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Abstract

A generalized method of monitoring the functioning of information and measuring systems is considered, which takes
into account the effect of random factor influences on the control result. It is noted that the accuracy and reliability
of measurement results are influenced by external and internal factors that act both separately and mutually in terms of
each other, which is why the task of assessing the levels of factor influence to ensure the required accuracy and reliability
of measurements becomes an urgent task. To solve the problem, a generalized method of monitoring the functioning of
information and measuring systems is proposed, which combines the advantages of existing structural-algorithmic methods,
test control methods, statistical analysis, the theory of fuzzy sets, as well as an algorithm for calculating the measurement
uncertainty. The method consists in forming additive and multiplicative independent test effects for information and measuring
systems and, depending on the results obtained, using the metrological situation analysis block, which acts on the basis of
fuzzy logic, choosing one of two ways of further analysis. The first way is chosen when it is necessary to take into account
the effect of random factor influence on the operation of information and measuring systems, namely: a model of factor
influence is developed based on variance analysis, a covariance analysis of factor influence levels and discriminant analysis
with an assessment of the amount of information by control indicators are performed. The second way is chosen when it
is necessary to test hypotheses about the absence of violations in metrological reliability of system elements. Two ways are
based on the development of a situational system based on fuzzy logic to determine the degree of factor influence on the
control indicator. The presence or absence of correlation between factors is established. The combined standard uncertainty is
calculated for either for correlated, or uncorrelated data, and subsequently the expanded uncertainty is calculated. Thanks to
the use of the proposed method, it becomes possible to increase the reliability of control of the functioning of information
and measuring systems.
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Introduction

Information and measuring systems (IMSs)
are used for control and diagnostic objects with
a priori uncertain parameters, which are dynamic
multifunctional objects (process lines, conveyors,
installations, internal combustion engines, etc.).
When solving such complex tasks, difficulties arise
in measuring control and metrological support of the
equipment. There are also difficulties in increasing the
probability of creating control and diagnostic systems
for complex objects. In addition, difficulties arise when
a stochastic parameter model is a priori uncertain.
In turn, it is necessary to choose procedures to train
these IMSs for a case when there is a parametric
uncertainty in the models of primary information
transformation. Analysis of domestic and foreign pub-
lications [1—4] showed the absence of a generalized
method for controlling the functioning of IMSs, which
makes it possible to simultaneously take into account
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the action of various factor influences, the results of
test procedures and, based on fuzzy logic algorithms,
to determine the levels of control parameters to ensure
high quality of industrial products.

Analysis of recent research and publications

Random variables (factor influence parameters)
that are expedient to control when analyzing the ope-
ration of IMSs exist objectively and reflect the real
technical condition of control and diagnostic objects.

Analysis of the development of test control met-
hods [5, 6] showed the interest of both manufacturers
and the scientific community in the implementation
of additive and multiplicative tests for controlling
the technical and metrological condition of IMSs.
The metrological condition of an IMS refers to its
ability to provide accurate and reliable measurements
in accordance with established metrological requi-
rements. It includes: measurement accuracy — how accu-
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rately the system can measure physical quantities;
reliability — stability and repeatability of measure-
ment results; calibration — regular adjustment and ve-
rification of the system to maintain its accuracy [6].

The most interesting is the dynamic test control
of IMSs, which requires continual improvement
and adaptation to the growth of the number and
nomenclature of quantities that need to be controlled.
Today, a great contribution has been made to the
development of the theory of test control methods by
domestic and foreign scientists, but numerous problems
still need to be solved, including the problem of
implementing dynamic test control taking into account
the action of factor influences. In this case, a study in
the field of determining the factor influence comes to
the aid of test control methods [7—11], which notes
that the completeness of the expected information
when controlling objects with random parameters
depends on the number of factors, namely: the number
of multiple measurements, the optimal combination of
the number of controlled quantities, the number of
levels of a control parameter, the volume of training
samples.

A required condition for determining the action
of the factor influence is the choice of an adequate
mathematical model for transforming the vector of
controlled quantities. The optimization criterion is the
amount of expected information about the value of the
level of a controlled quantity. The task of increasing
the probability of control is a task of optimal synthesis
of the system, and it becomes especially acute when
the volume of training samples is significantly limited.

