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Abstract

Introduction. Mathematical modelling is effective in the analysis of industrial safety at metallurgical plants, in
particular for tracking problems of the man — machine system. To introduce the time factor, recurrence relations (in a
discrete model) and differential relations (in a continuous model) are used. However, it is also necessary to solve the
problem of linking the model parameters to the real conditions of the production environment and to the human factor.
The aim of this study is to create a method for determining the parameters of simulation mathematical models of the
dynamics of the operator’s psychophysiological indicators affecting the work.

Materials and Methods. The operator’s psychophysiological state (PPS) was assessed by performance, fatigue levels,
and error rate. The data were collected by the Digital Correction Task (DCT) test. Based on the obtained results, the
experimental values of the operator’s PPS indicators, which were reduced to the normalized scale [0, 1], were
calculated. These indicators for a particular respondent, the mathematical model and the developed algorithm were used
to determine the numerical values of the model parameters. In order to interpret the indicators of performance, fatigue
and error rate, we introduced scales with five gradations.

Results. The use of the authors’ modified version of the mathematical model showed a significant improvement in its
prognostic properties. Out of 10 participants the best result was shown by respondent no. 7, the worst result was shown
by respondent no. 8. During the first working hour (from 9.00 to 10.00) their performance increased almost equally,
from 0.5-0.55 to almost 0.6. Then the score of respondent no. 7 increased and remained well above the “good” level
until the end of the day. The score of respondent no. 8 dropped and was below average from 14.00 to 15.00. The
difference was largely determined by the operators’ chronotypes. Their chronophysiological characteristics also affected
fatigue and error rate. The model’s quality varied for different participants in the experiments. In one case it was
excellent (mean relative error <5%), in three cases it was good (<10%) and in four it was satisfactory (<15%).
Discussion and Conclusion. The proposed approach allows us to obtain the dynamic profiles of psychophysiological
characteristics for every individual, to assess their interrelationships and to perform a prediction on the basis of a
modified mathematical model. However, in order to extend the functionality of the models to the real working
conditions of the metallurgical plant operator, it is necessary to increase the sample size, reduce the discrete time step
and conduct studies for different working conditions, considering technological, climatic, environmental, psychological
and other factors.

Keywords: safety at metallurgical enterprises, man — machine system, psychophysiological state of the operator,
operator chronotype, operator performance
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AHHOTanUs

Beeoenue. MaremaTnueckoe MoOAETHpOBaHUE HPQPEKTHBHO TMPH aHAIHM3E IPOMBINUICHHOW O0€30macHOCTH Ha
METAJUTYPTHYECKHUX MPEANPHATHSIX, B YACTHOCTH JUIS OTCIIC)KUBAHUS IPOOJIEM CHCTEMBI «9EIOBEK — MalInHa». UToObI
BBECTH B paccMoTpeHHe (akTop BpEMEHH, 3aJeHCTBYIOT PEKyppEHTHBIE COOTHOLIEHHs (B JHUCKPETHOW MOJENH) U
muddepennnansabie (B HeNpepbIBHOW). OHAKO HEOOX0ANMO TaKXKe PELIMTH MPOOJIEMy MIPUBSI3KU ITAPaMETPOB MOJACIIN
K peaJbHBIM YCIIOBHSM IIPOM3BOJICTBEHHOW Cpesibl W K uenoBedeckoMmy (akropy. Llens maHHOTO MccienoBaHHS —
CO3JJaHMEe  MEeTOJa  ONpEJeNIiCHHs  MapamMeTpoB  MMUTALMOHHBIX  MaTeMaTHYeCKHX  MOAENeH  JAWHAMUKHU
NcUX0(U3UOIIOTHUECKHUX TTOKa3aTelel oneparopa, BIUSIOINX Ha ero padory.

