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Mathematical models and approaches in simulation of RRS-based laser
Sensor system

The article is devoted to the research of mathematical models and approaches in simulation of laser sensor systems based on
retroreflective sheeting (RRS) usage. The subject of the study is the mathematical model of the research object - the processes
of propagation of a light in the medium and its transformation on retroreflectors with further analysis of the reflected radiation,
which, being modulated by interaction with objects in the system, carries information about the state of the system. Overview
of existing studies has been made. The analysis of existing approaches to simulation methods has been carried out, as well as
the analysis of existing models. Common elements of models applicable in different fields and contexts of such systems have
been determined. The scientific methods of research are outlined, such as comparative analysis while studying similar systems,
conducting physical experiments in laboratory conditions with a prototype of a computerized detection system for observing
phenomena in the system, their systematization and description, synthesis of a mathematical model based on the obtained data,
creation of a computer model and, after its verification, and conducting computer experiments. The typical research schema is
proposed, suggesting such main stages in simulation modeling of the laser sensing systems based on RRS as generation of the
laser emission light field structure, interaction of the light field with environment, transformation of the APD inside the RRS,
finding the APD in the reception zone, converting the resulting APD into a photocurrent, finding dependencies between
parameters, evaluating detection efficiency, system optimization. The analysis of strong points of different approaches has
been made. Some major aspects to be considered when choosing the appropriate method have been pointed out. The guiding
principles for the general modeling of such systems illustrated with original concrete examples of such models verified in
practice are presented.
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1. Introduction

Laser detectors have become widespread due to the properties of the emitters included in their
composition. Coherent radiation generated by lasers makes it possible to use the features of the
diffraction phenomenon, namely, observing the formed speckle pattern, which allows expanding the
scope of application of relatively simple optical detectors significantly. As optical detectors, they have
the advantage of low signal response delay, because the speed of light propagation is extremely high.
Among other advantages, one cannot fail to mention the fact that laser detectors will allow observing
phenomena from a great distance, as this can be used in many fields of technology. In many cases, the
condition is also fulfilled that the effect of detector radiation on the investigated system is so small that
it can be neglected, which means that the system can be observed with their help without interfering
with it, for example, mechanically, which is a great advantage. These devices allow solving a wide
range of tasks - vibration control, laser ranging, velocimetry, turbulence control, as well as registration
of acoustic oscillations and others [1-8].
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One of the significant limitations when using the speckle measurement method is a wide angular
spectrum of the laser light scattered on the rough object surface. This leads to a rapid decrease in power
of the received radiation with an increase of measurement range. By covering the object surface with
retro-reflecting sheeting (RRS) a significant increase of spatial concentration of the scattered radiation
can be achieved. These coatings are currently widely used, for example, to enhance the visibility of the
road signs, clothing, vehicles, etc. They consist of a large number of glass microspheres or microprisms
[9] with characteristic dimensions ranging from tens to hundreds of micrometers and disposed on a
substrate in random manner (microspheres) or relatively regular (microprisms). When the laser
radiation falls on such surface, the light field is transformed in accordance with the laws of beam pass in
each element of the RRS. The transformed radiation propagates in the direction of the laser source
within a small angle of a few degrees. That process creates the speckle image within the receiving plane
as a result of interference of waves re-emitted by each element. Use of RRS significantly increases the
laser radiation capacity observed in a receiver plane. That allows us to increase observation distance
and precision of measurements.

The study of the features of RRS-based laser sensor systems is of great interest. As part of the
research, it is beneficial to develop simulation models of the system to assist in analyzing the influence
of the variation of the system parameters on the quality of detection.

2. Overview of existing studies, analysis and goal definition

The design features of the retroreflectors provide for some useful properties. For example, as in case
of the roughsurfaced objects, a speckle pattern is formed in the far zone when they are irradiated with
laser radiation, which can be used for laser ranging. It is also possible to vary the microstructure, which
opens up an opportunity to influence the transformation characteristics of the light field and intensity
distribution of the reflected laser radiation in the far zone (receiving plane). The latter of these features
is of particular interest and is the subject of the research [8-11], since it makes it possible to optimize
the RRS used to improve the properties of a target, being a part of the specific optical subsystems.

