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DYNAMIC OPERATOR EXTRACTION METHOD

Dymova H. Dynamic Operator Extraction Method. A "black box™ is used to mean an object whose internal structure is
unknown and information about its structure and functioning can only be partially obtained by analyzing the input-output
connections of this object. Not only those material, energy and/or informational flows that are necessary for its functioning in
accordance with the goals set before it - signals, but also those that actually complicate the realization of the set goal by the system
- obstacles come to the input of the system from the external environment. An unregulated facility is being explored here. When
studying such an object, it is important that the signals always describe the behavior of the object as a whole and reflect the
individual movements of a large number of its microparticles of the same type. The analysis of the structure of the object based on
its established signal is insufficient, if only the dynamic dependence on time is taken into account, even the most detailed
registration of the single solution of the established dynamic equation does not allow revealing the structure of the operator in real
situations. The inadequacy of the usual black box scheme for studying an unregulated object based on a settled signal leads to the
need to account for internal fluctuations in the equations of the object signal. Therefore, the article considers autonomous objects,
in the dynamic equations of which time t is not explicitly included. The work formulates and to some extent substantiates a fairly
general and fairly simple principle of signal description. According to this basic premise, the properties of the signal, which are
quantitatively significant and regularly manifest under the given conditions of observation, are connected to each other by some
dynamic structure of the object. The role of object movements, which are less important under these conditions, as well as the role
of the external environment, is reflected in this description by the time-fluctuating force F(t) that disturbs the dynamic system.
The study of the statistical properties of the response of the dynamic system to the fluctuating disturbance F(t) allows, in a fairly
wide range of problems, to evaluate the dynamic characteristics of an unregulated object based on the established signal. The

behavior of the signal, which is described by a linearized equation, requires the estimation of the coefficient Aﬁ,'f)(x), so the article
considers possible schemes for estimating this coefficient.

Keywords: dynamical system, trajectory, fluctuation, phase space, dynamic motion, correlation matrix, mathematical
expectation, variance.

