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AN APPROACH TO THE CONSTRUCTION OF A NONLINEAR DYNAMIC MODEL
PROCESS CUTTING FOR DIAGNOSIS CONDITION OF TOOLS

Annotation. The features of the use of the theory of integral series in applied problems of identification of nonlinear dynamic
systems in the field of diagnosing the state of cutting tools are considered. The prospects for developing a method for estimating the
states of cutting tools based on indirect measurements using integral non-parametric dynamic models based on experimental input-
output data using test pulse effects on the cutting system are substantiated. This approach allows increasing the efficiency of diagno-
sis by reducing the amount of calculations, as well as, the reliability of the diagnosis by simultaneously taking into account the
nonlinear and inertial properties of the system in integrated non-parametric dynamic models. In addition, the models in question are
capable of describing faults caused by both changes in the system parameters and its structure, as well as can be used in test and
functional diagnostics.

A method has been developed for building information models of cutting tool states based on indirect measurements using test
pulse effects on a cutting system in the form of loads with impacts and recording system responses, on the basis of which information
models are built in the form of multidimensional transition functions.

A block diagram of the organization of the experiment “input-output” in the framework of the problem of diagnosing the state
of the tool under the conditions of pulse effects on the cutting system to obtain the primary diagnostic information is proposed. The
methods of forming test pulse loads of the cutting system by successive insertion of the cutting tool into the work piece with different
cutting depths, with variable feed and with variable cutting duration are considered.

The computational experiment demonstrates the advantages of information models in the form of multidimensional transition
functions for modeling nonlinear dynamic systems in problems of diagnosing the states of cutting tools. It has been established that
multidimensional second-order transition functions can be used as an effective source of primary data in the construction of auto-
mated technical diagnostics systems.

Keywords: nonlinear dynamic systems,; multidimensional transition functions, identification, information models, technical di-
agnostics

Introduction
Production systems of the CIM (Computer In-
tegrated Manufacturing) level, the corresponding

The processing of a sequence of images of wear
zones of tools coming from the system of technical

methods and technologies are finding more and
more widespread use in modern machine-building
[1]. With the increasing complexity of modern
means of production and the conditions of their ex-
ploitation to the quality of the cutting tool (CT) used
in flexible manufacturing modules.

Therefore, there is an obvious need to develop
new methods and systems for monitoring and diag-
nosing CT states [2].

To ensure the high quality of production proc-
esses in modern metal-cutting machines, the method

of direct monitoring of the condition of the cutting
tool wearing using vision systems is used [2-4].
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vision, requires a very significant expenditure of
time and computational resources on preliminary
data processing to increase their quality, contours
and textures selection of wearing zones. On the basis
of the processed images, information models are
formed and classifiers are built.

The time factor for constructing models for di-
agnostic tasks is essentially weighing, since the
processing speed on metal-cutting machines is con-
stantly increasing.

At the same time, the intensity of wearing proc-
esses is increases.

Therefore, a significant investment of time for
data processing and diagnosis can lead to a delay in
decision making.
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To increase the efficiency of diagnostics, meth-
ods are used that develop the approach of direct con-
trol of the states of CT, for example, reduction of
feature space [5-9]. At the same time, operations of
processing visual data remain the slowest link in
automated technical diagnostics systems (ASTD)
with direct control of the sequence of images of CT.
Therefore, methods of indirect control and diagnos-
tics of the state of tools become more promising.

Formulation of the problem

In modern technological processes, machining
operations take place, the specificity of which leads
to the appearance of periodic “shock” loads on the
cutting part of the CT. An example would be the
operation of the so-called “shock” turning [10], dur-
ing which the front surface of the cutting part of the
cutter periodically perceives the “shock” load.

The specific conditions of using CT, periodic
dynamic loads determine a number of features of the
wear of such tools. There is the appearance of de-
fects such as microcracks and microscopes on the
cutting edges.

To date, there are no adequate models of the
cutting process that take into account nonlinear dy-
namics. Therefore, there is a need to develop meth-
ods for the identification of non-linear cutting sys-
tems with dynamic “shock” loads for subsequent use
in technical diagnostics systems.