The paper [12] describes the specklometric method of detecting acoustic vibrations, while reflective
surfaces based on corner reflectors are used. The article [13] describes an approach to observing and
measuring the acoustic dynamics of a gas after an ionizing pulse.

An extremely detailed study of using glass microbeads in road marking has been carried out at the
University of Pretoria [14]. The work focuses on the creation of a thermoplastic road marking standard.
It serves as a valuable source of both background information and information on different approaches
to technology. The model that simulates the reflection of the car headlights from the marking back into
the cabin is mentioned in the work. Statistical data on road marking wear over time are presented, an
analysis of the dependence of light-reflective properties on the radius of the microspheres used in
correlation with wear over time is carried out. The parameters of the structure of the reflective surface
and the issues related to the choice of the substrate material are discussed.

Among other promising areas of use for RRS, the creation of reflective screens for image projection
could be noted. For example, the article [11] describes a simulation model for studying the properties of
such screens. Another similar direction of technology development is the creation of surfaces with a
controlled degree of light reflection. The articles [15] and [16] describe such surfaces being developed
in the University of Cincinnati. The authors propose a combined approach to the creation of reflective
surfaces - prismatic microreflectors are suggested to be filled with an oily solution and light reflection
could be controlled by changing the wettability (and thus the spatial shape of the structure) by changing
the applied voltage. In [16], the mathematical model is described in detail and the results of physical
modeling are presented. Such a serious study of prospective areas of retroreflector application shows us
great relevance and broad prospects of using the RRS sensors.

Thus, the article [17] describes the use of RRS in scanning systems in conjunction with lidars. The
article [18] describes the principle of creating a linear velocimeter based on the use of RRS and Doppler
effect, the article [19] extends this idea to the case of rotating cylindrical objects. The article [20]
describes the use of a retroreflective surface for optical tracking of object vibration, providing a
mathematical model of laser radiation diffraction on a vibrating surface covered with microprism-based
RRS.

The analysis of the literature shows that laser sensor systems with retroreflectors are widely used in
industry. Active research of RRS-based laser sensor systems, as well as prospective areas of their



ISSN 2304 -6201 Bulletin of V.N. Karazin Kharkiv National University
8 series «Mathematical modeling. Information technology. Automated control systems» issue 56, 2022

application, reflects the interest of the scientific community in their further improvement and
development of new areas of their application.

Our goal is to carry out an analysis of existing approaches simulation methods, find common
elements of models applicable in different fields and contexts of such systems, as well as analyze strong
points of different approaches in order to help in selecting an appropriate method, taking into account
coherent laser radiation properties, and provide original examples of such models verified in practice.

3. Typical research schema

From the overview and analysis of the existing models it can be concluded that there is a general
underlying schema of research, which we are going to summarize.

The purpose of the research on the modeling of RRS-based laser sensor systems is developing
mathematical models of such systems for their further practical optimization and efficiency
improvement.

The subject of the study is the mathematical model of the research object - the processes of
propagation of a light wave (in the case of lasers - partially coherent) in the medium and its
transformation on retroreflectors (microbeads- or microprism-based) with further analysis of the
reflected radiation, which, being modulated by interaction with objects in the system, carries
information about the state of the system.

There are some widespread scientific research methods, such as comparative analysis, conducting
physical experiments in laboratory conditions with a prototype of a computerized detection system for
observing phenomena in the system, their systematization and description, synthesis of a mathematical
model based on the obtained data, creation of a computer model and, after its verification, conducting
computer experiments.

The result of such research is a developed mathematical and computer models describing the system
consisting of laser emitters and RRS, which allow improving the efficiency of such systems by
providing recommendations on the selection of system parameters. Depending on the type of sensor
under consideration and the application field such parameters as the detection efficiency, which is
expressed as the ratio of positive activations to all activations in notification systems, or the accuracy of
detection of environmental fluctuations, and the speed of movement of the object of observation, etc.,
can be selected.

