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Abstract

Fractal forms are widespread in nature, for example, riverbeds, mountain ranges, coastlines, fractal structures of sets
and random processes, etc. Fractal features can also be found in the structure of physical fields (thermal, acoustic, optical,
etc.) and informative signals and functions that describe the distribution of physical quantities in space and time sequences
of their measurement results. To analyse such objects, special methods of fractal geometry are used, which make it possible
to effectively solve problems that, within classical methodological concepts, may cause certain difficulties. By using these
methods when processing and analysing thermographic images, it will be possible to automate the detection of temperature
anomalies in them and predict the development of defects. The main dynamics of fractal systems are often completely
determined only by one characteristic of self-similarity — the Horst index. In this paper, the normalized range method to
determine the index is used. It is known that the Horst index depends on the characteristics of the probability distribution.
Therefore, to assess its accuracy and, ultimately, the reliability of the control of products made of non-metallic heterogeneous

materials, the goal is to develop a method for calculating the measurement uncertainty of this index.
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Introduction

Today, there is an ever-increasing interest in fractal
geometry. This is due to the fact that it allows one to
effectively solve problems that, within classical metho-
dological concepts, may cause certain difficulties.

One of the central concepts of these methods is a
measure of the structural nature of an object — fractal
dimension, which is also known as the Hausdorff-Bezi-
kovitch dimension. This concept was introduced by
Mandelbort to measure fractal objects, which may in-
clude the surfaces of real physical objects, on which
irregularities are randomly arranged [1]. In fact, this
is a parameter that can be used to give an integral
characteristic of the surface of the object under con-
sideration or an image with a single number, regardless
of the spatial scale and resolution of the measuring
equipment used [2, 3].

In [4—6], the possibility of using fractal dimension
in determining geometric parameters of defects in the
structure of non-metallic heterogeneous materials and
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predicting their development by the complexity of the
contour (defect display on the thermogram) is described.
The use of a fractal approach in processing and ana-
lysing thermographic images will provide the possibility
of automating the detection of temperature anomalies
on them and predicting the development of defects.

A mandatory requirement for fractal objects is the
fractional metric dimension. Its value shall be strictly
greater than the topological one. It should be noted
that the values of the fractional dimension are clearly
determined only for classical fractals, for example, for
the Koch snowflake. As for calculations of the frac-
tal dimension of other objects, there are several me-
thods of fractal geometry. In this paper, the method of
determining the fractal dimension using the empirical
Horst index is used.

The basic dynamics of the system are often com-
pletely determined by a single self-similarity charac-
teristic — the Horst index (or exponent) [7]. Its value
can be used to classify a series of sequential data as
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persistent, trend-stable, anti-persistent with expected
changes in trends, or a random process [8].

The Horst exponent is a number A € [0.1], which
characterizes the ratio of the component of the trend
function to white noise. It can be used in the classifi-
cation of time series when establishing non-random time
series with a stable trend and random series (including
non-Gaussian) [9]. With such an analysis, the following
options are possible [7]:

« the Horst coefficient of time series less than
0.5 corresponds to anti-persistent series, if the system
demonstrates growth in the previous period, then with
a probability that is greater than the Horst coefficient
less than 0.5, a decline will begin in the next period;

» with the Horst coefficient value of 0.5, a clear
trend is not expressed, independence (absence of
any memory of the past) of the time series values is
demonstrated;

» with the Horst coefficient value of more than
0.5, non-randomness of an event is assumed, the series
demonstrates trend-resistant behaviour, that is, if the
series grows (falls) in the previous period, then with
a probability that is greater than the Horst coefficient
more than 0.5, it will maintain this trend in the next
period further on.

The closer the value of the specified coefficient is
to 1, the more persistent or trend-resistant the series is.
If there is a clear trend of the time series to increase
or decrease, then it is likely to persist in the future
[10, 11—13]. It should be noted that to more or less
accurately determine the value of the Horst index, the
time series shall be long enough. At the same time,
as noted in [14], for short information signals under
consideration (corresponding to the processes of imple-
menting thermal control of non-metallic heterogeneous
materials), it is better to use the value of the constant
¢=—. By doing so, it will be possible to evaluate the
properties of the information signal with greater pro-
bability and determine the conditions when it becomes
persistent (H > 0.5).