Analysis of recent research and publications

Today, in flexible manufacturing modules,
three groups of control methods are used: direct,
indirect, and combined [2; 3].

From the literature on technical diagnostics
such diagnostic methods as functional, test and
combined are known [2; 3].

When implementing direct methods of control
and test diagnostics, the object of analysis is directly
the cutting part (CP) of the instrument. Measure-
ments, as a rule, are made during the interruption of
machining in a special control position of the ma-
chine or in an instrumental store of flexible manu-
facturing modules.

Touch sensors are used that periodically deter-
mine the spatial position of top of worn tool or a
system of technical vision, providing periodic re-
cording of images of wear zones with an estimate of
their change over time [2-4; 11].

Known indirect methods of control and diag-
nostics of CT [2; 12-20], based on measurements of
torque, cutting power, components of cutting forces,
acoustic emission, dimensions and roughness of the
machined surface of the part and etc.

ISSN 2617-4316 (Print)
ISSN 2663-7723 (Online)

Applied to the CT, functional diagnostics is car-
ried out in the process of machining, when the tool
experiences only working influences in the cutting
system. The corresponding signals are recorded by
indirect control methods. Test diagnostics of CT
states provides for the formation of test effects on
the instrument.

Combined diagnosis of CT is concluded in the
application of both working and test influences on
the instrument. Its advantage is the use of heteroge-
neous signs, which provides a comprehensive as-
sessment of the state of the CT.

In flexible manufacturing modules, very high
cutting speeds are used [13; 14; 18], which leads to
an increase in the wear of the CT and a reduction in
their working life. Accordingly, there is a need to
reduce the time spent on the processes of monitoring
and diagnosing CT, otherwise the corresponding
control actions on the technological system will be
carried out with a delay. For example, with all the
advantages and high accuracy of recording the size
and shape of CT wear zones using technical vision
systems [2-4], registration, processing and recogni-
tion of corresponding digital images is associated
with significant time costs.

The research conducted by the authors showed
that a very promising method of indirect control (re-
spectively, functional and test diagnostics) of tools
under roughing and semi-finishing machining is the
method of estimating the response of the cutting sys-
tem to periodic “shock” loads of CT [2].

The aim of the work is to build a non-linear
dynamic model of the cutting process, obtained on
the basis of input-output experiment data using test
impulses on the cutting system.

To achieve the goal identified the following
tasks.

1. Analysis of the problem of constructing
nonlinear continuous dynamic models of CT in the
systems of technical diagnostics and the substantia-
tion of information models for the primary descrip-
tion of objects of various natures based on multidi-
mensional transition functions (MTF).

2. Development of a method for identifying CT
states on the basis of indirect measurements by using
test pulse effects on the cutting system in the form of
loads with “shocks” and recording system responses,
on the basis of which information models are built in
the MTF as a diagnostic source information. Such a
method, in contrast to the existing ones, makes it
possible to simultaneously take into account the
nonlinear and inertial properties of the CT, to in-
crease the efficiency of building information models
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and the accuracy of diagnosis using the obtained
models.

The object of research is the process of identi-
fying continuous dynamic systems.

The subject of research is the methods of identi-
fication of nonlinear dynamic cutting systems under
pulsed loads.

Research methods

Theoretical studies are based on the theory of
nonparametric identification, modeling of nonlinear
dynamic systems, and functional analysis for build-
ing information models based on the MTF.

To filter out the noise of the measured signal,
elements of the theory of wavelet transforms are
used.

To solve applied problems of modeling, ele-
ments of the theory of computational experiments
are used.

Experimental studies were carried out on a uni-
versal milling machine tool mod. 675P. Samples
were processed (specify dimensions) of gray cast
iron with end mill tools. To simulate the step loading
of the cutting system, i.e. the formation of pulsed
impacts on it was carried out short-time incisions of
the CT into the work piece and the registration of
responses of the cutting system to these impacts.