Mamepuanvt u memoost. Ilcuxodusmonoruueckoe cocrosiaue (IIPC) omeparopa oreHHBaIM MO PabOTOCIIOCOOHOCTH,
yTomisieMocTd M ommbaeMoct. JlaHHble coOpamu no Tecty 1udpoBoii koppektypHoit npoObl (LIKIT). Ha ocHoBanmn
MOJTyYEeHHBIX Pe3yJIbTaToOB BBIUMCIMIN SKCIIEpUMEHTaIbHbIE 3HaueHus nokasareneit [IOC omeparopa, KOTOphIE IPUBETH K
HopmupoBanHOM mmkame [0,1]. DOTm mokasatenn Ui KOHKPETHOTO PECIIOHACHTA, MaTeMaTHYeCKyl0 MOIETb H
pa3paboTaHHBI aNTOPUTM 3aICHCTBOBAIM TPH ONpEACTICHUM YHCIOBBIX 3HA4YEHHH mapamerpoB Mozemu. [lmsa
MHTEpIIPETaliH MoKa3aTeNeld paboTOCIIOCOOHOCTH, YTOMIIIEMOCTH M OIIMOAEMOCTH BBEIH IIKAJIBI C TIATHIO TPAAUSIMHL
Pesynemamut  uccnedosanus. Vcnomb3oBanne MOIU(MHUIMPOBAHHOTO aBTOpaMH BapHaHTA MAaTeMaTHYECKOW MOIEN
TIOKa3aJI0 3HAUUTEIBHOE YIIydIICHHE €€ TIPOTHOCTUYECKUX CBOMCTB. M3 10 y4acTHHKOB HaMJIydIINi pe3yibTaT OKa3alics y
pecrionzienTa Ne 7, xyammii — y pecrionzieHta Ne 8. B teuenne 1-ro gaca padots! (¢ 9.00 o 10.00) nx paborocrnocodHOCTH
BBIPOCIIa IPUMEPHO OAMHAKOBO, ¢ 0,5-0,55 mourtu no 0,6. 3aTteM nokazarenb pecrioHeHTa No 7 akTHBHO YBEITUYHUBAICS U 10
KOHIIa pab0yvero JTHs OCTaBaJICs CYIIECTBEHHO BHIIIE YPOBHS «Xopomuii». [Tokasaresns pecrionienTa Ne 8 mayan u ¢ 14.00 no
15.00 oxazascst HUKe cpenHero. PazHuily Bo MHOTOM OIpeNesiIiM XpOHOTHIIB oneparopoB. X xpoHodu3nonornueckie
OCOOCHHOCTH CKa3aJINCh TaKKe Ha YyTOMISIEMOCTH M ommbaeMocTd. s pasHBIX yYacTHUKOB OKCIIEPUMEHTOB
BapbUPOBAJIOCH KAYeCTBO MOJIENH. B OHOM cilydae OHO OKa3anoch OTJIMYHBIM (CPEAHssi OTHOCUTENbHAs omnoka <5 %), B
Tpex ciy4asx — xopomuM (<10 %), B ueTbIpex — yAOBIETBOPUTEIBHBM (<15 %).

Oécyyncoenue u 3akniouenue. IlpennmaraeMplii TMOAXON IacT BO3MOXKHOCTD MONYYHTh TSI KaXIOTO WHIWBHIYyYMa
JMHAMHYECKHE MPOGHIN €r0 ICHXO(U3HOIOTHYECKIX XapaKTePUCTHK, OLCHUTh X B3aMMOCBSI3H U BBIITOJHHUTH IIPOTHO3 Ha
OCHOBE MOAM(UIMPOBAHHOW MareMaTudeckod momenu. OnHako Iy pacimpeHHs (PyHKIMOHAIBHBIX BO3MOXKHOCTEH
Mozeneld B pealbHBIX YCIOBHSAX pabOTHI OrepaTopa METANTyprHYecKOro 00OpYHOBaHHUSA TpeOyeTcs YBEIWYUTh O0OBEM
BBIOOPKHM, YMEHBIIHTH [IaT AUCKPETHOTO BPEMEHH M BHINOIHUTH MCCIEAOBAHMUS VIS PA3IMIHBIX YCIOBHIA PabOTHI ¢ yd4eTOM
TEXHOJIOTHYECKHX, KIIMMATHIECKUX, SKOJIOTHUECKHX, IICHXOJIOTMYECKUX U IPOUHX (haKTOPOB.

