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CYBER-PHYSICAL MODEL OF THE IMMUNOSENSOR SYSTEM AT THE
HEXAGONAL LATTICE WITH THE USE OF DIFFERENCE EQUATIONS OF
THE POPULATION DYNAMICS

The subject matter of the study is a model of cyber-physical immunosensory systems. The goal of the work is to create and to study
the stability of the cyber-physical model of the immunosensory system at the hexagonal lattice using difference equations. The
following tasks are solved in the article: development of functional scheme and cyber-physical model of immunosensory system;
creation of discrete dynamics of the studied system; development of dynamic logical simulation of the cyber-physical immune
system; definition of permanent states for studying the stability of a model of an immunosensor at the hexagonal lattice; the analysis
of the results of numerical simulation of the cyber-physical model of the immunosensory system in the form of image of phase planes,
the probability of contact of antigens with antibodies, lattice images of the probability of antibody bonds and an electron signal from
the converter, that characterizes the number of fluorescing pixels. The following methods are used: methods of mathematical
statistics and random processes, methods of the theory of optimization and operations research. The following results were obtained:
The cyber-physical model of the immunosensory system at the hexagonal lattice using the difference equations that takes into account
the presence of colonies of antigens and antibodies localized in pixels as well as the diffusion of colonies of antigens between pixels
was developed. Discrete dynamics of populations in conjunction with dynamic logic is described. A class of delay time difference
equations was introduced to simulate the interaction of "antigen-antibody" in the pixels of the immunosensor. The stability of the
cyber-physical model of the immunosensory system with the help of the R package is researched. The results of numerical simulation
in the form of phase planes image, the probability of contact of antigens with antibodies, lattice images of the probability of antibody
bonds and an electron signal from the converter, that characterizes the number of fluorescing pixels, are obtained. The identical and
endemic stable states of the cyber-physical model of the immunosensory system at the hexagonal lattice using differential equations
of population dynamics are proposed. Conclusions: The numerical simulation of the developed cyber-physical model of the
immunosensory system was conducted. It is established that its qualitative behavior significantly depends on the time of the immune
response . An electrical signal, modeled by the number of fluorescent immunopips, is important in the design of cyber-
physiological immunosensory systems and studies of their resilience. Limit cycle or steady focus determine the appropriate form of
immunosensory electrical signal. The conclusion on the stability of immunosensors is based on the grid image of the pixels that are
fluorescing. The obtained experimental results allowed to perform a complete analysis of the stability of the immunosensor model,
taking into account the delay in time.

Keywords: cyber-physical model; immunosensory system; biosensor; immunosensor; stability of the model; difference
equations; hexagonal lattice.

Introduction

Analysis of the problem and the existing methods

Cyber-physical system (CPS) is a physical system
that implements the integration of computing and physical
processes. It occurs more often in the form of embedded
systems and networks for monitoring and controlling
physical processes in feedback systems. In such systems,
the dynamics of physical processes is the source of
information of the investigated phenomenon with the
ability to control and calculate the signals of control of the
object [1].

Cyber-physical systems are identified with the
manifestation of the fourth industrial revolution that takes
place in the modern world [2]. Thus, there is also a
physical ~ opportunity to use technologies of
"Internet of Things", where it is necessary to use signals
from sensors and measuring devices. Thus, more
and more publications [3] appear in the
literature that draw attention to the modern concepts and
offer the innovative solutions. A. Platzer proposed
an approach based on "dynamic logic", which
describes and analyzes cyber-physical systems [4], [5]. In
these works, the hybrid programs (HPs) are used
at the simple programming language with the
simple semantics. HPs allow the programmer
to refer directly to the actual values of variables
that represent the real values and determine their
dynamics.

With the growth of the pace of life and the need for
more accurate methods for monitoring various parameters,
interest in cyber-physical systems and biosensors as their
components is growing in science and industry.
Biosensors are an alternative to well-known measurement
methods that are characterized by poor selectivity, high
cost, poor stability, slow response, and can often be
performed only by the highly trained personnel. This is a
new generation of sensors that use biological material in a
design that provides very high selectivity and allows you
to quickly and simply measure [6], [7].