Development of a mathematical model
based on integrate series

Conversion of input vector X=(xi, x3,..., Xy)
into the output vector Y=(y,,5,,...,y,) at any time ¢
i.e. A mathematical model of a nonlinear dynamic
object can be represented in general form using the
operator A ()

Y(O)=A()[X(7)], (M

where:

IEQta TEQ‘C; Q‘E: [to,t] o= Qt: [t(), T]a

to, T — respectively, the initial and final moments of
the interval of observation of the object.

The dynamic object operator can be speci-
fied in various forms. Often, the object operator is
defined as a system of differential equations express-
ing in an implicit form the relationship between the
input and output variables of the object. Another
and, in most cases, the most convenient form of de-
scribing the dynamic properties of an object is the
representation of the relation between its input and
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output signals in an explicit form, when the solution
of differential equations is not required. This repre-
sentation, which takes into account the nonlinear and
dynamic properties of an object, is a description
based on the expansion of the operator A.(¢) into an
integral series [21-24].

For a wide class of nonlinear dynamical sys-
tems, the dependence between the action of X(#) and
the reaction Y(¥) in explicit form can be represented
by a functional power (integral) series by Volterra
[25-30].

The input — output ratio for continuous non-
linear dynamic systems with an unknown structure
(black box type) with one input and one output can
be represented as the next Volterra series:

I

=g + { wyl1) (=)t +
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where:

x(¢) and y(¢) — respectively, the input and output
signals of the system;

w, (T,,...,T,) — multidimensional weight function

of the n-th order (n = 1,2,3, ...), symmetric with re-
spect to real variables 7i,...,7, function;

wy(f) — free member of the series, with zero ini-
tial conditions wy (£)=0;

t — current time.

The series (2) with zero initial conditions can be
written in abbreviated form:

| :,-‘:;t;c Z; [xn:i}] = .
= Z i {;, Wi hTg e Tﬁ}?l:!_.'{ T — 1.l

where:
Vu [x()] = yu(£) — n-th partial component of the
response system.
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Development of methods for constructing
nonlinear dynamic models based on integer series
based on input-output measurements

Building a model (identification) of a dynamic
object from experimental data — determining the pa-
rameters and structure of the mathematical model
that provide the best match for the output coordi-
nates of the model and the object for the same input
effects.

A practical way to check the degree of effi-
ciency of building a mathematical model is to com-
pare and numerically evaluate the reactions of a real
object and a model obtained by feeding their inputs
of the same signal.

In solving the problem of identification, identi-
fication criteria play an important role. In most cas-
es, the criterion of the minimum root-mean-square
error is used.

where: k — the number of reports on the observa-
tion time interval;

w, — reference values of multidimensional
weight function;

vf/t — evaluation values of the multidimensional

weight function obtained as a result of processing
experimental data (system responses) at discrete
points in time ¢.

Thus, the main task is to restore the dynamic
characteristics of the system based on measurements
of the responses of the system to specially selected
test signals.

Building a model of a nonlinear dynamic sys-
tem in the form of a MTF consists in choosing the
type of test actions x(#)and developing an algorithm
that would allow for measured responses y(¢) allo-
cate partial components y [x(z)] and determine

based on their multidimensional weight functions
Wi(Tp, oo Ty)y n=1,2,...

Using step test signals

If the test signal x(¢) is the single function 8 (¥)
(Heaviside step function), then the solution of (2) is
the first-order transition function and the diagonal

sections of the n-th order ﬁn (¢,...,0)

(n=2,N).
To determine the subdiagonal cross sections of
transition functions of the n-th order (n>2) of non-
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linear dynamic systems, it is tested using n test step
signals with given amplitudes and different intervals
between signals. With the appropriate processing of
the responses, we obtain the subdiagonal cross sec-
tions of n — dimensional transition functions

h, (t - 7,..., t - 7,), which represent the n — dimen-
sional integrals of the n-th order kernels

W (Tiyenes Tp)

by (57,1, )=

= | | woler b Lty oA, WAy ak,. (5)