When analysing thermograms obtained using in-
frared devices for flaw detection and defectometry of
products made of non-metallic heterogeneous materi-
als, it is possible to use changes in multifractal cha-
racteristics as a signal about the presence of sections
with a characteristic change in this intensive parameter
on the temperature dependence graphs. The latter in-
dicates the presence of temperature anomalies on the
thermogram, which is a sign of a hidden defect in the
tested object. This opens up new possibilities in terms
of automating the processing of thermograms obtained
from infrared devices for thermal testing of products
made of non-metallic heterogeneous materials.

Normalized range method for calculating the Hurst
coefficient

There are many methods for determining the
Hurst coefficient. One of the most frequently used in

practice is the normalized range method. According
to it, if a series of consecutive data is divided into v
sections of equal length, then the Hurst index can be
determined as follows [9]:

@ ~ent, (1)
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where (E] is a normalized range from the accumu-

lated mean; § is the standard deviation of a series of
observations; R is the range of accumulated deviation;
n is the number of time points or number of observa-
tions; ¢ = const, independent of n.

Let us consider the algorithm for implementing
R/S analysis. Let there be a sample in the form of
a series of consecutive values. It is desirable that the
number of observed values be sufficiently high. Using
logarithmic ratios, the specified series with the value
of levels of length # is transformed:
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Let us find the value of the smallest proper divisor
m (the number of elements in each group) for length
n in such a way that it is not less than 10. Then let
us denote the number of groups by £k = n/m, and the

elements of each of these groups by 7. The average
value of the series for each group will be [10]:
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In turn, the accumulated deviations from the X,
mean are calculated using the formula:
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For each group, the normalized range is calculated
according to the expression:

R =X, —-X.. (5)
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The biased standard deviation for each group is
determined by the well-known formula:
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For each group, an R/S indicator is calculated.
The average value of this indicator will be:

1 k
R/S/.z;;R/Si. (7)
This procedure is repeated, using all possible
proper divisors as m. In the last step m = n/2 [10].
The next stage is to construct a linear regression equa-
tion, in which the variable is the logarithm of the R/S
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index, and the factorial feature is the logarithm of the
number of elements in the j-th group k [10]:

logR/S =logc+ H -logk. (8)

The parameters of equation (8) are found by the
least squares method.

Uncertainty in determining the Hurst coefficient

The Horst coefficient is determined by the
R/S-statistics method, which is based on real measure-
ments of the characteristics of a series of consecutive
data. However, it should be noted that the known for-
mulas that allow calculating this parameter demonstrate
its dependence on the characteristics of the probability
distribution [15, 16]. Therefore, to assess the accuracy
of the Horst coefficient and, ultimately, the reliability
of the control of products made of non-metallic hete-
rogeneous materials, the goal is to develop a method
for calculating the measurement uncertainty of this
indicator. To do so, first, one shall consider the algo-
rithm for determining the Horst coefficient (Fig. 1).

The measurement uncertainty of the Horst coeffi-
cient is calculated by the expert method [17], accoun-
ting for incomplete information about the influencing
quantities (components of the uncertainty budget).

The combined uncertainty u,. is calculated by the

formula [17]:
u, =~Ju’ +u’, 9)

where u, is type A uncertainty; u
tainty.

The first group of errors is associated with the
dependence of the Hurst coefficient on the parameters
of the probability distribution of a series of consecutive
values and random influences when reading the rea-
dings while performing real measurements. The second
group of errors is associated with the algorithm for de-
termining the Hurst coefficient, including the accuracy
of finding the normalized range, the standard deviation
for each period, the number of periods into which a
series of consecutive data is divided, the accuracy of
constructing the linear regression equation, etc.

