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Summary. The numerical simulation of electric signal from the converter in the cyber-physical
immunosensor system on rectangular lattice using differential equations with delay by means of R package is
carried out in this paper. The functional features of R package as a programming environment for statistical data
analysis are described, useful sites, references lists and documentation of R package are given. The names of
parameters of the immunosensor model on rectangular lattice using the differential equations with delay and their
numerical values in the package R are presented in the form of the table. The computer program «Numerical
analysis of the electrical signal from the converter that characterizes the number of fluorescing pixels in the
immunosensor on rectangular lattice using delayed differential equationsy is implemented. The developed
computer program makes it possible to carry out the investigation of the stability of immunosensory systems, which
are widely used to obtain diagnostic information in order to evaluate critical states of cardiovascular disease,
insulin values while measuring blood glucose values and identify quantitative indicators in some pharmaceutics
compounds. The fragment of computer program listing in R package for obtaining the electrical signal from
converter characterizing the number of fluorescent pixels in cyber-physical immunosensor system on rectangular
lattice using delayed differential equations is presented. Numerical simulation for the electric signal from the
converter in the immunosensor on rectangular lattice using the delayed differential equations is carried out. The
changes of the received electrical signal corresponding to the number of fluorescent pixels in the cyber-physical
immunosensory system are analyzed. The use of R package as a freely distributed software with graphical
visualization of the analysis results is substantiated.

Key words: cyber-physical system, biosensor, immunosensor, mathematical model, differential equation,
R package.
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Statement of the problem. Cyber-physical system (CPS) is physical system
implementing integration of calculation and physical processes. They occur mostly in the form
of built-in systems and networks for monitoring and control of physical processes with feedback
systems. In such systems the dynamics of physical processes is the source of the investigated
phenomenon information with the possibility of management and calculation of the object
control signals [1].

The important stage of CPS design is the creation and investigation of the mathematical
models properly reflecting the important, in terms of research tasks, aspects of special-time
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immunosensor structure. The quality of immunosensor mathematical model significantly
determines the efficiency of its processing methods and numerical simulation in CPS, defines
the level of informative and representative values in diagnostic features and determines the
structure of software and hardware components of immunosensor system. The investigation of
their mathematical models stability using modern software is an important stage of CPS
development.

Analysis of available investigations results. Cyber-physical systems are identified
with the manifestation of the fourth industrial revolution taking place in the modern world [2].
Thus, there is also the physical possibility to use «Internet of things» technologies where signals
from sensors and measuring devices are needed. Therefore, there are more and more
publications [3] in literature attracting attention to modern concepts and offering new
innovative solutions. A. Platzer proposed the approach based on «dynamic logic» describing
and analyzing cyber-physical systems [4]. Hybrid programs (HP) in simple programming
language with simple semantics are used in these works. HP make it possible for programmer
to refer directly to true terms of variables representing real values and determining their
dynamics.

Immunosensors are referred to analytical devices for qualitative and quantitative
analysis of biological components of samples, based on the detection of specific antigens and
antibodies by imminocomplexes. Based on detection mechanism nature, immunosensors can
be divided into electrochemical, optical, piezoelectric, and others. Each type has its specific
advantages and disadvantages resulting in the large number of investigations concerning the
immunosensors development [5].

It should be noted that the main component of all immunosensors is the receptor layer
representing antigens, mono-polynocnal antibodies or their fragments in a certain way applied
on transducer working surface. While looking for alternative antibodies the antidody fragments,
aptamers and protein scaffolds of non-immunoglobulins are used [6-8]. Alternative molecules
should meet certain requirements, i.e., their production should be fast and cheap, they should
be stable under different conditions, and have long-term storage. In this case the antibodies
«substitutes» should possess the required sensitivity and peculiarity [9]. The antibodies
fragments with high peculiarities for their special analyte, ability to support antigens
recognition, small sizes in comparison with full antibody are more applicable for
immobilization than available naturally formed antibodies and turn be important tools in
immunosensor investigation and development [10]. For bioreceptors immobilization in
immunosensors the methods used in biosensors development are applied.