KiawueBbie ca0Ba: 0€30IaCHOCTL Ha MCTAJUTYPTUUCCKUX HNPCANPUATHUAX, CUCTEMAa «YCJIOBCK — MallluHa»,
HCHXO@)HSHOJ’IOFI/I"I@CKOC COCTOSIHUE OII€paTOpa, XpOHOTHUII OII€paTopa, pa6OTOCHOCO6HOCTB oreparopa

BaarogapHocTH. ABTOPHI BBIPAXXatoT MPU3HATEIBHOCTh COTpyAHNKaM J[0HOACCKOTO rocy1apCTBEHHOTO TEXHUYECKOTO
YHHUBEPCHUTETA 3a IMPOSBICHHBI HHTEpeC K 00CyXIaeMol Teme, J0OpPOCOBECTHOE MPOXOXKJICHHUE AHKETHPOBAHMS U
HMHTEPBBIONPOBAHHUS, OJarofapsT peJakIHOHHYIO KOJUISTHIO JKypHAJla U PELeH3eHTa 3a PO(ECCHOHANBHbIN aHaIN3
PEKOMEHAAINHN TSI KOPPEKTHPOBKU CTaThU.

dunancupoBanue. lccrnenoBaHusi BBIIOJNHEHBI 32 CYET CpPEACTB (enepanbHOro Omwmkera (KOA — TEMBbI:
FRRU-2023-0005 8 ETUICY HUOKPTP).
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Juast uutupoBanus. Buminesckuit JI.A., lonnunenckas JI.E., lenucoa H.A., bonaaps H.A. Meroauka onpezaenexus
MapaMeTPOB MaTEMATHICCKON MOAETH THHAMUAKH MCHXO(QH3HOIOTHISCKOTO COCTOSHIS OTIepaTopa METaJUTypriudecKoro
obopynoBanus. bezonacnocmv mexnozennvlx u npupoouvix cucmem. 2024;8(1):7-19. https://doi.org/10.23947/2541-
9129-2024-8-1-7-19

Introduction. According to the Federal Service for Environmental, Technological and Nuclear Supervision of the
Russian Federation, by the beginning of 2022, 1,280 hazardous production facilities were registered at metallurgical and
coke-chemical plants, 19 of which belonged to the first hazard class, 325 belonged to the second class, and
922 belonged to the third class!. According to the "Industrial Pages" journal?, in 2022, fires and explosions were the
most frequent incidents at Russian metallurgical enterprises. These incidents were caused by technical reasons and by
violations of industrial safety rules. For example, in January 2022, three employees of the Novolipetsk Metallurgical
Plant conducted a routine check of the interdepartment gas main without mandatory gas protection equipment. The
workers died as a result of poisoning by toxic fumes and gas.

In [1], technical, sanitary-hygienic, organizational and psychophysiological groups of accident and injury factors at
metallurgical and coke-chemical plants are identified. The latter two groups are closely related to the person involved in
the production process. From an industrial safety perspective, operators of high-technology units at metallurgical plants
are assigned special responsibility. In engineering psychology, they are commonly referred to as "human operators". In
the context of this work, the term "operator" will be used to refer to these individuals. On occasion, they prevent the
potential for a danger turning into an incident or accident at work.

GOST 12.0.003-2015° identifies dangerous and hazardous production factors of psychophysiological effects on
humans in an independent block. The operator experiences neuropsychiatric overloads associated with the intensity of
the work process’. These include:

— mental overstrain;

— overstrain of analyzers;

— monotony of work;

— lack of confidence in actions due to the lack of education and experience.

Emotional overloads lead to overwork, poor health, stress, etc. [1].

The reliability of a person as an element of a complex technical system depends on internal and external conditions
that change over time. Another variable is the person themselves. Work is performed by people with different personal
qualities, health, experience, etc.

In [2], data on accidents (AC) in the forging and pressing production (FPP) for 1985, 1987 and 1989 were analyzed.
Some patterns in the distribution of hours from start of work to incident were noted. These trends can be attributed to
the human element, more specifically, the daily work schedule (Fig. 1).
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Fig. 1. Distribution of AC in forging and pressing production according to the number of hours since start of work to AC [2]

! Annual report on the activities of the Federal Service for Environmental, Technological and Nuclear Supervision in 2021. Moscow: 2022. P. 407.
URL:https://www.gosnadzor.ru/public/annual_reports/I'01080i1%20014e1%2032%202021%20r.pdf (accessed: 22.11.2023). (In Russ.).