Cell biosensors can be used to quantify the infection
of an organism with certain electrochemical or optical
phenomena. The article [8] describes a cellular biosensor
that uses electrochemical impedance spectroscopy. This
biosensor is intended for counting human CD4 + cells.
The sensing area of this biosensor includes electrode
pixels, each of which is compared to the size of the CD4 +
cell, which is attracted to the pixels of the electrode. They
are detected by observing informative changes on the
pixel. The "On" or "Off" state of the electrode pixel
indicates the detection of one CD4 + cell. Thus, in order to
calculate CD4 + cells, it is necessary to summarize
electrode pixels in the "On" state.

This general approach to quantitative detection of
cells is used to simulate an immunosensory system based
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on the fluorescence phenomenon. Immunosensors [9] are
a subgroup of biosensors, in which the immunochemical
reaction is associated with the transducer. The principle of
all immunosensors is the specific molecular recognition of
antigens by antibodies to form a stable complex.

An important stage in the design of cyber-physical
immunosensory systems is the development and research
of their mathematical models that adequately reflect the
important aspects of the spatial structure of immune-pixels
important in terms of the research tasks. After all, the
quality of the immunosensor model determines the
effectiveness of its processing methods in measuring
systems. The design of cyber-physical immunosensory
systems involves the selection of parameters that would
ensure their operational stability. Such a task, in
particular, arises in the development of an immunosensor,
which includes a three-dimensional array of immune
pixels, and which consists in finding appropriate
parameters describing immunological and diffusion
processes. This problem can be solved by developing and
studying the stability of the corresponding cyber-physical
model of the immunosensory system on a hexagonal
lattice using difference equations.

Purpose of the work. To develop a cyber-physical
model of the immunosensory system on a hexagonal
lattice using the differential equations of population
dynamics with the possibility of studying its stability. The
article addresses the following tasks:

- development of functional scheme and cyber-
physical model of immunosensory system;

- creation of discrete dynamics of the studied system;

- development of dynamic logical modeling of the
cyber-physical immune system;

- definition of permanent states for studying the
stability of a model of an immunosensor on a hexagonal
lattice;

- analysis of the results of numerical simulation of
the cyber-physical model of the immunosensory system in
the form of image of phase planes, the probability of
contact of antigens with antibodies, lattice images of the
probability of antibody bonds and an electron signal from
the converter, which characterizes the number of
fluorescing pixels.

Solving the problem

Cyber-physical Immunosensory System (CPISS).
The definition of the term "Cyber-physical sensory system
(CPSS)" is given in [10]. This definition was introduced
for the industrial use of sensors. The general definition of
the CPSS involves "a higher degree of combination,
system sharing, the ability to use embedded systems in the
field of automation and compliance with existing
standards." The considered approach is used for the
characterization of CPISS, the functional scheme of which
is presented in fig. 1 and allows to perform numerical
simulation of the system under study.

According to [10], the definitions and schemes for
CPIS are used to define the CPS. CPISS converts
physically measured immunological parameters into the

digital information, which enables them to process signals
in time using certain algorithms. There is also an
interaction with their own capabilities, requirements,
internal data and internal tasks in terms of distribution to
the same or higher level of the hierarchy.

The concept of CPS at the basis of the CPISS (the
external rectangle in fig. 1) , with the account of the
features of intellectual imaging sensors is used. With the
additional skills (dotted line in fig. 1), the sensor extends
to CPIS, which allows to receive more diagnostic
information about the object being studied.

CPISS
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4 7

Signal processing
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system
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Fig. 1. Functional scheme of CPISS

Four main types of detection are used in
immunosensory devices: electrochemical (potentiometric,
amperometric or conductivity (capacitive), optical and
thermometric [9]). All types of sensors can be used as
direct (not marked) or as indirect (marked)
immunosensors. Direct sensors are able to detect physical
changes during the formation of the immune complex,
while indirect use different levels of the generated signal
that enable more sensible and universal detection in
measuring systems.

CPISS refers to the high-intelligence information
systems. They use an affordable set of interfaces that
allow you to receive fast and accurate information of the
status and internal system data that should be available to
other CPSs. According to [10] CPISS as the self-
organizing system requires comprehensive knowledge of
its own dynamic structure and infrastructure of the general
system. In order to make this, it is necessary to determine
the types of immunosensory devices, taking into account
their functional application. For example, immunosensors
can be used to assess critical states in cardiovascular
diseases, insulin values when measuring glucose levels in
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blood and to identify quantitative parameters in some
pharmaceutical formulations.

