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Summary. The paper presents the results of the construction of algorithms for comparative test statistical
testing of mathematical models of responses of a bioobject to low-intensity stimuli, which is an oscillating function
with relaxation. In addition, due to the hierarchically primary role of the mathematical model among the used
means of this test, the possibility of determining the quality of the response evaluation method is substantiated.
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Statement of the problem. In the biomedical field, there is a growing trend towards
applications of automated telemetry and screening technologies (Health Affairs, V.21, Nr.5
(2001):33-41). These technologies are used in monitoring the functional state and managing the
functions of bioobjects, which is mandatory in biotechnical systems for the synthesis (growing)
of bioobjects, and include procedures for automated active electrophysiological research.
Effective in such studies is the use of informational influence on the biological object
(Pressman A. S., Yanenko A. F., Rojas J. C., Gonzalez-Lima F.) — test irritation with ultra-low
intensity. As a result of such irritation, a biosignal (feedback) is obtained, the shape parameters
(morphological parameters) of which are used in the control systems of the bioobject synthesis.
With low-intensity irritations, the non-invasiveness of their impact on the biological object
increases, and the informativeness of the response of the biological object increases. However,
then the requirements for statistical evaluation of the response form increase, as the ratio of
response energies and noise decreases [1]. In addition, the initial, latent (hidden) delay in the
appearance of the response, which stochastically changes with each stimulus, is more
pronounced (Alpern M., Hodgkin-Huxley, Donner Cristian, Mitchell Grossberg, Nickalls
RW.). This phenomenon reduces the reliability of the statistical evaluation of the response form.
There is an important, scientific and practical problem of improving the method of statistical
evaluation of morphological response parameters. The fundamental role is played by the
adequacy of its mathematical model.

Analysis of the well-known results of the research. Evaluation of biosignals during
active electrophysiological studies is mostly based on the use of variants of additive-
multiplicative biosignal complexes with stationary normal noise. In order to take into account
the non-stationarity specific to biosignals, a mathematical model in the form of a periodically-
correlated process and corresponding methods of preparing biosignals [2, 3, 9, 10] were used.
However, known mathematical models of biosignals and methods of preparing their registers
for further processing turned out to be ineffective for responses to low-intensity stimulation,
since then the computational complexity of automating active electrophysiological studies
increases significantly. Therefore, improving the mathematical model of the bioobject's
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response to low-intensity stimuli and methods of preparation for statistical evaluation of its
morphological parameters with predicted probability is an urgent scientific task. Its solution
will ensure the improvement of biotechnical synthesis systems and preclinical screening of
biological objects.

The Objective of the work. The purpose of the work is to improve the mathematical
model of the response of a bioobject to low-intensity stimuli and the methods of preparing a
series of responses during the statistical evaluation of the morphological parameters of this
response with predicted probability.

Computer simulation of the response. Statistical testing of the methods of statistical
assessment of the response by the classical method and using the Hilbert transformation was
performed by repeatedly generating test ensembles of responses taking into account the latent
stochastic delay and noise.

The study of methods for ensuring the coherence of responses of a biological object to
its irritation was carried out by means of statistical tests of general populations (ensembles) of
these responses. The improvement of the quality of the evaluation of the mathematical
expectation of feedback when using the Hilbert transformation of the feedback ensemble was
confirmed [4]. Research results are provided for the automation of information and analytical
systems of active bioobject research due to their lower complexity. The study of methods for
ensuring the coherence of responses of a biological object to its irritation was carried out by
means of statistical tests of general populations (ensembles) of these responses. The
improvement of the quality of the evaluation of the mathematical expectation of feedback when
using the Hilbert transformation of the feedback ensemble was confirmed. Research results are
provided for the automation of information and analytical systems of active bioobject research
due to their lower complexity.