2 Opasnaya tendentsiya: avarii i ChS na metallurgicheskikh proizvodstvakh v 2022-2023 godakh. Promyshlennye stranitsy. URL:
https://indpages.ru/safe/avareeee-na-myetallurgeechyeskeeh-proeezvodstvah/?ysclid=Inshtjh0z2208396380 (accessed: 22.11.2023). (In Russ.).

3 GOST 12.0.03-2015. Occupational safety standards system. Dangerous and harmful working factors. Classification. Elektronnyi fond pravovykh i
normativno-tekhnicheskikh dokumentov. URL: https://docs.cntd.ru/document/1200136071 (accessed: 21.11.2023). (In Russ.).
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The graphs in Figure 1 show a fairly pronounced synchronicity of peaks, as well a minimal number of accidents
during the last hours of operation. This suggests that the operator's working time is a significant factor in the occurrence
of industrial accidents.

In [3], the need to take into account the operator’s chronotype when determining professionally important qualities
was established experimentally.

For metallurgical industry enterprises, mathematical modeling methods are effective in analyzing situations that:

— are related to industrial safety;

— may occur in a complex technical man — machine system;

— are formed and develop in various conditions of the internal and external environment.

Mathematical models describing the operator’s psychophysiological state have been developed in various
mathematical formulations. Tools for measuring primary indicators have also been used. V.G. Abashin has found out
how the use of biometric technologies is associated with the psychophysiological state of the operator of automatic
workplaces, its efficiency, a decrease in the number of defects and accidents of the technological process caused by
human error [4]. The operator's performance is modeled by keyboard handwriting. For this purpose, fuzzy sets are used
as the basis of adaptive models, both biometric and multibiometric [5].

The authors [6] use biometric features in a mathematical model (voice, keyboard handwriting and the manner in
which they work with a computer mouse). This allows them to judge the operator’s psychophysiological state: norm,
fatigue, intoxication, excitement, relaxation (falling asleep). The models are based on the Bayes strategy, as well as the
neural network approach, and allow you to assess the level of the operator's psychophysiological state and predict their
ability to perform their current tasks.

In [7], simulation mathematical models of the interrelation of factors of the operator’s psychophysiological state
were developed. The authors used recurrent relations in a discrete model and systems of differential equations in a
continuous model, which allowed them to introduce the time factor into consideration. In this case, the parameters of
the model were determined by:

— the results of testing a particular employee;

— their ability to a certain type of activity;

— the results of experimental studies on the workplace and the operator's functional actions.

This part of the simulation is less formalized than others and has the greatest impact on the possibility of using the
model to correct the real actions of the operator. The problem has not been solved at the moment. Thus, the issues of
determining the parameters of mathematical models that can correctly describe the interrelationships of various factors
of the operator’s psychophysiological state remain relevant. The aim of this article is to develop a methodology for
determining the parameters of such models. Scientific research in this area will help to determine indicators of the
condition of the metallurgical equipment operator, which affect their functional performance and can cause serious
errors with negative consequences.

Materials and Methods. To assess the operator’s psychophysiological state, the following indicators were selected:

— efficiency (the ability to purposefully perform work of a specific quantity and quality for a specified time);

— fatigue (decreased performance with impaired coordination of movements, decreased concentration and accuracy
of decisions [8]);

— error rate (estimated by the number of erroneous actions).

Fatigue can be determined by subjective and objective measures [9]. Subjective levels of fatigue were determined
using the fatigue assessment scale* (FAS) [10]. It was developed by a group of Dutch scientists led by H.J. Michielsen.
This scale consists of 10 questions related to the respondent's overall well-being on a daily basis.

Digital correction test (DCT)> was used as a source of objective parameters in this work. According to its results, the
experimental values of the indicators of the operator’s psychophysiological state were calculated. Numerical values for
model parameters were determined for a specific respondent by a combination of the named indicators and the model used.