In the article [10] the general structure of CPSS is
proposed. While applying this scheme, in the case of
immunosensors, three directions can be singled out:
general  information about the  immunosensor;
measurements of immunological parameters and skills in
relation to unit conversion and calibration; interaction
with other immunosensors. In this way, the certain
methods are described that allow the immunosensor to be
described. In the study of CPISS, the programming
language R was used. Despite the great variety of
programming languages used in the development of CPS
(Assembly, C, C ++, D, Java, JavaScript, Python, Ada,
etc. [11]), the language R is widely used in Nowadays, in

many industries involved in machine learning and
visualization of data.
Discrete Dynamics CPISS. For the CPISS

dynamics we use the mathematical description with the
help of nonlinear difference equations with delay.

The model of the immunosensor on the basis of a
hexagonal lattice is considered. In this case, for the

numbering of immune pixels (i, j,k), i, j,k=-N,N,
i+ j+k =0 the cubic coordinate system is used [11].

Let V,;, (t) is the concentration of antigens, F,; (t)
is the concentration of antibodies in the immunopixel
(i,j,k); i, j,k=—N,N, i+j+k=0.

The model is based on such biological assumptions
for an arbitrary immunopile (i, j,k).

1. Antigens are detected, bind, and finally

neutralized by antibodies with some probability velocity
y>0.

2. It is assumed that when colonies of antibodies are
absent, colonies of antigens are regulated by a logistic
equation with a delay:

Vi,j,k (n+l):(l+ﬂ_5u\/i,j,k (n_r))vi,j,k (n) ) (1)

where f and &, — positive numbers, and r>0 mean
latency of the negative responce of the antigens’ colonies.

3. The fertility rate S > 0for the antigen population
is introduced.

4. Antigens are neutralized by antibodies at a certain
probability rate y >0 .

5. The population of antigens tries to reach a certain
limit of saturation with a spee ¢, >0.

Vi (+D) =V, (Nexp{f—yF  (n=1)=5V,;, (n-

6. The diffusion of antigens from six adjacent pixels
is considered (i+1, j,k-1), (i+1 j—-Lk), (i, j—1Lk+1),
(i-1j,k+1), (i-1j+1k) i (i, j+Lk-1) (fig. 1) with
diffusion speed DA™, where D>0 — coefficient of
diffusion; A >0 — distance between two adjacent pixels.

7. The constant mortality of antibodies g, >0 is
introduced.

8. As a result of the immune response the antibody
density increases with a probabilistic velocity 7y .

9. The antibody population is approaching a certain
level of saturation with a speed &, >0.

10. The immune response occurs with some constant
delay inatime r>0.

(A j1, k+1)

Fig. 2. Hexagonal latice, which binds six neighboring pixels in
the model of the immunopixel using the cubic coordinates:

D D
1,3,5,8,9,11 - (EV‘“ (t)) ;2- (Evmljvkl(t)j;

D .« [DB .
4- (Eviu‘j—l,k(t)j’ 6 (Az Vi,j—l‘k+1(t)j1

D 10 [ B .
7- (Evil,j,kﬂ(t)j' 10 (Az Vil,j+1,k(t)j'

D
12 - (Evi,jﬂ,k—l(t)j .

On the basis of the above information, we will write
the mathematical model of late-antigen-antibody
interaction for a hexagonal array of immunopicles based
on the well-known Marchuk model [12-14] and uses the

[15] (additional

A

spatial operator S  proposed in
information is on page 10.

r)} +§{Xi.j,k(n)}

Vi, ik

, @)

Fi,j,k (n+1) = Fi,j,k (n)exp {_:uf + 777Vi,j,k (n—r)— o Fi,j,k (n)}

where é {V

ijk

S{Vi i) =

. | DA [V jis +V.
i, j,ke-N+1L,N-1,

i+1,j-1k

} is a discrete diffusion for a spatial operator S .

+V.

i,j-Lk+1

+V.

i-1,j,k+1

+Vi—1,j+1,k +Vi,j+1,k—1 _6n\/i‘j,k:| (3)

i+j+k=0.
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Dynamic logical simulation of CPISS. In order to
simulate the dynamic logic of CPISS, we use the syntax
proposed by A. Platser for the general CPS [4]. The CPS
uses the Hybrid Programming Language (HP), which has

a :::Vi,j,k (n +l) :\/i,j,k (n) exp{ﬂ_yl:i,j,k (n - I') _5x\/i,j,k (n - I’)} + é {\/i,j,k (n)}:

more features than differential equations. The first level of
HP is a dynamic program that is defined by the following

grammar

(4)

Fi,j,k (n+1) = Fi,j,k (n)exp{_ﬂy +777Vi,j,k (n— r)_5y Fi,j,k (n)}&CD[,

where @, is an evolutionary domain constraint in the form of a formula for the logic of the first order of real arithmetic

def .
@, =V™ <V, (n) V™,

AF™ <F (M) <F™ Ai, jk=—N,NAN>0,i+j+k=0.