It is necessary to take into account the fact that
many controlled quantities are mutually correlated. The
circumstances that there are no conditions that ensure
the reproducibility of the given values of controlled
quantities limit the application of existing methods
of increasing the probability. It is necessary to apply
models of controlled quantities with previously known
probabilistic properties.

The problem of building adequate models of the
action of factor influences on the result of measure-
ment control precisely arises when the volumes of trai-
ning samples are significantly limited (at the stage of
training the control system).

The use of experimental design methods [12] for
the analysis of control objects is limited by the fact that
they rely only on parametric testing models that use
only the probabilities of errors of the first kind. These
circumstances do not allow planning the procedure for
optimal selection of the number of controlled signals
with a given reliability, as well as determining the
levels of the control parameter for further prediction
of possible changes in the properties of IMSs. Based
on the analysis, the task is to develop a method for
controlling the functioning of IMSs, regardless of their
purpose, which would make use of the advantages and
minimizes the disadvantages of existing methods.

The essence and structure of a method for controlling
the functioning of an IMS during its operation

Usually, to control the functioning of an IMS, the
methods considered above are used separately, or in
combination in two. For example, test effects are used
with subsequent processing of measurement results.
There are cases when it is necessary to take into account
the factorial effect on the measurement result, and then
the task becomes much more complicated. Difficulties
almost always arise when building probabilistic models
for complex objects, to which the IMS is attributed.
These difficulties arise due to incomplete information
about the state of the control object. It is for such
cases that a method of controlling the functioning of
the IMS is needed, which would make it possible to
take into account the advantages of existing methods
of increasing the accuracy of control and to solve the
problem of increasing the reliability of controlling the
functioning of IMSs. At the same time, the method
should not be complicated and contain unnecessa-
ry algorithmic operations so as not to increase the
time for controlling the functioning of IMSs in real
operating conditions. To solve the problem, a method
of controlling the functioning of IMSs is proposed,
regardless of their purpose, taking into account the
factorial effect. The proposed method combines
the advantages of statistical analysis methods, test
control methods, fuzzy set theory, and the theory of
calculating the measurement uncertainty. The essence
of the method of controlling the functioning of IMSs
is that at the initial stage of control for any IMS,
independent additive and multiplicative test effects are
formed. Depending on the test results obtained, the
metrological situation analysis unit, which works on
the basis of fuzzy logic, chooses one of two possible
paths for further analysis.

The first path is chosen in the case when,
under operating conditions, it is necessary to take
into account the effect of the factor influence on
the operation of an IMS. In this case, a model of
the effect of the factor influence is developed. The
reliability of statistical conclusions for the developed
model shall be assessed. Next, a covariance analysis of
the levels of factor influence on the control indicator
is performed. Using discriminant analysis models, the
levels of information content of the control indicators
are estimated with the determination of the maximum
information parameter that has the greatest effect on
the control indicator.

The second path of the study is chosen in the
case when it is necessary to test the hypothesis that
there are no violations in metrological reliability of
the system elements. The hypothesis is tested using
the sequential use of one-factor analysis of variance
(equality of mean values), linear regression analysis
(absence of the effect of time on the value of the
indicator for each of the samples), and covariance
analysis (absence of differences in the functional effect
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of time on the value of the control indicator). Both  diagram of the generalized control method is presen-
paths end with the development of a situational system ted in Fig. 1.
based on fuzzy logic to determine the degree of factor Let’s consider the main stages of the proposed
influence on the IMS control indicator. The structural  control method.

Measurement values

| | |
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value of the control indicator

!

Development of a situational system with fuzzy logic to determine
the effect of factor influence on the control indicator

!

Establishing a correlation between factors affecting the control
indicator

!

Calculation of total and expanded uncertainties

Fig. 1. Structural diagram of the method for controlling the functioning of IMSs
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According to the classification, additive and mul-
tiplicative test effects are divided into independent and
functional. The method involves independent tests.
Additive tests are formed in the form of a sum

Y(x)=x+0, o))

where Y,(x) is a function of the IMS output signal
under the action of the additive test; O, is a quantity
independent of x that is a constant component of an
additive test.