LASER .

v

PHOTODETECTOR

Fig.3.1 Typical setup for the research

A typical [11, 12, 15, 18, 19, 21, 22] setup of laser sensor with RRS, regardless of the application
field shown in Fig. 3.1. It includes the main following elements: a source of laser radiation with an
external focusing device, some kind of environment that laser beam transverses (might be turbulent
atmosphere, regular acoustic oscillations, liquid, etc.) a reflecting surface with a reflective coating
applied to it (surface might be moving — simulating vibrations or spatial movements of the target),
optical splitter, a radiation collector, a diaphragm, and a photodetector.

4. The main stages in simulation modeling of RRS-based laser sensor systems

4.1. Generation of the laser emission light field structure

In some studies, only the intensity of the emitter is taken into account and diffraction does not play a
role in detection, the speckle pattern is not important, and only the change in the amplitude of the
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detected photocurrent is of interest [11, 14, 15, 17, 21]. This greatly simplifies modeling and is also
justified in cases where not only laser but the emitter with a wide spectrum can be used.

In the case when it is necessary to take into account the coherence of laser radiation, one should use
the representation of the emitter in the form of the Gaussian beam (in the general case, it is multi-mode,
most often it is enough to study the single-mode case). Next, we will consider the multimode laser
approach, because multimode lasers are required for the sensors to be applicable in practice. In this case
to describe the light field at a point, one should use the multimode Gaussian beams [23]:

E,,(%,Y,2) = E, L H, (@JH(@}(
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where |, m - a longitudinal mode and a transverse mode respectively, H - the Hermite polynomial.

The cross section of the intensity distribution across the beam propagation direction I is shown in the
Fig. 4.1 (a), with TEM LM designating modes: L designating the longitudinal mode and M the
transverse mode.
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Fig.4.1 Intensity distribution (a) and normal map (b) of the multimode Gaussian beam cross section

For the further transition to the geometric optics, which is used in the model at the stage of
calculating the field transformation inside of the RSS, it is necessary to restore the directional vector of
the field at a point, as well as the polarization vector perpendicular to it and lying in a given polarization
plane. To do this, it is enough to find the value of the gradient of the function at the desired point. One
can use the numerical methods (e.g., finite differences methods) [24] for finding the derivative of the
equation 4.1, considering the extreme cumbersomeness of the analytical calculation of the derivative
function of the multimode Gaussian beam. The attractiveness of the numerical approach is largely
explained by the presence of simple dependencies, with the help of which the derivatives at given points
can be approximated by several values of the function at those points and points close to them. The
construction of approximate differentiation equations based on a fact that the function on the given
segment is replaced by the corresponding approximating function, and then it is assumed that the
derivatives of the functions coincide. At the same time, the approximating function is most often given
in the form of a polynomial [25].

The Fig. 4.1 (b) shows an example of normal maps for the cross sections of the fields of the
Gaussian beams of different combinations of the orders of longitudinal and transverse modes. It seems
obvious that for a multimode emitter it is possible to carry out an experiment for each of the chosen
order of the modes and then combine the obtained intensities in the far zone.
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4.2. Interaction of the light field with environment

The environment that laser beam transverses might vary - turbulent atmosphere, regular acoustic
oscillations, liquid, etc. Most often it is just regular atmosphere and distances are so small, that it could
be ignored altogether. In some cases, atmosphere effects are to be taken into account, Rayleigh
scattering and Beer—Lambert law, for example [26].

In case of turbulent atmosphere usage of models with phase screens [27] and ray tracing in context
of the refraction are appropriate. The refraction approach can also be used to model liquid environment.
When dealing with acoustic wavefront, if width of the laser beam is much smaller than acoustic
wavelength, a simple refraction approach is appropriate and described below.

It is assumed that the laser beam width is smaller than the acoustic wavelength in air, therefore, the
sound wave can be represented as an acousto-optic refractive deflector - the mechanical propagation of
a sound wave is accompanied by a change in the air density, which creates a gradient of optical density
and causes the beam to deviate from the axis of its initial propagation.