The functioning of the immunopixel (i, j,k) is
determined by two states, with respect to fluorescence.
Namely, s,, is a state of fluorescence and s, is one of

the non-fluorescence states. The use of the first order of
semantics of logic and the satisfaction ratio s| =L for the

first-order formula L of real arithmetic and state s can be
determined for some pixels (i, j,k);i, j,k=-N,N,
i+j+k=0 states s;, and s, as

non fl
Sft| = kfIVi,j‘k (n)Fi,j,k (n) 2 eﬂ )
=kgV j (MF; (n)<8,.

(6)

Snonfl

Discrete changes occur in computer programs when
they accept new values for variables. This situation occurs
when a fluorescence phenomenon occurs in a pixel

G,j,k); i,j,k=-N,N, i+j+k=0. The state
Si1ijx =1 Is assigned a value of 1 to the variable s, ;.
This leads to a discrete, jump-like change, as the value

S¢1,,;« does not change smoothly, but rapidly when it

suddenly changes from 1 to s, causing a discrete
jump of values s, ;. In this way, we obtain a discrete
model of change s, =1, except for the model of
change (6).

Investigation of stability of immunosensor model

on hexagonal lattice. Constant states.
In  general, the state of  equilibrium

i =(VioFe ) bik=-N,N, i+j+k=0 for

the system (2) can be found as a solution of an algebraic
system:

Viik =Viik eXp{ﬂ_7Fi,j,k
Fi,j,k = Fi.j,k EXp{_,uf 7 X ik - F.Jk}

_é‘uvi,j,k}_'_ A{Vi,j,k} (7)

Considering (Vi,j,k'Fi,j,k)’ i,j,k=-N,N, i+j+k=0,
we have the following cases.

Stable state without antigens and antibodies
&1 =¢""=(00), i jk=-N,N, i+j+k=0.

()

Stable state without antibodies
&0 =0 2| B o] i jk=INN, i+ j+k=0.
ik 5

Identical endemic steady state. In the case if
Viix =Vt 50, i,j,k=—N,N, i+j+k=0,
(SA{VLM}EO), we receive the stable state
gi,jlk EEident :(Vident, Fident) ’ where

Videm _ ﬂé‘f + i Fident — _qué‘u +777/ﬂ -
ny'+6,6, ny’ +6,6,
So if —u, 8, +myB>0, then £*" is an endemic

state.

Non-identical endemic steady state. In the general
case, we need to solve the algebraic system (7) and find an
endemic stable state, which will be called non-identical

non—ident __

stationary state £ = (VTL R,
i,jk=—N,N, i+j+k=0. In case all
(VL B > 0, then &™ ™ is an endemic state.
Values V*™"and F™"can be used as the initial

approximations for numerical methods for solving a
nonlinear algebraic system (7).

Numerical modeling.
Model (2) is considered at h=0.01*; B=2h;

y=2h; i, =h; n=001184/y; 8 =05h; &5, =05h;

D/IA*=222h: N=4.

Similar to the model based on the differential
equations [16, 17], in a system with the discrete time
when the delay time value is changed r we
observe the qualitative changes in the behavior of immune

pixels and the model under study as a whole.
Numerical modeling is performed at the
values of the parameters given above. In

this case, the long-term behavior of the system (2), which
describes a hexagonal array of immunopixels
at N=4 for r=5; r=17; r=22. Phase diagrams of
antibody and antigen  populations  for  pixel
and adjacent pixels at different values are shown
in fig. 3-5.
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Fig. 3. Numerical modeling of the system (2) at r =5. The image of the phase planes in coordinates (\/i,j,k7

Fi,j,k) for the pixel

(0,0,0) and its six neighboring pixels. Designation: o — identical stable state, ® — non-identical steady state
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Fig. 4. Numerical modeling of the system (2) at r =17 . The image of the phase planes in the coordinates (Vi'jyk, Fi'j'k) for a pixel

(0,0,0) and its six neighboring pixels. Symbols: o — identical steady state, ® —non-identical steady state
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Fig. 5. Numerical modeling of the system (2) at r =22 . The image of the phase planes in the coordinates (V

Pixel 000

Pixel 10 -1

Pixel 1-10

Pixel 0 -1 1

=

Lk gk

) for a pixel

(0,0,0) and its six neighboring pixels. Symbols: o — identical steady state, ® — non-identical steady state.