[
(=]
=

Definition of cross sections of » — dimensional
transition functions for nonlinear dynamic systems

with one input and one output in the case when test

actions are the sum of k (k=1, 2,..., n) step signals
(i=1,2, ..., k), with a time shift z on 7, ..., 7, for
nonlinear dynamic systems with one input and one
output, the estimate of the nth order transition char-
acteristic is performed according to expression [31]:

by (i‘—T._.. Wi-Tg )=

i . Bs ag ) (5)
- z (-1} - o (68,60, )

mla®

e |

where:
9,8, ,....8, ) — estimation of the n-th partial

component of the response the diagnostic object at
the time t, obtained as a result of processing the ex-
perimental data, under the action of a multi-step sig-
nal at its input with amplitude a; andif 5 =1

(i=1,2, ..., n), then the test action contains a stepped
signal with a shift by 7, otherwise, with § =0- it

does not contain it.

Development of a method for constructing a
nonlinear dynamic model of the cutting process
using stepped test signals

The method of constructing models of states of
radiation sources on the basis of indirect measure-
ments by using multi-stage test signals on the cutting
system is implemented in the following sequence:

Step 1. Formation of periodic stucco effects on
the cutting system x; = ka0 (¢), where k=1, 2,..., n is
the number of stages with an amplitude multiple of
a. The need for multiple step load on the cutting sys-
tem due to its non-linearity. The formation of stepped
exposures x; is realized in the form of a series of CT
inserts into the workpiece (within the allowance to be
removed at this technological transition).

Step 2. Registration of the response of the cut-
ting system y,(?) to stepwise impacts x;.
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Step 3. Building the information model /4(¢) in
the form of MTF by expression (6) based on the re-
ceived responses yy (7).

A block diagram of the organization of the

|
| i ¥ i i
1 | b ) | ; -
| I—- ¢ Wusponoe ] : -
e 3 5 i L il
|
|

“input-output” experiment with step loads (steps 1
and 2) for obtaining primary diagnostic information
is presented in Fig. 1.

A |

Fig. 1. Block diagram of the organization of the “input-output” experiment within the framework of the
task of diagnosing the cutting process with periodic shock loads:
1 —blank; 2 — CT (cutter); 3 — cutter holder; 4 — indirect control sensor

Fig. 2. View of the processing zone of the work
piece with a stepped control signal

Experimental implementation of the method of
indirect control of the states of the CT by means of
stepwise influences on the cutting system was carried
out on a universal milling machine mod. 675P. A
control signal with different amplitudes of the cutting
depth s = ka0 (¥), specified by the diagnostic signal
generator, is used as an input step signal. As a result
of the action of the stepped control signal in the work
piece 1, the cutter 2 is cut out in the work piece 1, and
the tool grooves are machined. View of the process-
ing zone of the work piece is shown in Fig. 2.

The response of the cutting system is recorded
by the measuring device (control sensor) SC and
stored in the database (DB). Signals f; (¢) and f; (¢) are
added to the response of the system - interference
from the cutting process and the sensor, respectively.

The formation of the test pulse (GDS) loading
of the cutting system can be realized by sequential
plunging (loading — unloading CP) of the CT into
the workpiece with depths of cutting s, s, (s, <.,
where s is the cutting depth due to allowance, timed
on this technological transition). The cutting speed V,
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feed S, cutting time T are constant. The variable is the
active length of the cutting edge of the diagnosed CT.

A series of cuts with a variable feed can be pro-
posed as the second loading scheme of a CT, a series
of cuts with a variable duration can be used as the
third scheme.

This paper discusses the operation of face mill-
ing. With tool wear, the cutting forces and, accord-
ingly, the amplitudes of the system responses
change, which can be used to estimate the residual
life of the mill.

Indirect control sensor 4, as an element of the
automated control system for the electric drive of the
milling machine [32; 33] measures the output signal
— the active power of the asynchronous main-motion
electric motor W.

In Fig. 3 shows the input control signal (depth
of cut s, mm) in the form of steps with two ampli-
tudes.

In Fig. 4 shows the output signal: oscillogram
of the change in the active power of the asynchro-
nous electric motor of the main motion W, kW,
which reflects two jumps corresponding to two step
effects on the milling cutter.