D

-l -
<4 >

Fig.4.2 Acousto-optic refractive deflector

Then the following equation is applicable for the deflection angle [28]:

27AnD
nA

B=

sin(2z( ft + @)) 4.2)

where An - a modulation amplitude of the refractive index of the medium, D - acoustic wave
thickness, n - a refractive index, A - an acoustic wavelength, f - an acoustic frequency, t-time, ¢ -a

phase shift.

For the model, the acoustic wave is assumed to be a plane with the wave propagation axis indicated
on it. At a zero point of the axis, the phase is assumed to be zero. For the case of a multimodal laser,
one should take into account that dielectric medium for propagation of radiation has a dispersion that
can be described by the Sellmeier equation [26].

4.3. Transformation of the APD inside the RRS

Diffraction phenomena being neglected, and only the intensity is of interest, it is enough to calculate
the initial aperture, limiting angles of reflection and the reflection coefficient, based on geometrical
optics, both analytically as a whole, and by ray tracing, as in work [17], for example.

In the case of the scalar theory of diffraction and taking into account coherent radiation, two
approaches are possible. If the RRS grid is strictly periodic (for example, obtained by stamping),
analytical transformations according to the laws of diffraction grids are sufficient, as in the work [20],
for example.
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When the retroreflectors are disordered, as in the case of glass beads, it is necessary to find the
transformation of amplitude-phase distribution (APD) on RRS by tracing rays (thus turning to
geometric optics), as it is done in the works [11, 29]. We emphasize the fact that the transition to
geometric optics is possible only if the retroreflective elements are at least an order of magnitude larger
than the wavelength. At the same time, the decomposition of the polarization vector, transmission
losses, and the calculation of the phase shift should be taken into account. An example of calculating
the transformation of AFD on the retroreflector based on glass beads is given below.

Knowing the field amplitude, phase, directing vector and electric field vector in space at the given
point, we can proceed to the second stage - the transformation of the field inside the RRS. To construct

the ray trajectory, the directing vector E at a point P, selected on the RRS plane, transforms into

vector Kk, according to the Snell’s law (Fig. 4.3 (a)). Next, the bead with which the intersection occurs

and the point P, of the intersection of the ray {ﬂ,kj}with the sphere representing the bead is

determined. At the found point, a normal to the sphere is constructed, then similar actions are carried
out.

b.
Fig.4.3 Ray trajectory inside glass beads RRS: calculations (a) and simulation example (b)

According to the model, the points P, and P, should lie on the border between the bead and the
covering layer, and the point P, should lie on the border between the bead and the substrate; re-
reflections inside the bead or between neighboring beads are not considered. The point P, is sampled
and is the point of the output APD. In general case, the vectors E and kj lie in one plane, and the

vectors kj k: kj k: k? lie in another. Given each of the segments |, = P_,P, that make up the
trajectory of the light beam, the total phase shift ¢ is calculated:

¢’:2_ﬁzni|i (4.3)

where A4 -awavelength in vacuum, n, - an absolute index of refraction of the medium for 4.

The phase shift when reflected at the point P, is considered separately, since the shift i for the

parallel and perpendicular components n the general case is different. Also, for each transition from one
medium to another, the amplitude transmission and reflection coefficients for both field components are
calculated by using the Fresnel equations [26].
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Fig.4.4 Example of the APD after the transformation on the glass beads RRS - parallel amplitude (a),
perpendicular amplitude (b) and phase (c)

4.4. Finding the APD in the reception zone (far zone)

In the case of incoherent radiation, only intensity and aperture [11, 14, 15, 17, 21] are of interest. In
this case, it is enough to account for the interaction with the environment, as in the modeling step
above.

When the radiation is coherent and the RRS plays the role of a diffraction grating, it is necessary to
take into account diffraction phenomena. In this case, it is possible to see the structure of the picture or
individual speckles to use this information for detection. Then it is necessary to use the scalar theory of
diffraction. We will present the general principle of finding speckle pattern in the far zone below.