The task of determining the parameters of a mathematical model that described the interrelationship between various
psychophysiological factors of an operator was divided into two stages.

The first stage was the experiment. Participants were tested and data was collected on the working conditions of the
operator and their personal qualities, which may affect the studied parameters of work activity.

The second stage was calculation. The database collected at the first stage was used. Taking into account the chosen
mathematical model, its parameters were estimated for each individual employee. With a sufficient amount of statistical

* Fatigue Assessment Scale (FAS). URL: https://wasog.org/dynamic/media/78/documents/Questionairres/fas_rus_anon.html (accessed: 21.11.2023).
(In Russ.).
® Tsifrovaya korrekturnaya proba.URL: https://metodorf.ru/tests/korrekt/korrektchis.php (accessed: 18.08.2023). (In Russ.).
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data in a wide range of variable parameters, averaged models were built that could be used to predict changes in the
operator’s psychophysiological performance in various conditions and taking into account the time factor.

In this study, a program presented by the online resource "Interactive Portal — book of self-development and
success techniques"® was used for electronic testing.

When performing the DCT, the participant looked through the numerical array generated by the program line by line
and then crossed out the numbers specified in the task. They were given three minutes to complete the test. The
program then generated the results described below.

1. The main primary indicators:

— test execution time ¢,

— total number of digits viewed up to the last selected digit ;

— total number of viewed up lines C;

— total number of digits to be crossed out #;

— total number of crossed-out digits M;

— number of correct answers S

— number of missed digits P;

— number of wrongly selected digits O.

2. Calculated indicators that characterize:

— speed (productivity) of attention 4;

— accuracy of work 7 (in three variants);

— mental productivity E;

— mental performance 4, ;

— concentration of attention K
— stability of concentration of attention K, ;

— volume of visual information V;

— speed of information processing Q.

To solve this problem, the indicators were selected, on the basis of which efficiency X, fatigue Y and error rate Z of
the operator were evaluated according to formulas (1-4).

1. Mental efficiency 4, (according to the digital correction test’, the unit of measurement is signs per second):

A4, =(N/t)x(M—-(O+P))/n). 1)
To bring the indicator to a normalized scale [0, 1] in dimensionless units, the authors proposed formula (2). The
result will be the i-th value of the efficiency indicator X (corresponds to discrete conditional time #):

x; = A, /max{4,}, (@)

where max{A4,} — maximum possible value of mental efficiency for this type of test, regardless of the employee
being tested.

Let us consider a standard DCT test with 1600 digits. We suppose the respondent completed the test correctly in
180 seconds. In this case, value max{4,} would be 8.889 characters per second. If the respondent completed the test in less
than 180 seconds, value X in the calculation using formula (2) would be greater than 1. Then value 1 was taken for X.

2. Fatigue Y was estimated by indicator K (concentration of attention):

Y=(1-K/100), 3)
where K = (M—0) n 100 — coefficient characterizing concentration of attention, %.

This indicator Y took dimensionless values in the range [0, 1].

3. Error rate Z was proposed to be estimated by the formula:

Z=(0+P)/(M+P). Q)

This indicator also took values in the range [0, 1].

In the future, we will characterize X, Y and Z as unified quantitative indicators of the operator’s psychophysiological
state associated with their main production activity. To interpret indicators X, Y and Z, a scale has been developed,
presented in Table 1.

¢ Interaktivnyi portal — kniga metodik samorazvitiya i dostizheniya uspekha. URL: https://metodorf.ru/ (accessed: 18.10.2023). (In Russ.).
7 Tsifrovaya korrekturnaya proba. URL: https:/metodorf.ru/tests/korrekt/korrektchis.php (accessed: 18.10.2023). (In Russ.).
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Table 1
Interpretation of the values of indicators in a qualitative form
Indicator Ranges of indicator values / qualitative characteristics

Efficiency X [0-0.20] [0.20-0.40] [0.40-0.60] [0.60-0.80] [0.80.—1.00]
low below average average good high

Fatigue ¥ [0-0.20] [0.20-0.40] [0.40-0.60] [0.60-0.80] [0.80'71.00]
low below average average above average high

Error rate Z . [Q—Q.Ol] [0.0.1—0.05] [0'.05.—0.10] [9.19—0.20] [0.20.—1.00]
insignificant noticeable significant significant high

Indicators X, Y and Z are dimensionless, unified with values in the range [0, 1].