Jumosa I'. O. MeToa BUAiIeHHSI THHAMIYHOT 0 onepaTopa. [1i "1opHOI0 CKPHUHBKOK' IPUHHATO PO3YMITH 00’ €KT, PO
BHYTPIILIHIO OyJIOBY SIKOT'O Hi4OT0 HEBiZIOMO Ta iH(popMallito npo Oy0By Ta (QyHKIIOHYBaHHS SKOTO MOJKHA 4aCTKOBO OTPHMATH
JIMIIE aHATI3YOUM BXIHI-BUXIIHI 3B’ A3KH I[bOT0 00’ €kTa. Ha BXix cucTeMu HaAXOSTh Bifl 30BHIIIHBOTO CEPEIOBHUINA HE TIMBKA
Ti MaTepiaybHi, eHepreTH4Hi Ta/abo iHdopMariiiHi TOTOKH, SKi HeoOXiqHi Jyis ii QyHKIIOHYBaHHS BiJIIIOBIHO A0 MOCTaBICHUX
nepest Hero Liled — CUTHANH, a i Taki, o (aKTHYHO YCKITAIHIOITh peallizallilo CHCTEMOIO MTOCTaBIeHOT METH — Iepemkoan. Ty
TOCIIKY€EThCS HeperynboBaHuid 00’ekT. [Ipn mocmikeHHI Takoro 00’€KTa Mae 3HAUCHHS Te, IO CHTHAJIH 3aBXIU OMUCYIOTH
MOBEMIHKY 00’€KTa K IJIOTO i BiOOPaKyIOTh 1HIUBIAYalbHI PYXH BEIHKOTO YMCIA HOTO OJHOTUIHHUX MIKpOYAaCTHH. AHaIi3
CTPYKTYpH 00’€KTa 3a OTO BCTAaHOBJIICHHM CHTHAJIOM HEIOCTATHIH, SIKIIO BPaxXOBYBATH TUIBKH TUHAMIYHY 3aJISKHICTh Bif Yacy,
HaBITh caMa JieTajlbHA PEECTpallisi €MHOTO PO3B’SI3aHHS JTUHAMIYHOTO PIiBHSHHSI, II0 BCTAHOBWJIOCS HE JIO3BOJISIE B PeabHUX
CHUTyalliIX PO3KPUTH CTPYKTypy ormeparopa. HempucrocoBaHicTh 3BHYaiHOI CXEMH YOPHOI CKPHHBKH JUII BHBYCHHS
HeperyJIbOBAHOIO 00’€KTa 3a CHTHAJIOM, IO BCTAHOBUBCS, NMPHU3BOJHUTH JI0 HEOOXIMHOCTI OOJIKY BHYTpPILIHIX (UIyKTyauid B
PIBHSHHSAX CHUTHaly 00’ekTa. TOMy y CTaTTi pO3TIAJAIOTHECS aBTOHOMHI 00’€KTH, B JMHAMIYHI PiBHSHHS SKUX Yac t y SBHOMY
BUIIIAAI HE BXOAUTE. B po6oTi chopmynpoBaHui i B JesKiil cTeneHi o0IpyHTOBAaHMI JJOBOJI 3arajbHUM Ta JOCTATHBO MPOCTHH
MPUHIMI OTKCY CUTHANY. 3TiHO IIbOMY OCHOBHOMY IIOJIOKCHHIO BIIACTUBOCTI CHTHANY, SIKi € KUTBKICHO ICTOTHHMH i, IO
PETyISpHO TPOSIBISIIOTHCA MPH ITAHUX YMOBaX CIIOCTEPEXEHHS, 3B’SA3YIOTHCS MiX COOOI0 AESKOI0 JHHAMIYHOIO CTPYKTYPOIO
00’ekTa. Posrk MEHIII iICTOTHUX IPH WX YMOBAX PYyXiB 00’€KTa, TAKOXK 5K 1 pOJIb 30BHIIIHBOTO CEPEAOBHIIA, BiTOOpaXkae B IbOMY
omuci 30yproBajibHa TUHAMIYHY cUcTeMy (uykTyrouya y vaci cuna F(t). JlocmipkeHHsS CTATHUCTHYHHUX BIACTHBOCTEH BiATyKY
JMHAMIYHOI cMcTeMH Ha (uykTyauiiine 30ypeHHs F(t) 103Boisie B IOBOJII IIMPOKOMY KOJIi 3314 OILHIOBATH 32 CHTHAJIOM, IO
BCTAHOBHBCS, JUHAMIYHI XapaKTePHCTHKU HeperyaboBaHOro o00’ekra. IloBeniHka CHTHamy, sKa OIMCaHA JiHEAPH30BAHHM
PIBHSHHAM, NOTPeOYye ouiHKM KoediuieHTa Agf)(x), TOMY B CTATTi PO3IJIIHYTI MOXKJIMBI CXEMH OL[IHKH IIbOTO KOedillieHTY.

KnwuoBi cioBa: nuHamiuHa cucteMa, TpaekTopis, Quiykryamis, (a3oBHH NIPOCTIp, TUHAMIYHUHA pyX, KOpeIsiiiHa
MAaTpUIIA, MAaTEMAaTHIHE CIOAIBaHHS, IHUCIIEPCis.

Formulation of the problem. Planning an experiment, solving the problems of identification and
forecasting the course of continuous technological processes, the problems of restoring information, as well
as the analysis of the results of passive observations are now more important when moving to the study of
increasingly complex phenomena. The following sequence of operations corresponds to the traditional
research scheme:

1) obtaining experimental data means identifying the qualitative aspects of a phenomenon and
building its model, writing model equations and solving them;
2) comparison of the solution with experiments and refinement of the model, etc.

Such a scheme of research is not always expedient. For the study of complex objects, when the
overview of measurement results becomes a problem, a "black box" scheme is proposed, in which the
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effects on the object are described formally as a set of excitations. This scheme, which results from the
regular comparison of object responses at the output of the "black box" with excitations at its input, is
characterized by a different sequence of operations [1-4]:

1) selection of an a priori class of model equations;
2) comparison of responses with excitations and obtaining specific equations of the model;
3) building a model.

In the simplest version, the relaxation to the steady limit motion in response to the initial deflection
is analyzed. In principle, the task of finding the model equations can be solved if the disturbances at the
input of the "black box" are sufficiently complete and allow to detect in the responses of the object all its
degrees of freedom, essential in the observed phenomenon. Based on the previously formulated and
substantiated general principle of signal description, it is necessary to investigate the behavior of the signal,
which is described by a linearized equation, and to consider possible schemes for estimating the coefficient

Agf) (x) of the dynamic system of the object.