Thus at r <16 there are trajectories that correspond
to a stable focus for all pixels (fig. 3). At a value r =17
Hopf bifurcation occurs — the following trajectories
correspond to stable ellipsoidal boundary cycles
for all pixels (fig. 4). The results of numerical
modeling are consistent with the theoretical results on the
basis of the theorem on the Hopf bifurcation [18],
which confirms the appearance of small invariant

cycles of the radius O(\A) . Fig. 5 for r =22 shows the
phase diagrams, which are the limit cycles with two

extremums local maximum and one local
minimum).

Lattice graphs were used for numerical modeling of
the cyber-physical model of the immunosensor. Firstly,
the  corresponding  graphs  were  constructed,
where the probability of antigen-antibody contact was

given for each pixel, and as V,; xF,, at r=5, r=17,

i,k
r =22, are shown at fig. 6 (a-c).
At the second stage of numerical simulation of
CPISS, lattice graphs of fluorescing pixels were obtained
based on the condition (6) shown at fig. 7.
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Fig. 6. Lattice images of the probability of antibody bonds with antibodies in pixels of the system (2) at r =5 (a)
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As an example of the final stage of numerical
simulation of the CPISS, the form of an electrical signal of
the converter is obtained, which characterizes the number
of fluorescing pixels, depending on the different value of

r =17 that corresponds to a stable focus. At r =22 there
is a running wave of fluorescence pixels that is
represented in fig. 8 (c).

For the numerical simulation of CPISS, a threshold

the delay in time r. Fig. 8 (a, b) shows the result of the  value for  fluorescence was  used 0, =15.
numerical simulation of the system (2) at r=5 and
0.050
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Fig. 8. An electrically transmitted signal from a transducer that characterizes the number of fluorescing pixelsat r =5 (a),

r=17 (), r=22 (c)

As it was shown by the numerical analysis
fluorescing states in immunopixels are changed according
to the laws of discrete dynamics. Analyzing the obtained
results, it was concluded that when changing the values of
', the behavior of pixels and CPISS changes
qualitatively.

Conclusions

In this work a model of cyber-physical
immunosensory system on a hexagonal lattice with the use
of difference equations is developed and its stability is
investigated. The presence of colonies of antigens and
antibodies that are localized in pixels, as well as the
diffusion of colonies of antigens between pixels was taken

into account. The mathematical description of CPISS
contains a discrete population dynamics, which is
combined with the dynamic logic used for discrete events.

The continuous dynamics of the immunological
response, each immunopixel is considered as CPISS was
studied. The electrical signal, modeled by the number of
fluorescent immuno pixels, is important in the design of
CPISS and the study of their sustainability. Sustained
focus or limiting cycle determines the appearance of an
immunosensory electrical signal. The conclusion on the
stability of immunosensors can be made on the basis of
the lattice image of the pixels that are fluorescing. The
experimental results obtained allow us to perform a
complete analysis of the stability of the immunosensor
model, taking into account the delay in time.
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KIBEP-®I3UYHA MOJIEJIb IMYHOCEHCOPHOI CUCTEMH HA
TEKCATOHAJIBHIM PEIIITII 3 BAKOPUCTAHHSAM PI3SHUIIEBUX PIBHSIHb
NONYJIANIMHOI IMHAMIKH