Computer simulation of features of the structure of the mathematical model.
Ensuring the coherence of feedback in their ensemble when evaluating feedback for this
ensemble is the main stage of automation of feedback evaluation. To automatically ensure the
coherence of responses, it is necessary to establish the beginning of their active part — the
oscillatory process. The main difficulty of this procedure is the need to optimally estimate the
value of the end of the latent response period for its preparation (synchronization) for its
selection for further coherent statistical processing.

Response modeling is based on the fact that a bioobject is a dynamic, non-linear object,
its behavior is stochastic, smooth, non-erosive [5]. The computer model is adequately
represented by the algorithm of the computational method of solving the stochastic differential
equation with consideration of noise. An ordinary differential equation with nonlinearity was
used for this purpose to study the characteristics of the response.

The response s(t) to the test stimulus 8(t) with the latent part added at the beginning was
studied — the readings of the oscillatory function with relaxation were directly calculated [5]:

s (mT,)=e~%"Td sin(2m mT,/p), (1)
hidden at the beginning (Fig. 1).

(s, 0<t<T
X (= {si(t), T<t< (2)

It is marked here: marked: t - the duration of the hidden response, 6 - response time.

Here, and further t = mT;,m = 1,int (Ti) T, - the discretization period, u - the number of
d
counts per oscillation period.
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Figure 1. A graphical representation of a computer model of deterministic response

Since low-intensity irritations of the biological object are more informative, observation
noises begin to appear n(t) — uncorrelated with the main trend s;,.(t) of change, the energy of
which does not depend on the intensity of irritation, it becomes necessary to perform a series

k = 1, K of experiments (irritations) (Fig. 2), then:

(st (t),0<t<Tt
*ie(0= {srl(t)m’;(t), T <t< o )

where noise n;, and oscillation 7, delay time are random, normal according to mathematical
expectations and variances m,, o, and m, o;.:

Nk (j),Tx.j=1, M, normal distribution:m,.(j) , 62(j) (4)

and evaluate the feedback on this ensemble (Fig, 3).
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Figure 2. An ensemble of test responses (a) and (b) with noise

The probabilistic measure of noise in biomedical research is represented by the Gaussian
probability distribution [6] of their values, with mathematical expectations and variances
my(t),a2(t) and m,(t), c2(t) generated by software. Therefore, to increase the reliability of
the response assessment 3(t), before coherent assessment of responses in the ensemble
x(t) synchronize, preferably interactively — by visual observation of the displayed ensemble.
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Since it is necessary to use at least several tens of responses to ensure the quality of the
assessment of the ensemble response, it causes significant difficulties due to the significant
invasiveness of the study of the bioobject and synchronization through visual observation of
the ensemble on the display.
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Figure 3. Graphic representation of coherent assessment of response ensembles

To eliminate the established difficulties of interactive synchronization, it must be
automated.

Construction of algorithms for methods of preprocessing (synchronization) of an
ensemble of bioobject reactions for synchronization of these reactions. In computer test
modeling, the values 7, = int (T%)are determined programmatically or generated (for example,
by the Matlab function normrnd (m, o), so they are known. For computer modeling, they can
be considered unknown stochastic parameters t,. Therefore, the incoherence of feedback is
modeled programmatically, similar to the same modeling as noise.

Figure 4 shows graphs of response ensembles x;.,,, obtained by computer simulation for
stochastic (a) and coherent (b), when there is no noise n; and the delay value is deterministic.
At the same time, the parameters of the main trend s,.(m)=e%™7d sin(2rmT,) of reviews are

as follows: a — coefficient reassurance, T, the discretization period, m=1,M, T,; =

K = 64,M = 256,a = 0.1. Stochastic parameters of graphs: a) m, = 50,0, = 10,m,,
0,0, =0.1;b) T =50,m, = 0,0, = 0.1.
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Figure 4. Graphic representation of simulated ensembles:
a — non-coherent responses, and b — coherent responses

ISSN 2522-4433. Bicnux THTY, Ne 4 (112), 2023 https://doi.org/10.33108/visnyk_tntu2023.04 ..........cccecerrmieerinnnieencnns 85