Comparative analysis of electrochemical immunosensors with immobilized antibodies
was carried out in for different ways (physical sorption, covalent binding using glutaric
aldehyde, covalent binding using human IgG and protein A) is carried out in paper [11]. The
carried out tests proved that the latest type of sensors with the possibility of their practical use
has the best analytical characteristics [12].

Objective of the paper is to carry out the numerical simulation of the electrical signal
from converter in cyber-physical immunosensor system on rectangular lattice using differential
equations with delay by means of R package.

Statement of the problem. Due to the widespread use of immunosensors and the need
to develop on their basis new immunosensor CPS it is necessary to perform computer
simulation of the investigated models. Particularly during the numerical simulation of electrical
signal from the converter on rectangular lattice using differential equation with delay by means
of R package the environmental spatial-time device properties should be taken into account.
Regarding spatial organization the investigated model is to be based on certain discrete structure
taking into account immunosensor pixels interaction. That is why the numerical simulation of
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electrical signal from converter in cyber-physical immunosensor system on rectangular lattice
using differential equation with delay by means of R package is a problem.

The results of the investigations. R package as the programming environment for
statistical data analysis. Inspite of the programming languages variety used for CPS
development (Assembly, C, C++, D, Java, JavaScript, Python, Ada and others) R language is
nowadays widely used in many branches involved in data machine learning and visualization.
R package is the programming environment for statistical data analysis consisting of basic R
program acting as interpreter of statistical S programming language and individual packages
implementing special methods and technologies for statistical data processing. R program is
non-commercial and is freely distributed providing that GNU General Public License
requirements are hold [13].

[Iporpama R € HeKOMEepIIIIHOIO 1 BUTBHO PO3MOBCIOKYETHCS 32 YMOBHU JAOTPUMAHHS
sumor GNU General Public License [13]. This program is also used as the alternative to
commercial programming environments of data processing of MatLab / Octave level. On the
other hand, it is quite natural that the basic computing power R is mostly manifested in
statistical analysis: from calculations of averages to wavelet-transformations of time series.

The additional R popularity is the creation of storage and distribution packages CRAN
(Comprehensive R Archive Network — http://cran.r-project.org) [14]. Statistical algorithms are
usually performed in the form of scripts and complied into R packages. During installation
along with the basic program the main packages are also installed. These packages implement
the most popular methods of statistical analysis. Some of thee packages are automatically
downloaded at R start-up. The others can be downloaded using library function.

Advantages of R package:

* R package is free software;

e there are implementations for Microsoft Windows, Mac OS X, Linux operating
systems;

* basic R set occupies little space on the disk and contains all functions necessary for
statistical analysis;

* you can always install additional packages;

* good graphical data presentation and tier results analysis;

» ability to enter necessary functions independently.

Development with R package

After opening R x64 3.5.2 package the main page of the program appears (Fig. 1)

File Edit View Misc Packages Windows Help

= EE]
R R Console = -5 =)

18-12-20) =-- "Eggshell Igloo”™
201 The R Foundation for Statistical Computing
2/x64 (64-bit)

Figure 1. The main window of R x64 3.5.2 package program

While working with R you can perform simultaneously many instructions recorded in
separate file. In order to do this it is necessary to download the corresponding file in any word
editor, copy and then paste into the program. In this case, if the instructions in the file are located
in separate lines, then no punctuation between them is required. In the base program you can
open the editor window or download the file with script for new script creation using File-
>Newscript abo File->Openscript options in the main menu. You can completely perform the
downloaded script in the editor window using Edit->Runall.

Having completed with the script it can be stored using File->Save.
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Useful sites, references and documentation on R package:

http://www.r-project.org/ — project site;

http://cran.r-project.org/ — CRAN;

https://stat.ethz.ch/pipermail/r-help/ — references R-help;

http://finzi.psych.upenn.edu/nmz.html — material search on R;
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http://www.statmethods.net/index.html — R package reference resource;

http://zoonek?2.free.fr/UNIX/48_R/all.html — R package guide;
http://pj.freefaculty.org/R/Rtips.html — tips for R package use.