The independent multiplicative test is formed in
the form

Y(x)=k x, )

where )N’,.(x) is a function of the output signal
under the action of the i-th multiplicative test;
k; is an x-independent slope due to the action of
the multiplicative test.

Functional additive and multiplicative tests
are more often used in IMSs to measure electrical
quantities, and in the x-dependent mode they have
the following form:

Y(x)=x+Q,(x); (3)
Y.(x)=k(x) x, “4)

where Q,(x) and k/(x) are some known functions of x.

Independent additive and multiplicative tests are
easily formed for both electrical and non-electrical
quantities.

The metrological situation analysis block, operating
on the basis of fuzzy logic according to the /F...TO
principle, determines whether the controlled quantity is
within the established tolerance limits or not by reaction
to test effects. Depending on the nature of deviations
from the tolerance (by quantity — additive test, by the
nature of the parameter change — multiplicative test),
a possible cause of the deviations is determined, and
one of the paths of further analysis is selected.

When choosing the first path, a mathematical
model of variance analysis is developed. Such a mo-

del should take into account factors influencing
the control parameter, deviations that are due to
pairwise interactions of all factors, and random
variables describing residual effects. For example, the
model of the influence on the result of determining
the control indicator Q with six factors (change in
operating temperature, influence of electromagnetic
field, influence of vibration, instability of power
source, change in air humidity, change in radiation
background), which influence the control indicator,
taking into account their cross-pair interactions, has
the form

Ouseper =0+ A+B+C+D+E+F +(AB)+(AC)+
+(AD)+(AE)+(AF)+(BC)+(BD)+(BE)+ (3)
+(BF)+(CD)+(CE)+(CF)+(EF)+€ iycppr »

where A, B, C, D, E, F are the letters indicating factor
levels;

0 is the average value of the control indicator;

A is the deviation of the measurement result of the
control indicator Q from its average value Q, which is
due to the influence of the control parameter;

(4B), (AC), (AD), (AE), (AP, (BC), (BD), (BE),
(BF), (CD), (CE), (CF), (EF) are deviations caused
by pairwise interactions of influence factors;

€4pcppr, 1S @ random remainder;

i is the number of multiple measurements at fi-
xed levels A, B, C, D, E, F.

Next, covariance analysis is used, since it allows
for simultaneous consideration of factors that are
impossible or difficult to control during measurements.
A cross-classification table is constructed, i.e. when all
levels of each factor occur in all possible combinations
with all factors. For example, as noted in [13], for
a model with one influence factor B, an informa-
tion indicator Q,, and a parameter Z, represented
by the equation

0, =0+A+B+(AB)+h ,, (6)

where A, is a random residual, the cross-classification
table of the original data looks like Table 1.

Table 1
Output data of two-dimensional observations
Factor levels Q,
Control parameter Z
1 2 J .. k
Zl.ig Qllg Q12g Ql/g Qlkg
ZZig 21g 22g szg QZkg
g Qajg
ijg leg szg Q"'l/g kag
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In Table 1 g= 51 is the numbering index in the
middle of the cells (groups).

The indices j and k specify the levels of the control
parameter Z and the influence factor Q,, respectively.

Discriminant analysis models correspond to pa-
rametric control with known probabilities of the first
and second kind. The test statistic is the maximum
likelihood ratio, which minimizes the total probability
of control error.

The total probability of the estimate includes the
probabilities of errors of the first and second kind,
A, and A, respectively:

P =RA,+PA,,

where P, and P, are a priori probabilities characteri-
zing the membership of the control parameter in the
region of permissible values of z and in the region of
critical values ®, respectively.

For the adopted model of alternative testing of
the parameter V' by the measured values of the control
indicator D, the test statistic will be the maximum
likelihood ratio.

g S (‘:0) ’ (7)
()
where v, — the control parameter — is normal, and
v, — the control parameter — exceeds the established
norm.

The numerator and denominator of (7) include
one-dimensional likelihood functions, which are iden-
tical to the conditional densities of the probability
distribution of the values of the indicator D.