The standard uncertainty «, of the determination
of the Horst index is defined as the standard devia-
tion of the measurement result and, in the case when
the measurement result is evaluated as the arithmetic
mean, is calculated by the expression:

1 - —\2
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, is type B uncer-

(10)

where n is the number of observations; H, is the i-th
value of the Horst index; H is the average value of
the Horst index.

The total value of the standard uncertainty for
type B is calculated as follows: [17]:

n

where [aal] is partial derivatives of the function f
X

i

against arguments x,.

Taking formula (8) and assuming that the meas-
ured quantity is the R/S indicator, the sensitivity co-
efficient (derivative of the function H against the R/S
variable) will have the form:

oH _(1og(R/S)—log(c)j/ N .
O(R/S) log(k) ws log(k) R
S
Then formula (11) will be written as:
2
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Then the combined measurement uncertainty of

the Horst parameter will be determined by the formula:
2
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As it is known, the expanded uncertainty U for
the confidence level P is calculated as:

U=k-u, (15)

where k is the coverage coefficient, which depends on
the confidence level P and the number of degrees of

freedom YV which is determined by the formula:
4
u
Vo= < (16)
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moreover V; =n;—1 — for type A uncertainties;

v, =00 — for type B uncertainties [17].

Conclusions

The possibility of using fractal geometry methods
when testing products made of non-metallic heteroge-
neous materials using active thermography methods is
shown. A fractal approach when processing and ana-
lysing thermographic images will provide the possibility
of automating the detection of temperature anomalies
on them and predicting the development of defects.

It is noted that the main dynamics of fractal sys-
tems is often completely determined by one charac-
teristic of self-similarity — the Horst index. The nor-
malized range method for determining the empirical
Horst index is described in detail. Special attention
is paid to the development of methods for calculating
measurement uncertainties. General issues of calcula-
ting measurement uncertainties are considered.

A method for calculating the uncertainty of deter-
mining the Horst coefficient is developed. It is noted
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that the first group of errors is associated with the de-
pendence of the Horst coefficient on the parameters of
the probability distribution of a number of consecutive
values and random influences when reading the rea-
dings while performing real measurements. The second
group of errors is associated with the algorithm for de-
termining the Horst coefficient, including the accuracy
of finding the normalized range, the standard deviation
for each period, the number of periods into which a
series of consecutive data is divided, the accuracy in
constructing the linear regression equation, etc.

This technique is versatile and can be used not
only in determining the metrological characteristics of
methods for controlling products made of non-metallic

accuracy of determining the characteristics of fractal
and multifractal objects of any nature.

An experiment was conducted to test the proposed
approach to processing and analysing thermograms. As
a result, the fractal dimensions of consecutive data se-
ries with a known Horst coefficient were determined.
Each of the studied signals was analysed using the box
counting method (cell fractal dimension method). It
was noted that the value of this characteristic para-
meter proportionally (inversely) responds to the chang-
es in the Horst coefficient value. At the same time,
the expanded uncertainty values were obtained for a
significance level of 0.05. The largest measurement un-
certainty value was obtained for the Horst coefficient

heterogeneous materials, but also for calculating the H = 0.5, and it does not exceed 10%.

HeBu3nayeHiCTh BCTAHOBJIEHHS KoeginicHTa IbopcTa
npu o0poO1i Ta aHaJi3i TepMmorpadiuHnx 300pakeHb

B.M. TonkoHormn, M.O. Tonodgeesa, C.B. Knimos, FO.M. onodgees,
B.O. BancmaH

HauioHanbHuti yHisepcumem “Odecbka nonimexHika”, np. LllesuyeHka, 1, 65044, Odeca, YkpaiHa
mgolofeyeva@gmail.com