IpeameTom nociipkeHHS € Mozedi Kioep-(pi3uyHUX IMYHOCEHCOPHHUX cHCTeM. MeTa poOOTH — CTBOPEHHS Ta JOCIiIKECHHS
CTIHKOCTI Kibep-(i3nyHOI MOJENI IMyHOCEHCOPHOI CUCTEMHU HA T'€KCAarOHANBHIM PEINITI 3 BUKOPUCTAHHAM PI3HMIIEBUX PIBHAHL. B
CTaTTi BUPIIIYIOTHCS HACTYITHI 3aBJaHHS: PO3poOKa (YHKLIOHATBHOI cxeMH Ta Kibep-(hi3uuHOT MOIesi iMyHOCCHCOPHOI CHCTEMH;
CTBOPEHHS IWCKPETHOI IMHAMIK{ JIOCHIUKYBaHOI CHCTEMH; po3po0Oka IWHAMIYHOTO JIOTIYHOTO MOJCIIOBAHHSA KiOep-(i3maHoi
IMYHOCEHCOPHOI CHCTEMHM; BU3HAYEHHS ITOCTIHHHX CTaHIB JUIS JOCIHIJDKEHHS CTIMKOCTI MOJeli iMyHOCEHCOpa Ha reKcaroHaJbHii
PELIiTII; aHaJi3 pe3yNbTaTiB YMCENFHOTO MOJEIIOBAaHHS Kibep-(i3ndHOI Mozeli IMyHOCEHCOPHOI CHCTEMHU y BHITIAIL 300paKeHHS
(ha30BUX IUTONIMH, HMOBIPHOCTI KOHTaKTy aHTHTEHIB 3 aHTUTIIAMH, PEIIITYACTHX 300pa’keHb HMOBIPHOCTI 3B’SI3KIB aHTHTEHIB 3
aHTUTLIAMH Ta €JICKPUYHOIO0 CHTHAJdy 3 IIEPETBOpIOBaYa, SKHH XapaKTEPH3y€ KUIBKICTh (IYOPECI[IIOIOUHMX ITIKCEIIB.
BukopucToByIOThCS Taki METOAM: METOAM MAaTEMaTHYHOI CTATUCTHUKKA Ta BHUIAJKOBHX IIPOILIECIB, METOAM TeOpil ONTHMI3amii Ta
JOCITipKeHHsT onepauid. OTpUMaHO HacTymHI pe3yabTaTtu: Po3polOneHo kiGep-(isuuHy MOJelb IMYHOCEHCOPHOI CHUCTEMH Ha
reKCaroHaJbHId PEIIiTHi 3 BHKOPHCTAHHSAM DI3HHLEBUX pPIiBHSIHb, SKa BPAaXOBY€ HASBHICTh KOJOHIM AHTUIEHIB Ta AHTUTLI, LIO
JIOKaJI30BaHi y IMIKCeNsX, a TaKoXK AWQY3il0 KOJOHIH AaHTHUIeHIB MK mikcemsimu. ONHCAaHO IHUCKPETHY NHHAMIKY MOMYJIALiN y
TIOETHAHHI 3 JWHAMIYHOIO JIOTiKOI. BBemeHO Kiac pI3HMIEBHMX DIBHSAHB 13 3alli3HEHHSM B 4Yaci Ui MOJETIOBAHHS B3aeMOJIl
“aHTHIeH-aHTUTLIO” B MIKCeIsIX iMyHoceHcopa. JlocmimpkeHo CTilKicTh KiGep-isnmdHOi Mopeni iMyHOCEHCOPHOI CHCTEMH 3a
nonomororo nakery R. OTpumaHo pe3yibTaTH YMCENTFHOTO MOJEIIOBAaHHS y BHIVISAL 300pakeHHs (a30BHX ILIONIMH, HMOBIPHOCTI
KOHTAaKTy aHTHT'EHIB 3 aHTUTUIAMH, PEIIiTIYACTUX 300paKeHh HMOBIPHOCTI 3B’SI3KiB aHTUTCHIB 3 aHTUTLIAMU Ta €JICKPUYHOTO CUTHATY
3 MEpPEeTBOPIOBaYa, KM XapaKTepU3YE KUIBKICTh (IYOPECHIIOIOYMX MIKCEIiB. 3anpONOHOBAHO iICHTUYHUN Ta CHIEMIYHHN CTiHKi
craHd KiOep-(i3u4HOI MOEI IMYHOCEHCOPHOI CHCTEMH Ha TIeKCAarOHaJbHIM PpEelIiTII 3 BHKOPMCTAHHSIM PI3HUIEBUX PIBHSIHB
MOMyJISAIHHOT AuHamMikd. BucHoBku: [TpoBeneHO 4nceNnbHE MOJETIOBAHHS PO3po0JeHOi Kibep-(izuuHoi Mozeni iMyHOCEHCOPHOT
cucremn. BeraHoBieHO mio ii sIKiCHA MOBEIIHKAa CYTTEBO 3aJEXKHUTH BiJ Yacy iMyHHOI Biamosinmi I . EnexkrpuuyHmMi curHai, o
MOJIEITIOETHCS KIIBKICTIO IMYHOITIKCENIB, SIKi ()IyopecIioloTh, € BaXKIMBUM IPH IPOSKTYBaHHI KiGep-(i3ndHHX iMyHOCEHCOPHHX
CHCTEM Ta IOCII/DKCHHSX IX CTiHKOCTi. I'paHMYHMH 1K abo cTiiikuil GoKyc BH3HA4YalOTh BiINOBIJHUI BUIJIA] IMyHOCEHCOPHOTO
€JICKTPUYHOTO CUTHATy. BHCHOBOK MpO CTIMKICTh IMYHOCEHCOpPIB 3pOOJICHO HAa OCHOBI PEIIITYACTOrO 300pa)KCHHS ITIKCEIiB, IO
¢dyopectiroroTs. OTprMaHi eKCIIEPUMEHTAIbHI PE3YJIBTATH TO3BOJIMIA BUKOHATH MOBHUM aHAJ3 CTIMKOCTI MOJIET iMMyHOCEHCOpa 3
BpaxyBaHHSM 3aIli3HEHHS B Yaci.