The results of numerical simulation of electrical signal from converter of cyber-
physical immunosensor system. In order to obtain the results of numerical simulation of
electrical signal from converter characterizing the number of fluorescent pixels in cyber-
physical immunosensor system on rectangular lattice using the differential equation with delay
parameters implementation of immunosensor model, their numerical values and parameters
representation and their numerical values in R package are important according to Table 1.

Table 1

Values of immunosensor model parameters on rectangular lattice using differential equations with delay

Representation
of parameters

Sequence Name of the model parameter Numerical and their
number parameters values .
numerical values
in R package
1 2 3 4
_Natyral m_teger characte_rlzmg the N <- 1644416
1 immunopixels number in rectangular N =4
lattice
5 Blrth-ra_te constant for antigen 6= 2min beta <- 2
population
. - mL
3 Probable rate of neutralization of y=2— gamma <- 2
antigens by antibodies min- pg
4 Antibody death-rate constant g, =1min ~ mu_f<-1
etha <-
5 Antigens density n=08/y 0.8/gamma
#0.01184/gamma
The rate at which the antigens s _os_ M delta v <- 0.5
6 population tends to reach some v T U 4#0.035 #0.7
saturation limit IS ' '
The rate at which the antibody ~ mL delta_f <- 0.5
7 population tends to reach some 0, =05——— 40,0175 #0.2
saturation level min - 29 ' '
1=0.05, AL <
8 _Constant of delay in time at which the 1=0.22, 0.0540 2240 234
Immune response occur 1=0.23 02865
7=0.2865 '
nm®
9 Diffusion coefficient D=0.2— D<-0.2
min
10 Distance between pixels A =0.3nm Delta <- 0.3
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To be continued table 1
1 2 3 4
11 Imbalance constant n>0 n<-0.9 #1.
Fluorescent intensity ratio to the
12 number of contacts between antigens Kq k fl<-1
and antibodies
Threshold limit value determining fluorescence_int
13 transition to the fluorescent state in 0, ensity_threshold
biopixels <-15

After introduction of the appropriate values of immunosensor model parameters on
rectangular lattice using differential equations with delay according to Table 1, the
representation in R x64 3.5.2 package is as following in Figure 2.

R D:\Hayka\R_ImmunosensorModel6_CyberPhysical.R - R Editor E@

library (deSolve) -
library (rootSolve)

#libraries for visualization
library (ggplot2)

library (reshape)

setting parameters

e e e

N <- 32#4%16

beta <- 2.

gamma <- 2. 2

mu_f <- 1.

echa <- 0.8/ /gamma #0.01184/gamma
delta v <- 0.5 #0.035 #0.7
delta f <- 0.5 #0.0175 #0.2

tau <- 0.05#0.22#0.23%#0.2865
D <- 0.2
Delta <- 0.3

n <- 0.9 #1.

k £l <- 1.
fluorescence_ intensity threshold <- 1.5

endemic "identical™ steady state

M

=l

7 1j_star <- (-beta*delta f - gamma * mu_f)/|(delta v = delta f - etha * gamma *gamma)
F_ij_star <- (delta v * mu f - etha * gamma * beta)/(delta_v+*delta f - etha*gamma*gamma)

print (V_ij star)
print (F_ij star)

< m 2

Figure 2. Representation in R x64 3.5.2 package of the immunosensor mathematical model on rectangular lattice

using differential equations with delay and corresponding parameters, according to Table 1

The result of immunosensor mathematical model introduction on rectangular lattice
using differential equation is shown in Figure 2 in the following way

av, (t .
T B RS VGRS

dF, (1) @
T = (_lvlf +TWVi,,-(t -1) -9 Fi,j(t))Fi,j(t)