After the APD is found on the surface of the reflector, one can start searching for the image formed
in the far zone. APD on the plane can be considered as a collection of point sources of radiation, the
coherence of which is given by the nature of the laser illuminating the surface. The expression for a
monochromatic wave has the form [30]:

u(x, y,t) = A(x, y)cos(2zzut + (X, y)) (4.4)
or, alternatively

u(x, y,t) =Re[U(x, y)exp(—j2zut)]

U (x,y) = A(x, y) exp(—jo(x, Y))

The function U (x, y) from (4.5) also called a phasor and describes the APD. Due to the linearity of

the wave equation, as well as the coherence of radiation, the created diffraction pattern can be
represented as the integral of a superposition:

(4.5)

U (%, Yo) = | [ 0%, Yoi %, YU (%, ¥, ) ddy, (4.6)
In equation (4.6), the integrand function of transition has the form:
1 exp( jkr -
h(XO’yO;X17y1):-_MCOS(n1r01) (47)
I

The limits of integration in (4.6) are written as infinite due to the fact that outside the source region
the function U (x1 yl) turns to zero, which satisfies the Kirchhoff boundary conditions.

If z is sufficiently large, it is possible to represent the integral of the superposition as the Fourier
transform by using the Fraunhofer approximation:

r 2
U (%, %)= JU (><1,yl)eXPK—JTZ(XO&+yoyl)jd&dyl (48)

—00 —00
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The resulting Fourier image is a diffraction pattern in the far zone [31]. It should be noted that in
practice instead of the amplitude distribution of the received image, the squared one is being used
allowing us to obtain a value proportional to the intensity. This is due to the fact that quadratic detectors
are widely used, and therefore it is more convenient to evaluate the intensity. Regarding the model, it
should be noted that two Fourier transforms are calculated - for parallel and perpendicular components
relative to the common base, and then the listed intensities are added. This is due to the fact, that
polarization plane shifts during refraction, because the parallel and perpendicular components being
affected differently, so to stay within scalar diffraction theory one should consider components
separately.

Of course, computer model is able to work only with a limited amount of data, therefore, in practice,
only a discrete signal, that can be decomposed into finite Fourier series, can be calculated.

To calculate a two-dimensional DFT, it is enough to calculate one-dimensional complex DFTs of all
rows of the image, and then calculate one-dimensional complex DFTs of all columns in the resulting
image.

Direct computation of the discrete Fourier transform of the sequence x(n) requires n’products (or

additions) of complex numbers. Thus, for sufficiently large n, the direct calculation of the DFT
requires an excessive number of computational operations. Thus, in practice the fast discrete Fourier
transform (FDFT) algorithms are used for more efficient calculations [32].

Fig.4.5 Intensity of the APD in far plane after the FDFT (a), speckle structure closeup (b)

4.5. Converting the resulting APD into a photocurrent

Regardless of the way APD is obtained in the far zone, most of the detectors end up converting
observed intensity into the photocurrent for further analysis of the fluctuations. We will proceed with
explanation on how this part of modeling is approached.

On the previous step we have obtained far-field APD for the perpendicular and parallel polarization
components. To convert into a photocurrent, a few simple steps are enough. To begin with, let us
translate the amplitude into intensity by squaring. The resulting intensities for the components can be
added. At this stage, one can simulate a different receiving aperture by imposing a bit mask on the
resulting distribution - multiplying the distribution with an array of zeros and ones of the same size -
this way we can cut out the central aperture, make it circular, etc. Further, it is enough to sum up all
intensities for each of the polarizations - this is equivalent to the operation of integration over the area,
which, in fact, is produced by the lens - the result will be the power. The obtained instantaneous energy
characteristic can be represented as directly proportional to the photocurrent - the characteristic of the
photodetector can be considered linear and the sensor is infinitely sensitive because this does not apply
to detection and is solved in applied cases by typical methods.

Further, one can trace the dynamics of the photocurrent in time by simulating the behavior of the
system at successive discrete moments in time. Thus, we receive a photocurrent. Now we need to get
the spectral characteristics of this sampled signal. To do this, first we find and subtract the average - this
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is how we get rid of the constant component. Next, we apply the Fourier transform and obtain the
spectrum of the photocurrent - it carries information about the detected acoustic vibrations, since the
optical signal that formed it was modulated by a sound wave.