In this example, the cutting system response
contains high-frequency noise. Recently, approaches
based on wavelet transform have been increasingly
used to eliminate them. These approaches have ad-
vantages in comparison with filters based on the
Fourier transform, since they allow to effectively
eliminating localized interference, which filtering
using the Fourier transform is inefficient due to the
use of the basis of infinitely oscillating functions
[34].
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R

N 3

a

Fig. 3. The input signal corresponding to a stepwise increase in the depth of cut
(on the abscissa axis — processing time ¢, s; on the axis of ordinates — depth s, mm)
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Fig. 4. The response of the cutting system in the form of — changes in the active
power of the cutting process W, kW in time ¢, s

Noise suppression is usually achieved by re-
moving high-frequency components from the signal
spectrum, which is an additive mixture of the infor-
mation component obtained as a result of processing
the responses and noise due to the inaccuracy of the
measuring apparatus [35]. With respect to wavelet
expansions this can be implemented directly remov-
ing detailing coefficients of high frequency levels.
By setting a certain threshold for their level, and cut-
ting off the detail coefficients by it, it is possible to
reduce the noise level.

The wavelet transform of the signal y(f) — leads
to the family of functions C(a,b), where a is the

t—bj
a

— is the family of wavelet functions, R is the set of
real numbers, anda € R /{0},b € R.

Known classes of discrete orthogonal wavelets,
such as Haar, Daubechies, Symlets, Coiflets, Bior-
Splines, Dmeyer, are effectively used in practice to
remove noise in signals. In this paper, in order to
increase the computational stability of deterministic
identification methods, noise reduction (smoothing)
procedures are applied to the resulting responses

scale and b is the position. In turn: where \P(
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based on wavelet transform using a Coiflet wavelet
of order 4 [34].

In Fig. 5 presents the results of filtering the re-
sponse of the cutting system based on wavelet trans-
forms. This signal is used further to identify the
states of the cutting system.

The construction of the information model A(¢)
in the form of MTF is carried out using the obtained
responses y(¢) (time interval z€ [4; 8] on Fig. 5) and
based on the expression (6).

The results of identifying a test nonlinear
dynamic system using step signals — estimates of
the first order transition function /,(¢), and the di-
agonal cross section of the second order transition
function A,(¢,f) are presented as graphs in Fig. 6.

Using a nonlinear dynamic model of the cut-
ting process in the tasks of cutting tool diagnostics

Using the considered method of constructing a
nonlinear dynamic model of the cutting process,
models were constructed using a cutting tool belong-
ing to different classes of states €, and £,.

In Fig. 7 presents the estimates of the first-order

hi- (£}  hj- (&) for the cutting

transition function u
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process using the CT belonging to different classes

of states Q, and Q,.

In Fig. 8 presents the estimates of the second-

order transition function By (L€} u

W - -

.:4

0 2 4 = ]

the cutting process using CT belonging to different
classes of states 2, and ;.

10 12 14 16 14 )

Fig. 5. Filtering the response of the CS: changing the active power of the cutting process W, kW in time ¢, s

1] 1 z 3 r
Fig. 6. The results of the identification of the test
non-linear dynamic system using step signals
(on the abscissa axis — processing time ¢, s, on
the axis of ordinates — active power of the
cuttinprocess W, kW)
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Fig. 7. Estimates for the first order transition

!
I
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|
]

functions ®1— &y B1- @ for the CT belonging to
the classes of states £, and Q, (on the abscissa axis
— processing time ¢, s, on the axis of ordinates — ac-
tive power of the cutting process W, kW)
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Fig. 8. Estimates for the first order transition

functions B2~ & € B & 8 for the CT beloning
to the classes of states ©; and £, (on the abscissa
axis — processing time ¢, s, on the axis of ordinates —
active power of the cutting process W, kW)

The deterministic approach to classifying CT
states according to a linear model (Fig. 7), repre-
sented by an estimate of the first order transition

functions ™ )y !"- [ﬂ', is difficult because the
functions by (£ u Bi- i) for the Q, and Q, state
classes form overlapping regions [36].