AHoTamis

Y npuponi ayxe noiupeHi dpakTajibHi hopMU, HAPUKIIAI, PYCIO piuku, peiabed ripchbKUX MacuBiB, Oeperopa JiiHis,
¢pakTagbHi CTPYKTYPHM MHOXMWH Ta BHUITAAKOBHUX IpolieciB. Takox ¢pakTajdbHi 03HaKM MOXYTh OyTH 3HaAlACHI B CTPYKTY-
pi (izuyHUX MOAIB (TETUVIOBUX, aKYCTUYHUX Ta ONTUYHUX TOLIO) Ta iHMOOPMATUBHUX CUTHANIB i (DYHKIIii, 110 OMUCYIOTh
posnofin Gi3uYHMX BEJIMYMH Y MPOCTOPi Ta YAaCOBUX IOCHIITOBHOCTEI pe3yabTaTiB iXHiX BUMiptoBaHb. JIJIsl aHami3y Takux
00’€KTIB BUKOPUCTOBYIOTbCS CIelliajibHi MeTonU (hpaKTaIbHOI T€OMETPii, 110 Nal0Thb MOXJIUBICTh €(EKTUBHO PO3B’SI3yBaTU
3aj1a4i, sIKi B paMKax KJaCUYHUX METOIOJOTIYHUX KOHILEIIi BUKIMKAIOTh TEBHI TPYAHOILLi. BUKOpUCTaHHS LILOTO IiAXOMy
npu oOpoOIli Ta aHaii3i TepMorpadiuHux 300pakeHb 3a0€3MeYUTh MOXJIMBICTh aBTOMAaTU3allii BUSBJICHHS TeMIIEpPAaTypHUX
aHoOMaJliii Ha HMX Ta MPOTHO3YBaHHSI PO3BUTKY AedekTiB. Ilim yac aHamizy TepMorpam, OTpUMaHUX 3a JOIMOMOIOIO iH(-
pauepBOHUX MpuWianiB sl AedeKTocKomili Ta aedeKToMeTpil BUpPOOIB i3 HeMmeTaJeBMX TeTepOreHHMX MaTepiajiB, MOXHa
BUKOPHCTOBYBAaTU 3MiHU MYJIbTU(PAKTATbHUX XapaKTEPUCTUK SK CUTHAJ PO HASBHICTb AISIHOK i3 XapaKTepHOIO 3MiHOIO
LIbOTO IHTEHCHMBHOTO TapaMmeTpa Ha rpadikax TemrepaTrypHoi 3ajiexkHOcTi. OcTaHHE BKa3ye Ha HAsIBHICTb TeMIIEpAaTypHMX
aHoMaJliii Ha TepMOrpami, 10 € O3HAKOI MPUXOBAHOro Ae(eKTy B 00’eMi 00’€KTa, 110 KOHTPOJIOEThCSI. Y 0araTbox BU-
MMagKax OCHOBHA MTMHaMiKa (ppakTalbHUX CUCTEM TMOBHICTIO BU3HAYAETHCS OMHIEI0 XapaKTePUCTUKOI CaMOITOMiOHOCTI — To-
Ka3HUKOM ['bopcTta. Y poOoTi U1s1 BUSHAYEHHS LIbOTO MOKa3HUWKA BUKOPUCTOBYETHCS METO HOPMOBAHOIO po3maxy. Bimomo,
1110 moKa3HUK ['bopcTa 3a71eXuTh Bill XapaKTepUCTUK UMOBIpHiICHOTO po3noaity. Tomy /uisl OLliHIOBaHHSI MOTO TOYHOCTI Ta,
3PEILTOI0, JOCTOBIPHOCTI KOHTPOJIIO BUPOOiIB, BUTOTOBJIEHUX i3 HEMETaJIeBUX I'€TEPOreHHUX MaTepiajliB, OyJ0 MOCTaBJIEHO
METy PO3POOUTU METOAMKY PO3paxyHKy HEBM3HAYEHOCTI BUMipIOBaHHS 1IbOTO TMOKa3HMKA.

KiouoBi ciioBa: HEpYIHIBHUI TEIUIOBI3iMHUIT KOHTPOJIb; JOCTOBIPHICTh KOHTPOJIIO; aBTOMAaTH3allisi KOHTPOJIIO; TOYHICTh
BUMIipPIOBaHHSI; METPOJIOTIYHI XapaKTepUCTUKU.
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