At the second stage, there were two ways to select the parameters of a mathematical model.

1. Using the Excel Solution Search module, a system solution scenario was created for some initial parameters. It
was based on a system of recurrent equations of a mathematical model in a discrete form. Then, the Solution Search
output the optimal values of model parameters for the objective function, equal to the sum of the squares of the
deviations of the calculated values of indicators X, ¥ and Z from the experimental ones.

2. In the Anylogic program?, that allows you to automatically select the parameters of the considered mathematical
models in the discrete form of recurrent relations and in the form of a system of differential equations. It is advisable to
use Anylogic after analyzing the results of a preliminary assessment of the model parameters using the Excel Solution
Search module.

To test the proposed methodology, ten people were selected — students and employees of the Donbass State
Technical University. They worked as operators on training simulators with automatic and semi-automatic control. At
the beginning and at the end of the working day, the subjective level of fatigue was assessed on the FAS scale. At the
beginning of each hour, from 9.00 to 16.00, DCT tests were performed. The data were processed according to
formulas (1-4) for each respondent. The test results and their unification (X, ¥ and Z) were used at the second stage to
determine the parameters of the mathematical model.

In this paper, we applied a model in recurrent form [7], which was described by a system of equations:

Xi X
———(1-—")-bx;y; — hx;z;,

X =X +a
! ! dix; +¢ k

R )

.=V +a
Yivl = Vi 2 dzyi +02 kz

Z; Zi
———(I-—")+byy;z.

Z..1=Z +a
i+l i 3
dyz; +c; ky

The solution of system (5) is three conjugate time series of length m indicators X = {x; i=0, 1, 2, ..., m},
Y=1{,i=0,1,2,...,m}, Z={z,i=0, 1,2, ..., m}. Index i — variable that characterizes the discrete time in the system.
Parameters a;, b;, kj, h, d;, ¢; (j =1, 2, 3) are determined as a result of solving the optimization problem based on the
initial test data.

The mathematical model of the optimization problem is described by system of constraints (6) and objective
function (7).
8y(a;b .k hdc;)=(x —x ) <4,

— /P _ 2
Syi(aj’bj’kjlh’dj’cj)_(yi yl‘p) <4,
8.(a;.b;.k;hd;.c;)=(z —zF ) <4,
a;.b;.k; hd;.c; 20, (6)
xf 20,y 20,z 20,
xf <1,yP <120 <1,
i=1..,m,

j=123.

8 AnyLogic: imitatsionnoe modelirovanie dlya biznesa. URL: https://www.anylogic.ru/ (accessed: 12.11.2023). (In Russ.).
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V(a; bk hd e, )= ) 8,4 8,4 8, - min. ()
i=1 i=1 i=1

Here, index ¢ marks the actual values of indicators X, Y and Z found as a result of processing operator testing data,
p — calculated values of X, Y and Z determined from the solution of system (5) and depending on variables a;, b;, k;, h,
dj, ¢; (j = 1, 2, 3) sought in this optimization problem. For variable variables a;, b;, k;, h, d;, c; restrictions are set by the
maximum allowable value of A squared deviations (8., Oy, 0-;) calculated values of X, Y and Z from the actual values for
all m values of the considered time series. Objective function ¥(a,, b;, &, h, d;, ¢;) is equal to the sum of the squared
deviations (&xi, Oyi, Ozi).

The generalized reduced gradient (GRG) method was used to solve the optimization problem.

Results. The first stage was experimental. Test results of the participants in the experiment (respondents
no. 1-no. 10), converted to unified indicators X, ¥ and Z, are shown in box plots (Fig. 2—4). The center of the distribution
(median) is a dot, a rectangle indicates the boundaries of variation (quartiles 25%—-75%), "whiskers" — the lower and
upper limits of the indicator values (min — max). The diagrams were made using the "Statistica" software package.
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Fig. 2. Indicators of an operator’s efficiency

Technosphere safety



https:// bps-journal.ru

Fatigue Y, units

Error rate Z, units

0.60

0.55

0.50

0.45

0.40

0.35

0.30

0.25

0.20

0.75

0.70

0.65

0.60

0.55

0.50

0.45

0.40

Vishnevsky DA, et al. Methodology for Determining the Parameters of a Mathematical Model of the Dynamics ...