The ames of immunosensor model parameters (1) are given in Table 1. The detailed
description of the investigated immunosensor mathematical model on rectangular lattice using
differential equations with delay are presented in papers [16-18].
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Listing segment of computer program for obtaining the electrical signal from
converter

dev.new()
p <- ggplot(data=fluorescence_sum, aes(x=time, y=fluorescence tile_sum)) +
ylab("fluorescencing pixels") +
geom_line(color="blue™) +
geom_point()
print(p)
dev.off()
dir.create(file.path(paste("D:/My_doc/Sverstiuk/Biosensors/Imunosensory/Plots6_Cyb
erPhysical/”, paste("Tau"tau,sep=""),sep=""),"fluorescence_matrix"), showWarnings =
FALSE)
setwd(file.path(paste("D:/My_doc/Sverstiuk/Biosensors/Imunosensory/Plots6_CyberP
hysical/", paste("Tau",tau,sep=""),sep=""),"fluorescence_matrix"))
png(paste(paste("Tau"tau, "time",time,"signal”,sep=""),"png",sep="."), width = 800,
height = 600)
print(p)
dev.off()
}# end of program
Results of numerical analysis of electrical signal from converter of cyber-physical
immunosensor system. At the given stage of computer simulation of cyber-physical
immunosensor system the electrical signal from converter characterizing the number of
fluorescent pixels at t=0.05, t=0.22, t=0.23, t=0.2865 is obtained and shown in
Fig. 3 (a—d).
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Figure 3. The ctrical signal from converter haracterizing the number of fluorescent pixels at T =0.05 (a),
1=0.22 (b), T=23 (c), t=0.2865 (d)
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According to Fig. 3 (a—d) we observe that if tvalue changes, the qualitative pixels and
the whole immunosensor behaviour changes as well. For example, at t [0, 0.22] we see the

trajectory corresponding to the stable node for all pixels (Fig. 3(a,d)).
At values t approximate to 0.23 min Hopf bifurcation occurs and further trajectories

correspond to the stable boundary cycles of ellipsoid shape for all pixels (Fig. 3 (c) for
t=0.23). For values t>0.27 we observe chaotic behaviour (Fig. 3 (d)). The experimental
confirmation of the level of electrical signal from converter as characteristics of fluorescent
pixels number at t=0.05, t=0.22, t=23, t=0.2865 is carried out.

Conclusion. Computer simulation of electrical signal from converter of cyber-physical
immunosensor system on rectangular lattice using differential equations with delay by means
of R package is carried out. The obtained results are of essential importance in the investigations
of immunosensor model stability. This takes into account the availability of antigens and
antibodies colonies localized in pixels, antigens colonies diffusion between pixels and other
paremeters according to Table 1.
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YUCEJBHE MOJIEJIOBAHHSA EJIEKTPUYHOI'O CUTHAJTY B
KIBEP®I3UYHIN IMYHOCEHCOPHIN CUCTEMI HA
MPSIMOKYTHIH PEIIITII B TAKETI R

Anapiit CBepcTOK

TepHoninbcokuil HAYIOHATLHUL MEOUYHULL YHIBEpCUnem
imeni I. A. I'opbauescvroco, Tepnonine, Yxpaina