If P,=P,=0.5 then the formula for estimating
the amount of expected information about the value
of the control parameter from the measured values
of the indicator has the form

A, log, A, +A, log, A, +(1-A,)x
xlog, (1-A,)+(1-A,)log, (I—AZ)

XX i
~
~

>

I=1+0.5|:

where A, = [ f(S/r)as; A,= [ f(S/v)as,
Vez Vew
V'is a control parameter; S are test statistics.
When choosing the second path, a one-way
analysis of variance model is built.

Xy =X+y,+e;, ®)

where X is a control indicator, during the measure-
ment of which the value of j samples with the results
X;, i=1,...,n, are obtained, X is the average value of
all observation results over all results of j samples;
Y, is the deviation caused by the influence of the fac-
tor; e, is the random deviation in the j-th group for
the i-th observation.

The hypothesis of the absence of violations of
the stability of metrological characteristics of the IMS
elements is checked by the equality of the average
values. Finally, according to the known formulas of
linear regression analysis, the absence of the influence
of time on the value of the indicator for each of
the samples is checked. Also, a covariance analysis
is performed for the absence of differences in the
functional influence of time on the value of the cont-
rol indicator.

After performing the above procedures, a situa-
tional system based on fuzzy logic is developed.
For example, when making caramel syrup, it is
necessary to determine what the levels of the
technological process parameters should be to ensure
the highest quality of the final product. It has been
established that the quality of caramel is influenced
by three factors: compliance with the temperature
regime of production, the level of vapor pressure,
and the value of the humidity of the substance.

Three inputs are given in the fuzzy logic model:
temperature (temperature), pressure (pressure), and
humidity of the substance (%RH). The quality of
caramel syrup is chosen as the output parameter —
(quality). The window for setting the input and output
parameters according to the Mamdani fuzzy logical
conclusion is presented in Fig. 2.

temperature S ~
><>< TipExpert
(mamdani)

pressure -

L
S L d
-
>Q< r quality
%RH

Fig. 2. Input and output parameters task window
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Fig. 3. Graphical representation of the action of the principles

When specifying input parameters, the range in
which the temperature changes is set in the range from
90 °C to 95 °C, the pressure — in the range from 597
to 600 kPa, the humidity of the substance — in the
range from 96 to 99% RH.

The output parameter — quality is assessed on
a point scale, the length of which is set by the product
quality expert. In this example, the quality is set in the
range from 0 to 5 points.

The distribution law is set for each of the functions
of the input and output variables. The distribution law
of the measurement results is determined using the
Pearson criterion.

The principles are established by which the model
will work according to the principle:

IF [xeA] AND [yeB] TO [zeC], (9)

where x, y, z... are input (output) linguistic variables,
A,, B, C,... are fuzzy sets that are described by their
membership functions.

As a result, using fuzzy logic, it was established
that the highest quality caramel will be in the case
when the temperature is 92.5 °C, % RH is 97.5%,
and pressure is 599 kPa (Fig. 3).

A graphical representation of the principles for
finding a solution that corresponds to the highest
quality of caramel syrup is presented in Fig. 3.

An important stage of the proposed method is
the analysis of the presence of correlation between
factors that affect the control indicator. Pairwise
correlation coefficients between factors are calculated
and, depending on whether a correlation is established
or not, the combined standard uncertainty is also
calculated [14] either for correlated data, or for
uncorrelated data. For example, in the production of
butter, at the stage of pasteurization of cream, the
IMS controls the level of vapour pressure, temperature
during pasteurization and pH. To detect the presence
of a correlation dependence in the interaction of these
three quantities (temperature (7), pH level (#), and
vapour pressure (p)), the correlation coefficients and
the combined correlation coefficient are calculated.
The correlation coefficients between pairs of quantities
t and A, t and p, h and p are calculated as follows:

b _l/;‘p_r;h.r;w.q_p' b _rhp_r;‘h.’;p.q_p
- - B

2 > plh 2
1-r, q;

h 4q,

(10)

where Tys Ty T AT the correlation coefficients bet-

ween pairs of quantities that are determined by the

formulas:
N
; (1,-7) ( k)

(N_l)%Qh

T ;
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M=

(ti_t_)'(Pi_ﬁ)

