatile hydrocarbons. One of the alternative
options for mathematical models of potential traps is the modified Pdschl-Teller potential:

V(z)=-V, /cosh? (az) +V, tanh’ (az). It has greater flexibility and reliability for modeling,
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as this model contains an additional "fitting" parameter V;. The results of the developed

software block for such a mathematical model, with sliders available for changing all
parameters, are presented in Fig. 4 b.

a b

Figure 5. Modeling the spectrum and squared moduli of wave functions in a potential well with finite walls
for the Morse potential (a) and Lennard-Jones potential (b)

For mathematical modeling of vibrational processes in diatomic molecules and often as

—a(z-xy) )2

potential traps for such molecules, the Morse potential is used: V' (z) =D, (1 —e . In our

generalized model, this potential is characterized by the following additional parameters: the
depth of the potential well D,, the effective width of the potential a, and the position of the

minimum of the effective potential xo. The component of the software system that provides
effective mathematical modeling of the spectrum and squared moduli of wave functions works
as shown in Fig. 5a. An important feature of the software block we have developed is the
possibility of direct calculation of the spectrum and quantum transition energies, which allows
determining the ionization energies and activation energies possible in both electronics and
molecular dynamics.

The last component of the software system we have developed is the component that

12 6
provides mathematical modeling of the Lennard-Jones potential: V' (z) =4¢ ng —(gj },
z z
where ¢ is the depth of the potential well, and o is the distance at which the potential is zero.

A feature of this potential is the partial states associated with the potential well at V' (x) <0.

Transitions between these states determine the activation energy during the processes of
molecule adsorption in functional materials with micropores. To fully solve this problem, it is
necessary to algorithmically implement a model that allows for mathematical modeling of the
mentioned energies with possible changes in all parameters of both the potential well and the
Lennard-Jones potential itself. The result of the operation of such a component of the software
system is presented in Fig. 5b.

5. CONCLUSIONS

1. This study presents a comprehensive analysis of the subject domain encompassing
micro- and nanoelectronics, with a particular focus on applying software engineering
methodologies and principles for the development and verification of mathematical models of
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effective potentials. These potentials emerge during the simulation of quasiparticle states in
mesoscopic structures. The study demonstrates the necessity of an integrated approach to
implementing such mathematical models.

2. Ultimately, this approach is realized as a complex software system, where each
software component is responsible for either visualizing the potentials or executing the core
mathematical computations. As part of the practical outcomes, a range of mathematical models
representing various types of effective potentials were developed. These models were
visualized using the Wolfram Mathematica environment through specialized software modules
that allow dynamic manipulation of key parameters. These modules constitute the first
component of the developed software system.

3. The second component involves solving boundary value problems for the
Schrodinger equation incorporating diverse effective potentials. Finite difference schemes were
constructed based on these models and subsequently implemented in software. Each unit within
this module facilitates the simulation of energy spectra, localization, and spatial distribution of
quasiparticle states by enabling the modification of potential well parameters, effective
potential properties, and relevant physical constants of the materials used.

4. A flexible and modular architecture was designed for the entire software system,
ensuring intuitive access to both graphical and numerical results produced by each individual
model. Owing to its versatility, the system can be applied not only in the field of electronics but
also in adjacent and interdisciplinary domains. These include applications involving
microporous materials, particularly in air purification systems and the monitoring of hazardous
emissions into the atmosphere.
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INPOI'PAMHA CUCTEMA IS MATEMATHUYHOI'O
MOJIEJIOBAHHA BIIVIMBY EOEKTUBHUX IOTEHIIAJIIB HA
EJEKTPOHHI CTAHM Y KBAHTOBHUX SIMAX

Irop boiiko; Codisa Xemii

TepHoninvcbkuli HAYIOHATLHUN MeXHIYHUL YHieepcumem imeHi leana Ilynios,
Tepnonines, Yxpaina