B | | | |
—= =
" " -
» w o
L} n " n
®  Median
L - | I 11 25% — 75%
Min — max
No.l No2 No3 No4 No5 No6 No7 No8 No9 No.l0
Respondents
Fig. 3. Indicators of an operator’s fatigue
B
[ ™ —[— 1 = Median
i i T | = £ L 125%—75%
I | Min — max
q[-]+ =]
- [
- =
No.l No.2 No3 No4 No5 No.6 No7 No8 No9 No.l0

Respondents

Fig. 4. Indicators of an operator’s error rate


https://www.bps-journal.ru/

Safety of Technogenic and Natural Systems. 2024;8(1):7-19. eISSN 2541-9129

The analysis of Figures 2—4 allowed us to identify respondents with the best and the worst estimates of their
performance (Table 2). The levels of indicators X, Y and Z, correlated with the gradations of Table 1, as well as quartiles
and intervals of variation of indicators, were taken into account.

Table 2

Ranking of respondents based on test results

. Lo Options (respondent's number)
Evaluation criteria
the worst the best
Efficiency X (the more, the better) 8,1,4,6 7,9,3
Fatigue Y (the more, the worse) 8,1,4,6 7,10
Error rate Z (the more, the worse) 4,8,1 9,10,7
Integrally (taking into account X, Y, Z) 8,4,1 7,10,9

The graphs in Figure 5 reflect the performance dynamics for respondents no. 7 (dotted line, best result) and no. 8
(solid line, worst result).
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Fig. 5. Dynamics of an operator’s efficiency

To explain a rather large difference in the data of respondents no. 7 and 8, we took into account their age, gender,
occupation, well-being, etc. The chronotype factor turned out to be the most significant. The classification, adopted
in 1970, implies three categories of people with distinctive behavioral characteristics and a genetic difference in
biorhythms. These are the so-called "larks", "owls" and "pigeons" [11]. Respondent no. 8 according to the chronotype was
"lark", no. 7 was "owl". As a result, the efficiency of no. 8 decreased by the day’s end, and for no. 7 it increased (Fig. 5).
The chronophysiological features of operators were also manifested in the dynamics of their fatigue and error rates.

The second stage was calculation. The parameters of model (5) calculated for each participant of the experiment were
obtained. To this end, we solved the optimization problem (6)—(7). Table 3 provides the ranges of parameter changes.

Table 3
Ranges of parameters of mathematical model (5) for a group of experiment participants

Indicator Parameter ranges Indicator Parameter ranges
a 0.0004-0.0300 bs 0.0001-10.1400
by 0-0.9700 k3 0.0020-0.0700
ki 0.5900-1.0000 ci 0.0010-0.2000
h 0-1.8100 (&) 0.0001-0.0010
a 0-0.0010 3 0.0100-0.3300
by 0.0070-0.2600 d ~0
k2 0,4200-1.0000 d» =0
as 0.0005-0.0600 ds 0.0400-0.9800
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Table 4 presents the results of evaluating the quality of mathematical models of the dynamics of changes in
indicators X, Y and Z, estimated by the standard error of the model and the average relative error for all respondents.

Table 4
Evaluation of the quality of mathematical models
Respondent's no. 1 2 3 4 5 6 7 8 9 10
Average relative error €, % 1427 | 4.54 | 2093 | 12.80 | 7.28 | 12.00 | 9.66 | 15.03 | 12.23 | 9.70
Standard error, units 0.182 | 0.107 | 0.253 | 0.267 | 0.158 | 0.247 | 0.271 | 0.256 | 0.192 | 0.166

For different respondents, the quality indicators of the model varied in a wide range. Excellent quality (e < 5%) was
obtained in one case, good (¢ <10%) — in three cases, satisfactory (¢ <15%) — in four cases. For two cases
(no. 3 and no. 8), it was not possible to satisfactorily solve the problem of optimal selection of parameters of the
mathematical model. This suggests that not all influencing factors were taken into account, or model (5) did not work in
some cases.