At the same time, the transition functions of the
second order M- Bt} Bi- L) opeain g
greater diagnostic value — they carry more informa-

tion about the state of the CT (belonging to one of
the classes of states Q; and ;).

Conclusions and prospects for further research

As a result, the work successfully solved the
problem of constructing a nonlinear dynamic model
of the cutting process, obtained on the basis of the
input — output experiment data using test pulse ef-
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fects on the cutting system. The resulting model
adequately reflects the state of the cutting tool ac-
cording to the results of indirect measurements and
can be used in diagnostics tasks.

In the process of solving the problem of con-
structing a non-linear dynamic model of the cutting
process, the following results were obtained.

1. The choice of an information model for de-
scribing nonlinear dynamic systems based on inte-
gral non-parametric dynamic models in the form of
multidimensional transition functions is substanti-
ated. The main advantages of using integral non-
parametric dynamic models in diagnostic tasks are
the ability to simultaneously take into account the
nonlinear and inertial properties of systems, describe
faults caused both by changes in system parameters
and its structure, as well as ease of use in test and
functional diagnostics .

2. A block diagram of the organization of the
“input-output” experiment is proposed within the
framework of the task of diagnosing the state of the
tool under impulse effects on the cutting system.

3. A method for constructing a nonlinear dy-
namic model of the cutting process on the basis of
indirect measurements using test pulse effects on the
cutting system and recording system responses has
been developed. After processing the received re-
sponses, an information model of the cutting system
is constructed in the form of multidimensional tran-
sition functions. Unlike diagnostic methods using
technical vision systems, this method makes it pos-
sible to increase the efficiency of building an infor-
mation model of the cutting process and the reliabil-
ity of diagnosing the cutting tool.

4. A computational experiment confirms the ad-
vantages of using information models in the form of
multidimensional transition functions in problems of
diagnosing the states of cutting tools. It has been es-
tablished that multi-dimensional second-order transi-
tion functions have a greater diagnostic value and can
be used as a source of primary data in the construc-
tion of automated technical diagnostics systems.
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MIIXI A0 MMOBYIOBH HEJIHIMHOT JMHAMIYHOT MOJEJII
MMPOLIECY PI3AHHS JUISI JIATHOCTYBAHHSI
CTAHIB IHCTPYMEHTIB

Anomayin. Poszensioaromvcsi 0coOIUu80Cmi GUKOPUCANHS Meopii IHMe2panbHux paoie y NPUKIaoHux 3a0ayax ioenmugikayii HeniHiHux ou-
HAMIYHUX cucmeMm 6 3a0a4ax 0lacHOCMY8aHHs CManie piscyuux incmpymenmie. OOIPYHMOBAHO NEPCNEKMuUBU po3pooKU Memoody OYiHKYU CManie pisa-
JIHUX THCIMPYMEHMI6 HA OCHOSI HENPAMUX GUMIDIOSAHb 3 6UKOPUCIIAHHAM IHMESPANbHUX HENAPAMEMPUYHUX OUHAMIYHUX Modenell, NoOY008aHUx Ha
6as3i excnepuMenmanbHux OaHUX «6Xi0—6uxioy npu GUKOPUCMAHHI MeCmOosUX IMNYIbCHUX 6NIUGI8 Ha cucmemy pizanus. Taxuil nioxio 0oszeonse nio-
SuWUMU NPOOYKMUBHICIMY OIACHOCMYBANHS 30 PAXYHOK 3MEHWEeHHs 00CA2y 00YUCaenb, a maxodic, 00CmogipHicmy 0iacHo3y 3d paxymoK OOHO-
4aAc08020 OOMIKY HENHIUHUX MA THePYILHUX 6IACMUBOCIEN CUCeMY 8 THINEZPATLHUX HEenapamMempuyHux OuHamivHux mooensix. Kpim moeo, poszens-
Hymi MoOeni 30amHi ONUCY8amu HeCnPAGHOCMI, BUKIUKAHI SIK 3MIHOI napamempis cucmemu, max i it cmpykmypu, a maxoic, MOX4Cynsb GUKOPUCNO-
8y68amMUCA NPU MECMOGOMY Ma QYHKYIOHATLHOMY 0ia2HOCIYBANHI.