]’; =
’ (N-1)q4q,

>

(h~h)-(p.-p)

g (N-1)q,q,

M-

N is the total number of experimental results,
i.e. the total number of points (¢, A, p,);

“ =
2 ;(h,.—z)z
q, = (N—l) 5
2 g(p,.—ﬁf
A )

The measure of the dependence between the value
t and the values 4 and p is the combined correla-
tion coefficient

2 : (11)

The values of combined standard uncertainties
in the absence of an established correlation between
the input values #, A, p are determined by the formulas:

u (1) = \Ju; (1) +uy (),
u,(h) = \Ju; (h)+uy (h),

u (t) = \Ju’ (p) +u (p),

where u,(7), u,(h), u,(p) are type A uncertainties;
uy(t), ug(h), uy(p) are type B uncertainties.
With an established correlation between the
values ¢, h, p, the combined standard uncertainty is
determined by the formulas:

(12)

w (0) +uy (1) + i (h) +uy (h) +
up(y)th :\/
+2'rrh 'uA(t)'”A(h)

(13)
(1) +1uz (1) +uy (p) +uy (p)+
u,(y), —\/ +2-1, 1, (1)1, (p) , (14)
1y () () + 3 (p) + 1, (p)+
i . (15
u. (M, \/ +2-1,, -1, (h)-u () as)

Calculations of expanded uncertainties are
performed in case of pairwise correlation in the form:

Uy =ky-u,(0)ys (16)
vy, =k, u.0),, (17)
U, =k, -u,(),» (18)

where k,, k,, k,, are coverage ratios, which are found
based on the Student distribution for a probability
of 0.95 and the effective number of degrees of freedom.

Thus, the full cycle of monitoring the functioning

of the IMS is completed, regardless of its purpose.

Summaries

The analysis proved the absence of a generalized
control method that would be appropriate to use for
any IMS regardless of its purpose. For the first time,
a generalized method for controlling the functioning of
IMSs was developed, which solved the scientific and
practical problem of increasing the reliability of methods
for controlling the functioning of IMSs by determining
and taking into account the factor influence on the
measurement result through the combined use of test
control methods, statistical analysis methods, and fuzzy
logic apparatus, which ensured high reliability of the results
obtained and, as a result, compliance with the established
standards for the initial parameters of the final product.

The possibility of using the proposed control
method on examples of IMSs during the technological
process of manufacturing butter and caramel syrup
has been established, which can be applied to IMSs
for other technological processes. The advantage of
the proposed method compared to others is that it
is generalized and integrally takes into account the
positive effects of most existing methods for controlling
the quality of IMS functioning, which allows it to be
used to control IMSs regardless of their purpose.
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MeToa KOHTPOIKO (PYHKIIOHYBAHHS iH(OpPMALIAHO-
BUMIPIOBAJIbHUX CHCTEM Y MNpouleci eKcIiyarauii

|.B. puropeHko

HaujoHanbHul mexHiqHUl yHisepcumem “Xapkigcbkuli nonimexHiyHul iHcmumym”, eyn. Kuprnudoea, 2, 61002, Xapkie, YkpaiHa
grigmaestro@gmail.com

AHoTauis

PosraHyTo y3aranbHeHUI MeTON KOHTPOJTIO (DYHKIIIOHYBaHHS iH(OPMAaIIiifHO-BUMIpIOBaIbHUX CUCTEM, SIKUM BPAXOBYE
NIil0 BUMAAKOBUX (DaKTOPHUX BIUIMBIB Ha Pe3yJbTaT KOHTPOJIIO. 3a3HAYEHO, 10 Ha TOYHICTb i JIOCTOBIPHICTh pe3y/bTaTiB
BUMIipIOBaHb BIUIMBAIOTh 30BHIIlIHI Ta BHYTPillIHi (haKTOpH, SIKi Jif0Th IK OKPEMO OIWH Bil OIHOro, Tak i B3aemMHo. Came
TOMY TIOCTAa€ 3aBAaHHS OLIHKU PiBHIB (PAKTOPHOro BIUIMBY [Jis1 3a0e3IledyeHHsI HEeOOXiTHOI TOYHOCTI Ta JOCTOBIpHOCTI
BUMipioBaHb. i BUPIlIEHHST MTOCTaBIEHOIO 3aBAaHHS 3alpPOTIOHOBAHO y3arallbHEHUI MEeTOA KOHTPOJIIO (DYyHKIIIOHYBaHHS
iHpopMalliifHO-BUMIPIOBAIBHUX CUCTEM, SIKMU O0’€QHAB IMepeBarv HasiBHUX CTPYKTYPHO-aJTOPUTMIYHUX METOMiB, METO/iB
TECTOBOTO KOHTPOJIIO, CTATUCTUYHOIO aHajli3y, Teopii HEYiTKMX MHOXMH, a TaKOX aJrOpUTMY PO3paxXyHKY HEeBM3HAUYEHOCTI
BUMIipIOBaHb.

