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HEJIIHIVHNXCANHAMIHHWXE3VIIHHWX

Yu. Machekhin, Doctor of Technical Science, Professor,
Head of Photonics and Laser Engineering Department,
Yu. Kurskoy, Candidate of Technical Science,
Associate Professor,

Kharkov National University of Radioelectronics,

We show a way for estimation and expression of uncertainty
in measurement of nonlinear dynamic variables. The measurement
results are represented by number of interval variables with not
canonical distribution lows. Each interval is represented by the
minimum and maximum values of dynamic variables with their
measurement uncertainties. Within the intervals the dynamical
variables are displayed by the histograms of measurement results
values. The most and least probable values of dynamic variables
with their uncertainties and probabilities are presented too.
The measurement results are added with the fractal dimension,
Shannon entropy and forecasting horizon time. The described set
of measurement results is a measurement portrait.

10. MauexiH, JOKTOp TeXHIUHMX HaAyK, mpodecop,
3aBigyBay kadenpn GOTOHIKM Ta nazepHoi imxeHepii,

10. Kypcbkuit, KaHaupaT TeXHIYHUX HayK, JOLEHT Kadenpw,
XapkiBcbKWUI HalioHanbHWI yHiBepCcuTeT
PazioenexTpoHiku

Y pobomi HasedeHo cnocib OuiHIBAHHA Ma NPedcMas ieHHs Hegu-
3HAYeHOCMi BUMIPIOBAHHSA OUHAMIYHUX 3MIHHUX HEAHItIHUX OUHAaMIY-
HUX cucmem. Pe3yniemamom 8uMIpIoBaHHA € PA0 iHMep8asTbHUX 8esu-
YUH 3 HEKAHOHIYHUMU 3aKOHamu po3nodiny. KoxeH iHmepean nodaeme-
€A1 MIHIMATbHUM | MAKCUMAJTOHUM 3HAYEHHAMU OUHAMIYHUX 3MIHHUX i3
YPAXyBaHHAM Hegu3HaveHocmel IX BUMIPIOBAHHSA. 3HaYeHHA OUHAMIY-
HUX 3MiHHUX ycepeduHi iHmepeasy 8idobpaxalomecs y 8udi 2icmoepa-
MU 3HaYeHb pe3yslbmamie 8UMipio8aHHs. Hasodameca Halibinew i Had-
MeHUW iMOBIpHI 3HAYeHHA OUHAMIYHUX 3MIHHUX 3 iX HEBU3HAYeHOCMAMU
ma UmosipHocmamu nossu: [na Ha0aHHA MAKCUMAsIbHO MOXJIUB020
06¢sy iHopmayii Wodo OUHAMIYHUX 3MIHHUX 8UPA3U HEBU3HAYEHOCMI
pe3ynibmamig BUMIpIOBAHHSA ONOBHIOIMbCA 3HAYEHHAMU PPaKmMas-
Hoi po3mipHocmi, eHmponii i Yacy nepedbayeHHs. HagedeHa cykynHicme
pe3y/lemamie 8UMIPIOBAHHS € NOPMPEMOM BUMIPIOBAHHS.

Keywords: Measurement Uncertainty, Metrology of Nonlinear Dynamic Systems, Fractal Dimension, Shannon Entropy
Knioyoei cnoea: HegusHayeHicMb BUMIDIOBAHHS, MEMPOII02iA HENiHIUHUX OUHAMIYHUX CUCMEM, (hpaKkmanbHa po3mipHicme, eHmponis LleHHoHa.

INTRODUCTION

here is a difficult, urgent metrological task — a measurement of dynamic variables

(DV) [X,(?),.... X, (t)] of nonlinear dynamical systems (NDS). For solving this problem
the authors develop a new direction in Theoretical Metrology, that was named Metrology
of Nonlinear Dynamical Systems or Nonlinear Metrology [1]—[8].

The DVs of NDS as a rule demonstrate a complex, nonlinear and often chaotic dyna-

mic. From the Classical Theoretical Metrology point of view the measurement of DV values
is a multi-factor experiment [9]. It's difficult task because we need take into account
a number of factors. Also we can't correct describe the real DVs dynamic and their cor-
relation using the classical mathematical models and equations. And besides, the task
of multifactor experiment isn't only a presentation of measurement results in an error
or uncertainty form. We need a maximum information about a system [9], which can
be expressed by such characteristics as a fractal dimension, Shannon entropy, forecasting
horizon time et al.

In the works [1]—[8] and others the authors presented the actuality and main re-
search results for building a new theory. For measurement and analysis of the measure-
ment results the theoretical approaches, measurement model [1] and model of measure-
ment results analysis [2] were created. As the analysis tools it’s proposed to use the

A4

Yu. Kurskoy

© Mavuexin 0., Kypcbkuit 10., 2017 49
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fractal and entropy scale of NDS state [3, 4]. For analy-
sis of an evolving NDS, biological systems for example,
it's proposed to use a tine that system revert to a pre-
vious state [5], For ensure the principle of maximum
information content of measurement results it’s pro-
posed a new tool — a measurement portrait [7].