KurouoBi cioBa: xibep-¢iznuHa Mozaenp; IMyHOCEHCOpHA CHCTeMa; 0i0CEHCOp; IMyHOCEHCOp; CTIMKICTh MOAEN; pi3HHLEBi
PIBHSIHHS; TeKCaroHaJIbHA PEeIIiTKa.

KUBEP-®U3NYECKAS MOJAEJTb UMYHOCEHCOPHOM CUCTEMbBI HA
TEKCATOHAJIbHOM PE!IIETKE C HCIIOJIb30OBAHUEM PAZHOCTHBIX
YPABHEHUU ITOINIYJIAIIMOHHOU JTUHAMUNKHA

IIpenMeToM wccienoBaHus SBIAIOTCS Mojenu Kubep-¢usmyeckux uMyHOceHCOpHHX cucteM. Lleas pabGoTel — co3manue u
HCCIIEIOBAHNE YCTOMYHUBOCTH KHOEp-(PU3NYECKONH MOJECIH HMMYHOCEHCOPHOW CHCTeMbl Ha TeKCaroHaJbHOH pemértke ¢
HCTIONB30BAHIEM Pa3sHOCTHBIX YpaBHEHHH. B craThe pemarorcs cieayronme 3agauu: pa3padoTka GyHKIHOHATBHON CXeMBI 1 KHOep-
(¢u3MUecKO MOIETH WMMYHOCEHCOPDHOHW CHCTEMBI; CO3JaHWE AWCKPETHOW IHHAMHKH HWCCIECAYeMOH CHCTEMBI; pa3paboTka
JTUHAMUYECKOTO JIOTHYECKOTO MOJEIHPOBAHHUA KHOEp-(OU3HIecCKOi HMYHOCEHCOPHON CHCTEMBI, OIpENeNeHHe ITOCTOSHHBIX
COCTOSIHUM Il MCCIIEIOBAaHUS YCTOMUMBOCTH MOJAEIM HMMYHOCEHCOpPA Ha TIEKCAaroHaJbHOW pEIIETKE; aHalu3 pe3yiabTaToB
YHCJICHHOTO MOJIENTMPOBAHUSI KHOep-(QU3MUECKONH MO MMYHOCEHCOPHOI CHCTEMBI B BHJE N300pakeHUst (a3oBbIX IIIOCKOCTEH,
BEPOSTHOCTH KOHTaKTa aHTHI'CHOB C AHTHTENAMH, PEIETYAaThIX H300paKEHUH BEPOSTHOCTH CBsI3el aHTUICHOB C AHTHUTENAMU U
JJIEKPUYECKOTO CHTHAJA ¢ MpeoOpa3oBarels, KOTOPBIH €CTh XapaKTePHCTHKOH KOIMYeCTBa (IIyOpECHUPYIONIMX ITHUKCENeH.
Hcrionp3yroTest creayIoniie MeToAbl: METOAbI MATEMAaTHIECKOH CTATUCTUKH U CITyJalHBIX MTPOLECCOB, METO (b TEOPUH ONTHMH3AINI
W uccienoBaHus omepanuid. [lomydeHsl cienyromue pe3yJbTaTbl: Pazpabotano kubep-(QpHU3HYECcKyr0 MOJAENb UMYHOCEHCOPHOM
CHUCTEMBI Ha T€KCAroHaJIbHOMN pEemIETKE C NCIOIb30BaHUEM PA3HOCTHBIX YPAaBHEHHH, YUUTHIBAIOUIEH HAIWYKME KOJOHUH aHTUTE€HOB U
AHTHUTEJI, KOTOPBIE JIOKATN30BaHbI B MUKCEIX, a Takke JU((Yy3UI0 KOIOHUH aHTUTCHOB MKy MuKcensMu. OmcanHas TUCKpeTHas