Methods of constructing algorithms for comparative test statistical verification of mathematical models of
bioobject responses to low-intensity stimuli

Estimates of mathematical expectation and root mean square deviation m,(j) +

os(j),j = 1,] obtained for ensembles (a) and (b) are shown in Figure 5 where it is shown that
in order to ensure a coherent assessment of the mathematical expectation of an incoherent
ensemble of samples, the threshold value h(j) £ my(j) + 0,(j),j = 1] (the feedback with
the index j of this value) has a larger root mean square deviation than for the ensemble of
coherent samples, and increasing the number of samples is not effective enough to improve this
estimate.
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Figure 5. Graphs of evaluations m(j) + a,(j) of reviews of the biological object to low-intensity irritation
(ensembles (a) and (b), Figure 4)

The property of symmetry of the ensemble of coherent responses was used to
automatically ensure coherence [7]. For symmetrization, each response is shifted cyclically
until its value becomes the > h optimal threshold value. Thus, reviews are registered starting
from the reference number m = 1, £ m;. The method of increasing the effectiveness of
coherent evaluation is built on the conceptual basis of ensuring the synchronicity of sample
implementations by achieving ensemble symmetry relative to the plane that divides the
ensemble into two ensembles equal in number of samples. The criterion of symmetry is a
functional of the type F(m,, ), which is achieved by minimizing it. A number of heuristic
algorithms for their synchronization of different complexity and efficiency can be built for the
automated processing of an ensemble of responses.

Estimation of computational complexity of synchronization methods.
Automation of assessment of the response of a biological object to low-intensity irritation
is by definition performed by technical (computational) means. Computing tools are based
on hardware and software components, which manifest the corresponding parts of
computing complexity — hardware and time (time required to execute the program). The set
of all these means constitutes two corresponding subsets that intersect with respect to the
function of «calculations» (execution of algorithms) - hardware, software and «mixed». The
efficiency of calculations is determined by their computational complexity, and the
efficiency of the main function (automated feedback assessment) also depends on
operational conditions (ensuring the performance of this function - non-invasiveness,
reliability of the assessment result, etc.). Thus, it follows from here the need to quickly
perform calculations - to ensure automated assessment of response while obtaining a
reliable assessment result non-invasively. Similar problems in various fields were noticed
at the beginning of the intensive introduction of computer technology, when the issue of
algorithmization and computational methods of solving problems based on a mathematical
model (solving systems of differential equations in partial derivatives, etc. by computational
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methods) or obtaining a simple expression was discussed solution by «analytical»
transformations and corresponding calculations.

For a long time, the construction of a «fast» algorithm was perceived as a way
out of the presented dilemma, however, it soon became clear that the algorithm for
solving a problem can be made fast if the processor of the computing device contains
complex commands in its command system, or a method for solving the problem
that is implemented the algorithm ensures the required speed of this solution (this also
applies to the combination «method — command system»). As a rule, there are several
methods of solving a problem corresponding to different such properties. But, theoretically,
it turned out to be more correct to lay a mathematical model of the problem (in particular,
ensuring the required speed) as the basis for achieving the desired goal. This also
follows from the definition of a mathematical model (mathematical object adequate to the
modeled object to ensure an effective solution to the actual problem) [8]. That is, in the
hierarchy of building algorithms, mathematical modeling, mathematical models occupy a
higher step. Therefore, the value of computational complexity (in the appropriate notation,
for example, Landau — asymptotic complexity) logically follows from mathematical
modeling. The latter depends on the correct specification of the problem — the identification
of a sufficient number of facts and connections between them that do not contradict the laws
of nature).

When solving the problem of automated, effective assessment of the bioobject's
response to low-intensity stimulation, it was established that traditionally, the mathematical
model of a biosignal was used to represent it in its own, biophysical space — a deterministic
function of a real variable. Replacing such a representation with a stochastic process
turns out to be inefficient due to the presence of a stochastic, initial latent response
period (the studied biosignal). Due to the requirement of operating conditions (evaluation
of morphological response parameters) and other biosignal representations (in energy
space, spectral, etc.) are inadequate to this requirement. Therefore, an idea arose regarding
the use of holomorphic representations of the biosignal, in particular, as an analytical
function.