Po3spobreno memoo no6yoosu inghopmayitinux mooenell CImarie pizaibHUX iIHCMPYMeHMI8 Ha OCHOBI HENPAMUX BUMIDIOBAHb 3 BUKOPUCTHAHHAM
MecmosUx IMRYIbCHUX BNIUBIE HA CUCEMY DI3aHHA Y 6U2NA0I HABAHMAIICEHHS 3 YOapamu ma peccmpayii 6i02yKi@ cucmemu, Ha OCHOBI AKUX 6y0y-
omucs ingopmayiiini mooeni y 6uensidi 6a2amoeuUMipHux nepexioHux QyHKyi.

3anpononosana cmpykmypna cxema opeanizayii ekcnepumenmy «8xio-euxioy 8 pamxax 3adayi 0iacHOCHYBAHHA CIAHY THCIPYMEHNY 8 YMO-
64X IMIYIbCHUX 6NAUGIE HA CUCEMY DI3AHHS Ol OMPUMAHHA NePeUnHOT diazHocmuunol ingopmayii. Pozensnymo cnocobu ¢opmyeants mecmosux
IMIYIbCHUX HABAHMAICEHD CUCEMU PI3AHHS WISAXOM NOCAIO06HO20 8PI3AHHS PIJICYH020 THCIMPYMEHNY 8 3a20MOBKY 3 PI3HUMU 2IUOUHAMY PI3aAHHS, 31
3MIHHOI0 NOOAYEI0 PI3aHHs i 31 3MIHHOI MPUBATICMIO PI3AHHA.

Ob6yucnosanbHull eKcnepumMenm 0eMOHCIpPYE nepesazu iHpopmayitinux mooeneil y auensiol 6azamosuMipHux nepexio-nux ynkyii ons mooe-
JI0BAHHS HETTHIIHUX OUHAMIMHUX CUCTEM 6 3a0aiax 0iaeHOCMYBAHHA CIANIG Pidcyyux incmpymenmie. Becmanosneno, wjo 6azamogumiphi nepexioni
@DynrYii Opy2020 nOPAOKY MOJICYNb GUKOPUCIOBYBAMMUCS 8 AKOCHT e(heKMUBHO20 ddicepena NepeuHHUX OaHUX Npu no6y006i agmomMamu306anux cuc-
mem mexHiuHo2o OlacHOCHTY8AHMHA.

Kntouosi cnosa: neninivini ounamiuni cucmemu, 6azamosumipHi nepexioni Qynkyii; ioenmuikayis, ingpopmayitini mooeni; mexHiuna diacHo-
cmuxa
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MOAXO0J K HOCTPOEHUIO HEJTUMHEMHOMW JTUHAMUYECKOM MOJIEJIHN