Pestome. [Iposedeno yucenbhe MOOENIOBAHHS NEKMPULHOZO CUSHATLY 3 NEPEmMBOPIosaya 6 Kibeppizuyniii
IMYHOCEHCOPHIU cucmemi Ha NPSIMOKYMHIU pewimyi 3 UKOPUCAHHAM OUDEPEeHYIANbHUX PIGHSHb 13 3ANi3HEHHAM
3a donomoeorw nakema R. Onucano ¢hynkyionanvui modxciueocmi nakema R ax cepedoguiya npoepamyeants 0
CMAamucmuyHo20 aHanizy OAHUX, HABEOeHO KOPUCHI cauimu, CNUCKU NOCuiams i 0okymenmayis nakema R. 'V
suensioi mabauyi npeoCcmasieHo HA38U NApamempie Mooeni IMYHOCeHCOpa Ha NPAMOKYMHIL pewimyi 3
BUKOPUCMAHHAM OUpepenyianbHux pieHAHb i3 3ani3HeHHAM ma ix wucnosi 3HayenHs 6 naxemi R. Peanizosano
KOMN TomepHy npocpamy «HQucenvnuti ananiz eieKmpuidHo20 CUSHATY 3 Nepemeoprogaia, AKUl Xapaxmepusye
KiIbKIiCmb  (hIyopecyiioouux Rnikceuis 6 IMYHOCEHCOPi Ha NPIMOKYMHIUL pewtimyi 3 GUKOPUCMAHHAM
OJughbepenyianbHux pisHanb 3 3anizneHHAM». Pospobnena komn’tomepna npocpama Oae 3mo2y npogecmu
00CIONCeH ST  CMITIKOCMI  IMYHOCEHCODHUX ~CUCmeM, 5K UWUPOKO BUKOPUCTNOBYIOMbC  OJid  OMPUMAHHSL
Oiaenocmuunol ingopmayii 3 Memoro OYiHIO8AHHS KPUMUYHUX CMAHIE NPU Cepye8o-CYOUHHUX 3AXBOPIOBAHHSX,
BENUYUHU THCYIIHY NPU BUMIPIOBAHHE BETUMUNU 2NIIOKO3U 68 KPOBI MA GUSBNEHHSA KINIbKICHUX NOKAZHUKIB ) 0esIKUX
Gapmayeemuunux cnonykax. Haeedeno ¢paemenm nicmuney komn romepuoi npocpamu 6 naxemi R ona
OMPUMAHHSL eNEKMPULHO20 CUSHATY 3 NEPEMBOPIOBAUd, KU XAPAKMEPUZVE KIbKICMb (DIyopecyiiondux nikcenie
y Kibep@izuunitl IMYHOCEHCOPHIU cucmeMi HA NPIMOKYMHIU pewimyi 3 GUKOPUCMAHHAM Oupepenyiaibhux
pisHAnb 13 3anisnenHAM. [Ipogedeno uucenvHe MOOeN08anHs Olisl eleKMPUUHO20 CUSHATY 3 Nepemsopreayd 6
IMYHOCeHCOpI Ha NPAMOKYMHIU peuwlimyi 3 SUKOPUCMAHHAM OuepeHyianvHux pieHAHb 13 3aNI3HEHHSM.
Ipoananizoano 3miHu OMPUMAHO20 ENeKMPUYHO20 CUSHALY, SKI 6I0N08I0AIOMb KIIbKOCMI (hIyopecyioiouux
nikceni@ y Kibep@izuuniti  imynocencopuiu cucmemi. O0cpyHmMO6AHO GUKOpUCMAaHHA naxema R sax
BLILHONOUUPIOBAHO20 NPOSPAMHO20 3A0e3Ne’eHH s 3 2pApIuHOI0 8I3YaNi3ayicio pe3yibmamis anauisy

Knwuoei cnosa: xibepgizuuna cucmema, 0ioceHcop, IMYHOCEHCOp, MAMEMAMUYHA MOOeb,
oughepenyianvui pienanns, naxem R.

https://doi.org/10.33108/visnyk_tntu2019.02.096 Ompumano 14.06.2019

ISSN 2522-4433. Bichux THTY, Ne 2 (94), 2019 https://doi.org/10.33108/visnyk_tntu2019.02 ............ccceceveee .. 103


https://doi.org/10.33108/visnyk_tntu2019.0
https://doi.org/10.1016/j.compbiomed.2016.09.010
https://doi.org/10.14232/ejqtde.2018.1.27
http://www.dl.begellhouse.com/journals/2b6239406278e43e,5157b39e78fe0c7d.html
https://doi.org/10.1615/JAutomatInfScien.v50.i6.50
https://doi.org/10.33108/visnyk_tntu2019.02.