Below, shown on the Fig. 4.6, is an example of the use of FDFT for the analysis of the photocurrent
spectrum when detected in the environment of an acoustic column with a frequency of 1100 Hz.

Intensity over time Frequencies detected
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Fig.4.6 Example of the obtained via simulation photocurrent (a), and its spectral image (b)

It worth the mention, that in case you are aiming after modeling velocimetery application, then
bumps on the higher frequencies will correspond to the speed of movement of the RRS-coated object,
being result of the Doppler effect [18, 19].

4.6. An iterative pass with variation of parameter values of the system

Since for the components of real systems some deviations in the distributions of physical properties
are present, it is necessary to conduct computer experiments for various implementations. It is simply
impossible to assess whether the simulation model is correct or translate individual results into practice,
because this is not a completely analytical mathematical modeling. In fact, the Monte Carlo approach
[33] can be used to solve this problem. During iterative runs of experiments with different
implementations of the system parts, slightly different results can be obtained. Averaging the results
allows us to see which trajectory the system gravitates towards certain parameters, whether it is stable
within given limits of deviations.

4.7. Finding dependencies between parameters, evaluating detection efficiency, system
optimization

The imitation model ultimately allows, on the one hand, to better understand the processes in
detection systems, and on the other hand, to investigate the relationships of parameters in the system
without conducting a huge number of physical experiments - which are expensive to implement and
take a lot of time. Indeed, the approach to finding relationships between parameters can vary depending
on the context of the system. Usually, they become clear quickly enough, since when observing the
boundary conditions and constrains, they fall under the theories found in classical works on optics,
being a simple combination of known laws. However, in cases where there are a lot of parameters in the
system and they are interconnected in such a way that it is not possible to fix all other parameters and
look at the influence of one of them on the result, it can be difficult to navigate. In this case, it is
advisable to conduct a number of experiments, find correlation between parameters and use a regression
model to identify the type of relations [34].

Moreover, based on the results of the experiments with the verified model, it is possible to make
recommendations regarding the specific values of the system parameters for the optimal operating
mode. In this case, the output parameter is selected, which must be maximized under the given input
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restrictions. To optimize the target function of efficiency it is necessary to use the method of
mathematical programming [35]. The selection of the target metric depends entirely on the application
of the model. An example of such a target metric can be, in the case of laser fire detectors, the
notification efficiency, defined as the ratio of positive activations to all activations in the condition of
external disturbances.

5. Conclusions

The subject of the study is the simulation models of the processes of light wave propagation (in the
case of lasers - partially coherent) in the medium and its transformation on retroreflectors (microbeads-
or microprism-based) with further analysis of the reflected radiation, which, being modulated by
interaction with objects in the system, carries information about the state of the system. Overview of
existing studies has been made. Analysis of existing approaches to simulation methods and overview of
the existing models has been carried out.

As a result, common elements of models applicable in different fields and contexts of such systems
have been found. Scientific methods of research have been outlined and typical research schema is
proposed, suggesting the main stages in simulation modeling of RRS-based laser sensor systems. The
following topics are covered: generation of the laser emission light field structure, interaction of the
light field with environment, transformation of the APD inside the RRS, finding the APD in the
reception zone, converting the resulting APD into a photocurrent, finding dependencies between
parameters, evaluating detection efficiency, system optimization.

The analysis of strong points of different approaches has been made, the aspects important for
choosing the appropriate method have been underlined. The guidance principles for the general
modeling of such systems have been given, and original concrete examples of such models verified in
practice is provided.
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MaremaTu4Hi MoeIi Ta MiAX0AM 10 iIMITALIITHOT0 MO/IETIOBAHHS JIA3€PHUX
naTyukiB Ha ocHoBi CIIIT