MeTton nonsirae y (popMyBaHHiI agUTUBHUX i MYJBTUILTIKATUBHUX HE3aJIEXKHUX TECTOBUX BIUIMBIB ISl iH(opMaLiiiHO-
BUMIipIOBAJIbHUX CUCTEM Ta, 3aJIEXKHO Bill OTPMMAaHMX pPe3yJbTaTiB, 3a JOMOMOrow OJioKa aHallizy METpOJIOTIYHOI CUTYyallii,
IO Ji€ Ha MiACTaBi HEYiTKOI JIOriKM, OOpaHHsSI OJHOrO i3 ABOX LLIAXiB mojxajblioro aHajidy. Ilepmumii nuisix oOUpaeThes
3a HEOOXiTHOCTI BpaxXyBaHHS il BUIIAAKOBOTO (haKTOPHOTO BIUIMBY Ha poOOTY iH(OpMaliiiHO-BUMipIOBaJIbHUX CHUCTEM,
a came: po3poOJIIETbCS Monedb (haKTOPHOro BIUIMBY Ha MiIcTaBi AMCIEPCIHHOIO aHajlidy, BUKOHYETbCS KOBapialliliHWA
aHaJli3 piBHIB (h)aKTOPHOTO BIUIMBY Ta AUCKPMMIHAHTHWIA aHalli3 i3 OILIIHIOBAHHSIM KiJIbKOCTi iH(opMallii 3a IMoKa3HUKaMK1
KOHTpoJto. Jpyruil 1uisix oOUpaeThcsl 3a HEOOXiAHICTIO TMEpPeBipKM TiMoTe3 MpO BiCYTHICTh MOPYIIEHb METPOJIOTiYHOT
HAIiAHOCTI €JIEMEHTIB CUCTeMU. JIBa LUISIXM TPYHTYIOTbCS HAa PO3POOLI CUTYalliiHOI CUCTEMM i3 HEYiTKOI JIOTIKOMO JIst
BU3HAYEHHS CTyNeHs (PaKTOPHOIO BIUIMBY Ha MOKa3HUK KOHTPOJIIO. BCTAaHOBIIOETHCSA HASIBHICTh YW BiICYTHICTb KOPEJSLLil
MixX (pakTopamu. [IpoBoaUTHCS pO3pPaxXyHOK CYMapHOI CTaHIApTHOI HEBU3HAYEHOCTI IJIsi KOPEIbOBAaHUX a00 HEKOPEIbOBAHUX
NaHUX 1 MOJAIBIIMK PO3PaXYHOK PO3LIMPEHOI HEBU3HAYEHOCTi. 3aBASIKM BUKOPHUCTAHHIO 3alPONOHOBAHOTO METOMY CTa€
MOXJIMBUM MiIBUILEHHS JOCTOBIPHOCTI KOHTPOJIIO (DYHKIIIOHYBaHHS iH(pOpMaLiiiHO-BUMipIOBaJIbHUX CHUCTEM.

KaouoBi cioBa: iHgopMaliliiHO-BUMipIOBaJibHa CUCTeMa; CTAaTUCTUYHMIA aHajli3; TECTOBUM BIUIMB, HEYiTKa JIOTiKa;

HEBM3HAYEHICTh BUMIipIOBaHb; MOXUOKa.
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