JWHAMHKa l'lOl'lyJ'IﬂLlI/lﬁ B COYCTAaHUHU C )II/IHaMl/ILleCKOf/’I JIOTHKOM. BBe)leHO KJIaCcC PasHOCTHBIX ypaBHeHnﬁ C 3ama3bIBAHUEM BO
BPEMEHHU ISl MOJACITUPOBAHMS B3aMMOJACUCTBUS "aHTHIEH-aHTUTENIO" B MUKCEISIX UMMYHOCEHcopa. lMccnenoBaHa ycTOWYMBOCTH
KHOep-(QU3UUECKON MOMEIH HMMYHOCEHCOPHOW CHCTeMBI ¢ ToMoIibio Taketa R. IlodydeHHble pe3yabTaThl YHCICHHOTO
MOZCIUPOBaHUA B BHIC 1/1306pa>1<em/1;1 cba3031>1x l'l.]'lOCKOCTel\;I, BEPOATHOCTU KOHTAKTa AHTUICHOB C AHTHUTCIaMU, PCIICTYATBIX
N300paKeHNH BEPOSITHOCTH CBSA3CH aHTHICHOB C AHTHTENIAMH M DJIEKPUYECKOTO CHTHAJa C MpeoOpazoBaTers, XapaKTepH3YIOIIHi
KOJIMYECTBO (PIIyOpecuupyomuX mnukcened. IIpennokeHo HASHTHYECKOe M HHIEMHUYECKOE YCTOIUMBEIE COCTOSHHS KnoOep-
(GI3UIecKOil MOJENN HMMYHOCEHCOPHOH CHCTEMBI Ha T€KCaroHaJbHOH pEIIeTKEe C HCIOIh30BAHHEM pPa3HOCTHBIX YpaBHEHUI
MOMYJSIUOHHON nnuHamuky. BeiBoasl: IIpoBeneHO dYHCICHHOE MOAENMPOBAaHME pPa3pabdOTaHHOW KuOep-(H3HIecKoil Mopmenn
MMYHOCEHCOPHOH CHCTeMBl. Y CTAHOBJIEHO, UTO €€ KaueCTBEHHOE IIOBEIECHHE CYIECTBEHHO 3aBUCHT OT BPEMEHH MMMYHHOI'O OTBETa
I'. DIeKTpuuecKuil CUrHau, MOJCIHPYETCs KOJIMYECTBOM HMYHOITHKCENEH, KOTOpbIe (IyOopecHUpYIOT, SBISETCS Ba)XKHBIM MHPH
MIPOSKTHPOBAHIN KHOEp-(H3UIECKUX HMYHOCEHCOPHBIX CHCTEM M HCCIEIOBaHUS WX YCTOMUMBOCTH. [IpemenbHBIA MK N
YCTOHYUBBIH ()OKYC ONPENEIIOT COOTBETCTBYIOMIMI BHA MMYHOCEHCOPHOTO 3JIEKTPHUYECKOrO curHaia. BeBox 00 ycroifumBocTH
HMMYHOCEHCOpA CJeJaHO HA OCHOBE pEIIeTJ4acTOro H300paxKeHHWs MHKceled, d9ro Quyopecuupyior. [lomydenHsie
9KCIICPHIMEHTAIBHBIC PE3YNIbTAaThl IO3BOJMIN BBIMONHUTH IOJTHBIA aHAIN3 YCTOWYMBOCTH MOJETM HMMYHOCEHCOpAa C y9IeTOM
OTI03/IaHUsI BO BPEMEHH.

KiroueBbie ciioBa: knbep-¢husnueckas MOJeib; UMyHOCEHCOPHA CHCTEMa; OMOCEHCOP; UMMYHOCEHCOD; YCTOHYHBOCTD MOJIEIN;
Pa3HOCTHbIE YPaBHEHUs; TeKCaroHa bHas PeIéTKa.