Automation is a mode that consists of the process of achieving the required values of its
parameters. The achievement of these values is established by calculating the values of its
criterion. The value of the average value of the root mean square deviation was reasonably
chosen by this criterion. The calculation of this value during the coherent evaluation of the
response is at most polynomial in complexity.

The computational complexity of the statistical test trial of response evaluation using
the Hilbert transformation depends on the selected option of this use, Figure 6. Thus, the
computational complexity of the test trial determines the complexity of preliminary
preparation (synchronization), if the Hilbert transformation is not used, or the complexity
of the Hilbert transformation, if general-purpose computing tools are used. When using
specialized processors with an appropriate command system or processors built on the
conceptual basis of automata, the complexity of the Hilbert transformation (convolution)
can be neglected.

The computational complexity of evaluating the response during the operation of the
appropriate systems for evaluating the morphological parameters of the bioobject's response
to low-intensity stimulation depends on the chosen option of applying the Hilbert
transformation during statistical testing using a mathematical model of the response of a
specific bioobject.

So, the paper substantiates the possibility of solving the task of automating the visual
analysis of the data of an active study of a biological object with less complexity with the
preliminary symmetrization of the ensemble of these data.
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Figure 6. Scheme of options for using the Hilbert transform to determine the value of the index for the
synchronization of responses in the ensemble

It has been studied that the use of a preliminary representation by their Hilbert transform
of an ensemble of narrow-band responses simplifies the algorithms for evaluating the ensemble
response.

In the case when the conditions for the presentation of narrowband signals by the Hilbert
transform are not fulfilled, it is necessary to use the methods of numerical extremal search for
the characteristic values of the data of the active experiment.

The resulting algorithms enable computer modeling of options for ensuring the
coherence of biosignal samples in information-analytical biotechnical systems of other
purposes.

To evaluate the effectiveness of using an improved mathematical model due to the
stochasticity of feedback evaluations, it is advisable to use methods of statistical testing based
on the Bayesian concept of probability theory and a variant of the average risk criterion - which
makes it possible to establish the probability of its approval at a given probability of erroneous
deviation of the feedback evaluation result.

Conclusions. Due to the invariance to time translations of the spectral density of its
power, and hence the dispersion of the response estimate, the optimality functional of this
estimate serves as the mathematical expectation of its mean square deviation. This means that
the result of the statistical test should be considered the latter. The results of statistical tests of
two models make it possible to use the statistical theory of choosing a solution from an
alternative [7].
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METO/JM1 MOBYJIOBU AJITOPUTMIB IMOPIBHSJILHOI TECTOBOI

CTATUCTUYHOI NIEPEBIPKA MATEMATUYHUX MOJEJIEA

BIIMIOBIIEN BIOOB’€EKTA HA CTUMYJIA HU3BKOI
IHTEHCUBHOCTI

bornan SIBopchkuii; €Brenis SIBopcbka; I'ammua ynpuk; Poman Kinam

TepHoninbcokuul HAYIOHAILHUU MeXHIYHUl YHigepcumem imeni leana Ilynios,

Tepnonins, Ykpaina

Peztome. Hasedeno pesynomamu nobyooeu aneoOpummie nopieHAIbHOI Mecmosoi cmamucmuyHoi