By the logic of theory construction now we need
develop a method for expression of uncertainty
in measurement of nonlinear dynamic variables. This
new method should not contradict the essential re-
quirements of GUM [10]. When DV change a dynamic
mode to static mode the new method should be com-
pletely transformed in the classical method [10]. So,
a creation of a way for an expression of uncertainty
in measurement of dynamic variables of nonlinear dy-
namic systems is the task of this work.

Research results

Let’s consider the basic properties of NDS and its
DV. Such systems are described by number n of DVs .X.
The DV X, is an interval value and X, € [X;““‘;X i J
Within the boundaries of its interval the X, values
change by unknown law. It can be random, chaotic,
or deterministic dynamics. It should be remembered
that in the measurement of NDS DV the uncertain-
ties budget involves as the measurement uncertainty
so the NDS dynamics uncertainty, herewith the contri-
bution of the last factor can be prevailed.

According to [10] a number of X, are input vari-
ables, the results of their simultaneous measurements
can be denoted as a number of x,. The m time series
of n DVs measurements can be presented by the next
measurement matrix:

Xy g Xy

(1)

X, X

n,1°* " n,m

The output values Y, associated with the input va-
lues X, by the measurement equationY, = f(X,,..., X, ).
The output values Y, are the interval variables too,
and their values locate in the frame of the interval
[Yi“‘i“;Yimax J According to [11]:

Y, =y,xU.p, (@)
here y, — a measurement evaluation; U, — an ex-
panded measurement uncertainty; p —.a trust level

As a result, the measurement matrix (1) is con-

verted to the measurement results matrix:

Yl,l "'Yl,m
3)
Yn,l "'Kt,m

50

The measurement results matrix (3) encloses a neces-
sary data for obtaining maximum information about NDS.
Using (3) we can calculate a fractal dimension D of a sys-
tem at least. It allows us to classify the process as deter-
ministic, random or chaotic [4] and to choose a method
for expression of measurement results uncertainty.

The fractal dimension D of measurement results
time series (3) is calculated by Hurst method [1]. The
D value allows us to classify the process and choose
an tools for an analyze of measurement results/
If D=1 a process is regular without any random com-
ponent, if D =1,5 a process is random, if 1< D <1,5,
1,5< D <2 a process is chaotic.

If a process is random the expression of measu-
rement uncertainty should base on the method for
expression of the interval values that was proposed
in [11]. According this method if an interval value
Ye [Yimi“;Y["’axJ has the uniform distribution so Y,

i

is represented by mathematical expectations of the
intervals middles m™‘, interval boundaries m™,m
mid min

and their standard deviation 6;"“,6;"", 6;"" in the
next form:

max
i

Y, =m" tko™, (4)

i

i

rae ™ = [ (m?™ ~ ko™ )+ (™ +ko?™) ],

mid 1 max max min min
o, _E[(mi +ko; ) (ml. ko, )]

The described method (4) is correct when NDS has
a random dynamics. But in case of measurement of real
NDS DVs we should remember that DVs are the inter-
val variables with an unknown distribution. Therefore,
we need to solve two problems.

First, we need to define the minimum and maxi-
mum values of DV and calculate their measurement
uncertainties:

Yimin :y;nin iUl.min, Yimax :y;nax iUimax,p. (5)

Second, we need to build the values Y, histograms,
calculate the most ¥ and least ¥, probable val-
ues of DV, their measurement uncertainties U”, U,
and probabilities of their occurrences P(Y,”"), P(Y,*“):

Y=y U, p PO Y =
— yl:veld i Ul:veld , P, P(Yi.veld ) (6)

The formulas (5), (6) and the values Y; histograms
represent the expression of uncertainty of NDS DVs
measurement results. For achievement of the maxi-
mum possible information content about DVs and NDS
the formulas (5), (6) should be complemented by the
values of fractal dimension D [4], Shannon entropy
H [6] and forecasting horizon time 7, [2] in the next
form:

D,=d tU, p;H,=h U, p;T/i =1, U, p.(7)
here d;,h,,t;, — the measurement evaluations of
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fractal dimension D, entropy A and forecasting hori-
zon time 7,

Thus, the formulas of measurement results uncer-
tainty (5), (6), measurement results histograms, fractal
dimension, entropy and forecasting horizon time (7)
is a measurement portrait of a single DV. The main
principles for building a complete measurement por-
trait for all of DVs was introduced in [7].

CONCLUSIONS
We show a way for estimation and expression
of uncertainty in measurement of nonlinear dynamic

variables. The measurement results are represented
by number of interval variables with not canonical dis-
tribution lows. Each interval is represented by the dyna-
mic variables minimum and maximum values with their
measurement uncertainties. Within the intervals the dy-
namical variables are displayed by the histograms of the
measurement results values. The most and least probable
values of dynamic variables with their uncertainties and
probabilities are presented too. The measurement results
are added with the fractal dimension, Shannon entropy
and forecasting horizon time. The described set of mea-
surement results is a measurement portrait.
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