According to the results of the analysis of the algorithm for solving the problem, a number of simplifications will
improve the convergence of the results. For example, you can:

— reduce the number of system parameters (5) by three units, reducing the numerators and denominators of the
second terms of the right parts of the system by ¢, ¢», 3 respectively;

— remove the first, second and third restrictions from system (6), transferring them to the status of observed restrictions.

As a result, the algorithm of the GRG method will work better.

Figures 6 and 7 show comparative diagrams for evaluating the quality of the constructed mathematical models in
two versions:

— 1 — the original model (5);
— 2 — modified model.

As it can be seen from the diagrams, the solution to the problem of selecting the parameters of the mathematical model

of the dynamics of the operator's PPS indicators was significantly improved when using model 2 for all cases except no. 8.

0.30

0.25
= 020
=
g
=
o
(o]
g 015
3
g
=

0.10

0.05

0.00

1 2 3 4 5 6 7 8 9 10
Respondents
= Model 1 = Model 2

Fig. 6. Comparison of mathematical models based on the mean square error



https://www.bps-journal.ru/

Safety of Technogenic and Natural Systems. 2024;8(1):7-19. eISSN 2541-9129

25
X 20
5
=
[
z 15
=
e
(9]
&
g 10
>
<

0 II
1 2 3 4 5 6 7 8 9 10
Respondents
= Model 1 = Model 2

Fig. 7. Comparison of mathematical models by average relative error

Discussion and Conclusion. The proposed approach makes it possible to obtain and predict dynamic profiles of
psychophysiological characteristics for each individual, and to create mathematical models of relationships. It is
advisable to increase the sample size, reduce the step of discrete time and perform research for various working
conditions, including technological, climatic, environmental, psychological and other factors that may affect an
employee’s efficiency. This should be done to expand the functionality of the models and their application in real-world
conditions of operation of the operator of metallurgical equipment.

The discovered effect of the human chronotype on the PPS requires more thorough research. In article [12] devoted
to the search for components of the circadian clock in humans, it was shown on large statistical samples that the
chronotype depended on many factors (gender, age, work schedule, etc.). All this must be diagnosed and taken into
account in mathematical models for evaluating the operators’ PPS.

It is also interesting to supplement the model with components of industrial safety culture [13], which can be
reduced to a quantitative form and used as correction factors.

In the future, it is planned to improve the model with additional variables. To do this, we will need to record
psychophysiological indicators and determine the operator’s location in real time.

The methodology presented in this paper can be used as a basis for solving the tasks described below.

— Compilation and analysis of the dynamic profile of an employee when applying for a job as an operator of a
machine, unit or device, where such PPS characteristics as efficiency, fatigue and error rate are important. This task is
solved for a specific person in certain production conditions, which allows you to choose the operator’s optimal mode
of work and rest, helps to preserve the health of a specialist and increase the level of industrial safety of the enterprise.

— Formation and maintenance of specialized databases of statistical data, including characteristics of workplaces and
employees, and their psychophysiological state. Based on the collected statistical material and real-time monitoring
systems of the operator's PPS, predictive models can be built to prevent abnormal and emergency situations at
metallurgical enterprises.
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3asenennviii 6Kk100 cOaBMOP0O8:
ABTOpBI BHECIIM PAaBHOICHHBIN BKJIAJ B TMOCTAHOBKY 3aJaudl M OIpEJCIICHUE ETH HCCIICIOBAHUS, MPOBEICHUE
9KCIEPUMEHTOB U PacyeToB, (OpMyIHPOBAHUE BBHIBOIOB M KOPPEKTUPOBKY TEKCTA CTATHH.

KOH(I)ﬂuKm urmepecos. aBTOPLI 3asBJIAI0OT 00 OTCYTCTBUU KOH(l)J'H/IKTa HUHTCPCCOB.

Bce asmopul npouumanu u 0006punu OKOHYAMeENbHBLI BAPUAHI PYKONUCU.
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