Research analysis. The analysis of the dynamic structure of the object refers to three well-known
problems of the theory of signals: problems of identification, when on the basis of known signals at the
input and output of the system, a conclusion is made about the composition of the system and its
characteristics; control problems, when the characteristics of the system and the input signal are known and
the law of change of the signal at the output of the system or such an input signal that leads the system to a
given state at the output is determined; measurement problems, when the output signal and the
characteristics of the system are known, the characteristics of the input signal are determined. The
theoretical basis for solving the given problem was the works of the following scientists: H.L. Van Tris,
R.E. Kalman, Y.K. Willems, D. Grop.

At the first stage of the work, the analysis was carried out - the selection of a class, where general
guestions were resolved: based on a priori data about the object under study, one of the types of operator
(functional, differential, integral or integral-differential) was reasonably chosen. At the same time, previous
information obtained from the signal was taken into account. The statement of the problem and the scheme
of its solution in the simplest version of the second stage of the analysis of the structure of the unregulated
object are discussed. It was determined that the development of search methods in a certain class of
equations belongs to inverse problems of analysis [1].

A general, simple principle of signal description, the properties of which are quantitatively significant
and regularly manifested under the given observation conditions, is formulated and substantiated.
According to the main provisions, the properties of the signal are connected to each other by some dynamic
structure of the object. The study of the statistical properties of the response of the dynamic system to the
fluctuating disturbance F(t) makes it possible to evaluate the dynamic characteristics of an unregulated
object based on the established signal [2].

Presentation of the main material and justification of the obtained results. Consider one of the

possible schemes for estimating the coefficient A,(,,’f)(x) or a,(x) of the dynamic system of an object,
linearized in deviations from the isolated limit trajectory U¢ (x), nowhere in the region G*(x) filling a
densely two-dimensional surface. First, consider the case where U¢ (x) does not degenerate into a rest point.
Let the record of the signal U(t;x) on the interval —g <t <g contain a large number ', (T » 1) of

stochastically independent realizations Uy x)(ty <t <ty,yvy=12..,T). Let us assume for
simplicity that each of these realizations at a fixed x falls on the same segment t';(x) < t' < t’,(x) of the
phase change counted along the trajectory UZ (x) from some point Uy(x). In such a situation, at a low
intensity of internal fluctuations, the observed motions U, (t;x) repeatedly pass in a fairly narrow
neighborhood G*(U¢(x)),G*(Ud(x)) € G(UE(x)), section (t'y,t'y), trajectory Ug (x), practically
without going beyond G* for t'; < t' < t’,. This allows on the interval (t';,t’,) to estimate in the space
R4(x) the position of the average statistical trajectory U*(x), for which the mathematical expectation of
deviations of the ensemble close to U¢ (x) trajectories of a fluctuating object. We will calculate starting
from the trajectory of some realization U, (x) as from the first approximation: UM (x) = U, (x). We
implement the method of successive approximations as follows: through various points of the trajectory
U k) (%) of the k-th approximation, we draw hyperplanes orthogonal to it. The trajectory passing through
the centers of gravity of the points of intersection of these hyperplanes with each of the trajectories U, (x)
will be taken as the (k + 1)-th approximation of the average statistical trajectory U%*+1)(x). The limiting
trajectory U(®)(x) for the sequence U (x) is characterized by the fact that the average value of the
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deviations of realizations U, (x) orthogonal from it vanishes; thus, we can assume that U (™) (x) evaluates
the trajectory U™ (x).
With such a low intensity of internal fluctuations of the object that the observed implementations
G (U, (x)) do not go beyond the neighborhood G (U{ (x)) [5], where the signal behavior is described by
linearized in (nq,n, ..., ng_1) equations
q-1

dn
S D AR Oy = Bt %) (m=1,2,.0,q - 1),
k=1

w-limit trajectory of the dynamic system U{ (x), for which n,(t) =0,k = 1,2, ...,q — 1, coincides with
the average statistical trajectory, counted from U{ (x) orthogonal deviations nj,(t") points of which are
defined by the formulas ny (t") = (n(t")).