Pestome. Ilpeocmasneno po3eopHymuii 02130 CY4acHo20 CMAaHy 00CaiONCeHb ma aHatiz MamemMamudHux
Modenel, AKi 8UKOPUCTOBYIOMbCA O/l ONUCYBAHHA eNeKMPOHHUX NPOYECIE Y HU3bKOSUMIPHUX CMPYKMypax,
30Kkpema y keanmosux amax. Ocobaugy yeazy npuoireHo po3pobaeHHIo NPOSPAMHUX piuieHb, Wo 3abe3neuyioms
mouHe ma eghekmugne MamemMamuyne MoOe08aHH CREKMPATLHUX XAPAKMEPUCUK eNeKINPOHHUX CMAHIE i3
3ACMOCYBAHHAM  WUPOKO20 CHEKMpy e@eKmueHux nomenyianie. Y mesxcax 00CHioxceHHA pO3poOIeHO
apximexmypy npoepamHo20 KOMHAEKCY, AKUl HOEOHYE 8 cOOT PYHKYIOHATbHICIb 0151 BUKOHAHHA 0OUUCTIOBATbHUX
eKCnepuMeHmis, 3MIHU napamempis mooeieti ma gizyanizayii pezyiomamis. Pozensinymo maxi munu eqhexmueHux
nomeHyianie, AK 2APMOHIUHUL OCYUIAMOD, AHeAPMOHIUHUL ocyunamop, nomenyian Ilewna—Tennepa,
moougixosanuti nomenyian [leuins—Tennepa, nomenyian Mopse, nomenyian Jlennapoa-Zoconca. Lfi nomenyianu
WUPOKO 3aCMOCOBYIOMbCA 6 KBAHMOGIl Mexauiyi O ONUCYBAHHA 63AE€MOOIl YACMUHOK Y CUCMeMAx 3
obmedcenuamu posmipnocmi. Peanizosani 6 npozpamuomy cepedosuuji anzopummu 003601410Mb KOPUCHY8a4am
sminiogamu Qisuuni napamempu (HANPUKIA0, MAcCy HACMUHOK, 2AUOUHY NOMeHYIanbHOT amu, i wupuny), a
MAKOJIC 2e0MEMPUYHI XAPAKMEPUCMUKU CUCTEMY, WO MOOENIOEMbCs, GiON0BIOHO 00 KOHKDEmHO20 Muny
Hanocmpykmypu uu mamepiany. OOHICIO 3 KNOYOBUX 0COOIUBOCMEN NPOSPAMHO20 KOMNIEKCY € 3PYUHUL
inmepgetic Ons  iHMepakmusHoi nobyooeu 2pagikie epexmusHux NnoOMmeHyiane ma CREeKMPAIbHUX JiHil
enekmponHux cmanie. Cucmema maxoodic 3a0e3neyye yucenvbHe po3e sa3anHsa 8ionogioHux pieHans Llpedineepa 3
VPaxXyeanHsiM 6XiOHUX napamempie i cenepayilo pe3yibmamis y ueisoi epadixie, mabauys ma iHuux gopmamis,
npudamuux 0l NOOAILUL020 ananisy. Badcausum emanom cmano mecmy8antsa npaye30amHuocmi KOMNIeKcy Ha
OCHO8I NpUKNA0i8 peanrbHux QI3UYHUX cucmem i NOPIGHAHHA OMPUMAHUX pe3yabmamis i3 meopemuyHUMU
NPOSHO3AMU A JiMmepamypHumu OaHumu. 3a80aKu MOOYIbHIU CIMPYKMYPI, RPOSPAMHULL KOMNJIEKC Modce Oymu
PO3WUPEHULl HOBUMU MOOeTAMU AOO0 adanmo8aHuii 00 IHWUX MUNie NOMeHYIaNie ma ymos. Y niocymxy, cmeopena
NpO2PAMHA CUCIEMA € YHIBEPCANbHUM THCIMPYMEHMOM 0714 OOCTIOHUKI | pO3POOHUKIS, SKI NpAYomy ) 2any3i
MIKpO- mMa HAHOENeKMPOHIKY, OCKIIbKU 00360JA€ He Juue NpOoGOOUMU MOYHI POPAXYHKU CHEKMPATbHUX
Xapakmepucmux eieKmpOoHHUX CINAHRIE )y KEAHMOGUX AMAX, ajle Ul CYHCUMU OCBIMHIM MA HAYKOBUM 3ACOOOM OJIs
8UBUeHHs NOBEOIHKU eeKMPOHI8 Y PI3HUX NOMEHYIATbHUX KOHpi2ypayisx.

Knrwouosi cnosa: mamemamuuna mooenw, npocpamua cucmema, Wolfram Mathematica, kéanmosa sma,
MemoO CKIHUeHHUX Pi3HUYb, eheKmuaHi nomenyiau.
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