nepegipKu MameMamuyHux mooeneti 6ionogioei 0i000 €kma HaA CMUMYAU HU3bKOL IHMEHCUBHOCMI, Wo €
ocyunioouoio Qyuryiero 3 peraxcayiero. Kpim mozo, 36acaryu na iepapxiuno nepuopsaony poib MamemMamuiHoi
MoOeii ceped GUKOPUCTNOBYBAHUX 3ACO0IE Yb0O20 MeCTy, 0OIPYHMOBAHO MOICTUBICIb BUSHAYEHHS AKOCE MEMOOY
oyineanns 6ionogioi. Cman po3eumKy U MEHOeHYIl MAmeMamuiHo2o MOoOen08anHs OioCUeHALY, ICHYI0Ui
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Memoou ni020mosKu aHcamonio 6iocucHanié 00 BUKOHAHHA CMAMUCUYHO20 OYIHIOBAHHA OiocucHAy ma
sepugbixayis ompumanoi oyinku, 0aru 3mo2y o0IpyHmysamu 6udip HANpsAMKY 600CKOHANEHHS MAMEMAMUYHOT
Mooeni 8ideyKy 6000’ ekma Ha HU3LKOTHMEHCUBHE NOOPAZHEHHS Ma NI020MOSKU cepii 8i02yKi6 O/l OYIHIOBAHHSL
Gopmu  6i02yky. Aemomamuszayiss OYiHIOGAHHS peaxyii 0ionociuHO20 00'€ekma Ha NOOPA3HEHHS HU3bKOL
IHMEHCUBHOCMI 3a GUHAYEHHAM 30IUICHIOEMbCS MEXHIYHUMU (0OUUCTIOBANLHUMU) 3ACO6amMU, SKi 6A3YI0OMbCsL HA
anapamuux i npoSPAMHUX KOMHOHEHMAX, K GUAGIAIOMb GIONOBIOHI YACMUHU O0OYUCTIOBANLHOI CKIAOHOCME —
anapamue 3abesnevenns i yac (yac, HeobXIOHUIL 0Jis1 BUKOHAKHSL npoepamu). Buniuseae neobXionicms wieuoxko2o
BUKOHAHHA PO3PAXYHKI6 — 3a0e3neyeHHs Ad8MOoMAmMU308aH020 OYIHIOBAHHS 8i0N08I0I NPU OMPUMAHHI HAOIUHO20
pe3yribmamy OYiHIOBAHHSA HEIHBAUBHUM WIIAXOM. Bcmanosneno, wo obuucmio8anvHa ckiaoHicmes nio20mosKu
aHcambnio 3 BUKOPUCMAHHAM nepemeopenHs [inbbepma 074 CMAMUCIMUYHO20 OYIHIOBAHHA 8i02YKY He
BIOPI3HAEMbCA 8i0 0OUUCTIOBANLHOL CKIAOHOCMI NIO2OMOBKYU 34 e8PUCMUYHUMYU NPUNYUWEHHAMU, Npome OYiHKA
8i02yKy modi Oinbu 00CMOBIpHA, Npu 30i1bUEHHT KITbKOCMI 8i02YKi8 AKICHI XapaKmepucmuKku oyinKu (30Kkpemd,
iT 0ocmosipHicmy) nokpawyromsca. 3a80aKu iH8APIAHMHOCMI 00 YACOBUX MPAHCAAYIN CNEKMPATbHOI WiNbHOCMI
11020 NOMYAHCHOCII, A, Omdice, OUCNEPCIT OYIHKU BIONOGIOI (DYHKYIOHA ONMUMALbHOCME YIEL OYIHKU CYIHCUMDb
MaAMeMamuyHuM CROOIBAHHAM i1 cepedHbo2o Keadpamuunozo eioxunenus. Lle oszmauae, wo peszyrvmam
CMamucmuyHo2o mecmy cnio 8easxcamu ocmanuim. Pesynemamu cmamucmuynux nepegipox 060x mooenell
0amsb 3M02y BUKOPUCMAMU CIAMUCMUYHY Meopiio UOOPY PILUEHHS 3 ATbMEPHAUGU.

Knrouosi cnosa: Oionociunuii 06'ckm, 30y02icenHs HU3bKOI IHMEHCUBHOCI, MAMEMAMUYHa MoOeb,
OYIHKA, CIamucmu4HuL mecm.
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