Now, knowing the position of the trajectory Ug (x) in the phase space R,(x), where the Cartesian

-1

coordinates are U,Z—Lt’, ...,‘ZT?, it is possible to mark the time of dynamic movement along U¢ (x) of the
representative point by choosing some state U (x) as the initial state. Then, in the neighborhood of
G (U¢ (%)) for each realization Uy (t; x) we find the functions n,, (t";x), (k = 1,2,...,q — 1) and o, (¢t"; X),
which, in accordance with the above assumption, are stochastically independent for different y [6-8].

Let us discuss a calculation scheme that allows us to estimate the values of the coefficients Agk) in

the equation [9]
q-1
do
a + Z Agk)(t'; x)n, = Fy(t'; x).
k=1

Let's rewrite this equation for an arbitrary realization of U, (¢;x) in a more convenient form:
q-1

(t' +Tx) + Z APt + 5Oy (' +TX) = Foy (' +1%)
k=1

doy
dt’

)

y=1,2..,).
Multiplying (1) by n;,, (t';x), (I = 1,2, ...,q — 1) and introducing the designations
r

(t';x) — 1 ’ dGY 1
o @ =2 @ + 50— @ + Y @
y=1
t'; _1 ’ ’ H _1 I ’
M@ = 180y (0 e (50, 09 (1) = LE0_, muy (%) Foy (¢
we get the formulas

q-1
Xt @+ ) AP + oY@ = ol (© (=124 1), ®3)
k=1

relating the sample correlation functions. As already mentioned, the stochastic connection between the
time-shifted values of the fluctuation perturbation F related to the same x disappears at shifts exceeding .
Since the response of a dynamic system to a disturbing force is determined only by the previous values of
the force, the stochastic relationship between the signal U, as well as its projections o and
n; (1 =1,2,..,q — 1), on the one hand, and the force F or its projections F,, (in=0,1,..,q —1) —on
the other hand, it disappears when the force response precedes by a time greater than t, [10, 11]. In
particular,

(i (t';%) Fp(t';%)) = 0,

51 (U=12,..,q—1,m=0,1,..,qg — 1), (4)
this implies
q-1
X @+ D AP E +mong V@ =012t (=1,2,.,q-1), ©)
k=1
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where
" do
X(()i 'x)(r) = (n(t' +1;x) T (t'; %)),

N = (e + & (e ).
Since, in addition,
@, % _ 1 , , )
(ol @] = £ Foe’ + w01, ©)

can be estimated in the zeroth approximation the coefficients Ag"”)(t’ ;X) by the values A% (t'; T; x), based
on the approximate formulas

q-1
X @+ alexong o= ™
k=1
where, as t we take the shift lying inside the interval Ty, < T < 0,,(X).
Indeed, the random variables (p((i)‘x), which we neglected in the right-hand side of equations (3) after
rot

writing (7), have at T > T, according to (5), (6) zero mathematical expectations and variances tending to
zero with increasing I [3, 4]. The results of such an estimate are random functions of t.
In order to make fuller use of the information contained in the observed signal, it is natural to refer to the

estimates of the coefficients Agk), based on the minimum of the root-mean-square error formed by the

values (p((i);x). However, the direct use of the technique usually used in such estimates to equations (3) at

rol
t' + t = 0 and different t in order to obtain relations relating, like (6), the coefficients for identical phases

(0), is hindered by a significant stochastic relationship between values (p((i’)‘x). Indeed,

rot

0-14; 0-1,;
(@07 (1) -T2 %) (1)) =
1

= (0—13;%) i (0—12;%) [Fo (8; X)]%).

For large T, the distribution of the vector random process cp%eof"x)(r) (l=1,2,..,q —1) tends to the
Gaussian law; taking this into account, for t,, T, > Ty We can rewrite the last expression for its correlation

matrix in the form

(@07 (1)) {0 ™2 (1)) =
1 (23)

= ¢ {[Fo(@; 1% ), (013 %) ny (O—72; X)).

Conclusions and prospects for further research. For almost identical vanishing of all components
of matrix (8) and, accordingly, disappearance at large T' of the stochastic connection between the values

(p((%_ ™) such large shifts are needed that the matrix ng?__trll)"‘)x. But with such shifts, as it can be seen from

rol kl
equation (3), it is unreasonable to estimate the coefficients AX while smaller values of |t,—T,| correspond

to the components of the correlation matrix (8), falling off as 1 /T, that is, according to (5), at the same rate

as the dispersions (p((%_ )

rot
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