IMPOLHECCA PE3AHUMSA JIAA JMATHOCTUPOBAHUA
COCTOSIHUM HHCTPYMEHTOB

Annomayusn. Paccmampueaiomesa 0codeHHOCIU UCHONb308AHUA MEOPUU UHMESPATLHBIX PAO08 8 NPUKIAOHBIX 340aA4aX UOeH-
MUGUKAYUY HETUHETIHBIX OUHAMUYECKUX CUCHEM O OUACHOCMUPOBAHUS COCMOSHUL pexcyyux uncmpymenmos. ObocHosaHbl nep-
CNEKMugbl paspabomKu Memooa OYeHKU COCMOSHUL PEXCYUUX UHCIMPYMEHMO8 HA OCHOBE KOCEEHHBIX U3MEPEHUIL C UCNONb308aHUEM
UHMESPANbHBIX HENAPAMEeMPUIEcKUx OUHAMUYECKUX MOOeNel, NOCMPOEHHBIX HA 6a3e SKCNEPUMEHMANLHBIX OAHHBIX «BX00—6bIX00»
nPU UCNOTL30BAHUU MECMOBbIX UMNYIbCHBIX 8030elicmeuill Ha cucmemy pesanus. Taxotl no0xXo0 no360Jsem No8blCUMb Onepamus-
HOCMb OUASHOCUPOBAHUS 34 CUem YMEeHbUEH U 00beMa 6bIYUCTeHUN, d MAKdHce, OOCMOBEPHOCHIb OUACHO3A 3A CYEem 0OHOBPEMEH-
HO20 y4ema HeIUHelHbIX U UHEPYUOHHBIX CEOUCME CUCTNEMbL 8 UHMEZPATbHbIX HeNapamempuyeckux ounamuieckux mooenax. Kpome
mozo, paccmampueaemvie MOOenU CHOCOOHBI ONUCLIBAMb HEUCHPABHOCMU, BbI36AHHbIE KAK U3MEHEHUeM Napamempos Cucmembi,
Max u ee CMPYKMypbl, a MAKHCe MO2YN UCNONb30BAMbCSA NPU MECMOBOM U QYHKYUOHATLHOM OUASHOCMUPOBAHUU.

Paspabomarn memoo nocmpoerus UHGOPMAYUOHHBIX MOOEel COCMOAHUIL PEXCYUWUX UHCIPYMEHNMO8 HA OCHOBE KOCBEHHbIX
UBMEPEHUL ¢ UCNONb30BAHUEM MECHIOBbIX UMNYIbCHBIX 8030€UCMBUIL HA CUCMEMY Pe3aHUs 8 8UOe HAZPY30K ¢ YOapaMu U pecucmpa-
YUY OMKIUKOB CUCIEMbL, HA OCHOBE KOMOPBIX CMPOAMCS UHPOPMAYUOHHBIE MOOENU 8 8UO0E MHOLOMEPHBIX NEPEXOOHBIX QYHKYUIL.

Tpeonoowcena cmpyKmypHas cxemMa Op2aHus3ayuu KCHEPUMEHMA «8X00-8bIXO0» 6 PAMKAX 3A0auu OUACHOCMUPOBAHUS CO-
CMOAHUA UHCIMPYMEHMA 8 YCIOBUAX UMNYILCHBIX 8030€UCMBUI HA CUCMeMY pe3anusl 05l NOJYYeHUs NePBUYHOU OUASHOCIUYECKOU
unghopmayuu. Paccmompenvt cnocobuvl popmuposaniisi mecmoswix UMNYIbCHUIX HAZPYHCEHUL CUCIEMbL Pe3aHUs NymeM nociedosd-
MENbHO20 6PE3AHUS PENCYUe20 UHCIPYMEHMA 8 3A20MOBKY C PA3IUYHBIMU 2IYOUHAMU pe3anusl, ¢ nepeMeHHOl nooayell pe3anus u ¢
nepemeHHOU ONUMENbHOCMbIO PEe3AHUSL.

Buiuucnumenvublii 9KChepumenm 0eMoHCMpupyem npeumyuecmsa uHGOpMayuoHHbiX Mooenell 8 6ude MHOZOMEPHbIX nepe-
XOOHBIX QYHKYULl 0N MOOENUPOBAHUS HENUHEUHBIX OUHAMUYECKUX CUCIEM 8 3a0ayax OUASHOCMUPOBAHUS COCMOSHUL PeXCyuux
UHCIMPYMEHMOS. YCMAHOBNEHO, YMo MHOOMEPHbLE NePexooHble DYHKYUU 6MOPO20 NOPAOKA MO2YM UCNOb3068AMbCS 8 Kayecmee 3¢-
DeKmu6HO20 UCMOYHUKA NEPBUYHBIX OAHHBIX NPU ROCIPOEHUU ABMOMAMUZUPOBAHHBIX CUCTEM MEXHUYECKO20 OUASHOCMUPOBAHUSL.

Knroueevie cnosa: nenuneiinvie OUHaMUIECKUe CUCEMbL, MHO2OMEPHbIE NePexoOHble QyHKYUU, udeHmugurayus, uH@opma-
YUOHHBIE MOOENU, MEXHUYECKAs OUACHOCIUKA
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