CraTTs MpUCBAYCHA JOCHIPKCHHIO MaTEMAaTHYHHUX MOJICTICH 1 MiZAXOIB 0 MOJCIIIOBAHHS JIA3ePHUX NATUYMKIB, sIKi 0a3yrOThCs
Ha BUKOPHCTAHHI CBITJIONOBEPTAIOYHX [TOBEPXOHB. [IpeMeTOM JOCITIIKEHHS € MaTeMaTHYHa MOJENb 00’ €KTa JOCITIIKEHHS —
MPOIIECiB MOIMIMPEHHS CBITJIa B CEpEIOBHLII Ta foro Tpanchopmarii Ha peTpopediekTopax 3 HOAATBIINM aHaTi30M BiIOUTOTO
BUTIPOMIHIOBaHHS, SIKE, MOIYJIIOIOUUCH B3a€MOIIEI0 3 00 €KTaMH CHCTEMH, Hece iH(OpMaIifo mpo CTaH CHCTEMH. 3pOOJIeHO
orJIsA ICHYIOUMX JOChimkeHb. IIpoBeneHO aHami3 iCHYIOYWHX IMIIXOMAIB OO METOIIB MOJENIOBAaHHS, Ta aHANi3 ICHYIOUYHX
Mojeneld. 3HalIeHO CIUTbHI eJIEMEHTH MOZeJIel 0 MOKYTh OyTH 3aCTOCOBaHI B Pi3HHUX MPHKIATHIX 00JAcTAX Ta KOHTEKCTax
Takux cucTeM. HaBesieHO Taki HayKOBi METOM JOCIIKCHHS, K MOPIBHIBHUN aHANI3 TPU JTOCTIHKEHHI MOJIOHUX CHUCTEM,
NpoBe/ieHHs (Pi3MYHUX EKCIIEPUMEHTIB y JJaOOpaTOPHUX yMOBaX 3 IMPOTOTUIIOM KOMII IOTEPHU30BAHOI CHCTEMH IETCKTYBaHHS
JUISL CIIOCTEPE)KSHHS SIBUIL Y CUCTEeMI, X CHCTeMaTH3allisl Ta OIKC, CHHTE3 MaTeMaTHYHOI MO/IeIi Ha OCHOBI OTPUMaHHX JaHHX,
CTBOPEHHsI IMITAIIfHOI KOMIT'IOTEPHOI MOJeNi Ta IIPOBEICHHS KOMIT IOTEpPHHX eKCIIepHUMEHTIB mmicis 11 Bepdikarii.
3amponoHOBaHO THIIOBY CXEMY AOCIHIIKEHHS, sKa Iepeadayae OCHOBHI €TaIly iMITAI[IITHOTO MO/ICNIOBAaHHS CUCTEM JIa3€PHOTO
nerektyBaHHs Ha ocHOBI CIIII. PosrmsamaroTeess Taki Temu, sK: TeHEpalis CTPYKTYpU CBITIIOBOTO TWOJSA JIa3€pPHOTO
BUTIIPOMIHIOBaHHS, B3a€MOJisS CBITIOBOIO IIOJII 3 HAaBKONUINHIM cepenoBuiieM, TpaHcdopmamis ADP Bcepemmni CIIII,
3HaxomkeHHs ADP B 30HI mpuiiomy, mepeTBopeHHA oTpuMaHoro ADP y doTocTpym, 3HAXOIKEHHS 3aJeKHOCTEH Mik
napameTpamH, OIliHKa ¢(EeKTHBHOCTI BHSBJICHHSI, ONTHMI3allisl cucTeMu. [IpoBeJIcHO aHaNi3 CHIBHUX CTOPIH Pi3HUX IMiJXOIIB,
BKA3aHO JIeTali, sSIKi HeOOXiJJHO BpaxOBYBaTH IIPY BHOOPI BIAMOBIIHOTO METOAY 3 ypaxyBaHHSM BIACTHBOCTEI KOI'€pPEHTHOTO
JIa3epHOTO BUINIPOMiHIOBaHHs. HaBeleHO KepiBHI MPHUHIMIHK 3arajbHOTO MOJENIOBAHHS TAaKHX CHCTEM, IO MPOLIIOCTPOBaHI
OpHT'HAUIBHUMH KOHKPETHHMH IPUKIIaJaMHU TAKHX MOJIEJICH, TepeBipeHUX Ha MPaKTHUIII.
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